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       Nanotechnology has found an incredible resonance and a vast number of applica-
tions in many areas during the past two decades. The resulting deep paradigm 
shift has opened up new horizons in materials science, and has led to exciting 
new developments. Fundamentally, nanotechnology is dependent on the existence 
or the supply of new nanomaterials that form the prerequisite for any further 
progress in this new and interdisciplinary area of science and technology. Evi-
dently, nanomaterials feature specifi c properties that are characteristic of this class 
of materials, and which are based on surface and quantum effects. 

 Clearly, the control of composition, size, shape, and morphology of nanomateri-
als is an essential cornerstone for the development and application of nanomateri-
als and nanoscale devices. The complex functions of nanomaterials in devices and 
systems require further advancement in the preparation and modifi cation of nano-
materials. Such advanced nanomaterials have attracted tremendous interest 
during recent years, and will form the basis for further progress in this area. Thus, 
the major classes of novel materials are described in the twenty - eight chapters of 
this two - volume monograph. 

 The initializing concept of this book was developed at the  3rd IUPAC Interna-
tional Symposium on Macro -  and Supramolecular Architectures and Materials (MAM -
 06): Practical Nanochemistry and Novel Approaches , held in in Tokyo, Japan, 2006, 
within the framework of the biannual MAM symposium series. This monograph 
provides a detailed account of the present status of nanomaterials, and highlights 
the recent developments made by leading research groups. A compilation of state -
 of - the - art review chapters, written by over sixty contributors and well - known 
experts in their fi eld from all over the world, covers the novel and important 
aspects of these materials, and their applications. 

 The different classes of advanced nanomaterials, such as block copolymer 
systems including block copolymer nanofi bers and nanotubes, smart nanoassem-
blies of block copolymers for drug and gene delivery, aligned and ordered 
block copolymers, helical polymer - based supramolecular fi lms, as well as novel 
composite materials based on gold nanoparticles and carbon nanotubes, are 
covered in the book. Other topics include the synthesis of inorganic nanotubes, 
metal nanoparticle - attached electrodes, radical polymers in organic polymer 
batteries, oxidation catalysis by nanoscale gold, silver, copper, self - assembling 

 Preface



 XVI  Preface

nanoclusters, optically responsive polymer nanocomposites, renewable thermo-
plastic matrices based on phyllosilicate nanocomposites, amphiphilic polymer –
 clay intercalation and applications, the synthesis and catalysis of mesoporous 
alumina, and nanoceramics for medical applications. 

 In addition, this book highlights the recent progress in the research and applica-
tions of structural ceramics, the ecological toxicology of engineered carbon 
nanoparticles, carbon nanotubes as adsorbents for the removal of surface water 
contaminants, molecular imprinting with nanomaterials, near - fi eld Raman 
imaging of nanostructures and devices, fullerene - rich nanostructures, nanoparti-
cle - cored dendrimers and hyperbranched polymers, as well as the interactions 
of carbon nanotubes with biomolecules. The book is completed with a series of 
chapters featuring concepts in self - assembly, nanostructured organogels via 
molecular self - assembly, the self - assembly of linear polypeptide - based block copol-
ymers, and information - guided self - assembly by structural DNA nanotechnology. 

 The variety of topics covered in this book make it an interesting and valuable 
reference source for those professionals engaged in the fundamental and applied 
research of nanotechnology. Thus, scientists, students, postdoctoral fellows, 
engineers, and industrial researchers, who are working in the fi elds of nanomateri-
als and nanotechnology at the interface of materials science, chemistry, physics, 
polymer science, engineering, and biosciences, would all benefi t from this 
monograph. 

 The advanced nanomaterials presented in this book are expected to result in 
commercial applications in many areas. As the science and technology of nano-
materials is still in its infancy, further research will be required not only to develop 
this new area of materials science, but also to explore the utilization of these novel 
materials. All new developments impart risks, and here also it is important to 
evaluate the risks and benefi ts associated with the introduction of such materials 
into the biosphere and ecosphere. 

 On behalf of all contributors to we thank the publishers and authors on behalf 
of all contributors for granting copyright permissions to use their illustrations in 
this book. It is also very much appreciated that the authors devoted their time and 
efforts to contribute to this monograph. Last, but not least, the major prerequisite 
for the success of this comprehensive book project was the cooperation, support, 
and understanding of our families, which is greatly acknowledged.

    The Editors        
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   1.1 
 Block Copolymers as Useful Nanomaterials 

  1.1.1 
 Introduction 

 Despite our best efforts to chemically design functional nanomaterials, we cannot 
yet match the brilliance of Nature. One striking example of this fact comes from 
a tethering structure known as a  byssus  created by the bivalve,  Mytilus edulis . 
Byssal threads are the highly evolved materials that  M. edulis  uses to provide secure 
attachments to rocks and pilings during fi lter feeding. The threads begin at the 
base of the mussel ’ s soft foot and attach to a hard surface by an adhesive plaque. 
Under strong tidal forces, an ordinary material would not be able to withstand the 
contact stresses that would result from the meeting of such soft and hard surfaces. 
Recent studies have shown that  M. edulis  solves this materials design problem 
through the creation of a  “ fuzzy ”  interface that avoids abrupt changes in the 
mechanical properties by gradually changing the chemical composition of the 
thread  [1] . The chemistry that it uses to accomplish this graded material involves 
the elegant use of collagen - based self - assembling  block copolymer s ( BCP s)  [2] . The 
ventral groove of the mussel ’ s foot contains several pores that act as channels for 
a reaction – injection - molding process that creates the copolymer. For this, central 
collagen blocks are mixed with a gradient of either elastin - like (soft) blocks, amor-
phous polyglycine blocks (intermediate), or silk - like (stiff) threads to form  “ di -
 block ”  copolymers of gradually decreasing mechanical stiffness as  M. edulis  moves 
farther away from the rock interface. Spontaneous self - assembly of the biopolymer 
seems to occur by the metal - binding histidine groups found in between each block 
interface that may act as ligands for metal - catalyzed polymerizations. The transi-
tion metals used for these polymerizations, such as Zn and Cu, are extracted from 
the ambient water through fi lter feeding. 

  M. edulis  byssal thread is not the only example of a self - assembling chemical 
system found in Nature that seems perfectly suited to its environment. Self -
 assembly such as that found in  M. edulis  can be found in nearly every level of 



 2  1 Phase-Selective Chemistry in Block Copolymer Systems

nature, from cellular structures such as lipid bilayers  [3] , the colonization of bac-
teria  [4] , and the formation of weather systems  [5] . The concept of self - assembly 
is defi ned by the automatic organization of small components into larger patterns 
or structures  [6] . As small components, nature often uses various molecular inter-
actions, such as hydrophilic/hydrophobic effects and covalent, hydrogen, ionic and 
van der Waals bonds to construct nanomaterials with specifi c macroscale func-
tionalities. As scientists, we have learned an extraordinary amount about how to 
construct better synthetic materials from careful studies of how structure fi ts func-
tion in natural materials  [7] . 

 In the fi eld of soft matter, one type of self - assembling synthetic material that 
has already been introduced in the  M. edulis  example is the BCP. BCPs are com-
posed of different types of polymer connected by a covalent bond  [8] . Apart from 
their interesting physical properties that have resulted in their use in byssal 
threads, upholstery foam, box tape, and asphalt  [9] , BCPs are also interesting due 
to the ability of each polymer block, or  phase , to physically separate on the nanom-
eter scale into various self - assembled morphologies such as spheres, cylinders, 
and sheets. These structures are attractive to scientists for several reasons. 

   •      First, if one of the phases is removed from the periodic, ordered lattice, then thin 
fi lms of the material could be used as stencils to etch patterns into semiconductor 
substrates such as silicon or gallium arsenide. This application is of great 
interest to the semiconductor industry, which is currently searching for 
alternative technologies for sub - 20   nm lithography.  

   •      Second, chemists are interested in BCP templates because they provide the 
power to carry out chemical reactions within specifi c phases of the material. 
This ability opens up many new areas of chemistry for nanomaterial design, 
including the growth of functional nanoparticle arrays for catalytic applications, 
the selective sequestration of chemicals for drug delivery, and the creation of 
mesoporous monolithic structures as low -  k  dielectric materials.  

   •      Third, chemical functionalities attached to one phase within BCPs can be driven 
to segregate to the surface, where they can be affected by external stimuli such 
as  ultraviolet  ( UV ) light. These  surface - responsive  materials could be 
lithographically patterned to control the selective adsorption of biomolecules for 
biosensor applications.    

 All of the above applications use  phase - selective chemistry  to effect changes to the 
BCP microstructure and create useful nanostructured materials. In this chapter, 
we will discuss not only the recent investigations in these areas but also many 
other new and interesting applications. 

 The chapter is organized into three sections. In the fi rst section we will discuss 
the basics of BCP self - assembly, and include a more detailed analysis of the mor-
phologies possible with this class of material, along with an overview on how they 
are made and modifi ed. The second section will provide a literature review of 
relevant studies in the fi eld, including descriptions of BCPs as lithographic materi-
als, as  nanoreactors , as photo - crosslinkable nanobjects, and as surface - responsive 
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materials. The third section will conclude with a summary of the most important 
contributions, together with a few additional insights on the future direction of 
the fi eld of phase - selective BCP systems.  

  1.1.2 
 Self - Assembly of Block Copolymers 

 The thermodynamics of polymer mixing plays a large role in the self - assembly of 
BCPs  [10] . In typical binary polymer mixtures, it is entropically unfavorable for 
two dissimilar homopolymers to mix homogeneously, as both components feel 
repulsive forces that result in the formation of large  “ macrophases ”  of each com-
ponent in the mixture, akin to the mixing of oil and water. In diblock copolymers, 
however, the two component polymer  “ blocks ”  are chemically attached with a 
covalent bond. Here, the covalent bond acts as an elastic restoring force that limits 
the phase separation to mesoscopic length scales, thus resulting in  “ microphase ”  
separated structures. The size of these phases, which are also known as  microdo-
mains , scale directly as the two - thirds power of the copolymer molecular weight 
 [11] . The specifi c shape of the microdomains relies on a number of factors that 
control how each of the blocks interacts with each other. In the simplest argument, 
if there are equal amounts of each polymer, the microdomains will form into 
distinct layers with planar interfaces. However, if there is more of one block than 
the other, then curved interfaces will result. This curvature minimizes the repul-
sive interfacial contact between the A and B block, which also minimizes the free 
energy of the system. The bend that forms can be characterized by the curvature 
radius,  R , as shown in Figure  1.1 . Therefore, the equilibrium morphology of the 
BCP can usually be predicted based on differential geometry.   

 Other, more complicated,  ‘ self - consistent mean fi eld ’  theoretical treatments can 
be used to calculate the equilibrium morphology of the BCP. These theories sum 
the free energy contributions between (i) the repulsive polymer – polymer interac-
tions versus (ii) the elastic restoring force energy for a particular microphase 
structure. The microphase structure with the lowest free energy sum will be the 
fi nal equilibrium morphology. These theoretical equilibrium morphologies can be 
mapped out on a phase diagram, as shown in Figure  1.2 . A typical BCP phase 
diagram plots the product  χ  N  on the ordinate versus the volume ratio,  f A  , on the 
independent axis.  χ  is known as the Flory – Huggins interaction parameter, which 
quantifi es the relative incompatibility between the polymer blocks, and is inversely 
related to the temperature of the system.  N  is called the  degree of polymerization , 
which is the total number of monomers per macromolecule. The volume fraction 
is represented by  f A      =     N  A / N , where  N  A  is the number of A monomers per molecule. 
For very low concentrations of A monomer, no phase separation will occur and 
the two polymers will mix homogeneously. However, at slightly higher composi-
tions, where  f  A     <<     f  B , the A blocks form spherical microdomains in a matrix of B. 
The microdomains arrange on a  body - centered cubic  ( BCC ) lattice. Increasing the 
volume fraction to  f  A     <     f  B  leads to an increase in the connectivity of the microdo-
mains, triggering the spheres to coalesce into cylinders that arrange on a hexago-
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nal lattice. A roughly equal amount of both A and B blocks ( f  A     ≈     f  B ) will result in 
the formation of alternating layered sheets, or  lamellae , of the A and B blocks. Any 
further increase in  f  A  ( f  A     >     f  B ), will cause the phases to invert, which means that 
the B block forms the microdomains in the matrix of A.   

 Thus, by tailoring the relative amount of A, the chemist can control the con-
nectivity and dimensionality of the global BCP structure: spheres essentially rep-
resent zero - dimensional points in a matrix; cylinders represent one - dimensional 
lines; and lamellae represent two - dimensional sheets. Additionally, narrow regions 
of  f  A  exist in between the cylindrical and lamellar phase space where the two mor-
phologies interpenetrate each other to form  three - dimensional  ( 3 - D )  “ gyroid ”   [12, 
13]  network structures. Some reports of these morphologies have been published, 
and efforts have been put forth to take advantage of the added dimensionality with 
new applications  [14, 15] .  

  1.1.3 
 Triblock Copolymers 

 Adding extra polymer blocks to the BCP chain introduces additional levels of 
complexity into the self - assembled phase behavior. Core – shell morphologies  [16] , 
 “ knitting pattern ”   [17]  and helical structures (Figure  1.3 ) are just a few of the exotic 

     Figure 1.1     (a) Equal volume fractions of A 
and B blocks form layered structures called 
lamellae with curvature radius approaching 
infi nity. Unequal volume fractions of A and B 
cause a curvature at the  intermaterial dividing 
surface  ( IMDS ) to minimize interfacial 

contact between the blocks and cause 
decrease of the curvature radius; 
(b) Schematic representing the application of 
this model in a sphere - forming (PS -  b  - PMMA) 
block copolymer system.  Adapted from Ref.  
 [29] .   
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structures that have been found experimentally using triblock copolymers. Even 
more of the so - called  “ decorated phases ”  of tri - BCPs  [18]  have been predicted on 
a theoretical basis, but not yet found experimentally (Figure  1.4 ), offering a pleth-
ora of structures available to the chemist based on this template. In these cases, 
the phase behavior depends on two compositional variables and three relative 
incompatibility parameters ( χ  AB ,  χ  AC ,  χ  BC ), and thus the sequence of the compo-
nents in the chain becomes important. For example, a poly(styrene -  block  - ethylene -
  block  - butadiene) BCP may have completely different phase behavior than a 
poly(styrene -  block  - butadiene -  block  - ethylene) BCP at the same relative volume 
ratios. It is also possible to synthesize more than three blocks in the polymer 
chain    –    for example, a tetrablock terpolymer  [19] . A more detailed look into the 
phase behavior and morphology of these complex systems is offered in a review 
by Abetz  [20] .    

     Figure 1.2     Phase diagram for linear AB 
diblock copolymers, comparing theory and 
experiment. (a) Self - consistent mean fi eld 
theory predicts four equilibrium 
morphologies: spherical (S), cylindrical (C), 
gyroid (G), and lamellar (L), depending on the 
composition f and combination parameter 
 χ  N . Here,  χ  is the Flory – Huggins interaction 
parameter (proportional to the heat of mixing 
A and B segments) and  N  is the degree of 
polymerization (number of monomers of all 

types per macromolecule); (b) Experimental 
phase portrait for poly(isoprene -  block  - styrene) 
diblock copolymers. Note the resemblance to 
the theoretical diagram. One difference is the 
observed  perforated lamellae  ( PL ) phase, 
which is actually metastable; (c) A 
representation of the equilibrium 
microdomain structures as  f  A  is increased for 
fi xed  χ  N .  Reprinted with permission from Ref. 
 [8] ;  ©  2006, American Institute of Physics.   



     Figure 1.3     (a) Scanning electron microscopy 
image of the fi rst layers of cylinders of a thin 
fi lm of a triblock copolymer containing 17% 
styrene, 26% vinylpyridine, and 57%  tert  - butyl 
methacrylate after THF vapor exposure. The 
surface structures indicate a helix/cylinder 

morphology; (b) Transmission electron 
microscopy cross - section of a bulk sample 
of a triblock copolymer containing 26% 
styrene, 12% butadiene, and 62%  tert  - butyl 
methacrylate (MW   =   218   000   g   mol  − 1 ).  

     Figure 1.4     Morphologies for linear ABC 
triblock copolymers. A combination of block 
sequence (ABC, ACB, BAC), composition 
and block molecular weights provides an 

enormous parameter space for the creation of 
new morphologies.  Reprinted with permission 
from Ref.  [8] ;  ©  2006, American Institute of 
Physics.   
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  1.1.4 
 Rod – Coil Block Copolymers 

 There are essentially two types of BCP, both of which highlight interesting 
avenues for BCP self - assembly.  “ Coil – coil ”  BCPs, which are the most commonly 
studied, contain A and B blocks that can both be theoretically modeled as fl ex-
ible chains.  “ Rod – coil ”  BCPs, on the other hand, have one polymer chain that 
is best represented as a rigid rod due to its stiff nature and anisotropic molecular 
shape. Rod - type molecules, also known as  mesogens , can be incorporated into 
the main chain of a polymer backbone or appended from the polymer backbone 
as a side - chain substituent. Both types of rod – coil BCP have been shown to 
exhibit  liquid crystalline  ( LC ) behavior when placed in solution  [21, 22] . These 
solutions are known as  lyotropic  solutions, which means that their phase behavior 
changes at different polymer concentrations. Initially, the polymers exhibit a 
disordered state called the  isotropic  phase; however, when the solution reaches 
a critical concentration, the molecular chains become locally packed and are 
forced to orient in a particular direction ( nematic  phase) due to the anisotropy 
of their shape. They can also arrange into several types of well - defi ned layers 
( smectic  phases). By creating a BCP with a combination of a rod - like polymer 
block and a fl exible polymer block, molecular level ordering characteristic of 
liquid crystals can be combined with the microphase - separated behavior typical 
of BCPs to produce hierarchical levels of self - assembly  [23] . 

 In a groundbreaking study on  poly(hexylisocyanate -  block  - styrene)  ( PHIC -  b  -
 PS )    –    where the PHIC block represents the  “ rod ”  and the PS represents the 
 “ coil ”  block    –    it was found that, with increasing concentration of the polymer, 
isotropic, nematic and smectic LC phases each developed before the polymer 
adopted its fi nal microphase - separated state  [24] . As the PHIC chain was 
much longer than the PS chain in this case, the PHIC chain axis tilted with 
respect to the layer normal and interdigitated with the PS in order to accom-
modate the strain, resulting in wavy lamellae and never - before - seen zigzag 
and arrowhead morphologies. Electron diffraction experiments revealed  ∼ 1   nm 
spacings between the PHIC chains and a smectic layer repeat distance of 
approximately 200   nm. Furthermore, shearing a nematic solution of the polymer 
on a glass substrate induced over 10    μ m of perfect long - range ordering of the 
layers, thus powerfully illustrating the multiple levels of ordering possible 
with LC - BCPs. 

 In further studies conducted by Mao and coworkers  [25] , a LC side group was 
attached as a pendent unit to a modifi ed poly(styrene -  block  - isoprene) BCP. In this 
material, the phase transitions occurred in the opposite direction. The microphase 
separation of the classical lamellae and cylinders developed fi rst, after which 
smectic layering of the LC blocks developed  within  the BCP microdomains due to 
constraint by the  intermaterial dividing surface  ( IMDS ) (Figure  1.5 ). Again, by 
incorporating a rigid block into a BCP framework, a hierarchy of ordering is 
observed. Unique chemical properties such as LC behavior may turn out to be 
crucial for future self - assembled synthetic materials.    
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  1.1.5 
 Micelle Formation 

 If the BCP is dissolved in a dilute solution with a solvent that dissolves only one 
of the blocks, the BCP will act as a surfactant molecule and micelle formation will 
occur. These materials are referred to as  “ amphiphilic ”  due to their dual polar/
nonpolar chemical nature, and can thus dissolve partially in polar or nonpolar 
media. In dilute solutions, the soluble block  “ corona ”  will wrap itself around the 
insoluble  “ core ”  to minimize the repulsive contact forces between the insoluble 
block and the solvent, as illustrated in Figure  1.6 . These micelles form structures 
with a defi ned size and shape, depending on the relative molecular weight of the 
blocks and the ionic strength of the solution. BCPs with large soluble blocks typi-
cally form spherical micelles due to small curvature radii, but smaller soluble block 
lengths can also form cylindrical micelles due to their greater curvature radii. The 
similarity of these micellar structures to biological cell vesicles  [26]  and liposomes 

     Figure 1.5     (a) A model showing the hierarchical levels of 
self - assembly using rod – coil block copolymers exhibiting 
liquid crystalline behavior in a lamellar morphology. 
(b) Structures can also form in the cylindrical morphology. 
 Adapted from Ref.  [25] .   
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has prompted many investigators to explore their use as templates  [27] , encapsulat-
ing agents  [28] , or drug delivery systems  [29] .    

  1.1.6 
 Synthesis of Block Copolymers Using Living Polymerization Techniques 

 BCPs are produced by the sequential addition of monomers into a  “ living ”  polym-
erization system  [30] . Living polymerizations are characterized by a rapid initiation 
of the reactive chain end (e.g., carbanion, organometallic complex, etc.) and the 
lack of side reactions (e.g., chain termination or chain transfer) during growth of 
the polymer chain. In other words, a living polymer is a macromolecular species 
that will continue to grow as long as the monomer supply is replenished. The 
reactive chain end is then quenched to terminate further growth of the polymer 
during precipitation and purifi cation. 

 A precise control of molecular weight is possible through living polymerization 
strategies. The degree of polymerization ( N  ) is directly related to the molar amount 
of monomer ( M  ) and the molar concentration of initiator, [ I  ], as shown in Equa-
tion  1.1 :

   N
M

I
= [ ]

[ ]
    (1.1)   

 The living reaction will also be characterized by a narrow distribution of molecular 
weight, or polydispersity (M w /M n ), of usually between 1.02 and 1.1, which means 
that that there is less than 30% standard deviation in the degree of polymerization 
of each of the chains. Many possible synthetic techniques are available to the 

     Figure 1.6     Schematic showing micelle 
structure. Amphiphilic block copolymers form 
micelles when dissolved in block - selective 
solvents. The soluble block  “ corona ”  stretches 

out into the solvent and masks the solvo -
 phobic  “ core ” . Cylindrical (and other) 
morphologies can be formed by tuning 
the relative volume fraction of the blocks.  
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chemist wishing to prepare a BCP, each with its own advantages and disadvan-
tages. The types of polymerization suitable for each type of monomer are listed in 
Table  1.1 . The most common techniques used to synthesize and modify BCPs are 
summarized briefl y in the following paragraphs.   

  1.1.6.1   Anionic Polymerization 
 Anionic polymerization has become the most common technique in the synthesis 
of BCPs with narrow polydispersity  [31] . The polymerization proceeds through the 
highly reactive carbanion chain end, usually created by an alkyl lithium initiator 
such as  sec  - BuLi or  n  - BuLi (Scheme  1.1 ). Due to the high reactivity of the chain 
end with other compounds, extremely stringent conditions must be met in order 
to avoid unwanted side reactions. Therefore, the polymerization must be carried 
out without any trace of oxygen or water, and all monomers and solvents must be 
extensively dried, degassed, and purifi ed before use  [32, 33] . The other main dis-

 Table 1.1     Common living polymerization techniques for the preparation of block copolymers. 

   Polymerization technique     Monomers available  

  Anionic    Styrenes, vinylpyridines, methacrylates, 
acrylates, butadiene, isoprene,  N  -
 carboxyanhydrides (amino acids), ethylene 
oxide, lactones, hexamethylcyclotrisiloxane, 
1,3 - cyclohexadiene, isocyanates  

  Cationic ring - opening    Epoxides, siloxanes, tetrahydrofuran  

  Group transfer    Methacrylates, acrylates, nitriles, esters, 
butadienes, isoprenes  

  Ring - opening metathesis    Norbornenes  

  Stable free radical    Styrene, methacrylates, acrylates, acrylamides, 
dienes, acrylonitrile  

  Atom transfer radical    Styrenes, methacrylates, acrylates, 
acrylonitriles  

  Reversible addition  –  fragmentation chain 
transfer  

  Methacrylates, styrene, acrylates  

     Scheme 1.1     The general mechanism of anionic polymerization.  
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advantage to anionic polymerization is the limited range of monomers available 
for synthesis. Although the standard styrenes, methacrylates, butadiene, isoprene, 
ethylene oxide, vinylpyridines, and amino acids can all be synthesized using this 
technique, monomers with reactive functional groups cannot be used because they 
will interfere with the anionic chain end. Such monomers must therefore be 
protected before synthesis and then later deprotected. In some cases, such as the 
polymerization of acrylates, the reactions must be carried out at very low tempera-
tures ( − 78    ° C) in order to avoid terminating side reactions such as intrachain 
cyclization or  “ backbiting ” , caused by the reaction of the anionic center with a 
carbonyl group on the monomer.   

 For BCPs containing two distinctly different monomer types, such as the polym-
erization of polystyrene and polyethylene oxide, attention must be paid to the order 
of polymerization in order to maximize the effi ciency of the reaction. For example, 
whilst a polystyryl lithium  “ macroinitiator ”  enables the rapid initiation of ethylene 
oxide, lithium - activated ethylene oxide will not effi ciently initiate the polystyrene 
monomer and the reaction may not go to completion. This is due to the difference 
in relative reactivity between the oxyanion and carbanionic species. 

 There are, of course, many advantages to anionic polymerizations, besides the 
fact that they produce polymers with the lowest polydispersity. One advantage is 
that the chain end can be terminated with functional groups or coupling agents 
to produce telechelic polymers or complex macromolecular architectures, respec-
tively. Examples of complex BCP architectures include ABA tri - BCPs, star, or graft 
BCPs  [34] .  

  1.1.6.2   Stable Free Radical Polymerizations 
 The amount of growth in the area of  stable free radical polymerization s ( SFRP s) 
during the past 20 years has been astounding. Although the model for SFRP was 
introduced by Otsu during the early 1980s  [35] , more recently, alkoxyamine initia-
tors generated by the research group of Hawker  [36]  at IBM have led to dramatic 
improvements in the technique as introduced by Georges  [37, 38]  at Xerox during 
the early 1990s. These types of initiator contain a thermally cleavable C – O bond 
attached to a nitroxyl radical species. Running the reaction at high temperatures 
(80 – 90    ° C) causes a reversible capping of the nitroxyl radicals, and allows monomer 
addition to the polymer chain only when the nitroxyl radical is in its detached state 
(Scheme  1.2 ). An advantage to SFRP is that the chemical rate of this detachment 
drops almost to zero at room temperature. Therefore, decreasing the temperature 

     Scheme 1.2     The general mechanism of stable free radical polymerizations.  
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of the polymerization reactor essentially  “ switches off ”  the polymerization and 
allows the chemist to expose the fi rst block to air, without terminating the reactive 
chain end. After precipitation, purifi cation, and molecular weight characterization, 
the fi rst block can be dissolved and heated in the presence of the second monomer 
to form the fi nal product. There is a wide range of monomers available using 
SFRP, including styrenes, methacrylates, (meth)acrylonitriles, among others. 
Unfortunately, the polydispersities of the free radical polymerization process are 
not quite as low as anionic polymerization, and stereochemical control is not 
possible.    

  1.1.6.3   Reversible Addition – Fragmentation Chain Transfer ( RAFT ) Polymerization 
 The RAFT process is a variation of the living radical process that instead uses the 
thermal lability of a C – S bond to provide the insertion of monomer units  [39] . A 
general scheme of the monomer addition/fragmentation step is shown in Scheme 
 1.3 . RAFT is used for the polymerization of methacrylates, styrenes and acrylates, 
and can also be successfully applied to narrow polydispersity BCPs. Interestingly, 
in species with dithiocarbamate end groups, such as tetraethyldithiuram disulfi de, 
Otsu and coworkers found that the C – S bond could photochemically dissociate, 
offering the possibility of initiating polymerizations purely with UV light  [40] . This 
technique was subsequently used to produce several types of BCP  [41 – 45] . The 
thiocarbonyl end group can be removed by aminolysis or reduction with tri -  n  -
 butylstannane to leave a saturated chain end, or by thermal treatment to leave an 
unsaturated chain end. It may also be functionalized with amino or carboxy -
 functionalized end groups  [46] .    

  1.1.6.4   Atom Transfer Radical Polymerization 
  Atom transfer radical polymerization  ( ATRP ) is another rapidly maturing technol-
ogy that easily allows the production of end - functionalized and low - polydispersity 
polymers. It has also been shown to be a highly versatile reaction for the produc-
tion of a wide variety of polymer architectures such as stars, combs, and tapered 
BCPs  [47] . The mechanism (Scheme  1.4 ) functions in similar manner to typical 

     Scheme 1.3     The general mechanism of  reversible addition/
fragmentation/transfer  ( RAFT ) polymerization.  

     Scheme 1.4     The general mechanism of  atom - transfer radical polymerization  ( ATRP ).  
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living free radical processes, except that the active radical species undergoes a 
reversible redox process that is catalyzed by a transition metal complex attached 
to an amine - based ligand. The main disadvantage of ATRP is that these transition 
metals are diffi cult (if not impossible) to remove completely from the polymer 
after polymerization. ATRP has a wide range of monomers available for synthesis, 
however, including (meth)acrylates, (meth)acrylamides, styrenes, and acryloni-
triles. Initiators for the process are usually alkyl halide species (R – X), and their 
presence at the end of the polymer chain allows for easy substitution reactions 
with functional groups.    

  1.1.6.5   Ring - Opening Metathesis Polymerization 
  Ring - opening metathesis polymerization  ( ROMP ) is typically used for the ring -
 opening polymerization of cyclic olefi ns such as norbornenes and cyclooctadiene 
 [48] . A general mechanism is presented in Scheme  1.5 . ROMP also uses a metal 
catalyst that is usually composed of titanium, tungsten, or ruthenium attached to 
an aluminum ligand. Based on the results obtained by Robert Grubbs and cowork-
ers, a selection of functional group - tolerant ruthenium catalysts has been synthe-
sized, opening up new opportunities for structurally diverse BCPs, such as 
amphiphilic copolymers  [49]  used to coat chromatographic supports, water - solu-
ble/conducting self - assembling materials  [50] , and fl ourescent BCPs for use in 
light - emitting devices  [51] .    

  1.1.6.6   Group Transfer Polymerization 
  Group transfer polymerization  ( GTP ) is best suited for the polymerization of 
methacrylate and acrylate polymers  [52] . A general mechanism is shown in Scheme 
 1.6 . Esters, nitriles, styrenes, butadienes, isoprenes, and most other  α , β  - unsaturated 

     Scheme 1.5     The general mechanism of  ring - opening metathesis polymerization  ( ROMP ).  

     Scheme 1.6     The general mechanism for group transfer polymerizations.  
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compounds can also be prepared  [53] . One interesting monomer that is typically 
prepared by GTP is  poly(2 - (dimethylamino)ethylmethacrylate)  ( PDAEMA ). When 
polymerized with a hydrophobic methacrylate species, Billingham and coworkers 
found that the resulting amphiphilic BCP would easily form micelles in aqueous 
solution due to the water solubility of the PDAEMA block  [54, 55] . Initiators often 
include silyl ketene acetal - type structures. Trace amounts of nucleophilic catalysts 
such as TASHF 2  are necessary to activate the silicon catalyst, along with large 
amounts of Lewis acids such as ZnX 2  (X   =   Cl, Br, I) to activate the monomer. A 
key advantage of GTP is that it can be performed at room temperature. Moreover, 
functionalized polymers can easily be added by the use of either: (i) a functional-
ized initiator or end - capping agents for functional groups attached to the end of 
the chain; or (ii) a functionalized monomer for functional groups evenly distrib-
uted throughout the polymer chain.     

  1.1.7 
 Post - Polymerization Modifi cations 

 Today, living polymerization techniques are available for a wide range of monomer 
types, and the possibilities are expanding daily. However, alternative routes are 
still necessary for the preparation of BCPs with highly specialized solubilities and 
functionalities, and this often requires post - polymerization modifi cation steps 
such as active - center transformations and polymer - analogous reactions. 

  1.1.7.1   Active - Center Transformations 
 Often, one type of polymerization mechanism may not be suitable for both types 
of monomer used in the BCP. In this case, following formation of the fi rst block, 
it is possible to alter the polymerization mechanism to suit the effi cient addition 
of a second monomer to the chain. The active center can be modifi ed either by  in 
situ  reactions or by isolation of the fi rst block, followed by chemical transformation 
of the active center with a separate reaction; the polymerization can then continue 
after addition of the second monomer. For example, an SFRP mechanism can be 
transformed into an anionic ring - opening system for the polymerization of 
poly(styrene -  block  - ethylene oxide). First, the styrene undergoes SFRP in the pres-
ence of mercaptoethanol, a chain - transfer agent. The hydroxyl functionalized PS 
is then used as a  “ macroinitiator ”  for the anionic ring - opening polymerization of 
ethylene oxide  [56] . Active center transformation has been used for the formation 
of poly(norbornene -  block  - vinylalcohol) BCPs through a combination of ROMP and 
aldol GTP  [57] , while a combination of cationic (not discussed) and anionic pro-
cedures have been used to polymerize poly(isobutylene -  block  -  methyl methacr-
ylate) BCPs  [58] . Finally, each of the above mechanisms can also be transformed 
into an ATRP process, as described in a review by Matyjaszewski  [59] .  

  1.1.7.2   Polymer - Analogous Reactions 
 As we have seen, the creation of BCPs through living polymerization mechanisms 
restricts the number of monomers available for use. Additionally, functionalized 
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polymers feature delicate protecting groups that may be unsuitable for the highly 
reactive initiators used in living polymerizations. Polymer - analogous reactions 
can create copolymers that could not have been synthesized within a living polym-
erization. These modifi cations are carried out on previously synthesized, or  “ pre-
cursor ”  BCPs such as poly(styrene -  block  - isoprene) with known molecular weights 
and narrow molecular weight distributions. Chemical transformation of the pre-
cursor polymer can be carried out selectively on individual blocks, on the entire 
copolymer, or on each block in sequence. Here, careful selection of the reaction 
conditions is vital to avoid any harmful side reactions such as degradation or 
crosslinking of the original polymer. If carried out successfully, the degree of 
polymerization, molecular weight distribution, and main chain architecture of 
the precursor polymer will remain the same, but the solubility and physical prop-
erties of the polymer may be altered completely. Examples of polymer analogous 
reactions include hydrogenation  [60] , epoxidation  [61] , hydrolysis  [62] , sulfonation 
 [63] , hydroboration/oxidation  [64, 65] , quaternization  [66] , hydrosilylation  [67] , and 
chloro/bromomethylation  [68, 69] . Further details for each of these reactions is 
also available  [71] . 

 In this section, we have set the foundation for understanding how the chemistry 
of block copolymeric materials relates to the physics of their unique self - assem-
bling properties. In the remainder of the chapter, it will become clear how these 
novel chemical strategies are used to effect practical physical applications.    

  1.2 
 Block Copolymers as Lithographic Materials 

  1.2.1 
 Introduction to Lithography 

 A modern integrated circuit is a complex, 3 - D network of patterned wires, vias, 
insulators, and conductors. In order to transfer these patterns onto the silicon 
substrate it is fi rst necessary to write the pattern, and for this the technique of 
 photolithography  is used, in which radiation - sensitive polymers play an integral 
role. Standard photolithography consists of essentially two steps: (i) writing of the 
pattern into a radiation - sensitive polymer thin fi lm (resist); and (ii) transferring 
the pattern by etching into the underlying substrate  [72] . A schematic of the tra-
ditional lithographic process is shown in Figure  1.7 a. As photolithography and its 
associated technologies will become a recurring theme in this chapter, a brief 
primer on the subject will be useful at this point.   

 During the exposure process of a polymeric photoresist, UV radiation passes 
through a quartz photo mask that only allows a particular pattern of radiation to 
pass through and strike a thin fi lm of photoresist. A chemical change is effected 
in the exposed regions of the polymer, which allows its subsequent development 
in a solvent, similar to the way in which photographic fi lm is exposed and devel-
oped in a darkroom. The mechanism of the chemical change involves the forma-
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tion, rearrangement or breaking of bonds within the polymer chain. A resist ’ s 
 sensitivity  is a measure of how effi ciently it responds to a given amount of radia-
tion, and might be compared to the ASA or ISO rating of a photographic fi lm. A 
resist with a higher sensitivity will allow a satisfactory image to be produced for a 
smaller absorbed  dose  of radiation. The  resolution  of a photoresist is the size of the 
smallest structure that can be cleanly resolved after pattern development using 
standard microscopy techniques. This structure will then be used to effi ciently 
pattern into the underlying substrate, assuming that the photoresist has suffi cient 
 etch resistance  to withstand the harsh pattern transfer step. In this step, the pat-
terned resist must withstand high - energy plasma sources that are designed to etch 
into silicon wafers. Polymers containing more carbon have stronger dry - etch 
resistance than those with lower amounts of carbon, whilst polymers containing 
high amounts of oxygen are etched easily. Even etch - resistant polymers may lose 

     Figure 1.7     (a) Schematic of a traditional photolithography 
using positive - tone or negative - tone resist chemistry. 
(b) Schematic of block copolymer lithography, using a 
combination of positive - tone and negative - tone resist 
chemistry.  
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a small amount of material during the etching step, but maintaining the structure 
of the pattern is important for high resolution. If less than a  ± 10% change in the 
fi nest feature size of the polymer is etched into the substrate, the pattern transfer 
step is deemed successful  [73] . This presents a huge challenge for the resist 
designer, who must tune the chemical components of the photoresist to satisfy 
two diametrically opposed requirements: to design a resist that is very responsive 
to ultraviolet radiation, but which, after the initial exposure, becomes highly resist-
ant to the specifi c type of radiation and heat involved in the pattern transfer step. 
This is often achieved through the copolymerization of more than one type of 
monomer, each having its own functionality in the photoresist. 

 The realm of photolithography is split into two families of chemistry, based on 
the different physical properties possible for the exposed photoresist: 

   •       Positive - tone  resist chemistry refers to a photoresist that becomes  more soluble  
after exposure to UV light. This can happen because of chemical deprotection, 
bond rearrangement, or chain - scission mechanisms.  

   •       Negative - tone  resist chemistry refers to a photoresist that becomes  less soluble  
through the formation of crosslinked networks after exposure to UV light.    

 In this chapter, we will highlight the many approaches that have been used for 
one or both of these types of chemistries, in order to fabricate functional nanos-
cale - sized structures using BCPs.  

  1.2.2 
 Block Copolymers as Nanolithographic Templates 

 The lithography community has been extremely successful in its ability to pack 
progressively more circuit elements into a chip, as governed by the benchmark 
pace fi rst predicted by Gordon Moore in 1989, which states that the transistor 
density of semiconductor chips will double roughly every 18 months  [74] . Since 
then, new technologies have enabled this march down to smaller feature sizes. 
Photoresists with smaller pixel sizes such as molecular glass resists  [75, 76] , new 
processes such as nanoimprint lithography and step and fl ash lithography  [77] , as 
well as the development of smaller wavelength exposure sources  [78] , have cata-
lyzed the production of feature sizes down below 50   nm. 

 The exposure wavelength, however, has become the rate - determining step in 
our ability to pattern small feature sizes. Extremely small wavelength sources such 
as electron beams (e - beams) and X - rays do not have wavelength limitations, but 
e - beam systems can only write features in a slow serial process that is not amena-
ble to large - scale commercial processes. The high cost of the incorporation of these 
tools into a clean room is another disadvantage to their use. X - ray lithography 
requires the extremely high power of synchrotron sources, or electron storage 
rings, which are found in only a handful of locations around the world. Both, 
therefore, have proven to be impractical in a production setting. It seems that 
 extreme ultraviolet  ( EUV ) radiation sources can carry the lithography community 
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down to 20   nm structures, but beyond that the semiconductor industry sees a need 
for innovative patterning strategies  [79] . 

 Design for modern integrated circuits usually requires a motif of several of dif-
ferent types of feature that may include    –    but are not limited to    –    regular patterns 
of straight and jogged lines and spaces, circular holes for contact openings, T - 
junctions, and columns of ferromagnetic media for data storage and memory 
applications. Interestingly, the shape of these features relate very well to the 
various geometries involved in BCP self - assembly (refer back to Figure  1.2 ). Fur-
thermore, BCP microdomains form features that are much smaller than the 
current state - of - the - art standard photolithographic techniques. If one of the blocks 
in a BCP could be selectively degraded (i.e., positive tone chemistry), while the 
other block is crosslinked (i.e., negative tone chemistry) or has suffi cient etch 
resistance, the result would be an ordered, nanoscale  “ stencil ”  that could be used 
to pattern circuit elements into a substrate. Theoretically, a density of over 10 11  
elements per square centimeter could be achieved over a large area with this 
technique  [80] . Starting with the pioneering work of Lee in 1989  [81] , the fi eld of 
BCP lithography has exploded during the past ten years. Several excellent reviews 
on the subject are available  [82 – 84] . 

 Several obstacles stand in the way of BCP lithography becoming an industrially 
useful technology. First, when a BCP thin fi lm is created, the microdomains will 
often seem disordered, appearing in randomly oriented grains along the sample 
surface. Long - range ordering of the BCP nanodomains is often necessary for a 
few of the possible applications of BCP lithography, such as in the creation of 
addressable, high - density information storage media. Second, the nanodomains 
tend to arrange parallel to the sample surface due to preferred interfacial interac-
tions between one of the blocks and the substrate. However, in order to be litho-
graphically useful as etch masks that are able to transfer patterns into a wafer, 
nanodomains such as lamellae and cylinders must be arranged perpendicularly 
so that they are physically and continuously connected from the polymer/air 
interface through to the substrate, as shown in the plan - view and cross - sectional 
 scanning electron microscopy  ( SEM ) images shown in Figure  1.8 . Third, the 
thickness of the BCP must be carefully controlled. It has been shown that, for 
a lamellar PS -  b  - PMMA BCP, if the initial fi lm thickness  t  is thicker than the 
natural period of the lamellae  L  o  and  t     ≠    ( n    +   ½)  L  o  ( n  an integer), then islands 
or holes of height  L  o  will form at the surface of the fi lm and damage the homo-
geneity of the surface morphology. In the case where  t     <     L  o , the situation becomes 
more complicated, as the lamellar chains will arrange perpendicular to the sub-
strate due to the large entropic penalty associated with the chains having to 
compress to fi t into the parallel orientation  [85] . Other hybrid morphologies 
(Figure  1.9 ) have been found as the fi lm thickness changes, due to the competi-
tion of several forces such as strong surface interactions, slow kinetics, and the 
thermodynamic driving force to arrange in layers commensurate with the height 
 L  o . The physical complexity of block copolymer systems is staggering, and ori-
entational control over these systems has developed into a fi eld of its own  [86] . 
Many research groups have achieved success in controlling the orientation of 



 1.2 Block Copolymers as Lithographic Materials  19

     Figure 1.8     Field - effect scanning electron microscopy images 
obtained from a thin fi lm of PS -  b  - PMMA after removal of the 
PMMA block. (a) Top view of the fi lm; (b) A cross - sectional 
view.  Reprinted with permission from Ref.  [90] ;  ©  2006, 
Wiley - VCH.   

     Figure 1.9     (a,b) Tapping - mode atomic force 
microscopy phase images of thin poly(styrene -
  block  - butadiene - block - styrene) (PS -  b  - PB -  b  - PS) 
fi lms on Si substrates after annealing in 
chloroform vapor. The surface is covered with 
an 10   nm - thick PB layer. Bright regions 
correspond to PS microdomains below the 
darker top PB layer. Contour lines calculated 
from the corresponding height images are 

superimposed; (c) Schematic height profi le 
of the phase images shown in (a, b); 
(d) Simulation of a block copolymer fi lm in 
one large simulation box with increasing fi lm 
thickness.  Reprinted with permission from 
Knoll A., Horvat, A., Lyakhova, K.S.  et al.  
(2002)  Phys. Rev. Lett. ,  89 , 035501 - 1;  ©  2006, 
American Physical Society.   
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the self - assembled structures through special processing strategies; these include 
techniques such as thermal annealing  [87] , electric fi elds  [88 – 90] , mechanical 
shear  [91 – 93] , exposure to solvent vapor  [18, 94, 95] , physical confi nement  [96] , 
neutral surfaces  [97, 98] , chemically nanopatterned surfaces  [99 – 101] , or a com-
bination of any of the above  [102] .   

  1.2.2.1   Creation of Nanoporous Block Copolymer Templates 
 Once a high degree of long - range ordering has been achieved on a BCP thin 
fi lm, a fi nal processing step is necessary to create the nanolithographic tem-
plate. A schematic of BCP lithography is shown in Figure  1.7 b. Upon exposure 
to UV, chemical, or  reactive ion etching  ( RIE ), these systems are designed so 
that one of the blocks will be selectively degraded relative to the other block(s). 
In fact, the second block should ideally become photochemically crosslinked 
and thus highly immobile during the subsequent pattern transfer step in order 
to avoid distortion of the photo pattern. Both  “ wet ”  and  “ dry ”  chemical proc-
esses can be used during the pattern transfer step. Wet chemical etching 
involves the dissolution of the fi rst block in an aggressive acid or base solvent, 
whereas  “ dry ”  chemical processes refer to exposure of the fi lm to high - energy 
reactive ions and plasmas such as CF 4 , O 2 , SF 6 , Cl 2 , or argon gas. The etching 
process results from the combination of the kinetic energy of the ions (causing 
sputtering) and ion - induced chemical reactions that create volatile byproducts. 
The etching process affects polymers to different extents, depending on the 
chemical composition of the block. Several different types of BCP systems 
have been used as nanolithographic templates, such as poly(styrene -  block  - 
butadiene), poly(styrene -  block  - methyl methacrylate), poly(styrene -  block  -  ferroce-
nyldimethylsilane), poly(styrene -  block  - lactic acid) and poly( α  - methylstyrene -  
block  - hydroxystyrene). The structures of the most commonly used sacrifi cial 
blocks are listed in Table  1.2 .   

  Poly(Styrene -   b lock  - Butadiene)     One of the fi rst applications in this area also pro-
vides a model example of the concept of BCP lithography. Chaikin and coworkers 
 [80, 111]  created a thin fi lm of microphase - separated  poly(styrene -  block  - butadiene)  
( PS -  b  - PB ), as shown in Figure  1.10 a. Figure  1.10 b shows how ozone was used to 
eliminate the PB spherical minority phase and open up windows in the PS matrix. 
In this instance, the minority PB block acts as a positive - tone resist due to its 
vulnerability to ozone chemical attack. The resulting spherical pores in the fi lm 
provided less RIE resistance than the continuous PS matrix, thus creating a peri-
odic array of 20   nm holes spaced 40   nm apart on a silicon nitride substrate. In the 
opposite strategy, illustrated in Figure  1.10 c, the PB block was stained with 
osmium tetroxide vapor, which caused the PB block to exhibit a greater etch resist-
ance than the PS block. In this case, the PB block acts like a negative - tone resist, 
resulting in removal of the PS matrix after RIE with CF 4 . Therefore, the negative -
 tone system creates a pattern of raised dots on the substrate, instead of holes. This 
concept can easily be extended to create nanosized metal dots on any type of sub-
strate for high - density information storage applications  [127] , or substrates such 
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 Table 1.2     Commonly used sacrifi cial blocks for block copolymer templates. 

   Name     Structure     Method of removal     Reference(s)  

  Poly(methyl 
methacrylate)  

      

  Photolysis     [103 – 107]   

  Etch selectivity     [108 – 110]   

  Poly(butadiene)  

      

  Ozonolysis     [80, 111, 112]   

  Poly(isoprene)  

      

  Reactive ion etching     [113, 114]   

  Ozonolysis     [14, 111, 115]   

  Poly( α  -
 methylstyrene)  

      

  Heat/Vacuum     [116, 117]   

  Poly(L - lactide)  

      

  Aqueous base 
dissolution  

   [118 – 121]   

  Poly(4 - vinyl 
pyridine)  

      

  Reactive ion etching     [96]   

  Poly(ethylene 
oxide)  

      

  Water dissolution     [122]   
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   Name     Structure     Method of removal     Reference(s)  

  Polystyrene  

      

  Reactive ion etching     [123, 124]   

  Poly(perfl uorooctyl 
ethyl methacrylate)  

      

  Reactive ion etching     [125, 126]   

Table 1.2 Continued.

as gallium arsenide can be patterned, opening up new avenues for the production 
of  quantum dot  ( QD ) structures  [128] .    

  Poly(Styrene -   b lock  - Methyl Methacrylate)      Poly(styrene -  block  - methyl methacrylate)  
( PS -  b  - PMMA ) has been the workhorse of the fi eld of BCP lithography for several 
reasons. First, it is relatively simple to produce using anionic polymerization 
techniques, and is commercially available  [129] . Second, PMMA acts as a readily 
degradable positive - tone resist on exposure to  deep ultraviolet  ( DUV ) or e - beam 
radiation. In fact, PMMA is already well established in the semiconductor industry 
as a positive - tone e - beam resist. The PMMA chain breaks up into oligomers 
through a chain scission mechanism (Scheme  1.7 ), and can then be removed from 
the matrix through dissolution in acetic acid. Third, in the same DUV exposure 
step, the polystyrene matrix acts as a weak negative - tone resist, becoming photo-
chemically crosslinked through oxidative coupling, as shown in Scheme  1.8   [130] . 
Immobilizing the matrix phase through crosslinking strategies is very important 
in the creation of nanoporous materials. The huge increase in surface area that 
results from the removal of the minority domain creates a concomitant increase 
in surface free energy. A driving force for the minimization of this free energy 
creates a strong tendency for the nanopores to collapse, which would result in 
distorted etched patterns. A high glass transition temperature ( T  g ) relative to the 
processing temperature represents another means of stabilizing the nanoporous 



 1.2 Block Copolymers as Lithographic Materials  23

template; however, there must be a clear pathway in the fi lm for the removal of 
degraded minority component (e.g., vertical cylinders). Otherwise, the low - molec-
ular - weight products permeate through the matrix, leading to a decrease in  T  g  and 
collapse of the pores.   

 Stoykovich and colleagues in the Nealey group have substantially improved the 
directed self - assembly of lamellar microdomains of PS -  b  - PMMA. Traditional 
lithographic techniques were used to create a chemically nanopatterned surface 
that preferentially wets the PMMA domain. By using this preferential attraction, 

     Figure 1.10     (a) Schematic cross - sectional 
view of a nanolithographic template 
consisting of a uniform monolayer of PB 
spherical microdomains on silicon nitride. 
PB wets the air and substrate interfaces; 
(b) Schematic of the processing fl ow when an 
ozonated copolymer fi lm is used, which 

produces holes in silicon nitride; 
(c) Schematic of the processing fl ow when 
an osmium - stained copolymer fi lm is used, 
which produces dots in silicon nitride. 
 Reprinted with permission from Ref.  [80] ; 
 ©  1997, American Association for the 
Advancement of Science.   



 24  1 Phase-Selective Chemistry in Block Copolymer Systems

     Scheme 1.7     Chain scission mechanism of PMMA.  

     Scheme 1.8     Ultraviolet irradiation byproducts of polystyrene.  

Stoykovich  et al . were able to steer the vertically oriented lamellar morphologies 
through various bend angles, from 45 °  to 135 °  (Figure  1.11 ). The high curvature 
of these patterns induces a great deal of stress in the in the polymeric material, 
and leads to the formation of defects in the structure. It was found that, by blend-
ing small amounts of PMMA homopolymer, the homopolymer selectively swelled 
the PMMA block in the areas of high curvature (Figure  1.11 b); this alleviated the 
stress in the material and in turn reduced the pattern defects  [131] .   

 Several successful applications of PS -  b  - PMMA as a nanolithographic template 
have already been achieved, with C. T. Black and coworkers at IBM being among 
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     Figure 1.11     (a) A top - down SEM image of 
angled lamellae in a ternary PS -  b  - PMMA/PS/
PMMA blend. The chemical surface pattern is 
fabricated with a 70   nm line spacing to match 
the natural period of the copolymer; 
(b) Theoretical concentration map of the 
distribution of the homopolymers on the 

surface. The homopolymers concentrate and 
swell the polymer at the bend area of the 
patterns to prevent the formation of defects. 
 Reprinted with permission from Ref.  [131] ; 
 ©  2006, American Association for the 
Advancement of Science.   

the fi rst to demonstrate the industrial feasibility of this technology. After optimiza-
tion of the process window for maximum ordering of perpendicular - oriented 
nanodomains  [132, 133] , Black ’ s group demonstrated the successful fabrication of 
 metal - oxide - silicon  ( MOS ) capacitors (Figure  1.12 )  [133 – 135] , multinanowire 

     Figure 1.12     The process fl ow for MOS 
capacitors. (a) Polymer template formation on 
silicon surface; (b) RIE pattern transfer of PS 
template into silicon, followed by removal of 
the PS matrix; (c) SiO 2  growth followed by top 
A1 gate electrode deposition; (d) SEM image 

at a 70 °  tilt after RIE etch. The remaining PS 
template is shown at the top. At the bottom, 
the nanoscale hexagonal array has been 
transferred into a Si counter electrode. 
 Reprinted with permission from Ref.  [134] ; 
 ©  2006, American Institute of Physics.   
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silicon fi eld effect transistors  [136] , and FLASH memory devices  [137] . The crea-
tion of high - aspect ratio patterns has always been problematic due to the diffi culty 
of achieving a single microdomain orientation in thick BCP fi lms. In this area, 
Thurn - Albrecht and coworkers reported that the application of a strong electric 
fi eld, in combination with thermal annealing, creates 500   nm - long, vertically ori-
ented PMMA cylinders that physically connect to the substrate, as shown in Figure 
 1.13 . After PMMA removal, the underlying conducting substrate was used for the 
subsequent deposition of copper into the holes to form a matrix of continuous 
nanowires  [90] .   

 Asakawa and coworkers from the Toshiba Corporation were the fi rst to pattern 
magnetic media for hard disk applications, by using a PS -  b  - PMMA template. In 
these investigations, the group took advantage of the large difference in etch resist-
ance between the aromatic and acrylic polymer to produce the BCP template using 
dry etching techniques  [108, 109] . Spiral - shaped circumferential grooves were 
imprinted into a hard - baked photoresist using a nickel master plate. The spherical 
PMMA microdomains then aligned within the walls of the grooves, and the 
PMMA was preferentially etched by oxygen plasma to create holes which con-
nected to an underlying magnetic cobalt platinum fi lm. The size of these holes 
could be adjusted by changing the molecular weight of the PS -  b  - PMMA. The holes 
were then fi lled with etch - resistant spin - on - glass, which acted as a mask while the 
remaining PS polymer and the underlying magnetic media were patterned by ion 
milling. After removal of the spin - on glass, the disk featured magnetic nanodots 
arranged in a spiral pattern. 

 PS -  b  - PMMA has proved to be an excellent system to perform studies on the 
ability of BCPs to act as nanolithographic stencils, although doubts persist regard-
ing its potential to enter into industrial, high - volume production. For example, as 
noted previously, crosslinking the matrix phase of the BCP is necessary to prevent 
pore collapse during the rough pattern transfer and etching step. PS, however, 
cannot be crosslinked (or patterned) effi ciently upon exposure to UV light. A 
combination of different photochemical processes, such as random chain scission, 
oxidative coupling and crosslinking, all occur at the same time during UV expo-

     Figure 1.13     Cross - sectional transmission 
electron microscopy image obtained from 
a PS -  b  - PMMA fi lm (800   nm) annealed in an 
electric fi eld of 25   V    μ m  − 1 . The block 
copolymer fi lm is lying on top of a dark 
Au - fi lm, which was used as the lower 

electrode. The upper electrode has been 
removed. Cylinders oriented normal to the 
substrate pass all the way through the 
sample.  Reprinted with permission from 
Ref.  [90] ;  ©  2006, Wiley - VCH.   
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sure, as shown previously in Scheme  1.8 . Several groups have taken steps to 
correct this problem, with Hawker and coworkers  [103]  having randomly copoly-
merized thermally crosslinkable  benzocyclobutene  ( BCB ) groups with polystyrene 
(PS -  ran  - BCB). The degree of crosslinking can be tuned by increasing the amount 
of the BCB in the random copolymer. Microdomain ordering was induced by 
thermally annealing the matrix at 160    ° C. Raising the temperature to 220    ° C caused 
the matrix to be crosslinked, and the PMMA was exposed and developed in the 
normal manner.  

  Poly(Styrene -   b lock  - Lactic Acid)     Poly(styrene -  block  - lactic acid) (PS -  b  - PLA) is another 
copolymer that has been developed as a nanolithographic template. To synthesize 
this polymer, hydroxyl - terminated PS (prepared through anionic polymerization) 
was treated with triethylaluminum to form the corresponding aluminum alkoxide 
macroinitiator. This species was able to effi ciently polymerize  d , l  - lactide through 
a ring - opening process  [118] . The advantage of using this BCP as a nanolitho-
graphic template is that PLA undergoes main - chain cleavage simply by soaking it 
in an aqueous methanol mixture containing sodium hydroxide at 65    ° C. The PS 
matrix is not affected at all by this treatment. Zalusky and coworkers have also 
published a complete phase diagram and characterization of PS -  b  - PLA  [119] . Leis-
ton - Balanger and coworkers used the benzocyclobutene crosslinking strategy 
explained in Section  1.2.2.1.2  but with PLA as the minority component, thus 
eliminating the photoprocessing step  [138] . The group noted that, if a thermally 
degradable minority component were to be used, then a robust nanoporous tem-
plate could be produced by using a completely thermal process.  

  Poly(Styrene -   b lock  - Ferrocenyldimethylsilane)     BCPs containing organometallic ele-
ments can also function very well as nanolithographic etch masks, as shown by 
the studies of Thomas and coworkers  [113, 114, 139] . Thomas ’  group was able to 
synthesize a BCP of  poly(styrene -  block  - ferrocenyldimethylsilane)  ( PS -  b  - PFS ) that 
organized into lamellar and cylindrical microdomains by using an anionic ring -
 opening polymerization. The PFS block contained elemental iron and silicon, 
which made it highly resistant to dry - etching processes due to the creation of iron 
and silicon oxides during oxygen etching. The resulting etching ratio between PS 
and PFS was estimated to be as high as 50:1. Thus, by etching through the poly-
styrene, the BCP patterns were transferred into the underlying substrate in only 
one step. By using this polymer as a masking layer, Thomas  et al . further demon-
strated that an array of cobalt single - domain magnetic particles could be created 
through a tri - level etching strategy (Figure  1.14 ). Moreover, the magnetic proper-
ties and thermal stability of the dots could be tuned simply by changing the 
copolymer composition and etch depth into the cobalt  [123, 140] .    

  Poly( α  - Methylstyrene –   b lock  - Hydroxystyrene)     Studies conducted by the present 
authors ’  group have focused on poly( α  - methylstyrene -  block  - hydroxystyrene) (P α  -
 MS -  b  - HOST) that allows not only an effi cient crosslinking of the hydroxystyrene 
matrix phase but also the ability to lithographically pattern the nanoporous tem-
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plates on select areas of the wafer  [116, 117] . In these studies, traditional chemical 
amplifi cation strategies  [141] , which have been recognized among the photoresist 
community for over 20 years, were used in combination with BCP lithography. 
An overview of the processing scheme is presented in Figure  1.15 . The key to 
chemical amplifi cation strategies is the use of cationic catalysts known as  pho-
toacid generator s ( PAG s); these produce a strong acid when exposed to DUV 
radiation (248 and 193   nm). Trifl ic acid generated by the PAG molecule (tri -
 phenylsulfonium trifl ate) was used to catalyze a condensation reaction  [142]  
between the hydroxyl groups of the poly(hydroxystyrene) and a crosslinking 
species  tetramethoxymethyl glycoluril  ( TMMGU ; Powderlink 1174) to produce, 
in turn, a highly crosslinked network of the matrix phase (Scheme  1.9 ). The areas 
of the wafer where nanoporous templates are not needed are washed away with 
a solvent development step. The crosslinked regions of PHOST contained stand-
ing, 20   nm - diameter cylinders of poly( α  - methylstyrene), a polymer that can be 
depolymerized and removed from the matrix with additional UV irradiation, heat, 

     Figure 1.14     Tilted SEM images of the 
intermediate stages of lithographic 
processing. (a) An O 2  - RIE - treated block 
copolymer thin fi lm on a multilayer of silica, 
the metallic fi lms, and the silicon substrate; 
(b) Pillars of silicon oxide capped with 
oxidized PFS after CHF 3  - RIE; (c) Patterned 

tungsten fi lm using CF 4    +   O 2  - RIE on top of 
a cobalt layer after removing the silica and 
residual polymer cap; (d) W - capped cobalt 
dot array produced by ion beam etching (note 
the different magnifi cation).  Reprinted with 
permission from Ref.  [123] ;  ©  2006, 
Wiley - VCH.   
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and high vacuum. Thus, by using standard lithography procedures, it was pos-
sible to generate 450   nm resolution patterns of crosslinked PHOST containing 
20   nm nanoporous substructures, as shown in Figure  1.16 . Further processing 
of this polymer in order to maximize the degree of long - range ordering is cur-
rently under way  [143] . It is believed that this combination of traditional  “ top -
 down ”  positive -  and negative - tone lithography techniques, in combination with 
the power of  “ bottom - up ”  BCP self - assembly, holds much promise for the future 
of lithography.      

  1.2.3 
 Multilevel Resist Strategies Using Block Copolymers 

 The constant drive for smaller and smaller circuit device features with higher 
aspect ratios and more complex substrate topographies has caused many photo-
lithographic engineers to rethink traditional single - level resist - processing strate-
gies. As sub - 100   nm feature sizes become the norm, artifacts arising from the 
lithographic process that were recently deemed insignifi cant have now become 

     Figure 1.15     Novel nanofabrication process of 
obtaining spatially controlled nanopores. 
(a) Spin - coating of a P α MS - b - PHOST/PAG 
mixture onto a silicon wafer to form vertical 
cylinders of P α MS in the PHOST matrix; 
(b) Irradiate using a 248   nm stepper with a 
photomask and bake; (c) Develop with a 

mixed solvent to form micron - sized patterns 
on top of the substrate; (d) Irradiate using a 
365   nm lamp under vacuum; (e) Form 
patterns with nanoporous channels.  Reprinted 
with permission from Ref.  [117] ;  ©  2006, 
American Chemical Society.   
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major problems. One such artifact that limits resolution is the creation of the 
 “ standing wave effects ”  which occur when UV light refl ects off the substrate 
surface after passing through the resist  [73] . As a result, multilevel resist chemis-
tries have been developed to incorporate polymeric planarizing layers to eliminate 
substrate topography variability and anti - refl ection coatings to eliminate standing -
 wave patterns in photoresists. Commonly used multilevel strategies employ a 
photoresist imaging layer on top of the planarization layer. The resist used for the 
imaging layer is designed to provide high sensitivity to UV light exposure by pro-
viding a large number of photosensitive functional groups, and must be highly 
etch - resistant to the extremely harsh conditions imposed by the oxygen reactive 
ion - etching step. Organosilicon - containing polymers have been demonstrated to 
be excellent candidates as etch - resistant photoresists, due to their ability to form 
a protective SiO 2  ceramic upon exposure to oxygen plasma, as shown by Taylor 
and Wolf  [144, 145] . The only disadvantage of these polymers is that their bulky 
side groups result in very low  T  g  - values, which make them susceptible to viscous 
fl ow and excess swelling during the development step. Photoresist engineers typi-
cally counter the problem of low  T  g  values by randomly copolymerizing the etch 

     Scheme 1.9     Proposed crosslinking mechanism of P α MS -  b  -
 PHOST with TMMGU. After Roschert, H., Dammel, R., Eckes, 
C.  et al.  (1992),  Proc. SPIE - Int. Soc. Opt. Eng .,  1672 , 157.  
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resistant, low -  T  g  polymer with a photosensitive polymer that also has a high  T  g . 
The copolymerization of the two monomers is necessary to avoid the inevitable 
macrophase separation that results when two homopolymers are mixed together. 
This composite style approach thereby simultaneously satisfi es the requirements 
for high etch resistance, high sensitivity and high  T  g , resulting in the best - per-
forming photoresists. 

 BCPs seem to be a perfect fi t for multilevel resist chemistries, due to their 
ability to segregate into chemically distinct levels and their intrinsic ability to avoid 

     Figure 1.16     Atomic force microscopy height images showing: 
(a) the 450   nm photopattern produced through the 
crosslinking of the PHOST matrix; and (b) the 20   nm - diameter 
porous substructure generated after removal of the 
 α  - methylstyrene block.  
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macrophase separation. It is well known that a BCP fi lm will self - assemble such 
that the lower surface energy block is presented at the polymer/air interface. This 
principle can in turn be used to design layered systems of different functionality, 
as will be seen in the creation of semi - fl uorinated BCPs for low - surface energy 
applications (see Section  1.6.1 ). For example, to create the imaging layer a polymer 
containing photosensitive  tert  - butyl functional groups may be used along with an 
etch - resistant organosilicon polymer (Figure  1.17 ). Conveniently, the  tert  - butyl 
groups contain three low - energy methyl groups that drive the segregation of the 
photoactive compound to the surface, where it is most effectively exposed to UV 
light. The surface - segregating properties are not limited to the  tert  - butyl group, 
however; many other protecting groups could be used. Moreover, the functional, 
chemically distinct polymers used in photoresists will exist in a microphase - sepa-
rated state if they are incorporated into a BCP. The microdomains form with 
diameters within one radius of gyration of the polymer chain, which usually is 
about 5 – 30   nm. Therefore, a patterned lithographic feature on the BCP photoresist, 
currently approximately 100 – 200   nm, will contain numerous domains of the pho-
tosensitive and etch - resistant functionalities incorporated within it to ensure 
optimal performance of the photoresist.   

 The microphase separation of BCPs also means that each one of the polymer 
chains is confi ned to its own respective domain, and can be thought of as being 
artifi cially crosslinked. Thus, in negative - tone resists, less UV light is required to 
cause the polymers to become insoluble compared to a homopolymer of a similar 
molecular weight. BCPs have also been shown to be twice as sensitive to nonphase -
 separated random copolymers using the same monomer units and molecular 
weight, due to this confi nement effect  [146] . Confi nement might also mean that 
the PAG moieties used in these resists might be clustering selectively inside one 
of the microdomains, and this effect might be magnifi ed if the PAG is miscible 
in only one of the BCP microdomains  [147] . Moreover, if the usually hydrophilic 
photoacid segregates inside the block containing the acid - labile functional groups, 
the effective concentration of the acid will be increased, which means that a higher 
percentage of the protecting groups will be converted to base - soluble  – OH groups. 

 Hartney and coworkers  [148]  developed the fi rst application for BCPs as bi - level 
e - beam resists in 1985, when they prepared a BCP of poly(chloromethylstyrene) 
for sensitivity and high  T  g , and  poly(dimethylsiloxane)  ( PDMS ) that forms etch -
 resistant silicon oxide upon exposure to oxygen plasma and has a low  T  g . Bowden 
 et al . subsequently prepared a PDMS BCP grafted to PMMA that acted as a neg-
ative - tone resist  [149, 150] , while Jurek  et al . created a novalac oligo - PDMS resist 

     Figure 1.17     Multilevel resist strategy using block copolymers.  Adapted from Ref.  [148] .   
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which showed resolutions of 500   nm and etch rates which were 36 - fold slower than 
hard - baked novalac  [151] . Gabor and coworkers attached a PDMS graft to the 
double bonds of an isoprene block in a styrene -  block  - isoprene BCP to create a 
negative - tone resist. In this way, Gabor  et al . achieved line - space patterns of 
200   nm using e - beam lithography, and demonstrated oxygen etching rates which 
were 42 - fold slower than for polyimide  [152] . Other resists which have incorpo-
rated PDMS for etch resistance in both block and graft copolymer architectures 
have also been reviewed  [153] . 

 Gabor and coworkers also prepared block and random copolymers of poly( tert  -
 butyl methacrylate) and a silicon - containing methacrylate (poly(3 - methacryloxy) 
propyl pentadimethyldisiloxane) (Figure  1.18 ) via group transfer polymerization 
for applications in 193   nm photolithography  [154] . The BCP architecture allowed 
Gabor ’ s group to incorporate a larger amount of the hydrophobic siloxane com-
ponent for a high - oxygen RIE resistance, while maintaining solubility in an 
aqueous base developer. In fact, the BCPs were found to have a better development 
behavior in aqueous base than their random copolymer counterparts (Figure  1.19 ). 
Gabor  et al . hypothesized that the exposed polymeric regions formed micelles in 
the aqueous base developer, with the silicon - containing block forming the core 
and the soluble methacrylic acid group forming the corona. In contrast, random 
copolymers would not have the ability to form these micellar structures; that is, 
the entire copolymer would need to be soluble in order for development to occur. 
However, the development behavior of these BCPs was far from perfect, presum-
ably due to segregation of the PAG away from the surface of the fi lm. Although 
their performance does not exceed commonly used industrial photoresists, the 
concept of using BCP architectures for multilevel photoresists is enticing, and 
there may be much more to learn from these types of systems.     

     Figure 1.18     Block copolymer designed as a multilevel 
photoresist:   t  - butyl methacrylate  (  t  - BMA ) -  block  - 3 - 
methacryloxy - propylpentamethyldisoloxane (SiMA).  
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  1.3 
 Nanoporous Monoliths Using Block Copolymers 

  1.3.1 
 Structure Direction Using Block Copolymer Scaffolds 

 Besides the potential uses of BCPs as lithographic materials, their inherent micro-
phase separation and chemical dissimilarity of the blocks also leads to other 
applications. For example, BCPs can serve as structure - directing agents for the 
formation of mesoporous monolithic materials through phase - selective chemistry. 
Monolithic nanoporous structures have a large surface   :   volume ratio, which means 
that there is a large amount of functionalizable surface area within a small volume 
of material. In one of the pioneering efforts in this area, Hashimoto and coworkers 
created a bicontinuous morphology with poly(styrene -  block  - isoprene) and selec-
tively removed the minority isoprene domain with ozonolysis  [115] . The group 
showed that coating the bulk structure with nickel metal does not completely block 
the nanopores. Rather, metal catalysts such as nickel are known for their ability 
to adsorb and split H 2  molecules for large - scale industrial reactions such as hydro-
genation. The high surface   :   volume ratio of porous bicontinuous BCP morpholo-
gies make them excellent candidates for catalytic applications; indeed, one day they 
may even be used to make your margarine! 

 The BCPs used as structure - directing  “ scaffolds ”  to create mesoporous silicate 
structures could also be used as dielectric materials. Silicon dioxide (SiO 2 ) is typi-
cally used as a dielectric material to reduce undesired capacitive coupling between 
neighboring elements of an integrated circuit, due to its low dielectric constant ( k ) 

     Figure 1.19     (a) A block copolymer photoresist 
poly( tert  - butyl methacrylate -  block  - [3 -
 (methacryloxy)propyl]pentamethyldisiloxane) 
with 10.0   wt% silicon, formulated with 5   wt% 
PAG. An exposure dose of 2   mJ   cm  − 2  was 
used, and the resist was developed for 20   s in 
a mixture of 27% 0.21   N 
 tetramethylammonium hydroxide  ( TMAH ) 
and 73% iso - propyl alcohol; (b) Random 
copolymer with 9.7   wt% silicon, formulated 

with 5   wt% PAG, after 1.2    μ m features are 
exposed to 19   mJ   cm  − 2  and developed using 
the same conditions. While the random 
copolymer is insoluble, pinholes form during 
development and are thought to originate 
from phase - separated acid, which is removed 
by the developer.  Reprinted with permission 
from Ref.  [154] ;  ©  2006, American Chemical 
Society.   
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of approximately 4.5. Air, however, has one of the lowest dielectric constants ( ∼ 1); 
hence, the dielectric constant of SiO 2  can be dramatically decreased by fi lling it 
with voids, while maintaining good mechanical properties. So - called  ‘ low -  k  ’  mate-
rials are highly desired by the semiconductor community because they allow faster 
switching speeds and lower heat dissipation in computer chipsets. Early studies 
conducted by Nakahama and coworkers led to the creation of monoliths of bicon-
tinuous BCPs through a spin - coating process. This synthesis included a silyl -
 containing matrix block and an isoprene - based minority phase. Processing the 
fi lm entailed hydrolytically crosslinking the silyl - containing block to prevent pore 
collapse, and ozonolysis to eliminate the isoprene minority domain  [155] . Another 
group subsequently discovered a one - step, room - temperature UV irradiation/
ozonolysis treatment to transform the matrix into a silicon oxycarbide ceramic and 
eliminate the polydiene minority phase. The silicon oxycarbide ceramic was stable 
at temperatures up to 400    ° C, and adjustment of the volume fraction of the BCP 
afforded an inverse bicontinuous phase to produce a nanorelief structure  [14] . 
These mesoporous materials have also proved useful in the creation of photonic 
band gap materials  [156] , due to the possibility of tailoring the dielectric constant 
of the optical waveguides by sequestering optically active particles inside the matrix 
phase  [157] . 

 Watkins and coworkers have also demonstrated a novel technique to create 
mesoporous silicate structures by performing phase - selective chemistry inside one 
of the blocks  [158] . In these studies, a tri - BCP of poly(ethylene oxide -  block  - propyl-
ene oxide -  block  - ethylene oxide) (PEO -  b  - PPO -  b  - PEO; also known as Pluronics  ®  ) was 
mixed with   p  - toluene sulfonic acid  ( pTSA ) in an ethanol solution. Upon spin -
 casting the BCP onto a Si wafer, the BCP microphase separated into an ordered 
morphology containing spherical PPO microdomains. The pTSA catalyst segre-
gated preferentially to the hydrophilic PEO matrix phase. The polymer was then 
placed in a chamber with humidifi ed supercritical CO 2 , so as to swell the polymer 
and allow the infi ltration of a metal alkoxide,  tetraethylorthosilicate  ( TEOS ), into 
the polymer. The segregated acid in the hydrophilic domains then underwent a 
condensation reaction with the TEOS to form a silicon oxide network. Due to the 
phase selectivity of the acid segregation, no condensation reaction took place 
within the hydrophobic domains. The alcohol byproducts of the condensation 
reaction were quickly removed by the supercritical solvent, which rapidly pushed 
the condensation reaction to complete conversion. Finally, a calcination step in air 
at 400    ° C removed the organic block copolymer framework, leaving an inorganic 
silicon oxide replica of the original BCP (Figure  1.20 ). The process could also be 
carried out in standing cylindrical P( α MS - b - HOST) BCPs  [159] . Eventually, the 
ability to pattern these monolithic silicate structures will lead to their use in future 
semiconductor fabrication paradigms.   

 Ulrich and coworkers reported the use of  poly(isoprene -  block  - ethylene oxide)  
( PI -  b  - PEO ) as a structure - directing agent for silica - type ceramic materials  [160] . A 
mixture of prehydrolyzed (3 - glycidyloxypropyl) trimethoxysilane (GLYMO) and 
aluminum  sec  - butoxide (Al(OBu) 3 ) was added to a solution of the PI -  b  - PEO and 
cast in a Petri dish. The Al(OBu) 3  triggered ring opening of the epoxy group that 
made the 3 - glycidyloxypropyl ligand of the silane precursor compatible with the 
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PEO block  [161] . Thus, addition of the inorganic material led to an increase in the 
volume fraction of the PEO block and the formation of multiple morphologies, 
depending on the concentration of the inorganic content in the solution. Spherical, 
cylindrical, lamellar and a novel type of bicontinuous morphology    –    called the 
 “ Plumber ’ s Nightmare ”  morphology  [162]     –    was found and characterized using 
 transmission electron microscopy  ( TEM ). Surprisingly, this phase did not occur 
in the neat PI -  b  - PEO BCP, indicating a radical transformation of the phase space 
through the addition of the inorganic content, possibly through a dramatic increase 
in the incompatibility ( χ  parameter) between the blocks. Additionally, calcination 
of the hybrid materials at 600    ° C removed the organic phase and led to the creation 
of isolated nano - objects such as ceramic cylinders of the inorganic phases which 
ranged in size from 8.5 to 35   nm  [160] . If combined with an organic ruthenium 
dye complex, these nano - objects could be used as fl uorescent biomarkers in the 
fi eld of nanobiotechnology  [163] .  

  1.3.2 
 Nanopore Size Tunability 

 Nanoporous BCP fi lms can also be used as separation membranes or fi ltration 
devices  [164, 165] . According to C.J. Hawker,  “  … the lateral density of pores in fi lms 
prepared from block copolymers is nearly two times greater than that of aluminum 
oxide membranes and an order of magnitude greater than that of track - etched 
membranes ”   [82] . This increase in porosity corresponds to an ability to handle a 
higher fl ux of liquid, and thus a higher throughput fi lter. Furthermore, size - 
specifi c separation is possible because the nanopore size will be constant if a 
polymer with a low polydispersity is used. There is, however, a thermodynamic 
limit to how small the nanopores can be, this lower bound being based on the 

     Figure 1.20     A scanning electron microscopy 
image showing the cross - section of a highly 
ordered mesoporous silicate fi lm exhibiting a 
cylindrical morphology. The fi lm was prepared 
by infusion and condensation of TEOS within 
a preorganized triblock PEO -  b  - PPO -  b  - PEO 
BCP fi lm dilated with supercritical CO 2 . The 

image reveals a preferential alignment of 
cylinders at the interfaces and grains of 
random orientation within the bulk of the 
fi lm.  Reprinted with permission from Ref. 
 [158] ;  ©  2006, American Association for the 
Advancement of Science.   
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position of the order – disorder transition on the phase diagram relative to  χ  N  
(refer back to Figure  1.2 ). Since small molecular weights are desired for smaller 
microdomains, a highly immiscible pair of polymers (corresponding to a greater 
 χ  value) is required to decrease their size. If  χ  N  falls below this lower bound, the 
copolymer will mix to form a single phase  [166] . To date, structures below 12   nm 
have been diffi cult to achieve  [167] , although in order to tune the size of the nano-
pores to smaller dimensions, numerous processing methodologies have been 
developed. 

 Jeong and coworkers developed a method to alter nanopore size in PS -  b  - PMMA 
nanoporous fi lms  [168] . Their technique allowed the formation of two discrete 
sizes of nanopores, depending on the processing strategy used. A 10% blend of 
low - molecular - weight PMMA homopolymer into a PS -  b  - PMMA BCP resulted in 
the solubilization of the homopolymer into the center of the PMMA block. As the 
PMMA homopolymer was of a lower molecular weight than the PMMA block, it 
dissolved fi rst when the fi lm was washed with acetic acid (which is a selective 
solvent for PMMA). This led to the production of nanopores which were 6   nm in 
size, as determined by  atomic force microscopy  ( AFM ) measurements. DUV radia-
tion, in combination with an acetic acid wash, allowed the removal of both the 
PMMA homopolymer and the PMMA block in the BCP matrix, which resulted in 
22   nm - sized nanopores. Thus, two different size scales of nanoporous struc-
tures    –    6   nm and 22   nm    –    were created using different processing schemes. Jeong 
 et al . noted that the size of the smaller length - scale nanopores could be decreased 
if homopolymers of smaller molecular weights were used to infi ltrate the PMMA 
block. 

 In an interesting approach to the preparation of nanoporous fi lms, Ikkala and 
coworkers have incorporated alkylphenols, such as  pentadecylphenol  ( PDP ), into 
 poly(styrene -  block  - 4 - vinylpyridine)  ( PS -  b  - P4VP ) to create comb – coil supramolecu-
lar structures. Here, the phenol group of the PDP forms a strong hydrogen bond 
with the nitrogen donor on the pyridine group of the P4VP. The hydrogen bonding 
introduces an additional repulsive interaction that leads to the formation of  “ comb -
 like ”  layered structures of the PDP side chains inside the cylindrical P4VP micro-
domains. By using this approach, Ikkala  et al . witnessed hierarchical structure 
formations such as lamellar - within - lamellar, lamellar - within cylinders, and lamel-
lar - within - sphere morphologies  [169, 170] . This was similar to the effects seen in 
liquid crystalline BCPs, except that the PDP side chains could easily be dissolved 
in methanol to create porous membranes  [171] . 

 The tunability of nanoporous monolithic structures has also been reported 
through the selective infusion of supercritical CO 2  inside the fl uorinated block 
of  poly(styrene -  block  -  perfl oro - octylethyl methacrylate)  ( PS -  b  - PFOMA )  [125, 126] . 
Supercritical CO 2  has been shown to have a high affi nity for fl uorinated polymers 
 [172] . After selective swelling of the CO 2  inside the PFOMA domain, quenching 
at 0    ° C to lock in the PS matrix, and controlled depressurization at 0.5   MPa   min  − 1 , 
nanocell formation was noted in the BCP fi lm. It was also found that the nano-
cell diameter could be tuned from 10 – 30   nm by adjusting the saturation pressure 
of the CO 2  solvent, with low saturation pressures corresponding to small cell 
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diameters, and  vice versa . All of these approaches represent innovative means 
of decreasing the size scale of nanopores beyond that of the neat BCP.  

  1.3.3 
 Functionalized Nanoporous Surfaces 

 In nanoporous material, it may be very useful to control the chemical functionality 
of the nanopore wall for applications that require aqueous environments, such as 
microfl uidic devices, water fi ltration, biocatalysis, or other chemical reactions that 
take place within the pore. In microfl uidic devices, for example, compatibility 
between the substrate (pore wall) and the fi ller fl uid (analyte) that passes through 
the nanoporous channels is necessary. Hydrophilic moieties such as hydroxyl 
groups attached to the pore wall will permit conduction of the aqueous solution 
through the membrane, as opposed to hydrophobic substrates that would hinder 
the fl ow of solution through the pores. 

 Several strategies are available for functionalization of the pore wall, three of 
which are shown in Figure  1.21 . The fi rst strategy (Figure  1.21 a) is to introduce 
a functional group  “ spacer ”  between the covalent junction of the matrix and 

     Figure 1.21     Possible routes to nanoporous 
materials with controlled pore - wall 
functionality. (a) A functional group is 
incorporated into the junction between the 
matrix and sacrifi cial blocks, and is exposed 
upon template degradation; (b) A 
functionalized mid - block is inserted between 
the matrix and sacrifi cial end block, producing 
a functional polymer brush at the pore wall 
upon removal of the template; (c) An AB/AC 

diblock copolymer blend is formed in which 
the common A block serves as the matrix, the 
B and C blocks are miscible, and only one of 
the two blocks is susceptible to degradative 
removal. In this manner, a functionalized 
nondegradable block can be introduced as a 
diffuse brush along the pore interior. 
 Reproduced with permission from Ref.  [176] ; 
 ©  2006, Royal Society of Chemistry.   
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sacrifi cial blocks. This telechelic functionality can easily be introduced to the 
end of the living polymer chain during BCP synthesis, following addition of the 
fi rst monomer and before addition of the second monomer. When the sacrifi cial 
block is removed through standard degradation procedures, the functional spacer 
will then line the pore wall. This approach has been demonstrated recently by 
Zalusky and coworkers  [118, 119] , Wolf and Hillmyer  [120] , and Hawker and 
coworkers  [138] . Each of these groups made use of the hydroxyl - terminated 
poly(styrene) or poly(cyclohexylethylene) remaining when the PLA block had 
been removed. Degradation of the PLA left behind hydroxyl groups at the pore 
surfaces after removal, as proven by the reaction with trifl uoroacetic anhydride 
and subsequent  nuclear magnetic resonance  ( NMR ) and  infrared  ( IR ) spectro-
scopic analyses. The only disadvantage to this relatively simple approach is the 
low density of functional groups that results, since only one  – OH group exists 
per polymer chain. Zalusky  et al . calculated the areal density of the hydroxyl 
groups to be approximately one  – OH per 4   nm 2  for a sample with 22   nm - diameter 
pores  [118] .   

 Clearly, the solution to the low density of the functional groups would be to 
increase their number by polymerizing the functional unit, as shown in Figure 
 1.21 b. In other words, a tri - BCP could be synthesized in which a functional center 
block (B) existed between the matrix (A) and the sacrifi cial (C) block. The success 
of this strategy, of course, would depend on the morphology of the tri - BCP, which 
can be diffi cult to predict. The ideal morphology, in this case, would be a hexago-
nally packed core – shell cylindrical morphology, with the functional block forming 
a shell around the sacrifi cial core, surrounded by a crosslinkable matrix. The fi rst 
attempt at the formation of this morphology was demonstrated by Liu  et al . with 
PI -  b  - PCEMA -  b  - P t BA (CEMA   =   cinnamoyloxyethyl methacrylate,  t BA   =    tert  - butyl 
acrylate)  [173] . The  tert  - butyl group was removed by hydrolysis to form gas - perme-
able poly(acrylic acid) nanochannels. The research results of Liu and colleagues 
will be presented in greater detail in Section  1.4 . 

 Recent investigations conducted by the group of Hillmyer have demonstrated 
great success in functionalizing nanoporous monoliths. A poly(styrene -  block  - poly-
dimethylacrylamide -  block  - polylactide (PS -  b  - PDMA -  b  - PLA) tri - BCP was synthesized 
by a combination of controlled ring - opening and free - radical polymerization tech-
niques  [174] . Aqueous base removal of the PLA minority phase and hydrolysis of 
the PDMA domain left carboxylic acid groups coating the pore wall, and these 
were used to chemically attach allylamine through carbodiimide coupling chem-
istry.  1 H NMR spectra of the dissolved polymer fi lm verifi ed a successful attach-
ment of the  N  - allylamide group, and proved that the pore wall surface was 
chemically active. The same group was also successful in binding other functional 
groups such as a pyridine, a chiral hydroxyl, and an alkene in high yields. Other 
studies with PS -  b  - PI -  b  - PLA triblocks  [175]  by the Hillmyer group have produced 
an isoprene shell coating the pore wall following removal of the PLA phase by 
treatment with NaOH solution. These studies led to the production of a beautiful 
AFM image of a core – shell morphology (Figure  1.22 ) which was due to the differ-
ing mechanical contrasts between the PS matrix and PI shell. A tri - BCP containing 
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two selectively etchable blocks, such as PI and PLA, opens up the possibility of 
forming hollow  “ nanoring ”  donut - shaped structures through removal of the 
matrix and core - forming phases. The creation of coaxial nanowires would then be 
conceivable through the sequential electrodeposition of metals.   

 The third approach to add functionality to nanoporous BCP fi lms, as shown in 
Figure  1.21 c, is through the blending of two diblock copolymers. This idea is 
based on the use of two BCPs (AB and AC), in which the A blocks mix to form 
the matrix phase, and the B and C blocks must be selected to be miscible with 
one another to form a single cylindrical domain. If either one of the B or C blocks 
is degradable, it is possible to form nanopore walls coated with the nondegradable 
block. For example, if B is degraded by UV light, C will still be attached to its 
parent A molecules and will form a brush extending out towards the center of 
the nanopore containing the end - group functionality. This approach was cham-
pioned in a recent investigation by Mao and coworkers, who blended a parent 
PS -  b  - PLA BCP with PS -  b  - PEO to form the blended PLA/PEO microdomains in a 
PS matrix  [176] . The PLA was degraded through hydrolysis in an aqueous metha-
nol/NaOH solution, leaving a PEO polymer brush (containing a hydroxyl end 
group) which extended into the nanopore. As a test to prove the success of their 
strategy, Mao  et al . fl oated blended (PS -  b  - PEO/PS -  b  - PLA) and nonblended (PS - 
 b  - PLA) fi lms on a water surface. The blended fi lm proceeded to sink, which meant 
that the pores within the fi lm had imbibed water. In contrast, the nonblended 
PS - b - PLA BCPs fl oated on the water surface for an indefi nite period. Chemical 
functionalization strategies such as these will become increasingly important as 
the fi eld of BCPs moves away from fundamental science and into the realm of 
practical applications.   

     Figure 1.22     Tapping mode AFM phase image acquired from a 
PS -  b  - PI -  b  - PLA thin fi lm. The scale bar at the lower right is 
200   nm. The inset at upper right is 250    ×    250   nm.  Reprinted 
with permission from Ref.  [175] ;  ©  2006, American Chemical 
Society.   
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  1.4 
 Photo - Crosslinkable Nano - Objects 

 The design and fabrication of nanometer - sized structures with well - defi ned size 
and shape has recently aroused much interest, much of which has stemmed 
from the need for smaller electronic devices that are not possible to produce 
using conventional lithographic techniques. Indeed, small nano - objects could 
also be useful as biosensors capable of molecular recognition. A number of 
groups have emerged as front - runners in this fi eld, with their use of photoactive 
BCP domains to fi x unique microphase - separated structures. The Liu research 
group, for example, has been very prolifi c in this area, with the majority of their 
investigations lying in a variety of applications stemming from the unique photo -
 crosslinkable polymer,  poly(2 - cinnamoyloxyethyl methacrylate)  ( PCEMA ). 
Through a dimerization process involving a [2   +   2] cycloaddition of two double 
bonds in neighboring chains (see Scheme  1.10 ), the PCEMA becomes photo-
chemically crosslinked. An amphiphilic BCP containing PCEMA will form 
micelles when placed in a solvent that dissolves only one of the blocks. The 
shape and size of the micelles can then be changed by altering the relative chain 
lengths of the soluble and insoluble blocks, to produce spherical  [177] , cylindrical 

     Scheme 1.10     Photocyclodimerization (photocyclo (2+2) 
addition) of  poly(2 - cinnamoylethyl methacrylate)  ( PCEMA ).  
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 [178, 179] , vesicular  [180] , or donut - shaped  [181]  structures. These structures can 
then be fi xed with UV light through the dimerization process to form permanent 
 “ nano - objects ”  that are stable in a wide variety of solvents. In an assortment of 
creative syntheses using this polymer, Liu ’ s group has developed a wide range 
of structures, including nanotubes  [182] , porous  [183] ,  “ shaved ”  and  “ hairy ”  nano-
spheres  [184 – 187] , nanospheres with crosslinked shells  [188] , crosslinked polymer 
brushes  [189] , nanofi bers  [184, 190 – 192] , and nanochannels in polymer thin fi lms 
 [193, 194] .   

 As an example of the power of their photocrosslinking strategy, nanotubes with 
hydrophilic nanochannels have been formed using the tri - BCP PbMA -  b  - PCEMA -
  b  - PtBA (PbMA   =   poly(butyl methacrylate); see Figure  1.23 )  [195] . Bulk fi lms 
( ∼ 0.2   mm thick) were produced by slow evaporation of the polymer in toluene. 
After an annealing step, the P t BA formed the hexagonally packed cylindrical core, 
surrounded by a shell of PCEMA in a PbMA matrix. The PCEMA is fi rst photo-
crosslinked, after which the P t BA cylinders are hydrolyzed in methanol to yield 
nanochannels fi lled with  poly(acrylic acid)  ( PAA ) brushes. Subsequent dissolution 
of the PbMA matrix in  tetrahydrofuran  ( THF ) led to the production of free - fl oating, 
functionalized nanotubes. These rod - like nanotubes were also shown to exhibit 
LC properties in solution  [196] .   

     Figure 1.23     (a) A triblock copolymer of 
PbMA -  b  - PHEMA - TMS -  b  - P t BA was synthesized 
via anionic polymerization, deprotected, 
and then reacted with cinnamoyl chloride 
to form PbMA -  b  - PCEMA -  b  - P t BA; 
(b) Self - assembly of cylindrical morphologies 
developed upon spin - coating; (c) The PCEMA 
shells were crosslinked through a [2+2] 
cycloaddition upon exposure to UV light; 

(d) The PbMA matrix was dissolved in THF to 
free the cylinders; (e) The P t BA was 
hydrolyzed to form PAA - functionalized 
nanotubes; (f) Schematic of the chemical 
 “ nanovalve ”  effect. At low pH, low water 
permeability was found, whereas at high pH 
an increased permeability was found.  Adapted 
from Ref.  [195] .   
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 These studies also had ties to the creation of functionalized nanopores (see 
Section  1.3.3 ). In what was termed a  “ chemical valve effect, ”  the permeability of 
the channels within the nanotubes could be tuned due to the swelling effect of the 
PAA brushes in water at different pH values. At low pH, the PAA chains formed 
a gel due to hydrogen bonding between the AA units, and prevented the fl ow of 
water through the pores. At high pH, the AA groups were converted to sodium 
acrylate, which did not form hydrogen bonds, and the ionized carboxyl groups 
were readily solvated by water. This allowed a high permeability of water through 
the tubes. 

 An obvious application for these type of functionalized material would be as a 
pH - sensitive membrane for fi ltration devices  [70] , although the hydrophilic PAA 
nanochannels may also act as hosts for the growth of inorganic nanoparticles. To 
demonstrate such capabilities, the authors were able to grow inorganic particles 
of CdS, an interesting semiconductor material, and a magnetic material, Fe 2 O 3 , 
by adding the appropriate metal salts and a reducing agent (see Section  1.5 )  [197, 
198] . The Fe 2 O 3  metal - impregnated nanofi bers were found to be super - paramag-
netic; that is, they were attracted to each other when a magnetic fi eld was applied, 
but demagnetized when the fi eld was turned off  [199] . 

 Taking their technology one step further, Liu ’ s group has been successful in 
physically connecting the fl oating nanotubes to other structures, such as nano-
spheres. Here, a thick PS -  b  - PCEMA -  b  - P t BA fi lm formed P t BA hexagonal cylindri-
cal cores surrounded by a PCEMA shell and a PS matrix. After crosslinking the 
PCEMA, the PS was dissolved in THF to break the fi lm up into nanotubes. Sub-
sequent ultrasonication caused a shortening of the nanotubes and exposed the 
P t BA core chains at the ends, which were then hydrolyzed using trifl uoroacetic 
acid to form PAA. The AA ends of the nanotubes were then grafted to polymeric 
spacers containing multiple amine groups on both ends. These amine - function-
alized nanotubes were coupled with PCEMA -  b  - PAA nanospheres bearing surface 
carboxyl groups  [183]  through an amidation reaction, the result being the forma-
tion of  “ ball and chain ”  structures (see Figure  1.24 )  [182] . When a nanosphere 

     Figure 1.24     Transmission electron microscopy images of 
nanotube and nanosphere coupling products. (a) Singular 
nanotubes connected to nanospheres; (b) Two nanotubes 
connected to a nanosphere.  Reprinted with permission from 
Ref.  [182] ;  ©  2006, American Chemical Society.   
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became attached to two nanotubes (see Figure  1.24 b), Liu suggested that if the 
nanotubes were loaded with super - paramagnetic Fe 2 O 3  particles they might act as 
 “ fi ngers, ”  with an opening and closing motion induced by a magnetic fi eld. In this 
way they could form the chemical basis of a magnetic  “ nano - hand! ”     

  1.5 
 Block Copolymers as Nanoreactors 

 The directed self - assembly of inorganic nanoparticles into BCP templates can 
result in structures with interesting and useful electronic, optical, and magnetic 
properties. We have already seen the long - range ordering possible with BCP thin 
fi lms. Yet, rather than selectively removing one of the blocks, it is also possible to 
use the ordered BCP pattern as a template for chemical reactions within one phase, 
leading to patterned clusters of functional nanoscale functional materials over 
large areas. Various types of functional nanostructures that could, in theory, result 
from these approaches include metal catalyst particles for fuel cell applications, 
ferromagnetic particles for high - density storage media  [200] , doped semiconductor 
clusters  [201] , QD structures  [202, 203] , and core – shell structures  [204] . 

 There are two approaches towards the use of BCPs as nanoreactors  [205] . The 
fi rst, most common approach uses an  “  in situ  ”  production of metal nanoclusters 
inside BCP nanodomains  [206] . Figure  1.25  shows a schematic of a cylindrical 
BCP that contains a functional group  “ receptor ”  which is located within the minor-
ity phase and is capable of selectively binding positively charged organometallic 
salts. Once the metal ions have been loaded, a subsequent reduction step can 
convert the metal ions into oxide, chalcogenide or zerovalent metal clusters, thus 
regenerating the receptor moiety  [205] . The BCP can then accommodate repeated 
loading/reaction cycles  [207]  with the same or different metal salt.   

 In the second approach, the inorganic element is incorporated into an organo-
metallic monomer, which can then be synthesized directly into the parent BCP. 
The previously mentioned PS -  b  - PFS (see Section  1.2.2.1.4 ) is an example of this 
type of polymer. This approach has been reviewed by Cummins  et al .  [208] . These 
BCPs self - assemble normally to leave an array of  “ pre - loaded ”  nanoreactors, ready 
and waiting for further chemical processing to form the inorganic clusters. This 
approach eliminates the metal salt loading step, which can take up to two weeks 
for bulk fi lms, and may lead to nonselective sequestering of the reagents. However, 
the synthesis of new organometallic monomers for every application also presents 
huge challenges for the chemist. 

  1.5.1 
 Polymer – Metal Solubility 

 The solubility of inorganic compounds inside an organic matrix is made possible 
by careful adjustment of the polymer – metal bonding energy. Pearson ’ s  Hard – Soft, 
Acid – Base  ( HSAB ) principle effectively describes the bonding behavior  [28] . The 
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     Figure 1.25     A typical scheme for the use of a block copolymer 
as a template for the selective growth of nanoparticles. 
 Adapted from Ref.  [205] .   

HSAB theory states that only chemicals of similar  “ hardness ”  will bond to each 
other; that is, soft acids will only bind to soft bases, and hard acids will only bind 
to hard bases. This hardness value is proportional to the difference between the 
materials ’   highest occupied molecular orbital  ( HOMO ) energy and the  lowest 
unoccupied molecular orbital  ( LUMO ) energy, which also relates to the band gap 
of the material. Metals are conductors and have smaller band gaps, and so are 
classifi ed as chemically  “ soft. ”  Conversely, polymers are insulators with large band 
gaps and are classifi ed as chemically  “ hard. ”  Therefore, hard polymers cannot bind 
to soft metals unless functional groups are attached to the polymer that change 
the bonding energy and make it chemically softer. In block copolymers, 
 poly(vinylpyridine)  ( PVP ), containing the electron pair - donating nitrogen species, 
is most commonly used to effectively solubilize metal salts. The typical design for 
the loading step is to choose a weakly coordinated metal salt, such as Pd(OAc) 2 , 
in which the transition metal acts as the soft acid bonded to a hard acetate base. 
According to the HSAB principle, this hard – soft bond is highly unstable, such that 
when the soft metal (Pd) encounters the functionalized soft polymer (PVP), a more 
stable soft – soft bond is created so as to encapsulate the metal within the block.  
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  1.5.2 
 Cluster Nucleation and Growth 

 After block - selective loading of the metal salt, the next step is to reduce the salt to 
create the nanoparticles within each domain. Different applications may require 
different nanoparticle sizes and different numbers of clusters within each domain, 
as shown in Figure  1.26 . For example, investigators in the fi eld of electro - optics 
may only be interested in one nanoparticle per microdomain, whereas those in 
the fi eld of catalysis might aim for a large number of nanoparticles to present a 
higher degree of functional surface area for subsequent chemical reactions. For-
mation of the nanoparticles proceeds through a nucleation and growth process. 
In typical nucleation and growth schemes, if the colloidal species has enough free 
energy to aggregate to sizes above a certain critical radius,  R  c , then the particle will 
continue to grow; if not, the particle becomes unstable and falls apart to minimize 
the surface free energy. The critical radius is proportional to the interfacial tension 
of the polymer/particle interface ( γ ) and the degree of supersaturation ( c / c  o ), as 
shown in Equation  1.2   [28] :

   R
c c

c
o

∝
( )
γ

ln
    (1.2)     

 Thus, one way to adjust the size and number of the particles is by adjustment of 
the degree of supersaturation of the reducing agent, which depends on the rate of 
chemical reaction of the reduction step  [209] . Fast chemical reactions with strong 

     Figure 1.26     (a) Transmission electron 
microscopy (TEM) image showing multiple 
gold nanoclusters in each domain. Scale 
bar   =   500 Angstroms.  Reprinted with 
permission from Chan, Y., Ng Cheong, 
Schrock, R.R. and Cohen, R.E. (1992)  Chem. 

Mater. ,  4 , 885 – 894;  (b) TEM image showing 
single nanoparticles in each domain. 
 Reprinted with permission from Klingelhofer, 
S., Heitz, A., Greiner, S.  et al . (1997)  J. Am. 
Chem. Soc. ,  119 , 10116;  ©  2006, American 
Chemical Society.   
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reducing agents such as  lithium aluminum hydride  ( LiAlH 4  ) lead to high super-
saturations, which in turn will mean a low critical radius for nucleation and a 
higher probability for particle nucleation within the microdomain. This would 
result in a large number of particles per domain, as shown in Figure  1.26 a. In the 
reverse case, the use of weak reducing agents such as alkylsilanes would result in 
low supersaturation values. This will increase the critical radius for nucleation and 
decrease the probability that a nucleating event will occur, resulting usually in only 
one particle per microdomain, as shown in Figure  1.26 b. Another way to control 
the critical radius is by changing the interfacial tension (  γ   ) between the particle 
and the polymer, which can be achieved through the selection of different metal -
 binding blocks.  

  1.5.3 
 Block Copolymer Micelle Nanolithography 

 Building on the nanoreactor approach, nanoscale devices will require the precise 
placement of functional materials in one -  or two - dimensional arrays on semicon-
ductor interfaces. Increased levels of control over the exact location of these inor-
ganic nanoparticles can come from a top - down approach using UV light or e - beam 
lithography, as shown from a series of reports from Spatz and coworkers. Their 
approach, which is known as  “ block copolymer micelle nanolithography ”   [210] , is 
shown schematically in Figure  1.27 a. As an example of their strategy, poly(styrene -
  block  - 2 - vinylpyridine) (PS -  b  - P2VP) is dissolved in a selective solvent for PS to form 

     Figure 1.27     Application of monomicellar fi lms 
as a negative e - beam resist on glass cover 
slips. (a) Schematic representation; 
(b) Monomicellar layers after lift - off; 
(c) Au - nanodots of 7   nm diameter after 
hydrogen plasma treatment. The white arrows 

point to holes which are characteristic for 
glass coverslips.  Reprinted with permission 
from Glass, R., Moeller, M and Spatz, J.P. 
(2003)  Nanotechnology ,  14 , 1153 – 1160; 
 ©  2006, Institute of Physics.   
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micelles with P2VP cores and PS coronas. The diameter of these micelles is con-
trolled by the molecular weight of the minority block and the interaction between 
the polymer blocks and the solvent. The micelles are then loaded with a metal salt 
of tetrachloroauric acid (HAuCl 4 ), which complexes with the P2VP core. The 
loaded micelles are deposited as a monolayer fi lm onto a silicon wafer. The fi lm 
then is exposed to a focused electron beam that oxidizes the polymer, creating 
carboxylic acids, ketones, aldehydes, and ethers on the polymer surface. These 
reactive groups bind to the silanol groups on the Si wafer, fi xing the exposed area 
to the substrate, while the unexposed areas are washed away in a sonicating bath. 
Hydrogen plasma is then used to remove the underlying polymer layer and reduce 
the HAuCl 4 , leaving gold dots in the same shape as the previous electron beam 
pattern (see Figure  1.27 b). It was found that the size of the gold nanoparticles 
could be tuned by adjusting the concentration of metal salt in the BCP solution. 
These gold clusters are highly mechanically stable structures, and are being 
pursued for applications in immobilizing single proteins for biosensor applica-
tions, or as coatings for lenses  [211] .     

  1.6 
 Interface - Active Block Copolymers 

  1.6.1 
 Low - Energy Surfaces Using Fluorinated Block Copolymers 

 Molecular - level control over the surface properties of polymer fi lms has become 
increasingly important in current research and development strategies. Polymers 
with tailored surface energies are used in a wide variety of applications, from 
planarizing or dielectric layers for semiconductor device fabrication to nonstick 
cookware and surfaces for combinatorial chemistry. In each of these applications, 
properties such as adhesion, wetting, lubrication and adsorption behavior must 
be carefully tuned so as to optimize performance. In the past, scientists toiled on 
the effects of individual molecular interactions such as entropic frustration 
between polymer blocks, hydrogen bonding, molecular shape anisotropy, coulom-
bic interactions, and surface segregation. Now, we have learned how to combine 
these molecular interactions to produce powerful synergistic effects on materials 
structure. 

 Semi - fl uorinated polymers attached to polymer backbones are often used as 
surface coatings for their hydrophobic and lipophobic behavior due to the highly 
chemically resistant nature of the C – F bond. They can also be used as surfactants, 
lubricating agents, emulsifi ers, or photoresists. It has been found that the semi -
 fl uorinated mesogens segregate to the polymer/air interface due to their low 
surface energy, and are often tilted with respect to the surface normal  [212] . One 
problem with these highly hydrophobic materials, however, is the tendency for 
surface reconstruction to occur when placed in a highly polar solvent such as water 
(see Figure  1.28 a). Surface reconstruction severely impairs the hydrophobic prop-
erties of the material.   
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 BCPs provide a solution to the problem of surface reconstruction. It has been 
found that the incorporation of semi - fl uorinated chemical groups into micro-
phase - separated BCPs produces materials that resist surface reconstruction due 
to the formation of a stable liquid crystalline smectic phase at the surface (as 
shown in Figure  1.28 b). Since this discovery, semi - fl uorinated BCPs have become 
very popular candidates as longlasting, nonbiofouling surface coatings for marine 
vessels, due to the inability of aquatic organisms to stick to their surfaces  [65, 213] . 
A recent report showed that the surface hydrophobicity of fl uorinated BCPs can 
be enhanced with supercritical CO 2  annealing due to a thickening of the smectic 
layer  [214] . According to Langmuir ’ s  Principle of Independent Surface Action , the 
unique hydrophobic properties of a surface depend on: (i) the  nature ; and (ii) the 
 physical arrangement  of the atoms populating the surface of the material  [215] . In 
the following examples, we will discuss how the surface energy of block copolymer 
fi lms have been manipulated by changing these two variables.  

  1.6.2 
 Patterning Surface Energies 

 The facility to alter the hydrophobicity of a polymer in precise patterns would be 
a highly desirable trait for the formation of biologically active surfaces. This would 
allow the selective adsorption of biomolecules  [216]  or recombinant proteins  [217]  
onto specifi c locations of a polymer fi lm, which could then be used for biosensors 

     Figure 1.28     (a) Lamellar morphologies of a 
block copolymer consisting of hydrophobic 
and hydrophilic blocks self - assembled with 
the hydrophobic block situated at the air 
interface due to its lower surface energy. 
Exposure of the fi lm to water causes a surface 
reconstruction that brings the hydrophilic 
block into contact with the water; (b) Block 

copolymers containing a hydrophobic 
fl uorinated mesogen resist surface 
reconstruction due to the formation of a 
highly stable liquid crystalline smectic phase 
at the surface.  Adapted from Gabor, A.H., 
Pruette, L.C. and Ober, C.K. (1996),  Chem. 
Mater .,  8  (9), 2282 – 2290.   
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or other  “ lab - on - a - chip ”  applications. By defi nition, the patterning of a photoresist 
readily accomplishes this solubility switch (see Section  1.2.1 ). Hayakawa and cow-
orkers synthesized a hydroxylated poly(styrene -  block  - isoprene) BCP using poly-
mer - analogous chemistry, followed by the grafting of a semi - fl uorinated side 
chain onto the hydroxylated isoprene block  [218] . The surface - segregated semi - 
fl uorinated chains were capped with an acid - labile   tert  - butoxycarbonyl  ( TBOC ) 
protecting group that masks a hydroxyl functionality at the end of the chain. To 
tailor the surface energy of the polymer surface layer, a chemical amplifi cation 
strategy was used. A photoacid generator mixed into the polymer thin fi lm pro-
duced a photoacid that deprotected the TBOC groups, such that the nonpolar 
methyl end group from the TBOC switched to a polar hydroxyl group during 
photoprocessing. This resulted in a decrease in the advancing and receding water 
contact angles by 14 °  and 15 ° , respectively. Annealing the fi lm also induced a 
greater degree of surface ordering of the semi - fl uorinated chain and increased the 
hydrophilicity of the exposed material by a small amount. 

 Other similar approaches have been used to accomplish the same effect. B ö ker 
 et al . demonstrated that the highly hydrophobic perfl uorinated side chains grafted 
to a hydroxylated poly(styrene -  b  - isoprene) BCP became completely removed after 
thermal annealing to dramatically alter the surface properties of the fi lm  [219] . 
Annealing at 340    ° C for 15   min in a vacuum oven caused a thermal ester cleavage 
that resulted in decomposition of the perfl uorodecanoyl side chains, but left the 
parent polymer backbone intact. This resulted in a considerable change of the 
advancing contact angle of the fi lm, from 122 °  to 87 ° . As thermal heating could 
also be carried out locally on a polymer fi lm, the author suggested that this 
approach could be used to pattern hydrophobic and hydrophilic regions on the 
master template of a printing press to control the dispersion of aqueous inks. 

 In a similar approach, Yang  et al . used group transfer polymerization to synthe-
size a variety of methacrylate - based BCPs with semi - fl uorinated chains functional-
ized with protecting groups, with the intent to use them as surface - active materials 
as well as photoresists  [220] . Due to their transparency under 193   nm wavelength 
light, the semiconductor industry has shown great interest in fl uorinated meth-
acrylate polymers as 193   nm wavelength photoresists. Prior studies have also 
shown that fl uorine - containing BCPs can outperform their random copolymer 
counterparts  [154] , and are able to develop in environmentally friendly supercriti-
cal CO 2   [221] . To investigate the effect of BCP microstructure on wetting behavior, 
an assortment of volume ratios for these copolymers were synthesized to provide 
a wide range of different microstructures and solubilities, but these did not have 
any effect on the surface energy of the fi lms. The polymers with six  – CF 2  –  units 
and a  – CF 3  end group showed the lowest critical surface tension, at approximately 
7   mNewtons per meter. Rather than the commonly used  tert  - butyl protecting 
group, the acetal - type  tetrahydropyranyl  ( THP ) protecting group was used on the 
basis of its more polar and labile nature. Thermal deprotection of the THP groups 
formed acid and left  – OH groups on the polymer chain ends that reduced the 
advancing water contact angle by 30 ° . After a period of annealing, it was also 
reported that that the free acid caused by the THP deprotection interacted with 
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the Si – OH substrate and led to the formation of highly stable, nonreconstructing 
surfaces.  

  1.6.3 
 Photoswitchable Surface Energies Using Block Copolymers 
Containing Azobenzene 

 It is well known that polymers containing azobenzene groups attached to one of 
the blocks can exhibit light - responsive effects  [222] . These chemical structures 
undergo a reversible  cis – trans  isomerization upon exposure to specifi c wavelengths 
of light (Figure  1.29 ), which also changes the molecular orientation of the LC 
azobenzene mesogens. It has also been found that the mesogens align perpen-
dicular to the incident light polarization, which means that they will align in the 
fi lm plane and along the direction of the propagation of radiation. Therefore, if 
the irradiation source is slanted at a given angle, the mesogens then align at the 
same angle within the fi lm. This fi eld is full of exciting potential for applications 
in the fi elds of holographic data storage, optical signal processing, and optical 
switching.   

 Light - induced molecular reorganization can also be used to tailor surface proper-
ties. Returning to the principle of independent surface action, there are two ways 
to change the wettability of a surface: (i) to change the nature of the end - group 
atoms; or (ii) to change the molecular orientation of the end - group atoms. Expand-
ing on the latter point brings us to the topic of  photoisomerizable fl uorinated 
mesogens . Thin fi lms of BCPs containing LC fl uorinated mesogens have been 
shown to segregate into well - organized smectic layers on the surface, due to the 
low energy of the fl uorinated block (see Section  1.6.1 ). Recently, the details have 
been reported of azobenzene BCPs with semi - fl uorinated alkyl side chains that 
would allow structural modifi cation of the fl uorinated mesogens at the surface, 

     Figure 1.29     The chemical structure of an azobenzene 
chromophore and the reversible photoisomerization between 
 trans  and  cis  isomers.  
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and thus selective patterning of the fi lms ’  wetting behavior  [223] . It has also been 
shown that the copolymers with longer fl uoroalkyl chain lengths resulted in a high 
degree of orientational order, but were highly resistant to molecular restructuring 
with photoisomerization. The copolymers with short fl uoroalkyl segments showed 
a small change in advancing/receding contact angle measurements upon exposure 
to UV light, corresponding to changes from a hydrophobic to a slightly less hydro-
phobic surface. 

 M ö ller and coworkers have also investigated the behavior of a BCP consisting 
of a PHEMA block and a poly(methacrylate) block with 4 - trifl uoromethoxyazoben-
zene side groups for photoswitchable wetting applications  [224] . The group found 
that the photoswitchable effect depended heavily on the packing density of the 
chromophores, which are higher in the  trans  state than in the  cis  state. Films that 
were switched to the  cis  state before fi lm formation had a lower packing density 
and were more susceptible to photoinduced motions, due to the increased free 
volume in the fi lm. Another group reported an 8 °  difference in water contact 
angles between the  cis  and  trans  states in 4 - trifl uoromethylazobenzene - containing 
BCPs  [225] .  

  1.6.4 
 Light - Active Azobenzene Block Copolymer Vesicles as Drug Delivery Devices 

 Tong and coworkers have shown that amphiphilic, azobenzene - containing BCP 
micelles are highly responsive to UV light  [226] . In their ATRP synthesis, the 
hydrophobic block is a methacrylate - based, azobenzene - containing LC polymer, 
and the hydrophilic block is a random copolymer of poly( tert  - butyl acrylate -  co  -
 acrylic acid). The BCP forms micelles in solution. Under UV light, the azobenzene 
groups in the core undergo a  trans – cis  photoisomerization that induces a change 
in the dipole moment in the BCP vesicle. This shift in the delicate hydrophilic/
hydrophobic balance between the chains causes dissociation of the micelle. Sub-
sequent exposure to visible light irradiation switches the azo molecule back to its 
 trans  state, restores the thermodynamic balance, and causes the micelles to reform 
(Figure  1.30 ). Tong  et al . note that other groups  [227]  had found little effect of 
UV light irradiation on other azo - based amphiphilic BCPs, but hinted that the 
success of their system might be due to the thermodynamic lever made possible 
by the tunability of the hydrophilic random copolymer block. Combined with the 
ability for micelles to solubilize anticancer drugs  [228]  and to act as carriers for 
the site - specifi c transport of drugs  [229] , these UV light - responsive micelles are 
very exciting.    

  1.6.5 
 Azobenzene - Containing Block Copolymers as Holographic Materials 

 In the effort to store data on smaller and smaller length scales, volume holographic 
data storage has become an area of intense study in the scientifi c community. 
Recently, attention has turned to BCPs as a potential holographic material. In 
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order to understand where they fi t in, some background into the technology will 
be necessary.  Holography  is a revolutionary technique to store and view data in 
which an optical interference pattern is produced by the intersection of two coher-
ent laser beams. At the point of intersection, the phase and amplitude of the wave 
fi elds induce a chemical or physical change in the material, and are thus  “ recorded ”  
onto the holographic material  [230] . 

 High - capacity holographic data storage requires precise, 3 - D control over the 
index of refraction of the material. Among many potential candidates for holo-
graphic materials, azobenzene - containing polymers seem to be the best suited for 

     Figure 1.30     Changes in transmittance for a 
vesicle solution of PAzo74 -  b  - ( t BA46 - AA22) 
exposed to UV (360   nm, 18   mW   cm  − 2 ) and 
visible (440   nm, 24   mW   cm  − 2 ) light irradiation. 
The vesicles are formed by adding 16% (v/v) 
of water in a dioxane solution with an initial 
polymer concentration of 1   mg   ml  − 1 . 
(a – c) Typical SEM images for samples cast 
from the solution at different times: (a) before 
and (b) during UV light exposure, while (c) 
shows their reformation after visible light 

exposure. For comparison, also shown is the 
transmittance of the diblock copolymer 
solution in dioxane (no water added to induce 
the aggregation) subjected to the same 
conditions of UV and visible light irradiation. 
The abscissa of time is shifted to have the 
origin correspond to the application of UV 
irradiation.  Reprinted with permission from 
Ref.  [226] ;  ©  2006, American Chemical 
Society.   
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holographic data storage for several reasons, including their high diffraction effi -
ciency, resolution, and sensitivity, but mainly for the nematic – isotropic phase 
transition that occurs when the rod - like  trans  isomer is switched to the contracted 
 cis  isomer (refer to Figure  1.29 ). The disruption of LC ordering in the molecule 
takes place on a time scale of about 200    μ s, which is a reasonable period for writing 
data. In 1995, in a landmark study conducted by Ikeda and coworkers  [231] , 
this phenomenon was used to record holographic gratings inside the bulk of a 
polymer fi lm. 

 One drawback to the use of azobenzene - containing homopolymers and random 
copolymers is the astonishing formation of  surface relief gratings   [232] . Here, the 
polymer becomes physically displaced in the areas of the most intense illumina-
tion, due to a massive macroscopic motion of the azo - polymer chains. Despite an 
increased diffraction effi ciency created by these photopatterned ridges, surface 
relief structures are permanent physical effects that are highly detrimental to the 
angular selectivity and rewritability required for volume holograms. 

 BCPs containing azobenzene side chains do not form surface relief gratings due 
to the confi ning effect of the microdomains on the azobenzene side chains  [233] . 
This confi nement effect, however, seems to have detrimental effects on the speed 
and magnitude of the  cis – trans  photoisomerization  [234] . H ä ckel  et al . synthesized 
a series of BCPs containing a polystyrene block and a polybutadiene block contain-
ing the photo - addressable azobenzene components  [235] . The photo - addressable 
phase consisted of a statistical distribution of azobenzene side groups and ben-
zoylbiphenyl side groups. The latter rod - type mesogen was introduced to increase 
the difference in refractive index between the illuminated and nonilluminated 
areas of the volume and to improve the stability of the orientation. Different 
azo   :   mesogen ratios were used to identify the polymer with the highest degree and 
stability of molecular reorientation. The polymer containing 35% of the mesogenic 
side groups showed a slight increase of the refractive index modulation over the 
period of a year. This strategy posted remarkable improvements over the stability 
of the recorded orientations.   

  1.7 
 Summary and Outlook 

 In this chapter we have brought to light many interesting chemical and physical 
applications possible using BCP - directed self - assembly (see Table  1.3 ). Unfortu-
nately, however, many other fascinating applications have been omitted in the 
interest of space. An extraordinary amount of progress has been made in our 
ability to manipulate and optimize BCP structural ordering in various forms, 
including thin fi lms, micelles, and monolithic bulk structures. The ordered micro-
domains may contain chemical functionality that can be used in a variety of fash-
ions, such as templates for the nucleation and growth of inorganic nanoparticles, 
chemical valves inside cylindrical pores, monolithic nanoporous structures, or as 
removable components to form lithographic stencils. We have also seen how BCPs 



 
1.7 Sum

m
ary and O

utlook 
 55

 Table 1.3     Block copolymers used for phase - selective chemistry. 

   Name     Structure     Function  

  Poly(styrene -  block  - isoprene) modifi ed with 
4 - perfl uoroalkyl azobenzene side groups  

      

  Photoswitchable surface 
engineering  

  Poly(styrene -  block  - methyl methacrylate)  

      

  Nanolithogaphic patterning  

  Poly(styrene -  block  - 4 - vinyl pyridine)  

      

  Micelle nanoreactors, 
nanolithographic patterning  

  Polystyrene -  block  - butadiene  

      

  Nanolithographic patterning  
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   Name     Structure     Function  

  Poly( α  - methylstyrene -  block  - hydroxystyrene)  

      

  Nanolithographic patterning  

  Poly(isoprene -  block  - ethylene oxide)  

      

  Structure - directing scaffolds for 
inorganic chemistry  

  Poly(styrene -  block  - L - lactide)  

      

  Functionalized nanoporous 
surfaces, nanolithographic 
patterning  

   t  - butyl methacrylate 
( t  - BMA) -  block  - 3 - methacryloxy -
 propylpentamethyldisoloxane (SiMA).  

      

  Bilevel block copolymer 
photoresists  

Table 1.3 Continued.
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   Name     Structure     Function  

  Poly(cinnamoylethylmethacrylate -  block  -  tert  - butyl 
acrylate)  

      

  Functionalized nanoporous 
surfaces ; crosslinked polymeric 
nanostructures  

  Poly(( tert  - butyl acrylate -  co  - acrylic acid) –  block  - azo 
methacrylate)  

      

  Photoactivated micelle formation  
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   Name     Structure     Function  

  Modifi ed poly(styrene -  block  - 1,2 - butadiene)  

      

  Holographic patterning  

Table 1.3 Continued.
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can behave as multilevel photoresists due to their ability to combine different poly-
mers without macrophase separation. BCPs have also been used for their ability 
to segregate into distinct chemical levels for the tailoring of surface properties. 
Lastly, we have seen how the incorporation of LC moieties such as fl uorinated 
mesogens or azobenzene chromophores into BCPs widens their repertoire to low -
 energy surface patterning and holographic data storage applications.   

 In all of these studies, novel chemical strategies have been used to generate 
functional results. Chemistry is at the heart of every physical effect arising from 
BCP self - assembly. Using myriad living polymerization strategies in combination 
with polymer - analogous reactions, BCPs with a vast range of functionalities can 
be synthesized with low polydispersity and well - defi ned molecular weights. Exqui-
site levels of control over the BCP can be achieved by altering the degree of polym-
erization of each of the blocks, through which the chemist can dial in any type of 
morphology from spheres, cylinders, bicontinuous networks, and lamellar phases. 
Even more morphologies are possible through micellization strategies, such as 
spherical, cylindrical, or onion - like structures. The physical and functional like-
ness of these structures to biological vesicles and lysosomes is uncanny. Moreover, 
these technologies are just starting to see the fi rst of their applications as contain-
ers for drug delivery, and excellent reviews have been produced that highlight this 
area  [29, 236] . 

 In the fi eld of BCP lithography, we have just begun to see the fi rst practical uses 
emerge from all of the fundamental studies. The formation of cobalt magnetic dot 
arrays, fl ash memory devices, and MOS capacitors are only the  “ tip of the iceberg ”  
of applications that can arise from this technology. Whilst industry has not over-
looked these results, several key requirements are required in order for the semi-
conductor industry to take directed self - assembly seriously. Among these 
requirements are  “ improved long - range dimensional control  …  improved resolu-
tion and linear density by at least a factor of two over that achieved by top down 
lithography [ ∼ 11   nm by 2010]  …  fabricated features with multiple sizes and pitches 
in the same layer in different regions of a chip  … .  ”  and so on  [79] . If improvements 
in these areas are not made in the next four years, the fi eld of directed self -
 assembly may miss its chance for widespread industrial use. 

 In the future, nothing stands in the way of our ability to pattern individual, 
isolated lines of perpendicular lamellar morphologies. To this end, the work of 
Ober and coworkers with the P( α MS - b - HOST) system, in combination with small 
molecular additives that undergo phase - selective photocrosslinking chemistry, 
seems very promising. One day, the rapidly growing fi eld of organic electronics 
may converge with BCP lithography, and the ability to create patterned, well -
 ordered arrays of conducting nanowires may become possible  [237 – 239] . In theory, 
the chemical nanopatterning approach mastered by the Nealey group should allow 
us to effectively control BCP self - assembly by forcing microdomains to organize 
into any type of lattice, such as simple cubic lattices. It should also be possible 
with chemical nanopatterning to pattern some of the more complicated features 
in semiconductor device components, such as nested and embedded jog struc-
tures, and t - junctions. Furthermore, if we consider the immense 3 - D complexity 
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of protein molecules, which are formed from various combinations of the 20 
amino acids, we have only begun to scratch the surface of the dimensional control 
made possible by block copolymers. The incorporation of multiple blocks, hydro-
gen - bonded  [240]  and LC blocks  [21]  will be immensely rewarded by the ability to 
manipulate and exert control over multiple length scales of molecular self - assem-
bly. Nor should we be constrained by the type of BCP that we use. PS -  b  - PMMA is 
a great lithographic system, but other, better - performing BCP systems may be on 
the horizon. New and improved chemistry will be vital for improvement in this 
fi eld. It will certainly be exciting to follow the fi eld of BCP research as it reaches 
its full maturity in the coming years.  
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2

   2.1 
 Introduction 

 Block copolymer nanofi bers in this chapter refer to cross - linked cylindrical struc-
tures that are made from block copolymers with diameters below 100   nm and 
lengths up to hundreds of micrometers. Figure  2.1  depicts the structures of 
nanofi bers prepared from an A - B diblock and an A - B - C triblock copolymer, respec-
tively. In the case of diblock nanofi bers, either the core or the corona  [1, 2]  can be 
cross - linked. Once dried, nanofi bers with cross - linked coronas may not re - disperse 
readily in solvents, the same as for block copolymer nanospheres with cross - linked 
shells  [3] . Hence, our discussion in this chapter will be mainly on diblock nano-
fi bers with cross - linked cores. For nanofi bers with cross - linked cores, the soluble 
corona chains stretch into the solvent phase helping disperse the fi bers, and the 
cross - linked core provides the structural stability. Although the nanofi bers are 
depicted in Figure  2.1  as being rigid and straight, in reality, they can bend or 
contain kinks.   

 Three scenarios can be differentiated for triblock nanofi bers. In scenario one, 
the corona block is cross - linked. Again because of dispersibility considerations we 
have not prepared and studied such fi bers. Our focus so far has been on scenario 
two where the middle layer of the nanofi ber is cross - linked. In scenario three, the 
innermost block is cross - linked. The structure of such a nanofi ber bears close 
resemblance to block copolymer cylindrical brushes  [4]  when the inner most block 
is short relative to the other blocks. Block copolymer cylindrical brushes can be 
obtained by polymerizing a diblock macromer. There have been a number of 
reports on the properties and applications of block copolymer cylindrical brushes 
 [4] . While this chapter will not go beyond triblock nanofi bers, except for one case 
when nanofi bers of a tetrablock copolymer are discussed, the methodologies devel-
oped for di -  and triblock copolymer nanofi ber preparations should apply equally 
well to a preparation of nanofi bers from tetra -  and pentablock copolymers and to 
more complex copolymers. 
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 In principle, nanotubes can be prepared by cross - linking tubular micelles  [5 – 8]  
of diblock copolymers. The focus of discussion here is, however, on nanotubes 
derived from triblock copolymers. Two possible confi gurations for such nanotubes 
are depicted in Figure  2.2 .   

 In case one, the tubular core is void. Such a nanotube is derived from a triblock 
nanofi ber with a cross - linked intermediate layer by degrading the innermost block 
 [9] . In case two, the tubular core is lined by a polymer. In this instance, a nanotube 
is derived from a triblock nanofi ber with a cross - linked intermediate layer by cleav-
ing pendant groups off the core block  [10] . 

 The preparation of block copolymer nanofi ber  [11]  and nanotube  [9]  structures 
were only reported for the fi rst time a few years ago. Over the years, there 
have been reports on the use of block copolymer nanofi bers and nanotubes as 
vehicles for drug delivery  [12] , as scaffolds for cell growth  [13, 14] , as precursors 
for ceramic magnetic nanowires  [15, 16]  and as precursors for carbon nanofi b-
ers  [17, 18] , etc. While fi nding novel applications for such structures is of para-
mount importance, the emphasis of this chapter will be on research undertaken 
in my group aimed at achieving a fundamental understanding of the physical 
and chemical properties of these materials. In Section  2.2 , the preparation of 
block copolymer nanofi bers and nanotubes will be described and the solution 
properties of the nanofi bers and nanotubes will be discussed in Section  2.3 . 
The different reaction patterns of nanofi bers and nanotubes will be examined 
in Section  2.4 . In Section  2.5 , some conclusions will be drawn and my perspec-
tives on where block copolymer nanofi ber and nanotubes research is going will 
be presented.  

     Figure 2.1     Structural illustration of a diblock nanofi ber (top) 
and a triblock nanofi ber (bottom).  

     Figure 2.2     Two confi gurations for a nanotube.  
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  2.2 
 Preparation 

  2.2.1 
 Nanofi ber Preparation 

 Nanofi bers can be prepared from chemically processing either a block - segregated 
copolymer solid  [19]  or block copolymer cylindrical micelles  [20]  formed in a block -
 selective solvent. Figure  2.3  depicts the processes involved to obtain nanofi bers 
from a block - segregated diblock solid.   

 The fi rst step involves casting a fi lm from a diblock with an appropriate com-
position so that the minority block segregates from the majority block forming 
hexagonally packed cylinders. This is followed by cross - linking the cylindrical 
domains. The cross - linked cylinders are then levitated from the fi lm or separated 
from one another by stirring the fi lm in a solvent that solubilizes the uncross -
 linked diblock. 

 Our literature search revealed that the fi rst report on block copolymer nanofi ber 
synthesis appeared in 1996  [11] . In that report, block - segregated solids of two 
polystyrene -  block  - poly(2 - cinnamoyloxyethyl methacrylatc), or PS - PCEMA, samples 
were used as the precursor. The two PS - PCEMA samples used had 1250 and 160 
units of PS and PCEMA for polymer 1 and 780 and 110 for polymer 2, respectively. 
Thus, the volume fraction of PCEMA was  ≈ 26% in both samples. After fi lm forma-
tion from a diblock by evaporating a toluene solution slowly, the fi lm was annealed 
at 90    ° C for days to ensure clean phase segregation between PS and PCEMA. This 
fi lm was then sectioned by ultra - microtoming to yield thin slices for transmission 
electron microscopic (TEM) examination. Shown in the left panel of Figure  2.4  is 

     Figure 2.3     Schematic illustration of the steps involved in the 
preparation of diblock copolymer nanofi bers from a block -
 segregated solid.  
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a TEM image of a thin section for polymer 1 or PS 1250  - PCEMA 160 , where the sub-
scripts denote the numbers of styrene and CEMA units, respectively (Scheme  2.1 ). 
It can be seen that the OsO 4  - stained dark PCEMA phase consist of hexagonally 
packed cylinders dispersed in the PS matrix and that the cylinders slant, aligned 
along a diagonal direction of the image. A similar PCEMA block segregation 
pattern was found for polymer 2. Such fi lms were then irradiated by UV light to 
cross - link the PCEMA cylindrical domains. Stirring the irradiated samples in THF 
helped levitate the cross - linked PCEMA cylinders from the fi lms to yield solvent -
 dispersible nanofi bers. In the right panel, a TEM image of the resultant nanofi bers 
is shown. It can be observed that the fi bers in this sample are still entangled.   

 The groups working with Wiesner  [21] , Ishizu  [22] , Muller  [23]  and my group 
 [24] , have also used chemical rather than photochemical methods to cross - link the 
cylindrical domains of block copolymer solids to prepare nanofi bers. To prepare 
nanofi bers from polystyrene -  block  - polyisoprene (PS - PI), we utilized a diblock that 
had 220 styrene and 140 isoprene units, respectively, which corresponded to a 
volume fraction of  ≈ 30% for PI. The cylindrical domains were then cross - linked 
by exposing the fi lm to sulfur monochloride (Scheme  2.2 ).   

 Isolated nanofi bers were obtained by separating the cross - linked cylindrical 
domains in THF. The left panel of Figure  2.5  shows a TEM image of such 
nanofi bers.   

     Figure 2.4     Left: Thin - section TEM image of a solid PS 1250  -
 PCEMA 160  sample. The dark PCEMA cylinders are slanted 
diagonally (from bottom right to top left). Right: TEM image 
of the PS 1250  - PCEMA 160  nanofi bers on a carbon - coated copper 
grid aspirated from THF.  

     Scheme 2.1       
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 A drawback with chemical cross - linking of block - segregated solids is the long 
diffusion time required for the cross - linker to penetrate the fi lm. Insuffi cient reac-
tion time leads to non - uniform cross - linking with higher degrees of cross - linking 
found close to the surfaces. Such non - uniform cross - linking can occur with photo-
cross - linking for the short penetration distance of the light. These complications 
can be avoided by preparing nanofi bers starting from block copolymer cylindrical 
micelles formed in a block - selective solvent. 

 Figure  2.6  depicts processes involved in preparation of diblock nanofi bers start-
ing from cylindrical micelles. Firstly, this requires the preparation of a diblock 
with an appropriate composition. Then, a selective solvent has to be found that 
solubilizes only one block of the diblock copolymer. In such a block - selective 
solvent, the insoluble blocks of different chains aggregate to form a cylindrical 
core stabilized by chains of the soluble block. Nanofi bers are obtained by cross -
 linking the core chains.   

 A report on the preparation of block copolymer nanofi bers from the cross -
 linking of cylindrical micelles fi rst appeared in 1997  [25] . The cylindrical micelles 
were prepared also from PS - PCEMA in refl uxing cyclopentane, which solubilized 
PS and not PCEMA. Nanofi bers were obtained after the photocross - linking of the 

     Scheme 2.2       

     Figure 2.5     Left: TEM image of PS - PI nanofi bers prepared from 
the cross - linking of block - segregated PS 220  - PI 140  solid. The 
length of the white box is 4300   nm. Right: TEM image of PS - PI 
nanofi bers prepared from the cross - linking of PS 130  - PI 370  
cylindrical micelles.  
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PCEMA cores. Aside from photocross - linking, the groups working with Bates  [26] , 
Discher  [27] , Manner  [2] , Wooley  [28]  and Stupp  [13] , in addition to my group  [29, 
30] , have reported on the chemical cross - linking of cylindrical micelles to prepare 
nanofi bers. For example, recently we prepared nanofi bers by cross - linking PS - PI 
cylindrical micelles formed in a block - selective solvent,  N , N  - dimethyl acetamide, 
for PS  [24, 31] . For cylindrical micelle formation with PI as the core, the PI weight 
fraction should be relatively high. We followed the recipe of Price  [32]  and used a 
sample consisting of 130 styrene units and 370 isoprene units. The cylindrical 
fi bers were cross - linked using S 2 Cl 2 . The right - hand panel of Figure  2.5  shows a 
TEM image of such nanofi bers. Compared with fi bers prepared from the solid -
 state syntheses described above, the fi bers in the right - hand panel of Figure  2.5  
are shorter. A more quantitative analysis of the length distributions revealed that 
the fi bers from the solution preparation approach are more monodisperse. Fur-
thermore, the preparation yield can be high, approaching 100%.  

  2.2.2 
 Nanotube Preparation 

 Nanotubes have been prepared by my group mainly via the derivatization of tri-
block nanofi bers. The fi rst block copolymer nanotubes were prepared from PI 130  -
 PCEMA 130  - P t BA 800   [9] , where P t BA denotes poly( tert  - butyl acrylate). This involved 
fi rstly dispersing the triblock in methanol. As only the P t BA block was soluble in 
methanol, the triblock self - assembled into cylindrical micelles consisting of a PI 
core encapsulated in an insoluble PCEMA intermediate layer and a P t BA corona. 
After photocross - linking the PCEMA intermediate layer, the PI core block was 

     Figure 2.6     Schematic illustration of the steps involved in the 
preparation of diblock copolymer nanofi bers from cylindrical 
micelles formed in a block - selective solvent.  
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degraded by ozonolysis to yield nanotubes. The removal of the PI block was dem-
onstrated by infrared absorption and TEM analyses. More importantly, Rhodam-
ine B could be loaded into the tubular core. Figure  2.7  shows a TEM image of 
such nanotubes stained by OsO 4 . The center of each tube appears lighter than the 
PCEMA intermediate layer because the PI block was decomposed.   

 To facilitate the incorporation of inorganic species into the tubular core, nano-
tubes containing PAA - lined cores were more desirable. Figure  2.8  depicts the steps 
involved in the preparation of PS - PCEMA - PAA nanotubes from PS 690  - PCEMA 170 -
P t BA 200  via a solid - state precursor approach  [10] .   

 Step 1 (A    →    B in Figure  2.8 ) involved casting fi lms from the triblock containing 
concentric P t BA and PCEMA core - shell cylinders dispersed in the matrix of PS. 
This required the PS volume fraction to be  ≈ 70%  [33]  and was achieved by mixing 
some PS homopolymers (hPS) with the triblock to increase the PS volume fraction. 

     Figure 2.7     TEM image of PCEMA - P t BA nanotubes where the PI core has been degraded.  

     Figure 2.8     Schematic illustration of processes involved in 
preparing PS - PCEMA - PAA nanotubes.  
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The left - hand panel of Figure  2.9  shows a TEM image of a thin section of an hPS/
PS - PCEMA - P t BA solid. On the right - hand side of this image we can see numerous 
concentric light and dark ellipses with short stems. These represent projections 
of cylinders with PCEMA shells and P t BA cores aligned slightly off the normal 
direction of the image. The PCEMA shells appear darker, because OsO 4  stained 
the PCEMA selectively. The diameter of the P t BA core is  ≈ 20   nm. On the left of 
this image we see cylinders lying in the plane of the picture. Thus, the orientation 
of the cylindrical domains varied from grain to grain, in the micrometer size range, 
because we did not take special measures to effect their macroscopic alignment.   

 In step 2 (B    →    C, in Figure  2.8 ), the block - segregated copolymer fi lm was irradi-
ated with UV light to cross - link the PCEMA shell cylinder. The cross - linked 
cylinders were levitated from the fi lm by stirring in THF (C    →    D). PS - PCEMA 
nanotubes containing PAA - lined tubular cores were prepared by hydrolyzing the 
P t BA block in methylene chloride and trifl uoroacetic acid (D    →    E). The right - hand 
panel of Figure  2.9  shows a TEM image of the intestine - like nanotubes. The 
stained PCEMA layer does not have a uniform diameter across the nanotube 
length because of its uneven collapse during solvent evaporation. The presence of 
PAA groups inside the tubular core was demonstrated by our ability to carry out 
various aqueous reactions inside the tubular core, as will be discussed later.   

  2.3 
 Solution Properties 

 Figure  2.10  shows a comparison between the structures of a PS - PI nanofi ber and 
a poly( n  - hexyl isocyanate), PHIC, chain. In a PHIC chain, the backbone is made 
of imide units joined linearly and the hairs are the hexyl groups. Their counter-
parts in a PS - PI nanofi ber are the cross - linked PI cylinder and PS chains, respec-

     Figure 2.9     Left: TEM image of a thin section of the PS 690  -
 PCEMA 170  - P t BA 200  solid. Right: TEM image of the PS - PCEMA -
 PAA nanotubes.  
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tively. Other than a large size difference, a nanofi ber bears remarkable structural 
resemblance to PHIC. Thus, block copolymer nanofi bers can be viewed as a mac-
roscopic counterpart of a polymer chain or a  “ suprapolymer ”  chain or  “ giant ”  
polymer chain  [34] . In this subsection, preliminary results showing the similarities 
and dissimilarities between the solution properties of polymer chains and diblock 
nanofi bers will be reviewed.   

 To study the dilute solution properties of nanofi bers and polymer chains, the 
fi bers should be made suffi ciently short, so that they remain dispersed in the 
solvent for a long, or even an infi nitely long, period of time. The use of relatively 
short nanofi bers also ensured their characterization by classic techniques, such as 
light scattering (LS) and viscometry. While we have studied nanofi bers prepared 
from several block copolymer families, for clarity, the discussion will be restricted 
to PS - PI nanofi bers obtained by cross - linking cylindrical micelles of PS 130  - PI 370  
formed in  N , N  - dimethyl acetamide  [24] . The preparation of such fi bers has been 
discussed previously and the right - hand panel of Figure  2.5  shows a TEM image 
of the nanofi bers thus prepared in THE after aspiration onto a carbon - coated 
copper grid. As the magnifi cation was known for such images, we were able to 
measure manually the lengths of more than 500 fi bers for this sample. The data 
from such measurements allowed us to construct the length distribution function 
of this sample denoted as fraction 1 or F1 in Figure  2.11 . From the length distribu-
tion function, we obtained the weight -  and number - average lengths and  L  w  and 
 L  n . The  L  w  and  L  w / L  n  values are 3490   nm and 1.35 for this sample.   

 While ultracentrifugation  [34]  or density gradient centrifugation could have been 
used, in principle, to separate the fi bers into fractions of different lengths, we 
obtained nanofi ber fractions with shorter lengths by breaking up the longer 
nanofi bers by ultrasonication  [26] . By adjusting the ultrasonication time, we pro-
duced fi bers of different lengths. Also shown in Figure  2.11  are the length distri-
bution functions for samples denoted as F3 and F5, which were ultrasonicated for 
4 and 20   h, respectively. As ultrasonication time increased, the distribution shifted 
to shorter lengths. 

 These fi ber fractions were suffi ciently short and allowed us to determine their 
weight - average molar,  M  w , by light scattering. Figure  2.12  shows a Zimm plot 

     Figure 2.10     Structural comparison between a PS - PCEMA 
nanofi ber (left) and a PHIC chain (right) at different 
magnifi cations.  
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     Figure 2.12     Zimm plot for the light scattering 
data of F3 in the scattering angle range 
of 12 to 30    ° . The solid circles represent the 
experimental data. The hollow circles 
represent the extrapolated  Kc / Δ  R  θ   |  c    → 0  data. 

(a) Linear extrapolation of data to zero 
concentration at the highest and lowest 
scattering angles of 30 and 12    °  is illustrated. 
(b) The result of curve fi tting of the  Kc / Δ  R  θ   |  c    → 0  
data using Equation  (2.1) .  

     Figure 2.11     Plot of fi ber population density  P (L) versus length 
 L  for PS 130  - PI 370  nanofi ber fractions 1 ( � ), 3 ( � ) and 5 ( � ) 
generated from TEM image analysis.  
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for the light scattering data for sample F3 in the scattering angle,   θ  , range of 12 
to 30    ° .   

 The data quality appears high. Multiple runs of the same sample indicated that 
the data precision was high. 

 For the large - sized fi bers, the  Kc / Δ  R  θ    data varied with sin 2 (  θ  /2) or the square of 
the scattering wave vector  q  non - linearly, despite the low angles used. We fi tted 
the data using Equation  (2.1) :

   
Kc

R M
q R kq R A c

Δ θ
= + ( ) −[ ]+1

1 1 3 22 2 4 4
2

w
G G     (2.1)  

and obtained  M  w , the radii of gyration  R  G  and the second Virial coeffi cient  A  2  for 
the different fractions. Figure  2.13  plots the resultant  M  w , versus  L  w , where the 
values for  L  w  were obtained from TEM length distribution functions  P ( L ). The 
linear increase in  M  w  with  L  w  suggests the validity of the  M  w  values determined. 
The validity of the  M  w  value for F3 was further confi rmed recently by Professor 
Chi Wu ’ s group at the Chinese University of Hong Kong, who performed a light 
scattering analysis of a nanofi ber sample down to   θ     =   7    ° . At such low angles, the 
  kq R4 4

G  term in Equation  (2.1)  was not required for curve fi tting and data analysis 
by the Zirnm method should yield accurate  M  w  and  R  G  values.   

 After nanofi ber characterization, we then proceeded to check the dilute solution 
viscosity properties. Our experiments indicated that the nanofi ber solutions were 
analogous to polymer solutions and were shear thinning, i.e., the viscosity of a 
sample decreased with increasing shear rate. This occurred for the alignment 
of the nanofi bers along the shearing direction above a shear rate  γ  of  ≈ 0.1   s  − 1  
 [35] . While both nanofi ber and polymer solutions are shear thinning, the fi elds 
required for shear thinning are dramatically different. Polymers of ordinary molar 
mass, e.g.  < 10 6    g   mol  −   1 , would experience shear thinning only if  γ     10  − 4    s  − 1   [36] . 

     Figure 2.13     Increase in LS  M  w  with TEM  L  w  for PS 130  - PI 370  nanofi ber fractions.  
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The huge difference should be a direct consequence of the drastically different 
sizes between the two. 

 To minimize the shear - thinning effect, we measured the viscosities of dilute 
solutions of the nanofi ber fractions in THF using a laboratory - built rotating cyl-
inder viscometer at  γ    =   0.082   s  −   1   [37] . Figure  2.14  shows the (  η   r     −    1)/ c  data plotted 
against nanofi ber concentrations  c , where   η   r , the relative viscosity, is defi ned as 
the ratio between the viscosities of the nanofi ber solution and solvent THF. The 
solid lines represent the best fi t to the experimental data by Equation  (2.2) :

   η η ηr h−( ) = [ ] + [ ]1 2c k c     (2.2)  

where [  η  ] is the intrinsic viscosity and  k  h  is the Huggins coeffi cient. The linear 
dependence between (  η   r     −    1)/ c  and  c  is in striking agreement with the behavior 
of polymer solutions. Even more interesting,  k  h  took values mostly between 0.20 
and 0.60 in agreement with those found for polymers  [36] .   

 We further treated the [  η  ] data with the Yamakawa – Fujii – Yoshizaki (YFY) 
theory, originally developed for wormlike chains  [38, 39] . According to Bohdanecky 
 [40] , the YFY theory could be cast in a much simpler form, Equation  (2.3) :

   M A BMw w
2 1 3 1 2η[ ]( ) = +     (2.3)   

 for chains with a wide range of reduced chain lengths. In Equation  (2.3) ,  A  and  B  
are fi tting parameters that are related to the persistence length  l  p  and the hydro-
dynamic diameter  d  h  of the chains, respectively. Figure  2.15  shows the data that 
we obtained for the PS 130  - PI 370  nanofi bers in THF plotted following Equation  (2.3) . 
From the intercept  A  and slope  B  of the straight line, we calculated  l  p  and  d  h  for 
the nanofi bers to be (1040    ±    150) and (69    ±    18)   nm, respectively.   

     Figure 2.14     From top to bottom, plot of (  η   r     −    1)/ c  versus  c  
for PS 130  - PI 370  nanofi ber fractions 2, 3, 4 and 6 in THF. All the 
  η   r  data were obtained using the viscometer at a shear rate of 
0.082   s  − 1  with the exception of those denoted by ( Δ ), which 
were obtained at a shear rate of 0.047   s  − 1 .  
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 This procedure was repeated for the nanofi bers in different solvents. Table  2.1  
summarizes the  l  p  and  d  h  values that we determined in three different solvents for 
the PS 130  - PI 370  nanofi bers. The  d  h  value in THF compares well with what we esti-
mated from the sum between the diameter of the cross - linked PI core determined 
from TEM and the root - mean - square end - to - end distance of the PS coronal chains, 
and thus suggests the applicability of the FYF theory to the nanofi ber solutions. 
What is more convincing is the decreasing trend for the determined  d  h  values with 
increasing DMF content in THF – DMF mixtures. While both THF and DMF solu-
bilize PS,  d  h  decreased with increasing DMF content because the extent of swelling 
for the cross - linked PI core decreased with increasing DMF content.   

 The  l  p  values reported in Table  2.1  are comparable to those reported by Discher 
and coworkers  [41, 42]  and by Bates and coworkers  [43, 44]  for PEO - PI cylindrical 
micelles with a core diameter of  ≈ 20   nm prepared in water, where PEO denotes 
poly(ethylene oxide). While Bates and coworkers deduced the  l  p  values from small -
 angle neutron scattering, Discher and coworkers determined the  l  p  values from 
fl uorescence microscopy. In the latter case, they compared the dynamic behavior 
of single cylindrical micelles before and after PI core cross - linking. After micelle 
cross - linking, the micelles became much more rigid dynamically, which means 
that the contour or conformation of the fi bers, in contrast to the micelles, changed 
or fl exed very little with time, despite their rotation in space as approximate rigid 
rotors. By performing a dynamic analysis of the fl exion motion by subtracting off 
the spontaneously curved average shape of the fi bers, they concluded that the 

     Figure 2.15     Nanofi ber viscosity data plotted following the Bohdanecky method.  

 Table 2.1     Persistence length  l  p , and hydrodynamic diameter  d  h  
of the nanofi bers calculated from the viscosity data for 
 PS  130  -  PI  370  nanofi ber fractions in various solvents. 

   Solvent      d  h  / nm      l  p /nm  

  THF    69    ±    18    1040    ±    150  
  THF    −    DMF   =   50/50    61 ±     850    ±    90  

  THF    −    DMF   =   30/70    51    ±    12    830    ±    60  
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 dynamic l  p  values of the fi bers were about 50 times higher than those of the cylin-
drical micelles. From viscometry, one deduces the  static l  p  values of the nanofi bers, 
which measure on average how much an ensemble of fi bers bends. Therefore, 
one should not compare the viscometry  l  p  values determined by us with those 
determined by Discher and coworkers, who totally ignored the locked - in curva-
tures of the fi bers in their analysis. 

 To get a clue to the static  l  p  values of the PEO - PI fi bers studied by Discher and 
coworkers, from their fl uorescence microscopy images we noticed that the kinks 
in the original cylindrical micelles were locked in after micelle cross - linking and 
the fi bers assumed conformations similar to those before micelle cross - linking. 
Thus, the static  l  p  values of the nanofi bers should be similar to those of the cylin-
drical micelles. The fact that the  l  p  values that we determined from viscometry are 
comparable to those of the PEO - PI cylindrical micelles with similar core diameters 
again suggests the validity of the YFY theory in treating the nanofi ber viscosity 
data. 

 The above study demonstrates that block copolymer nanofi bers have dilute solu-
tion properties similar to those of polymer chains. In an earlier report  [45] , we also 
demonstrated that block copolymer nanofi bers have concentrated solution proper-
ties similar to those of polymer chains. According to the theories of Onsager  [46]  
and Flory  [47] , polymer chains with  l  p / d  h     >    6 would form a liquid crystalline phase 
above a critical concentration. We did show the presence of such a liquid crystal-
line phase by polarized optical microscopy for PS - PCEMA nanofi bers dissolved in 
bromoform at concentrations above  ≈ 25 wt - %  [45] . Furthermore, we observed that 
such liquid crystalline phases disappeared as the temperature was raised and the 
liquid crystalline to disorder transition was fairly sharp. 

 While block copolymer nanofi bers behave similarly to polymer chains in many 
aspects, the drastic size difference between the two dictates that they have sub-
stantial property differences. Because of the large size of the nanofi bers, they 
obviously move more sluggishly. Hence, we observed that a liquid crystalline 
phase was formed only after the PS - PCEMA nanofi ber solution was sheared 
mechanically. Also, because of their sluggishness, the liquid crystalline phase 
could not reform spontaneously after cooling a system if it had been heated above 
the liquid crystalline to disorder transition temperature. Thus, we can predict, 
without performing any sophisticated experiments, that the analogy between 
nanofi bers and polymer chains will fail after the molar mass or the size of the 
nanofi bers exceeds a critical value. As the size of the nanofi ber increases, the 
gravitational force driving the settling of the nanofi ber increases and the dispers-
ibility of the nanofi ber decreases. Furthermore, the van der Waals forces between 
different nanofi bers increase  [48] , which can cause different nanofi bers to cluster 
and settle. 

 We recently examined the stability of nanofi bers dispersed in THF prepared 
from PS 130  - PI 370 . This particular nanofi ber sample had  L  w    =   1650   nm,  L  W / L  n    =   1.21 
and  M  w    =   4.3    ×    10 8    g   mol  − l , respectively. At a concentration of  ≈  8    ×    10  − 3    g   mL  − l  and 
under gentle stirring, no nanofi ber settling was observed during 4 days of observa-
tion by light scattering. Without stirring, we noticed a 10% decrease in the light 
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scattering intensity of the solution, which corresponded to  ≈ 10 wt - % settling of 
the nanofi bers in the fi rst 4 days. No noticeable further settling was observed in 
another 8 days  [24] . This could indicate that the longer fi bers in this sample 
exceeded the critical size for settling. Our light scattering and centrifugation 
experiments suggested that the longer fi bers fi rst clustered and then settled. The 
fact that the clustering could be prevented by gentle stirring suggests that only a 
very shallow attraction potential existed between the fi bers. 

 Although the critical length for settling was short for this sample, several rni-
crometers, the critical length depends on many factors including the relative 
length between the core and soluble block and the absolute diameter of the cores. 
Methods of increasing the nanofi ber dispersity may include increasing the length 
of the soluble block relative to the core block and decreasing the core diameter. 

 Because of the differences between the polymer chains and the nanofi bers, we 
expect differences in the performances of these two classes of bulk materials. 
Unfortunately, the mechanical properties of block copolymer nanofi bers or 
nanofi ber composites have not been studied so far. We have not performed any 
detailed studies of solution properties of block copolymer nanotubes. As a result 
of the structural similarities between the two, we expect the nanofi bers and nano-
tubes to have many similar solution properties.  

  2.4 
 Chemical Reactions 

 The similarities between the structure and the properties of the solutions between 
nanofi bers and polymer chains prompted us to ask the question as to whether 
nanofi bers and nanotubes would have chemical reaction patterns similar to those 
of polymer chains. A PI chain can be hydrogenated via  “ backbone modifi cation ”  
to yield a polyolefi n chain. Through techniques such as anionic polymerization, 
etc., one can readily prepare  “ end - functionalized ”  polymers. The end - groups can 
be further derivatized or used for additional end - fi inctionalization. This section 
will show that block copolymer nanotubes can also undergo backbone modifi ca-
tion and end - functionalization. 

  2.4.1 
 Backbone Modifi cation 

 Backbone modifi cation has already been involved to convert triblock nanofi bers 
into nanotubes. Apart from the performance of organic reactions to the nanofi bers 
and nanotubes, this sub - section discusses the performance of inorganic reactions 
in the cores of the nanotubes to convert them into polymer – inorganic hybrid 
nanofi bers. Block copolymer nanofi bers and nanotubes are soft materials. They 
will most probably fi nd applications in bio - related disciplines, such as in the 
medical, pharmaceutical and cosmetic industries. For applications in nanoelec-
tronic devices, polymer – inorganic hybrid nanofi bers would be more desirable  [49, 



 82  2 Block Copolymer Nanofi bers and Nanotubes

50] . The fi rst report on the preparation of block copolymer – inorganic hybrid 
nanofi bers appeared in 2001, which dealt with fi lling of the core of the PS - PCEMA -
 PAA nanotubes by  γ  - Fe 2 O 3   [10] . 

 The preparation fi rst involved the equilibration between the nanotubes and 
FeCl 2  in THF. Fe(II) entered the nanotube core to bind with the core carboxyl 
groups. The extraneous FeCl 2  was then removed by precipitating the Fe(II) - 
containing nanotubes into methanol. Adding NaOH dissolved in THF containing 
2 vol - % of water precipitated Fe(II) trapped in the nanotube core as ferrous oxide. 
The ferrous oxide was subsequently oxidized to  γ  - Fe 2 O 3  via the addition of hydro-
gen peroxide  [51] . The top panel in Figure  2.16  shows a TEM image of the hybrid 
nanofi bers. The  γ  - Fe 2 O 3  particles can be seen to be produced exclusively inside the 
nanotube cores.   

 The production of  γ  - Fe 2 O 3  in the confi ned space of the  “ nanotest - tubes ”  resulted 
in particles that were nanometer - sized. Hence the particles were superparamag-

     Figure 2.16     Top: TEM image of PS - PCEMA - PAA/Fe 2 O 3  hybrid 
nanofi bers. Bottom: Bundling and alignment of the nanofi bers 
in a magnetic fi eld. The arrow indicates the magnetic fi eld 
direction.  
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netic, as demonstrated by the results of our magnetic property measurement  [10] . 
This meant that they were magnetized only in the presence of an external magnetic 
fi eld and were demagnetized when the fi eld was removed. To see how such fi bers 
behaved in a solvent in a magnetic fi eld, we dispersed the fi bers in a solvent 
mixture consisting of THF, styrene, divinylbenzene, and a free radical initiator 
AIBN. The fi ber dispersion was then dispensed into an NMR tube and mounted 
in the sample holder of an NMR instrument. In the 4.7 - T magnetic fi eld of the 
NMR, the solvent phase was gelled by raising the temperature to 70    ° C to polymer-
ize styrene and divinylbenzene. Thin sections were obtained from the gelled 
sample by ultramicrotoming. Shown in the bottom panel of Figure  2.16  is a TEM 
image of nanofi bers in a gelled sample. One consequence of the induced magneti-
zation of the fi bers is that they attracted one another and bundled in a magnetic 
fi eld. Also clear from this image is that the fi bers aligned along the magnetic fi eld 
direction. 

 The bundling and alignment of the hybrid nanofi bers in a magnetic fi eld have 
important practical implications. For example, the controlled bundling of several 
nanofi bers may form the basis of magnetic nanomechnical devices. For the 
construction of water - dispersible magnetic nanomechanical devices, the super-
paramagnetic nanofi bers need to be water dispersible. We recently prepared water -
 dispersible polymer – Pd hybrid catalytic nanofi bers from a tetrablock copolymer 
 [52]  and more recently polymer – Pd – Ni superparamagnetic nanofi bers from a 
triblocic copolymer  [53] . The tetrablock that we used was PI - P t BA - P(CEMA - 
HEMA) - PGMA, where PGMA, being water soluble, denotes poly(glyceryl 
methacrylate) and P(CEMA - HEMA) denotes a random copolymer of CEMA and 
2 - hydroxyethyl methacrylate. The hydroxyl groups of the precursory PHEMA block 
was not fully cinnamated because P(CEMA - HEMA) facilitated the transportation 
of Pd 2+  and Ni 2+ . 

 We prepared the polymer – Pd hybrid nanofi bers following the scheme depicted 
in Figure  2.17   [52] . This involved fi rst dispersing freshly - prepared PI - P t BA -
 P(CEMA - HEMA) - PGMA in water to yield cylindrical aggregates (A    →    B in Figure 
 2.17 ). Such aggregates consisted of a PGMA corona and a PI core. Sandwiched 
between these two layers are a thin P t BA layer and a P(CEMA - HEMA) layer. Such 
cylindrical aggregates were then irradiated to cross - link the (CEMA - HEMA) layer 
(B    →    C). The PI core was degraded by ozonolysis (C    →    D). By controlling the 
ozonolysis time, we could control the degree of PI degradation. When not fully 
degraded, the residual double bonds of the PI fragments trapped inside the nano-
tubular core were able to sorb Pd(II), most probably via  π  - allyl complex formation, 
Scheme  2.3 .   

 The complexed Pd(II) was then reduced by NaBH 4  to Pd (D    →    E). The left panel 
of Figure  2.18  is a TEM image for such nanotubes containing 4.0 wt - % reduced 
Pd nanoparticles. The Pd - loaded nanofi bers were dispersible in water where 
many water - based electroless plating reactions occur. Thus, Pd could serve as a 
catalyst for the further electroless deposition of other metals. We, for example, 
loaded more Pd into the tubular core via electroless Pd plating onto the initially 
formed Pd nanoparticles to yield essentially continuous Pd nanowires (E    →    F, 
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     Figure 2.18     TEM image of nanofi bers containing 4 wt - % Pd 
(left); TEM image of nanofi bers containing 18.4 wt - % Pd 
(right). The scale bars in the form of white boxes are 730 and 
1000   nm long, respectively.  

     Figure 2.17     Schematic illustration of the processes involved 
to produce water - dispersible polymer – Pd hybrid nanofi bers.  

     Scheme 2.3       
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Figure  2.17 ). The right - hand image in Figure  2.18  shows a TEM image of such 
hybrid nanofi bers after the incorporation of Pd to a total of 18.4 wt - %. In fact, we 
could tune the amount of Pd loaded into the nanotubes by adjusting the relative 
amounts of the Pd - loaded nanotubes and Pd 2+  in a plating bath. As the Pd content 
increased, eventually the hybrid fi bers could not be dispersed in water. In addition 
to Pd plating, we have also succeeded in the plating of Ni into the core of such 
nanotubes, as evidenced by our recent success in preparing water - dispersible 
triblock – Pd – Ni magnetic nanofi bers  [53] .   

 The use of a tetrablock copolymer for the above project seems to be an over kill, 
as in the end the P t BA block was not used at all. This was, however, not by design. 
Our initial plan was to fully degrade the PI block and then to hydrolyze the P t BA 
block. We planned to introduce Pd(II) via its binding with the carboxyl groups of 
PAA. The binding between Pd(II) and the residual double bonds of PI was a sur-
prise to us and should be useful in the future as a staining method for PI in the 
elucidation of complex segregation patterns of block copolymers.  

  2.4.2 
 End Functionalization 

 In the  “ supramolecular chemistry ”  of nanotubes and nanofi bers, the end - func-
tional groups should not be interpreted as the traditional carboxyl or amino groups, 
etc. Rather, they should be other nano  “ building blocks ” , including nanospheres 
and nanofi bers or nanotubes of a different composition. We fi rst end - functional-
ized PS - PCEMA - PAA nanotubes by attaching to them water - dispersible PAA -
 PCEMA nanospheres and spheres bearing surface carboxyl groups that were 
prepared from emulsion polymerization  [54] . Figure  2.19  shows the steps involved 
in coupling the nanotubes and PCEMA - PAA nanospheres.   

 To ensure that the PAA core chains were exposed at the ends, we ultrasonicated 
the pristine nanotubes to shorten them. The carboxyl groups of the nanotubes 
were then reacted with the amino groups of a triblock PAES - PS - PAES, where 
PAES denotes poly[4(2 - aminoethyl)styrene], in the presence of catalyst 1 - [3 - 

     Figure 2.19     End - functionalization of PS - PCEMA - PAA nanotubes by PAA - PCEMA nanospheres.  
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     Figure 2.20     TEM images of nanotube and emulsion nanosphere coupling products.  

(dimethyl - amino)propyl] - 3 - ethylcarbodiimide hydrochloride (EDCI) and co - 
catalyst 1 - hydroxy - benzotriazole (HBA). As PAES - PS - PAES was used in excess, it 
was grafted onto the nanotubes mainly via one end only. We then purifi ed the 
sample. Nanotubes bearing terminal PAES chains were subsequently reacted with 
the carboxyl groups on the surfaces of the nanospheres again using EDCI and 
HBA as the catalysts. Coupling between the nanotubes and emulsion spheres 
containing surface carboxyl group was achieved in a similar manner. 

 Figure  2.20  shows the typical products obtained from coupling the PAES - PS -
 PAES - treated nanotubes with a batch of emulsion nanospheres bearing surface 
carboxyl groups. The product in Figure  2.20 a resulted from the coupling between 
one tube and one sphere. As the spherical  “ head ”  is water - dispersible and the 
tube  “ tail ”  is hydrophobic, this structure may be viewed as a macroscopic coun-
terpart of a surfactant molecule or a  “ super - surfactant ” . Figure  2.20 b shows the 
attachment of two tubes to one sphere, which had fused with another sphere 
probably during TEM specimen preparation.  “ Dumbbell - shaped molecules ”  were 
formed from the attachment of one tube to two spheres at the opposite ends, as 
seen in Figure  2.20 c. The products depicted in Figure  2.20 a – c co - existed regard-
less of whether we changed the tube to microsphere mass ratio from 20/1 to 
1/20. At the high tube to emulsion sphere mass ratio of 20/1, the super - surfactant 
and dumbbell - shaped species were the major products. At a mass ratio of 1/1 
and 1/20, the dumbbell - shaped product dominated. Other than product control 
by adjusting the stoichiometry, an effective method to eliminate the dumbbell -
 shaped product was to use nanotubes labeled at only one end by PAES - PS - PAES. 
These tubes were obtained by using ultrasonication to break up nanotubes that 
contained end - grafted PAES - PS - PAES chains. For example, the ultrasonication 
of the PAES - PS - PAES - grafted nanotubes for 8   h reduced the  L  w  of a nanotube 
sample from 701 to 252   nm and  L  n  from 515 to 187   nm. The reaction between 
the shortened tubes and the nanospheres at a tube to sphere mass ratio of 1/20 
yielded almost exclusively the supersurfactant structure with unreacted nano-
spheres. The content of the multi - armed structure increased as the nanotube to 
microsphere mass ratio increased.   

 More recently, we have used the same chemistry to couple PS - PCEMA - PAA 
nanotubes with PGMA - PCEMA - PAA nanotubes  [55] . Figure  2.21  shows the nano -
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 tube multiblocks that we prepared. To facilitate the easy differentiation between 
the two types of nanotubes, we loaded Pd nanoparticles into the PGMA - PCEMA -
 PAA nanotubes. Using this method, we succeeded in preparing both nanotube 
di -  and triblocks with structures similar to di -  and triblock copolymers. The 
nanotube multiblocks should self - assemble in a manner similar to the block 
copolymers.     

  2.5 
 Concluding Remarks 

 Block copolymer nanofi bers and nanotubes can now be readily prepared with high 
yields. Such nanofi bers have interesting chemical and physical properties. More 
pressing challenges in this area of research are to fi nd and to realize the com-
mercial applications for these nanostructures. The latter will be greatly facilitated 
with more participation from industrial partners. 

 On the fundamental research side, the construction and study of superstruc-
tures prepared from the coupling of different nano -  and micro - components are a 
very interesting and promising area of frontier research. The super - surfactants of 
Figure  2.20 a may, for example, self - assemble as do surfactant molecules to form 
supermicelles or artifi cial cells, which contain structural order to several length 
scales. The multi - armed structure of Figure  2.20 b and its analogues will be of 
particular irrterest if the nanotubes are replaced by PS - PCEMA - PAA/ γ  - Fe 2 O 3  
hybrid nanofi bers. Figure  2.22  shows, for example, just such an interesting struc-
ture, which can be prepared by attaching three PS - PCEMA - PAA/ γ  - Fe 2 O 3  hybrid 
nanofi bers to one microsphere.   

 These fi bers will attract one another in a magnetic fi eld due to their magnetiza-
tion and thus grab a nanoobject. Such a nanoobject can be moved around by 
focussing a laser beam on the microsphere that is trapped through an optical 

     Figure 2.21     TEM image of nanotube multiblocks.  
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tweezing mechanism. The nanoobject can then be released at a desired spot by 
turning off the magnetic fi eld. Thus, such a device can function as an  “ optical 
magnetic nanohand ” . Last but not the least, studies on the concentrated solution 
properties and nanofi ber composite properties should be performed to see if there 
are any novel desirable applications for these materials.  
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  3.1 
 Introduction 

 In Nature, various complex architectures are formed from a limited choice of 
building units such as lipids or amino acids. These natural assemblies form a large 
variety of biological devices with specifi c cellular functions. Conversely, synthetic 
polymers can be prepared from a wide range of monomers, and these macromol-
ecules can construct singular architectures and shapes. The interest in these 
structures relies on their characteristic sizes in the mesoscopic range ( < 100   nm), 
and that their constitution and shape lead to materials with particular properties 
and functions. Nevertheless, these artifi cial structures could not yet attain the 
complexity achieved by the natural assemblies. 

 One particular example of man - made nanoassemblies is that of block copoly-
mers. The reason for using block copolymeric systems to prepare nanostructures 
is their simplicity to form nanoscale objects with expected shapes and sizes, 
without any additional trigger. Block copolymers consist of two or more covalently 
bonded blocks with different physical and chemical properties. In addition, each 
block should have the features to control the self - assembly process. The driving 
force for core – shell - structured self - assembly consists of repulsive interactions 
between incompatible domains, such as the case of amphiphilic diblock copoly-
mers, which contain a hydrophobic and a hydrophilic block. Moreover, the cova-
lent link between the blocks is responsible for the microphase separation, and 
prevents the system from further separation on a macroscopic scale. The self -
 assembled nanostructures can be fi nely tuned to a variety of morphologies by 
altering the molecular parameters of the block copolymers or the environment 
(Figure  3.1 ). These self - assembled block copolymer systems have already been 
found to be appropriate for several applications in nanotechnology, including 
detergents, paints, electronics, cosmetics, lubricants, tissue engineering, and drug 
delivery, as determined by the morphology of the structures  [1 – 3] .   

 In an attempt to create synthetic structures that somehow approach natural 
assemblies in terms of their complexity, functionality, and performance, 
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nanostructures have been designed to respond in a controlled manner to external 
stimuli. Stimulus - responsive nanostructures, which are also referred to as  “ smart, ”  
 “ intelligent ” , or  “ environmentally sensitive ”  nanostructures, are systems that 
exhibit sharp changes in response to physical stimuli such as heat, ultrasound, 
and light, or to chemical stimuli such as pH, ions in solution, and chemical sub-
stances. These responses depend on the stimulus applied, and they may comprise 
modifi cations in the properties of the assemblies such as shape, volume, and 
permeation rates.  

  3.2 
 Smart Nanoassemblies for Drug and Gene Delivery 

 An  “ ideal ”  drug carrier should emulate a system that is capable of residing  in vivo  
for long periods of time, targeting particular cell types, incorporating a large set 
of therapeutic agents, and releasing those molecules in the appropriate environ-
ment. Micelles, rods, or polymersomes have been used as carriers of therapeutic 
agents to target specifi c sites in the body  [3, 4] . Moreover, several micellar delivery 
systems for anticancer drugs are currently undergoing clinical trials  [5] . Rods, 
threads, and fi bers have also been shown to be useful as support media for cell 
growth  in vitro , and have been used to direct nerve regrowth  in vivo  or as the basis 
of more complex mechanical systems  [6 – 8] . 

 Polymeric self - assembled nanostructures have a great potential to reach patho-
logical sites while avoiding biological barriers in the human, due to their nano-

     Figure 3.1     Block copolymer nanoassemblies. Several 
structures ranging from 10   nm to 10   000   nm can be formed 
using block copolymers as the building units.  
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scopic size (typically between 10 and 100   nm). It has been determined that the 
so - called  enhanced permeability and retention  ( EPR ) effect plays a major role in 
tissue targeting to, for example, tumor tissues  [9, 10] . The EPR effect is attributed 
to the angiogenic tumor vasculature, which has a higher permeability compared 
to normal tissues due to its discontinuous endothelium, and to the somewhat 
undeveloped lymphatic drainage in tumors. These characteristics lead to the 
extravasation of colloidal particles in tumor and other infl amed tissues, and their 
subsequent retention there. Moreover, the polymeric nanostructures must circu-
late in the bloodstream for a suffi cient time in order to achieve this targeting. Thus, 
the surface properties of polymeric micelles represent important factors as they 
determine the biological fate of the material. The reduction of nonspecifi c recogni-
tion and uptake by the  reticuloendothelial system  ( RES ) is critical for the prolonged 
circulation of the carrier. Colloidal carriers bearing hydrophilic polymers on the 
surface of particles have been shown to reduce the opsonization and subsequent 
uptake by the RES cells of the liver, spleen, and bone marrow  [11 – 13] . 

 The development of smart nanoassemblies that dynamically morph their prop-
erties due to sensitivity to chemical or physical stimuli, magnifi es to an even 
greater extent the signifi cance of block copolymer nanostructures in biological 
applications. In this way, smart polymeric nanostructures can respond either to 
pathological or physiological endogenous stimuli present in the body, or to exter-
nally applied stimuli such as temperature, light, or ultrasound. One sophisticated 
and rational approach is a conversion of the core - forming segment of polymeric 
micelles from a hydrophobic to a more hydrophilic state under a stimulus, which 
causes an eventual dissolution of the micelles. The therapeutic agent should be 
stably associated with the hydrophobic core, and release of the drug would be 
expected to occur along with destabilization of the nanostructure. Irreversible 
changes in the structure of the nanoassemblies can be induced by cleavage of the 
covalent bonds, whereas reversible changes can result from changes in hydrogen -
 bonding capability, in the solubility - temperature of polymers, the protonation, the 
pH - sensitivity of polymers, and from changes in the redox potential. 

 In this chapter we will introduce smart nanoassemblies as applied to drug and 
gene delivery fi elds, organized in groups depending on their stimuli sensitivity.  

  3.3 
 Endogenous Triggers 

  3.3.1 
  p  H  - Sensitive Nanoassemblies 

  3.3.1.1   Drug Delivery 
 The mildly acidic pH of solid tumors and infl ammatory tissues  [14]  (pH  ∼ 6.8), and 
the pH of the endosomal and lysosomal compartments of cells  [15]  (pH 5 – 6), 
provides a potential trigger for the release of systemically administered drugs from 
a pH - sensitive carrier, as blood and normal tissues have a pH of 7.4. Moreover, 
as macromolecular carriers enter the cells via endocytosis and are localized in 
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the endosomes or in the lysosomes  [16] , the pH represents a very useful stimulus 
for the design of drug carriers that release their contents only within the intracel-
lular environment. Conversely, drug - loaded nanoassemblies that are stable at 
low pH (i.e., in the stomach) and degrade at near - physiological pH (i.e., in the 
intestines) are very attractive for controlled drug release following their oral 
administration. 

 pH - sensitive nanoassemblies can be constructed by the use of an acid - labile 
bond between the drug and the carrier polymer. As drug release is dependent on 
the chemical or enzymatic hydrolysis of the bond between the drug and the 
polymer backbone, drug release from these nanoconstructs is usually slower than 
that of physically loaded drugs. Recently, pH - sensitive  doxorubicin  ( DOX ) - loaded 
polymeric micelles were prepared by chemically conjugating DOX to the side 
chain of poly(ethylene glycol) -  b  - poly(aspartic acid) (PEG -  b  - P(Asp)) copolymers via 
an acid - labile hydrazone bond (Figure  3.2 )  [17] . These micelles specifi cally released 
DOX at endosomal pH conditions (pH 5.0), whereas DOX was retained in the 
micelle core at physiological pH. These pH - sensitive DOX micelles were very 
effective against subcutaneous murine colon adenocarcinoma 26  in vivo , while 
their toxicity proved to be negligible due to minimal drug leakage  [18] .   

 Gillies  et al.  reported the construction of PEG -  b  - P(Asp) functionalized with tri-
methoxybenzylidene acetals as acid - labile linkages  [19] . The cyclic benzylidene 
acetals and the copolymer backbone increased the hydrophobicity of the core due 
to the aromatic rings, while the acetal groups hid the polarity of the diol. Although 
these micelles were relatively stable at physiological pH, hydrolysis of the acetal 
bonds occurred at pH 5. In addition, the generation of diols increased the 
hydrophilicity of the polymers. During this process, disassembly of the micelles 
occurred as the hydrophobic dye was released. 

     Figure 3.2     PEG - P(ASP(Hyd))/DOX conjugate forming 
pH - sensitive micelles. At endosomal pH, the micelles release 
DOX molecules  [17] .  
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 Protonation of the block copolymer backbone can also trigger destabilization of 
the micelles. Block copolymers with such characteristics normally contain  l  - histi-
dine  [20, 21] , pyridine  [22] , and tertiary amine groups in their hydrophobic seg-
ments  [23] . In these systems, polymeric micelles are formed at a pH above the p K  a  
of the protonatable group, and therefore the hydrophobic segment essentially is 
uncharged. As the pH falls below the p K  a , however, ionization of the polymer 
causes increased hydrophilicity and electrostatic repulsions of the polymers, 
leading to destabilization of the micelles. In this way, PEG -  b  - poly( l  - histidine) 
(PEG -  b  - P(His)) was used to prepare pH - sensitive polymeric micelles incorporating 
DOX  [20] . The prepared micelles showed an accelerated release of drug as the pH 
was decreased, with ionization of the P(His) block forming the micelle core deter-
mining the pH - dependent  critical micelle concentration  ( CMC ) and stability of the 
system. Moreover, control of the transition pH is possible by combining different 
block copolymers. In light of these fi ndings, Lee  et al.  prepared mixed micelles 
from PEG -  b  - P(His) and  PEG -  b  - poly(lactic acid)  ( PEG -  b  - PLA )  [21] . The PEG -  b  -
 P(His) micelles destabilized at physiological pH, whereas the mixed polymeric 
micelles of PEG -  b  - P(His) and PEG -  b  - PLA showed improved micellar stability 
at pH 7.4 and dissociated over a pH range of 6.0 to 7.2, depending on the propor-
tion of PEG -  b  - PLA present. Similar pH - sensitive mixed micelles were prepared 
from biotin - P(His) -  b  - PEG -  b  - PLLA (poly(L - lactic acid)) and PEG -  b  - P(His). At pH  > 7, 
the P(His) attached to the biotin was mostly deionized and became hydrophobic, 
thus interacting with the micellar PLA core. However, as the pH was slowly 
decreased the P(His) segments became progressively ionized and extended out-
wards through the  polyethylene  ( PEG ) brush surrounding the core, thus exposing 
the biotin moieties for ligand – receptor interactions. At pH values  < 6.5, protona-
tion of P(His) in the PEG -  b  - P(His) block copolymer contained in the core caused 
the induction of micellar dissociation. 

 The above - described pH - sensitive nanoassemblies release their contents after 
dissociation of the micelles. However, a different type of pH - sensitive nanoassem-
bly was designed to release the encapsulated contents after aggregation or collapse 
of the nanoassemblies. As an example, Leroux  et al.  prepared random copolymers 
of   N  - isopropylacrylamide  ( NIPAAm ) and  methacrylic acid  ( MAA ) substituted 
with alkyl chains at either the terminal chain ends, or distributed randomly over 
the copolymer chain to induce micelle formation  [24] . When  chloroaluminum 
phthalocyanine  ( AlClPc ), a widely used photosensitizer for the photodynamic 
treatment of cancer, was incorporated into these micelles  [25] , the addition of 
5   mol% MAA to the copolymers caused the hydrophobic core to distort following 
neutralization of the MAA as the pH fell below 5.7 – 5.8 at 37    ° C. This phenomenon 
was thought to cause the release of the entrapped photosensitizer and to alter the 
intracellular localization of the drug in a favorable way, making it more 
photoactive. 

 Smart polymeric micelles may also represent a promising approach for the oral 
delivery of hydrophobic drug molecules. Sant  et al.  developed pH - sensitive micelles 
composed of block copolymers of PEG as the hydrophilic block and poly(alkyl 
acrylate -  co  - methacrylic acid) [PEG -  b  - (PAA -  co  - MAA)]  [26] . Due to the presence of 
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pendant carboxylic groups on the MAA segments in the core, the copolymers self -
 assembled at pH  < 4.7, whereas, above this value the micelles dissociated owing 
to ionization of the COOH moieties. The pH at which micellization occurred was 
decreased with a reduction in the length of the hydrophobic block. Three poorly 
water - soluble drugs, namely indomethacin, fenofi brate, and progesterone, were 
successfully loaded into these micelles. It was also possible to trigger drug release 
in a pH - dependent manner by changing the pH of the release medium from 1.2 
to 7.2; this clearly demonstrated the potential of pH - responsive polymeric micelles 
for targeting drugs to the intestine following oral administration.  

  3.3.1.2   Gene Delivery 
  Gene therapy  refers to the potential use of nucleic acids, irrespective of whether 
this involves plasmid DNA, antisense oligonucleotides or siRNA, to modulate the 
expression of genes in cells for therapeutic purposes. Among the highlights of 
gene therapy are: 

   •      The replacement of a defi cient gene in a genetically inherited disease, with a 
normal copy restoring the production of a functional protein.  

   •      The correction of genetic defects beyond inherited disorders, as modulation of 
the regulation of gene expression is involved in numerous acquired diseases.  

   •      The integration of functions in cells that are not originally present, and which 
could serve a therapeutic purpose.    

 Gene delivery may be divided into two main categories, depending on the vectors 
used for nucleic acid transfer, namely  viral  and  nonviral . The fi rst vectors to be 
developed were based on the use of viruses or pseudoviral particles. Viral vectors 
may pose serious problems in terms of immunogenicity, toxicity and potential 
oncogenicity, thus risking their use as therapeutic drugs  [27] . Nonviral gene deliv-
ery involves the use of cationic lipids and cationic polymers to deliver the genes. 
Synthetic self - assembled gene vectors based on cationic polymers, termed  poly-
plexes , are considerably safer and easier to produce. Polyplexes have also been 
progressively ameliorated as gene vectors, and specifi c DNA delivery to several 
tissues has been achieved  in vivo  by using either systemic or localized delivery  [28] . 
Cationic polymers mask the negative charge of the  plasmid DNA  ( pDNA ) and 
package it into small particles, thus protecting the pDNA from both enzymatic 
and hydrolytic degradation  [29 – 31] . Polycations with a relatively low p K  a  value, 
such as  poly(ethylenimine)  ( PEI ), present a high transfection activity, most likely 
because they buffer the endosomal acidifi cation and produce an increase in the 
ion osmotic pressure in endosomes. This is followed by protonation of the amines, 
which leads in turn to a disruption of the endosomal membranes and release of 
the endosomal contents into the cytoplasm. This whole process is referred to as 
the   “ proton - sponge effect ”   (Figure  3.3 )  [32] . Such polycations require a high ratio 
of cationic amino groups in the polycations to phosphate anions in the DNA (N/P 
ratio), in order to form a polyplex which has a high stability and effi cient transfec-
tion activity. Moreover, although free PEI contributes to the increased gene expres-
sion, it also produces a considerable increase in the toxicity of the carrier  [33] . 
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Conversely, polycations with a p K  a   > 9.0, such as poly( l  - lysine) (P(Lys)), form stable 
polyplexes even at a relatively lower N/P ratios  [34] . The introduction of buffering 
units into a polycation with high p K  a  value improves the transfection effi ciency 
based on the proton - sponge effect, but decreases the stability of the complex due 
to a lower affi nity towards DNA  [35] . The buffering capacity of these units is also 
lessened due to protonation of the polycations following their complexation with 
DNA. Thus, as the effi ciencies of the polyplexes are still too low for clinical use, 
the next crucial point of gene delivery will be to construct virus - like polyplexes 
using smart polymer conjugates. By using that approach, the creation of effective 
gene vectors for clinical applications should resolve the problems of poor stability 
and high toxicity of the current polyplexes, and also provide the buffering capacity 
to enhance transfection, without an excess of free polymers.   

 It is essential that the smart gene nanostructures recognize the biological 
signals and undergo designed structural changes which match the different steps 
of gene delivery. In this respect, Oishi  et al.  reported the creation of hepatocyte -
 targeted  polyion complex  ( PIC ) micelles with a pH - sensitive PEG shell as a smart 
delivery system for antisense  oligodeoxynucleotide s ( ODN s)  [36] . These PIC 
micelles were prepared from P(Lys) and a  lactosylated PEG - ODN  conjugate ( Lac -
 PEG - ODN ), which had an acid - labile linkage ( β  - thiopropionate) between the PEG 
and ODN segments. The lactose - PIC micelles achieved an elevated antisense effect 
against luciferase gene expression in human hepatoma (HuH - 7) cells, this being 
signifi cantly higher than that produced by either ODN or Lac - PEG – ODN alone, 

     Figure 3.3     The  “ proton sponge effect. ”  
Polyplexes containing weak base components 
buffer the endosomal acidifi cation and 
produce an increase in the ion osmotic 

pressure in endosomes; this leads to 
disruption of the endosomal membranes. 
Finally, the endosomal contents are delivered 
into the cytoplasm.  
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and also the lactose - free PIC micelle, most likely due to an asialoglycoprotein 
receptor - mediated endocytosis process. In addition, a signifi cant decrease in the 
antisense effect was observed for a lactosylated PIC micelle without the acid - labile 
linkage. This suggested that the pH - sensitive release of the active antisense ODN 
molecules into the cytoplasm is a key event in the antisense effect of this micelle. 
Conversely, the use of a polycation with low p K  a , such as branched PEI instead of 
the P(Lys), to prepare the PIC micelle led to a decrease in the antisense effect, 
most likely due to a buffer effect of the branched PEI in the endosomal compart-
ment that prevented cleavage of the acid - labile linkage in the conjugate. 

 Another approach for developing a smart gene delivery system consists of an 
A – B – C - type triblock copolymer using a biocompatible fragment in the A - frag-
ment, a polycation with low p K  a  value and buffering effect as the B - fragment, and 
a polycation with high p K  a  to condense the DNA as the C - fragment. Fukushima 
 et al.  showed that PEG -  b  - poly[(3 - morpholinopropyl) aspartamide] (PMPA; 
p K  a    =   6.2) -  b  - P(Lys) (PEG -  b  - PMPA -  b  - P(Lys)) formed smart PIC micelles where the 
P(Lys) backbone condensed DNA and the uncomplexed PMPA backbone covered 
the P(Lys)/DNA polyplex core (Figure  3.4   )  [37] . These PIC micelles had a diameter 
of 88.7   nm, a zeta potential of 7.3   mV, and exhibited much higher transfection 
effi ciency against HuH - 7 cells than did micelles prepared from PEG -  b  - PLL 
(poly(lactic acid)) or the combination of PEG -  b  - PLL and PEG -  b  - PMPA. The 
improvement in transfection effi ciency of these three - layered polyplex micelles can 
be related to the buffering capacity of the PMPA segment in the polyplex micelle. 
Nevertheless, positively charged polyplexes might potentially induce cytotoxicity 
and form aggregates with the plasma proteins present in the biological media, 
thus restricting their  in vivo  applicability. In order to overcome this problem, two 
strategies have been followed: 

   •      The fi rst approach consists of using a block copolymer of a PEG segment and a 
cationic polyaspartamide segment carrying an ethylenediamine unit at the side 
chain (PEG -  b  - P[Asp(DET)]) (Figure  3.5   )  [38] . This block copolymer led to the 
formation of stable polyplexes with a core of tightly packed pDNA. 
Ethylenediamine undergoes a clear, two - step protonation with a characteristic 
 gauche  –  anti  conformational transition providing an effective buffering function 
in the acidic endosomal compartment. Thus, after endocytosis of these 
polyplexes, the ethylenediamine unit in the block copolymer is expected to 
facilitate the effi cient translocation of the micelle towards the cytoplasm due to 
the proton - sponge effect. The PIC micelles prepared from PEG -  b  - P[Asp(DET)] 
accomplished an appreciably high gene transfection effi cacy and a remarkably 
low cytotoxicity against several cell lines, including primary osteoblasts. 
Moreover, these polyplexes showed a high effi ciency  in vivo  for the treatment of 
vascular lesions, with markedly reduced cytotoxicity and thrombogenicity  [39] .  

   •      A second approach was proposed by Lee  et al.  using polymeric micelles of PEG -
  b  - poly[( N ′   - citraconyl - 2 - aminoethyl)aspartamide] (PEG -  b  - P(Asp(EDA - Cit)))  [40] . 
This block copolymer has the ability to switch the charge from anionic to 
cationic at the endosomal pH due to degradation of the citraconic amide side 
chain at pH 5.5. This rapid charge - conversion can cause the PIC micelles to 
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promptly release the loaded protein in response to the endosomal pH. 
Consequently, this pH - sensitive charge - conversion polymer has shown great 
promise for the design of gene carriers that become cationic at the early 
endosomal stage, yet still have the ability to achieve endosomal escape due to the 
proton - sponge effect.      

  3.3.2 
 Oxidation -  and Reduction - Sensitive Polymeric Nanoassemblies 

 Redox - sensitive nanostructures from block copolymers can result in a change of 
the assembly morphology and the selective release of encapsulated drugs when 
an electric current is applied externally. Moreover, the redox - triggering can occur 

     Figure 3.4     Chemical structure of the PEG - PMPA - PLL triblock 
copolymer, and schematic illustration of the three - layered 
polyplex micelles with spatially regulated structure  [37] .  
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at infl ammation sites and solid tumors, since those pathologies present activated 
macrophages that release oxygen - reactive species. Hubbell  et al.  synthesized 
amphiphilic A – B – A block copolymers which consisted of the hydrophobic 
poly(propylene sulfi de) and PEG (PEG -  b  - PPS -  b  - PEG), which formed polymeric 
vesicles in water  [41] . Following exposure of these vesicles to oxidative agents, the 
thioethers in the PPS block were oxidized to poly(propylene sulfoxide) and eventu-
ally to poly(propylene sulfone), leading in turn to hydrophilization of the originally 
hydrophobic block. As a result, the vesicles became destabilized. This oxidative 
conversion was also accomplished by incorporating  glucose oxidase  ( GOx ) into the 
vesicles  [42] . After incubation in 0.1   M glucose solution, the GOx - containing poly-
mersomes were disassembled due to the oxidation of glucose by GOx to produce 
H 2 O 2 . Another possibility would be to take advantage of the redox tunability of 
metal - containing compounds. In this way, redox - active micelles were prepared 
from amphiphilic block copolymers bearing a hydrophobic ferrocenylalkyl moiety 
(FPEG)  [43] . Oxidation of the ferrocenyl moiety caused the micelles to be disrupted 
into unimers. However, when loaded with perylene, these redox - active FPEG 
micelles released the drug in a controlled manner by applying a selective and 
electrochemical oxidation of the FPEG. 

 Another type of reduction - sensitive nanostructures is represented by polymeric 
assemblies containing disulfi de bonds. Polyplex micelles with a disulfi de -
 crosslinked core effi ciently release the loaded pDNA in response to reductive 
intracellular conditions; that is, at 50 -  to 1000 - fold higher glutathione concentra-
tions than are encountered in the extracellular environment (Figure  3.6 )  [44 – 47] . 

     Figure 3.5     (a) PEG -  b  - P[Asp(DET)] copolymer 
bearing an ethylenediamine unit at the side 
chain leads to the formation of stable 
polyplexes with smart buffering properties; 
(b) Ethylenediamine presents a two - step 

protonation with a unique  gauche  –  anti  
conformational transition providing an 
effective buffering function at the endosome. 
The proton - free form may take both  gauche  
and  anti  conformation  [38] .  
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The intracellular glutathione reductively cleaves the disulfi de links, which leads to 
a destabilization of the system. This type of micelle also achieved suffi cient toler-
ability against destabilization by anionically charged biocomponents, and induced 
an effi cient transfection in the cell. As a result, the transfection effi ciencies 
achieved  in vivo  were relatively high  [47] .    

  3.3.3 
 Other Endogenous Triggers 

 Several other internal triggers, including enzymes or peptides, can be used to 
control the structure and properties of smart block copolymer nanoassemblies. 
The construction of smart polyplexes with two types of gene - transfection activation 
has been reported  [48] . These systems utilize cationic polymers which are respon-
sive to cyclic AMP - dependent  protein kinase A  ( PKA ) or to caspase - 3, PAK, and 

     Figure 3.6     Disulfi de crosslinking is used to stabilize PIC 
micelles. (a) Molecular structure of the PEG - P( L  - Lysine - SH) 
block copolymer; (b) Under intracellular reductive conditions, 
the disulfi de bonds are cleaved and the PIC micelles release 
their contents.  
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PAC, respectively. The PAK polymer incorporates a substrate for PKA, ARRASLG, 
while the PAC polymer has a substrate sequence for caspase - 3, DEVD, and a cati-
onic oligolysine, KKKKKK. These polymers formed stable complexes with 
DNA. However, the PKA or caspase - 3 signal breaks up the PAK – DNA or PAC –
 DNA complexes, respectively, releasing the DNA and activating the gene transfec-
tion activity.   

  3.4 
 External Stimuli 

  3.4.1 
 Temperature 

 As local heating can also be exploited to destabilize smart nanoassemblies, several 
thermosensitive copolymers that use this approach are currently undergoing 
investigation for biomedical applications. The thermosensitive nanoassemblies 
are characterized by a  lower critical solution temperature  ( LCST ), below which 
water is bound to the thermosensitive polymer block so as to prevent both intrap-
olymer and interpolymer interactions, thus rendering the nanoassembly water -
 soluble. Whilst the formation of hydrogen bonds between the thermosensitive 
polymer and water lowers the free energy of mixing, the ordered molecular orien-
tations of water on the polymer lead to negative entropy changes and positive 
contributions to free energy. The nonpolar hydrophobic groups in the thermosen-
sitive polymer are incompatible with water, and facilitate an ordered clustering of 
the surrounding water molecules so as to decrease the entropy. Increasing the 
temperature of the system causes the water cluster to become destabilized to 
compensate the thermal energy. Above the LCST, water is released from the 
polymer chain (Figure  3.7 a). The positive entropic contribution then grows and 
dominates the heat term, which causes the monophase system to be come unbal-
anced and leads to phase separation due to polymer association. To date, the most 
extensively investigated thermosensitive polymer is poly( N  - isopropylacrylamide) 
(PNIPAAm; Figure  3.8 a); this molecule has a sharp LCST in water at approxi-
mately 32    ° C (slightly lower than body temperature), which makes it extremely 
attractive for the design of thermosensitive drug delivery systems  [49] . The LCST 
of a thermosensitive polymer can also be modulated by copolymerizing it with 
hydrophobic comonomers to reduce the LCST, or with hydrophilic comonomers 
to increase the LCST. PNIPAAm copolymers may be used either as a hydrophilic 
segment or as a hydrophobic segment of polymeric micelles, switching the dis-
persivity depending on the LCST (Figure  3.7 b). By using this approach, Okano  et 
al.  were able to prepare DOX - loaded polymeric micelles of PNIPAAm -  b  - poly(butyl 
methacrylate) (PNIPAAm -  b  - PBMA) and PNIPAAm -  b  - poly(styrene) (PNIPAAm -  b  -
 PS)  [50] . Below the LCST of PNIPAAm, this system demonstrated a core – shell 
micellar structure, but on heating above the LCST the DOX was rapidly released 
from the PNIPAAm -  b  - PBMA micelles as a result of structural distortion of the 
relatively fl exible PBMA core, caused by collapse of the PNIPAAm shell. In con-
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     Figure 3.7     (a) Thermosensitive polymers can undergo 
reversible transformation from hydrated to hydrophobic/
collapse state upon heating; (b) Several strategies can be 
used with thermosensitive polymers, such as using them as 
the micelle shell below the LCST or the micelle core over the 
LCST.  

trast, the PNIPAAm -  b  - PS micelles did not show any enhanced DOX release when 
the temperature was increased above the LCST, mainly because the rigid PS core 
was insensitive to collapse of the PNIPAAm. As PNIPAAm exists in its precipi-
tated form at body temperature, this system proved not to be suitable for  in vivo  
application without modifi cation. Nevertheless, the copolymerization of NIPAAm 
with the hydrophilic  dimethylacrylamide  ( DMAAm ) resulted in a random copoly-
mer (P(NIPAAm -  co  - DMAAm)) with a LCST slightly above body temperature 
(40    ° C)  [51] . The release of DOX from P(NIPAAm -  co  - DMAAm) -  b  - PLA micelles was 
very slow at 37    ° C, but showed a sudden increase at 42.5    ° C, which suggested that 
this system might have potential benefi t for hyperthermic treatments.   

 A system in which PNIPAAm was utilized as the core - forming block was 
reported by Feijen  et al.   [52] . Here, the PEG -  b  - PNIPAAm block copolymer was 
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water - soluble below the LCST of PNIPAAm, but above this temperature it formed 
polymeric micelles with a collapsed PNIPAAm core and a PEG outer shell. The 
temperature at which micelles are formed is known as the  critical micelle tem-
perature  ( CMT ). The heating rate is a critical parameter for the size of PEG -  b  -
 PNIPAAm micelle, as a higher heating rate causes rapid dehydration of the 
thermosensitive segments. Any subsequent collapse of these segments precedes 
the aggregation between polymers and, as a result, micelles with a well - defi ned 
core – shell structure are formed. 

  Poly(2 - isopropyl - 2 - oxazoline)  ( PiPrOx ) is another promising thermosensitive 
polymer (Figure  3.8 b). This material possess an isopropyl group in the side 2 - 
position and, as PNIPAAm, the aqueous solutions of PiPrOx have a LCST at 
near - physiological conditions  [53, 54] . Park  et al.  prepared novel thermosensitive 
PIC micelles in an aqueous medium via the complexation of a pair of oppositely 
charged block copolymers containing the thermosensitive PiPrOx segments, 
PiPrOx -  b  - P(Lys) and PiPrOx -  b  - P(Asp)  [55] . These PIC micelles had a constant 
cloud - point temperature of approximately 32    ° C under physiological conditions, 
regardless of their concentration. Since the LCST of PiProx can be modulated 
by copolymerization  [56] , these PiPrOx - PIC micelles have high potential as a 
size - regulated, temperature - responsive nanocontainers for loading charged 
compounds. 

 The main drawback of thermosensitive drug delivery systems is that the thermal 
treatment required for the controlled destabilization of the micelles and subse-
quent drug release is not always feasible in clinical practice. However, this issue 
can be overcome using secondary external triggers. Sershen  et al.  developed a 
photothermally modulated hydrogel using NIPAAm -  b  - acrylamide in combination 
with photoactive gold nanoshells  [57] . The nanoshells strongly absorbed  near -
 infrared  ( NIR ) irradiation (1064   nm) and converted it to heat, resulting in a collapse 
of the hydrogel. As an example, laser irradiation of this system led to the controlled 
release of methylene blue and proteins.  

     Figure 3.8     Two examples of thermosensitive polymers having 
a LCST. (a)  Poly( N  - isopropylacrylamide)  ( PNIPAAm ); 
(b)  Poly(2 - isopropyl - 2 - oxazoline)  ( PiPrOx ). Both polymers 
have been used in the construction of nanoassemblies of 
block copolymers.  
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  3.4.2 
 Light 

 The attractive feature of light - responsive polymeric assemblies is that the drug 
release can be induced at a specifi c time and site of light exposure, with  ultraviolet  
( UV ),  visible  ( VIS ) or NIR light being applied as the trigger. Since NIR light shows 
a deeper tissue penetration and minimal damage to healthy cells, its use is of 
particular interest for biomedical applications  [58] . The structural changes of the 
nanoassemblies induced by light can be either irreversible or reversible; for 
example, cleavage of the side chains of the block copolymers induced an irrevers-
ible destabilization of the structures. The micelles prepared from PEG -  b  - polymeth-
acrylate copolymers bearing a photolabile pyrene chromophore moiety in the side 
chain (PPy) demonstrated photosensitivity  [59] . Likewise, pyrenyl methyl esters 
were cleaved following UV irradiation, thus transforming the hydrophobic 
polymethacrylate segment to hydrophilic  poly(methacrylic acid)  ( PMA ). The same 
group also developed a PEG -  b  - poly(2 - nitrobenzyl methacrylate) system  [60] , where 
the cleavage of 2 - nitrobenzyl moieties occurred by photolysis either via one - photon 
UV (365   nm) or two - photon NIR (700   nm) excitation. The formation of carboxylic 
acid after irradiation shifted the hydrophilic/hydrophobic balance and resulted in 
either break - up of the micelles or in swelling of the micelle core when it was 
crosslinked with a diamine. 

 The exposure of photoactive groups to light may also generate reversible struc-
tural changes due to deviations in the hydrophilic – hydrophobic balance. The 
molecular units showing photochemical - induced transitions include azobenzenes 
(Figure  3.9 a), cinnamoyl derivatives (Figure  3.9 b), and spirobenzopyran (Figure 
 3.9 c).   

 A reversible isomerization between the  trans  ( E ) and  cis  ( Z ) geometric isomers 
of azobenzenes can be induced by light or heat (Figure  3.9 a). The  cis  isomer is 
thermodynamically less stable, and isomerizes to the  trans  form due to thermal 
energy; the illumination can reduce this conversion time to minutes. Moreover, 
the photoisomerization wavelengths can be tuned by modulating the substituent 
groups at the chromophores. In that way, azo - functionalized hyperbranched poly-
esters  [61]  and polypeptides  [62]  showed photoinduced transformations. Photosen-
sitive polymeric rods were formed with helical polypeptides by the hydrophobic 
interactions between the azo groups in a planar, apolar,  trans  confi guration  [63] . 
The photoisomerization of these azo - moieties to the skewed, polar,  cis  confi gura-
tion, inhibited the interactions between azo - groups, leading to a disintegration of 
the nanoassemblies. Moreover, azobenzene – polymethacrylate -  b  - poly(acrylic acid) 
copolymers self - assembled in dioxane – water mixtures into micelles and vesicles 
 [64] , although the nanoassemblies broke up after UV irradiation. Subsequent 
illumination with visible light led to all of the nanoassemblies being reformed due 
to the  cis  - to -  trans  isomerization of the azobenzene, thus indicating the reversibility 
of the system. 

 Cinnamate undergoes either  trans -  to -  cis  photoisomerization, thus generating 
cinnamate residues with an increased hydrophilicity, or photodimerization after 
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     Figure 3.9     Light - sensitive groups normally 
used to modify block copolymers in order to 
obtain light - sensitive nanostructures. 
(a) Azobenzenes undergo isomerization by 
light and heat between the  trans  and  cis  
geometric isomers; (b) Cinnamate undergoes 

 trans  - to -  cis  photoisomerization, producing 
residues with higher hydrophilicity or dimers; 
(c) Spirobenzopyran undergoes reversible 
photoisomerization into a zwitterionic 
merocyanine.  

irradiation with UV light (Figure  3.9 b). Accordingly, the partial modifi cation of 
poly(HPMA) by cinnamate (9   mol%) produced both temperature -  and light - sensi-
tive polymers  [65] . UV irradiation of the polymer in aqueous solution resulted in 
a 6    ° C increase in the LCST due to  trans -  to -  cis  isomerization. However, at a high 
cinnamate content the polymer was photocrosslinked due to the photodimeriza-
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tion. The parameters that affect the LCST in this system are the polymer concen-
tration, the amount of cinnamate moieties per polymer chain, and the extent of 
isomerization. Moreover, photocrosslinked cinnamoyl microcapsules were used 
to encapsulate cyclodextrin, and subsequently release it by UV illumination as a 
result of photocleavage and microcapsular break - up  [66] . 

 Block copolymers bearing merocyanine were self - assembled due to the attractive 
electrostatic dipole – dipole interaction of the zwitterionic moieties. The zwitteri-
onic merocyanine is the photoisomerization product from  spirobenzopyran  ( SBP ) 
after UV irradiation (Figure  3.9 c). For example, HPMA copolymers bearing various 
amounts of spirobenzopyran moieties aggregated into large clusters after UV 
exposure in water due to zwitterionic formation after 20   min illumination  [67] . 
After incubation under visible light, however, the rapid reversal of the metastable 
zwitterionic form to the neutral form caused the nanostructures to be dissociated. 
As the neutral form of this copolymer had a low solubility at high ionic strength, 
this photoreversible cluster behavior was of completely opposite nature in 1   M 
NaCl.  

  3.4.3 
 Ultrasound 

 Ultrasound has been used successfully as a noninvasive trigger for the  in vitro  and 
 in vivo  release of drugs from PEG -  b  - poly(propylene oxide) (PPO) -  b  - PEG (poloxamer) 
micelles (Figure  3.10 )  [68 – 70] . Ultrasound not only causes the release of drug from 
these micelles but also enhances the intracellular uptake of both the released and 
encapsulated drug. Moreover, ultrasound can penetrate deeply into the interior of 
the body, and can also be focused and precisely controlled. The application of 
ultrasound in the frequency range of 20 to 90   kHz to pluronic micelles loaded with 
DOX or ruboxyl (a paramagnetic anthracyclin, an analogue of Rubomicin; Rb) 

     Figure 3.10     Poloxamers (Pluronics  ®  ) have been used for the 
preparation of DOX - loaded polymeric micelles  [68 – 70] . Upon 
ultrasound application, the micelles release the drug, whereas 
eliminating the ultrasound leads to reformation of the micelle.  
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caused release of the drug. The highest rate of release was observed at 20   kHz, but 
fell with increasing ultrasonic frequency, despite much higher power densities. 
The release of DOX was also higher than that of Rb, due to a stronger interaction 
and a deeper incorporation of Rb into the micelle cores. When using pulsed ultra-
sound, there is a rapid release and re - encapsulation behavior that takes within half 
a second for each pulse. The released drug is quickly re - encapsulated between 
ultrasound pulses; this suggests that, on leaving the sonicated volume, the non-
extravasated and noninternalized drug would circulate in the encapsulated form, 
thus preventing any unwanted drug interactions with normal tissues. The  in vivo  
enhancement of cellular drug uptake for this system was attributed to an increase 
in drug release from the micelles, which implied that ultrasound could be focused 
on a localized tumor and an anti - cancer agent released from the micelles and 
delivered directly to the malignant tissues. Unfortunately, ultrasound may also 
promote permeabilization of the cell membrane, followed by an increase in cel-
lular drug incorporation.     

  3.5 
 Future Perspectives 

 Several approaches to the development of smart nanoassemblies have been dis-
cussed in this chapter, with a combination of stimuli - sensitive processes being 
used to control the properties of the nanostructures and provide a precise customi-
zation of drug delivery behavior  in vivo . 

 Moreover, external stimuli - responsive nanoassemblies    –  the fate of which can 
be followed  in vivo  (e.g., smart drug delivery systems loaded with magnetic reso-
nace imaging (MRI) contrast agents  [71] , or fl uorescent dyes for NIR imaging 
 [72] )    –    will facilitate the use of an external trigger and enhance the therapeutic 
effects of smart drug carriers. 

 The incorporation of molecules that target specifi c cellular signals on the outer 
surfaces of smart nanoconstructs  [21, 36, 73 – 76] , or the construction of 
nanoassemblies with copolymers that have specifi c interaction with cells  [77] , is 
essential for designing carrier systems with specifi c cellular recognition. Such 
recognition can be precisely tuned by constructing end - functionalized block 
copolymers, the self - assembly of which will lead to the formation of nanostruc-
tures with pilot molecules on their exterior. In this way, a specifi c drug delivery 
to a target tissue and specifi c activation of that delivered drug within the targeted 
cell, may enhance the effi cacy and minimize any adverse side effects during drug 
targeting. The combination of a specifi c cellular uptake of nanoassemblies with 
intracellular drug release might also permit the accurate management of drug 
distribution, leading to an enhanced or innovative therapeutic activity. Although 
several of the pilot molecule - directed block - copolymer assemblies reported here 
have still to be optimized, in some cases the activities achieved are elevated to a 
signifi cant extent, thus highlighting the huge potential of cell - targeted, smart 
nanoassemblies.  
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   4.1 
 Introduction 

  4.1.1 
 Motivation 

 Self - assembly is an enormously powerful concept in modern materials science, 
which was fi rst associated with the use of synthetic strategies for the preparation 
of nanostructures only about 15 years ago  [1 – 3] . Since then, a large variety of care-
fully designed building blocks have been proposed and employed for working 
 “ from atoms up ”  with the aim of fabricating  two - dimensional  ( 2 - D ) and  three -
 dimensional  ( 3 - D ) structures. In particular, within the past decade, interest in a 
potentially ideal nanoscale tool has been growing exponentially, namely phase -
 separated  block copolymer s ( BC s)  [4 – 17] . 

 Immiscibility among the BC constituents is common, and phase separation 
results in the series of morphologies, for example, lamellar, gyroid, hexagonal 
and body - centered cubic for diblock copolymers  [4, 7, 9] , the size and shape of 
which may be conveniently tuned by changing the molecular weights and com-
positions of the BCs  [5, 18 – 20] . Part of the enormous potential for nanomaterial 
fabrication of these self - organized patterns of chemically distinct domains that 
have periodicity in the mesoscale    –    that is, between a few tens and hundreds of 
nanometers    –    has already been demonstrated  [21 – 40] . However, in our opinion 
their development into practical routes suitable for industrial applications will 
probably only be fully exploited when a few key limitations have been effi ciently 
overcome. As an example, writing and replication processes in microelectronics 
require spatial and orientational control of patterns which, in the case of BCs, 
entails the solution of the nontrivial problem of large - area ordering and precise 
orientation of domains. 

 Regular structures can be generated by controlling the typical disadvantages of 
spontaneous phase separation. First, similar to polycrystalline materials, the self -
 assembly of BCs in bulk is prone to form grains with a high level of local order 
but a very short persistence length, especially in the case of cylinders and lamellae 
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which, on a larger scale, correspond to bulk materials with isotropic properties. 
Although annealing permits a consistent annihilation of the corresponding grain 
boundary defects, in addition to other defects such as dislocation, disclination, 
terracing and asymmetry defects  [41 – 47] , the formation of defect - free structures 
points to more effi cient strategies based on the application of external forces or 
spatial constraints. In the same way, long - range oriented patterns, for example, 
cylindrical or lamellae domains parallel to the substrate, with all of the axes aligned 
in a single direction rather than randomly in the parallel plane, may only be 
induced through a careful engineering of surface effects or by well - oriented fi elds. 

 It could be stated that for many technological applications such an appealing 
spontaneous organization has to be directed by some form of templating (in this 
context considered in its broader sense), where the BC components could not only 
interact with each other but also take advantage of external controlling 
interactions. 

 Numerous methods to induce and control BC domain orientation have been 
explored, particularly for substrate - supported fi lms to create perfectly periodic 2 - D 
patterns, ranging from the fi rst demonstration of the effectiveness of the applica-
tion of electric fi elds  [48]  to the recent combination of both active and passive 
forces to obtain laterally ordered arrays of cylindrical domains with areal densities 
of up to 1.5 terabits per cm 2   [39] , through the elegant application of chemically 
nanopatterned templates  [31] . Most methods proposed to date will be critically 
presented in this chapter, and special attention will be given to the combination 
of techniques to yield 3 - D control.  

  4.1.2 
 Organization of the Chapter 

 The scope of this chapter is to provide an overview of the variety of methods that 
can induce long - range ordered BC morphologies, focusing on the most promising 
areas of ongoing research. The main strategies applied so far may be classifi ed 
into three different approaches: 

  1.     Control of orientation by applying external fi elds, such as electric, magnetic, 
thermal, mechanical and solvent evaporation. Depending on the fi eld imposed, 
thin fi lms and/or samples in bulk may be oriented.  

  2.     Induction of large - area ordering by facilitating the self - assembly, generally of 
thin fi lms, on templates either topographically or chemically nanopatterned.  

  3.     Modulation of substrate and surface interactions as a result of:  
  a)     Preferential interaction of one block with the surface.  
  b)     Neutralization of attractions to the substrate or to the surface.  
  c)     Epitaxial crystallization of domains onto a crystalline substrate.  
  d)     Directional eutectic crystallization of a BC solvent.  
  e)     Graphoepitaxy.  
  f)     2 - D geometric confi nements.      
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 Before highlighting recent advances in such control strategies, a preliminary 
section specifi cally for all researchers who are new to this fi eld will offer practical 
information on fi lm preparation, and on the methods used in practice to achieve 
thermodynamic equilibrium morphologies. Because one of the aims of this book 
is to offer solutions to experimental diffi culties and research needs, the decision 
was taken to highlight the practical aspects of phase separation and orientation 
with respect to the theoretical concepts.   

  4.2 
 How to Help Phase Separation 

 Except for some specifi c instances    –    for example, direct use as photonic crystals or 
in the case of amphiphilic BC for drug and genetic delivery    –    applications of BCs 
require the preparation of thin fi lms with thicknesses ranging from a few tens of 
nanometers (in some cases down to thicknesses of less than the corresponding 
equilibrium period of the BC) to several micrometers. Films with low surface 
roughness may be produced by spin - coating or dip - coating from relatively dilute 
solutions, that is, approximately 1 – 5% by weight, onto solid substrates with 
uniform fl atness. The thickness and the uniformity of the fi lm surface mainly 
depend on the concentration of the solution, the volatility of the solvent, and the 
specifi c instrumental speed    –    that is, the spin speed or withdrawal speed, respec-
tively. Silicon wafers, eventually coated with metals, semiconductors, carbon or 
polymers are often utilized as the support. During dip - coating processes, and also 
for fi lms prepared from direct casting, the solvent may evaporate slowly, thus 
allowing a stable organization of macromolecules close to thermodynamic equi-
librium. In contrast, in the case of spun - cast fi lms the solvent is driven off so 
quickly that nonequilibrium structures could be observed. Moreover, the concen-
tration gradient due to fast solvent evaporation can in fact have a signifi cant effect 
on domain orientation, as discussed in Section  4 . 

 In thin fi lms, the self - assembled BC morphologies are infl uenced not only by 
molecular weights, polydispersity and composition, but also by other variables 
such as the selectivity of the solvent for one block, surface – interfacial interactions, 
and the interplay between structure periodicity and fi lm thickness, which can 
cause signifi cant deviations from the predicted phases in the bulk state. An elegant 
demonstration and a didactic example of the infl uence of surface effects in thin 
fi lms has been reported by Krausch and coworkers  [49] . Their experimental data 
for a triblock copolymer of ABA type are compared with those of the simulated 
fi lm in Figure  4.1 . Several more studies have demonstrated the importance of 
confi nement effects, and will be treated in detail later.   

 Independently of the casting techniques, even for a fi lm prepared taking all 
necessary precautions, it is not possible to obtain a perfectly ordered morphol-
ogy over a large area. In fact, an optimization of the nanostructures is almost 
indispensable and can be carried out by different annealing processes, with the 
double objective of obtaining the equilibrium morphology and eliminating the 
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defects. Annealing is usually performed before any further manipulation, even 
though some approaches include the alignment of domains within the orienta-
tion process. 

 In principle,  thermal annealing  is the simplest option and the most commonly 
used method. This consists of controlled heating at a temperature above the glass 
transition temperature ( T  g ) of the constituent blocks, preferably in an inert atmos-
phere or under vacuum, for a specifi c time. For polymers with high molecular 
weights and complex architectures, the high degree of chain entanglements and 
the diffi cult diffusion of one polymer block through the domains of the other 
blocks pose large kinetic barriers to equilibrium. In such cases, and for partially 
crystalline BCs with high fusion temperatures, the annealing window for the 
relevant conditions of temperature and time that are theoretically necessary and 
those of the order – disorder transition or polymer decomposition, may be insuf-
fi cient to reach equilibrium. On the other hand, the degradation of one or more 
blocks has been used to stabilize the morphologies for further applications, 
through decomposition, partial oxidation or crosslinking  [23, 26, 27, 50 – 53] , or 
even to induce a hierarchical transition of morphologies  [54] . 

 Alternative annealing approaches entail an increase in chain mobility by the 
addition of some type of plasticizer, either transient, such as a solvent, or low -

     Figure 4.1     (a,b) Tapping - mode scanning force 
microscopy phase images of thin fi lms of a 
cylinder - forming polystyrene -  block  -
 polybutadiene -  block  - polystyrene (PS -  b  - PB -  b  -
 PS) after solvent annealing, showing a 
sequence of phases as a function of the 
height profi le (c), which is in good agreement 
with the simulation of an A 3 B 12 A 3  copolymer 
fi lm (d). Owing to preferential wetting, the 

silicon substrate is covered with a 
homogeneous 10   nm - thick PB layer which, 
with increasing thickness from left to right, is 
followed by isolated domains of PS, parallel -
 oriented PS cylinders, perforated lamella, 
parallel - oriented PS cylinders again, and fi nally 
two layers of parallel - oriented cylinders. 
 Reproduced with permission from Ref.  [49] ; 
 ©  2002, The American Physical Society.   
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 molecular - weight homopolymers  [55, 56] , which also swell each domain. Exposing 
thin fi lms to vapors of a good solvent potentially allows long - range equilibrium 
morphologies to be produced without any thermal treatment. However, as genu-
inely neutral solvents are rare, the use of solvents selective for one block may 
induce structures far removed from the equilibrium situation  [49, 57 – 62] , which 
remain frozen after solvent removal and are sometimes diffi cult to obtain by 
other methods  [60] . As a conjecture, a fully selective solvent should lead to a 
micellar - like microdomain phase. Once more, Krausch and coworkers were the 
fi rst to demonstrate for a polystyrene -  block  - poly(2 - vinylpyridine)  - block  - poly( t  - butyl 
acrylate) (PS -  b  - P2VP -  b  - P t BA) triblock copolymer, that the choice of annealing 
solvent strongly infl uenced the types of metastable structures observed, and also 
investigated the time development of the microdomain structure  [60] . More 
recently, the morphology evolution has been followed in other BCs, for example 
in  polystyrene -  block  - poly(methyl methacrylate)  ( PS -  b  - PMMA ) thin fi lms with dif-
ferent thicknesses exposed to PMMA - selective solvent vapors (Figure  4.2 )  [63, 64] . 

     Figure 4.2     Atomic force microscopy 
topographic images of PS -  b  -  PMMA ( M  n  
PS   =   133   000,  M  n  PMMA   =   130   000) thin fi lms 
cast onto an Si substrate with an SiO x  surface 
layer exposed to chloroform vapor. (a) After 
40   h, the initially featureless structure shows a 
disordered microstructure that evolves, at 60   h 
(b), into a hexagonally packed nanocylinder 
structure. (c) Further treatment, 80   h, 
promotes the evolution after 100   h (d) to a 

mixed morphology, which completely 
develops into stripes having the repeat 
spacing ( L  0 ), of 90   nm. For longer annealing 
times, the fi lm returns to a fl at surface. It has 
also been shown that only when the fi lm 
thickness is less than 1/2 L  0  can the packed 
nanocylinder structures form.  Reproduced 
with permission from Ref.  [63] ;  ©  2004, The 
American Chemical Society.   
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Other representative examples in controlling the orientation and lateral ordering 
of microstructures are  poly(ethylene oxide)  ( PEO ) - containing block copolymers. 
A simple solvent annealing of cylinder - forming PS -  b  - PEO and PS -  b  - PMMA -  b  - PEO 
BC thin fi lms can lead to a perpendicular orientation with a high degree of lateral 
ordering  [65, 66] . In these systems, the relative humidity of the vapor during 
solvent annealing was shown to play a fundamental role in achieving such order 
 [67] , while the addition of small amounts of an alkali halide or metal salts to 
cylinder - forming PS -  b  - PEO, where the salt complexes with the PEO block, was 
found to signifi cantly enhance the long - range positional order  [68] . In a similar 
way, the incorporation of diverse PEO additives into PS -  b  - PMMA diblock copoly-
mer thin fi lms gave a vertical alignment of the PMMA cylinder, due mainly to 
an interaction with the water vapor under the high humidity, solvent - swollen 
processing conditions, as a direct consequence of the miscibility of the PEO with 
PMMA block  [69, 70] .   

 Finally, an in - depth understanding of the formation of either equilibrium struc-
tures or kinetically trapped morphologies during solvent annealing requires not 
only an accurate choice of solvent but also the proper control of experimental 
parameters, such as vapor pressure, treatment time, solvent extraction rate and, 
in case, relative humidity. In practice, this knowledge facilitates the preparation 
of reproducible nanopatterns in thin fi lms, which also, in the case of metastable 
assemblies, show a long - term stability, at least for  T  g s of all the components that 
are well above room temperature. 

 Another plasticizing agent that presents a modest equilibrium sorption and can 
be easily removed is supercritical CO 2 . Although its rapid diffusion in most poly-
mers allows an equally rapid equilibrium distribution in thin fi lms, CO 2  annealing 
has so far been limited to a surprisingly low number of BCs, essentially PS -  b  -  
PMMAs, having molecular weights up to 300   000   g   mol  − 1   [71, 72] .  

  4.3 
 Orientation by External Fields 

 Since the fi rst macroscopic alignment of cylindrical domains of an industrial tri-
block copolymer (a PS -  b  - PB -  b  - PS; Kraton 102) by extrusion carried out by the Keller 
group during the early 1970s  [73, 74] , many more mechanical fl ow fi elds have been 
proposed to control BC alignment. Following the Keller belief that BC microstruc-
turing and orientation were exciting research subjects, but with very limited appli-
cability (E. Pedemonte, personal communication), and after the shear fl ow 
experiments on the same copolymer by Skolios and coworkers  [75 – 77] , during the 
1990s research interests returned strongly to alignment by relatively weak external 
fi elds. Another reason for this was the greater availability of BCs with different 
architectures and chemical compositions  [5, 18 – 20] . Particularly in recent years, 
most investigations moved from bulk materials to thin fi lms, due to their nanote-
chnological potential, with a special focus on the use of electric fi elds. Active 
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external fi elds will be discussed later in the chapter, while those that are passive, 
such as with interfacial interactions, are considered in the next sections. 

  4.3.1 
 Mechanical Flow Fields 

 Extrusion  [73, 74] , compression  [78 – 82] , fl ows involving oscillatory shearing  [75 –
 77, 82 – 91]  and other steady shearing  [92 – 98] , and techniques that combine differ-
ent fl ow fi elds  [99 – 104]  have been successfully applied to induce alignment in BCs, 
either in a microphase - separated molten state or, to a lesser extent, in gels of 
solvent - swollen microdomains  [105 – 112] , with the objective of forming single 
crystal structures.  Large - amplitude oscillatory shear  ( LAOS ), which was fi rst pro-
posed at the end of the 1980s to orient commercial triblock copolymers  [82, 83] , 
is the most widely employed technique, also due to the easy characterization of 
the shear fi eld with respect to other methods. As an example, common parallel 
plate - type rheometers enable the modulation of valuable experimental variables to 
be carried out, such as shear rate, frequency, strain amplitude, and temperature. 

 Early studies on the effect of mechanical fl ow fi elds on the orientation of BC 
domains have already been summarized in many excellent publications and books, 
for example, by Fasolka and Mayes  [9] , Hamley  [4, 113] , the group working with 
Thomas  [12, 114]  and others  [84, 115, 116] , and so need not be reviewed here. Di - , 
tri - , and multiblock copolymers in bulk with different microstructures, such as 
lamellar  [74, 78, 79, 84 – 91, 96, 98] , cylindrical  [80 – 82, 94, 95, 97, 101, 103] , spheri-
cal  [92, 93, 97]  and gyroid  [102] , can be preferentially oriented parallel or, where 
applicable, perpendicular or mixed - perpendicular to the fl ow direction. Most 
experimental observations have been supported and even anticipated by theory, 
with several good theoretical works being published in recent years  [117 – 126] . 
Further developments concerned the extension of the shearing techniques to thin 
fi lms. Albalak and Thomas  [99, 100]  proposed a novel casting method, termed 
 roll - casting , in which a BC solution is subjected to a fl ow between two counter -
 rotating rolls (Figure  4.3 a). The solution is compressed and, as a result of solvent 
evaporation and shearing, the microphase separates into a fi lm with a high degree 
of orientation and close to single - crystal characteristics. Only cylinder morphology 
from triblock commercial polymers has been oriented in this way  [101, 102] , with 
a fi lm thickness intrinsically limited by the geometry of the device to hundreds of 
nanometers. Thinner fi lms of sphere -  and cylinder - forming  polystyrene -  b  -
 poly(ethylene propylene)  ( PS -  b  - PEP ) have been shear - aligned by simple fl owing 
techniques  [93, 94] , and extended to arbitrarily large areas. Films of 30 – 50   nm 
spread onto a silicon substrate are covered by an elastomer pad, which is then 
slowly pulled forward by a constant force (Figure  4.3 b). The steady shear must be 
applied at temperatures between the  T  g  and the temperature of order – disorder 
transition,  T  ODT , of the copolymer, thus providing an essentially infi nite orienta-
tional order in all directions without the typical limitations of sheared bulk samples, 
related to the presence of multigrains.   
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 Unconventional methods, which to some extent are based on shearing and a 
stretching fi eld, such as electrospinning  [127 – 130]  and orientation by spin coating 
 [131, 132] , have been proposed in the past few years, but still need to be investi-
gated in depth.  Electrospinning  in particular  [133, 134]  seems to offer great potential 
for the fabrication of nanofi bers with internal oriented structuring from cylinder -
 forming copolymers with at least one partially crystalline block.  

  4.3.2 
 Electric and Magnetic Fields 

 Following the pioneering studies of Amundson  et al . on lamellar diblock copoly-
mer thin fi lms  [135 – 137] , static electric fi elds have been widely used in copolymer 
melts to macroscopically orient lamellar or cylindrical morphologies  [48, 138 – 146] , 

     Figure 4.3     Schematic of apparatus used to 
induce alignment in BC thin fi lms. (a) In the 
roll - caster (upper view and section), two 
independent rollers    –    one of stainless steel 
and the other of Tefl on    –    are driven at the 
same angular velocity by two independent 
motors and separated by a micrometer -

 controlled gap; (b) In the shear - alignment 
set - up, the  polydimethylsiloxane  ( PDMS ) pad 
is pressed with a constant weight against the 
fi lm; the support is heated at the annealing 
temperature while the displacement of the 
pressing block is continuously monitored with 
a laser – mirror – optical sensor assembly.  
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with most of the investigations being focused on PS -  b  - PMMA. Although mor-
phologies parallel to the substrate could be obtained using an in - plane fi eld, a 
uniaxial orientation along the fi eld and perpendicular to the substrate is preferably 
induced between the electrodes compressing the fi lm. As initially proposed by 
Russell and coworkers, a convenient procedure consists of the preparation of fi lms 
between two Kapton sheets coated on one side with aluminum, with the fi lm 
thickness controlled through Kapton spacers. Kapton is a commercially available 
polyimide with excellent mechanical properties that allows further manipulation 
after alignment of the domains  [23] , and also facilitates sample characterization, 
such as for microtoming. In order to avoid electric shorting, one of the electrodes 
must be placed in contact with the polymer, while the second is inverted with the 
Kapton side facing the polymer. 

 The general statement that the orientation of BC microdomains is possible if 
the applied fi eld is high enough for a given difference in the dielectric constant 
between blocks, can be expressed by Equation  4.1   [147, 148] :

   E tc
A B

A B

= +( )
−

−Δγ ε ε
ε ε

1 2
1 2

1 22
    (4.1)  

where  E c is the critical electric fi eld strength,   ε   A  and   ε   B  are the dielectric constants 
of blocks, and  t  is the fi lm thickness, which also takes into account the surface 
interactions through the difference between the interfacial energies of each block 
with the substrate,  Δ   γ  . In the absence of preferential interactions with the sub-
strate    –    that is,  Δ   γ     =   0    –    the domains do not need any external fi eld to orient normal 
to the substrate (see Section  4.5.1 ). From a practical point of view, Equation  4.1  
permits the evaluation of the critical parameter for a given set of the different 
parameters, eventually imposed by the same experimental design. The thickness 
of the region to be oriented is limited to a few millimeters by the electric fi eld 
strengths, in the range of approximately 1 to 100   V    μ m  − 1 , considered as the upper 
limit that prevents dielectric breakdown. 

 In addition, large - scale topographic structures could be generated by  electrohy-
drodynamic  ( EHD ) fi lm instability, a technique in which a liquid dielectric inter-
face is destabilized by a perpendicular electric fi eld  [149] . The interplay between 
EHD structure formation and the structural control over BC microphases allowed 
lithographically controlled micrometer - sized features to be obtained, where the 
cylindrical or lamellar domains are oriented parallel to the patterned structure axis; 
that is, normal to the substrate  [144, 150] . 

 Theoretical studies have been conducted to investigate various aspects of the 
dynamics of mesophase formation and orientation, mainly in diblock copolymer 
melts  [147, 148, 151 – 154] ; here, special mention should be made of the capacitator 
analogy proposed by Pereira and Williams for symmetric BCs  [147] . The appeal of 
this model actually lies in its simplicity which, at a more qualitative level, also 
permits justifi cation of the alignment of lamellae perpendicular to the electrodes 
on the basis of preferential travel of the electric fi eld lines along easy paths, though 
each and every block has the highest polarizability. In the same way, parallel 
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orientation is unfavorable, as the electric fi eld lines would be forced to cross both 
blocks evenly. Tsori  et al . have recently proposed that, in these systems, alignment 
may also occur by other strong orienting forces, such as by the presence of a 
conductivity or mobility contrast  [155] , postulating an important role for the ions 
remaining in the polymers after synthesis in the reorientation mechanism  [153] . 

 The alignment pathways in thin fi lms of BCs with various morphologies have 
been recently followed using  in situ   small - angle X - ray scattering  ( SAXS )  [140, 143]  
and  scanning force microscopy  ( SFM )  [145] . The application of an electric fi eld 
(perpendicular to the plane of the fi lm) to the disordered melt of an asymmetric 
BC induced the progressive growth of microphase - separated structures oriented 
parallel to the fi eld only at temperatures below the order – disorder transition tem-
perature. This occurs up to a stationary, equilibrium state, and also for a copolymer 
already having ordered domains parallel to the substrate, either a cylindrical PS -
  b  - PMMA  [140]  or a lamellar  polystyrene – polyisoprene  ( PS - PI ) system  [143] , align-
ment parallel to the fi eld could be achieved within minutes. An analysis of the 
scattering patterns suggested that, during the reorientation, the initial large grains 
are broken up into smaller pieces by the amplifi cation of interfacial fl uctuations, 
which are then able to rotate in the fi eld. The fi nal state of the symmetric BCs of 
PS and PI consists of many small grains with a high degree of orientation of the 
lamellae parallel to the electric fi eld, but with a random orientation in the perpen-
dicular plan. This observation also fi nds some theoretical support in the prediction 
by Tsori  [148, 153, 154] . The limits imposed by the fi lm thickness and the inter-
facial energy effects, as predicted in Equation  4.1 , have been faced experimentally 
by the Russell group for symmetric and asymmetric BC thin fi lms between sub-
strates with modulated interfacial interactions  [142, 156, 157] . In the presence of 
a preferential interaction of one block with the substrate (see Section  4.5.1 ) such 
effects are dominant for fi lm thicknesses up to approximately 10  L  0 , regardless of 
the electric fi eld applied normal to the surface (see, e.g., Figure  4.4 a). For thicker 
fi lms, the effects dissipate with distance from the surface and the domains orient 
in the direction of the electric fi eld, at least in the interior of the fi lm (Figure  4.4 b), 
with a distance of propagation inversely proportional to the strength of the inter-
facial interactions  [157] .   

 All of these melt - based procedures suffer severe limitations because of the melt 
viscosity itself, which is directly dependent on the molecular weight and architec-
ture of BCs, and the thickness of the region to be oriented. In addition, the achieve-
ment of high degrees of orientation eventually requires high temperatures and 
electric fi eld strengths close to the decomposition conditions. An alternative 
approach to circumvent such restrictions consists in the addition of a neutral 
solvent with the effect of increasing chain mobility, as already discussed above for 
thermal annealing, thus facilitating large - scale domain alignment  [158 – 160] . Con-
centrated diblock (PS -  b  - PI)  [158]  and triblock [polystyrene -  block  - poly(hydroxyethyl 
methacrylate) -  block  - poly(methyl methacrylate), PS -  b  - PHEMA -  b  - PMMA]  [159]  
copolymer solutions have been aligned under a dc electric fi eld during solvent 
evaporation, leading to highly anisotropic bulk samples (Figure  4.5 ). The orienta-
tion kinetics and mechanisms of alignment    –    that is, grain orientation and nuclea-
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tion and growth of domains    –    have been corroborated by simulations  [158]  based 
on dynamic  density functional theory  ( DFT )  [161] . In summary, several groups 
have demonstrated that the application of unidirectional electric fi elds, coupled 
with an appropriate choice of materials and experimental conditions, allow an 
effective fabrication of patterns with a high degree of orientation and high aspect 

     Figure 4.4     Cross - sectional transmission 
electron microscopy images of  ≈ 300   nm 
(a) and  ≈ 700   nm (b) symmetric PS -  b  - PMMA 
fi lms between PDMS - coated Kapton 
electrodes annealed at 170    ° C under 

 ≈ 40   V    μ m  − 1  electric fi eld for 6 and 16   h, 
respectively. The scale bar represents 100   nm. 
 Reproduced with permission from Ref.  [142] ; 
 ©  2004, The American Chemical Society.   

     Figure 4.5     (a) 2 - D small - angle X - ray scattering 
pattern; (b) Azimuthal intensity distribution 
for a fi rst - order refl ection; (c) TEM image of a 
bulk sample prepared from a 40   wt% solution 
in toluene of symmetric PS -  b  - PI ( M  n    =   80   000). 

The arrows indicate the direction of the 
electric fi eld. Scale bar   =   400   nm.  Reproduced 
with permission from Ref.  [158] ;  ©  2003, The 
American Chemical Society.   
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ratio, suitable for nanotechnological applications. However, the orientation of 
domains is azimuthally degenerate and a further improvement to achieve mor-
phologies with orientation controlled in the three dimensions logically requires 
the application of a second, orthogonal, external fi eld. The fi rst sequential combi-
nation toward long - range, 3 - D ordered thin fi lms was shown to control the orienta-
tion of lamellar microdomains through the application of an elongational fl ow 
fi eld to obtain an in - plane orientation in  ≈ 30    μ m - thick fi lms, and an electric fi eld 
normal to the surface  [162] . The concurrent application of the orthogonal fi eld 
(e.g., a mechanical shearing) is expected to reduce the presence of defects and 
grain boundaries in an even more effective fashion.   

 A further alignment approach is available for materials that exhibit anisotropic 
susceptibility due to an anisotropic molecular structure. Magnetic fi eld - induced 
orientation has been achieved for  liquid crystalline  ( LC ) diblock copolymers with 
a dielectric diamagnetic isotropy, possibly through the magnetic alignment of LC 
mesogens  [163 – 165] , and also for BCs with a crystallizable block through an accu-
rate control of the crystallization process  [166] . The latter investigation is particu-
larly likely to open a new fruitful research fi eld and, at the same time, pave the 
way to an alternative method of relatively wide applicability, which only has the 
prerequisite of a high nucleation density during crystallization. Magnetic fi elds 
also offer the ability to apply very high fi elds without the risks of electric fi elds, 
associated with the danger and limit of electric breakdown. In addition, the orienta-
tion of PEO - based diblock copolymers with a poly(methacrylate) containing an 
azobenzene moiety in the side chain as a hydrophobic LC segment was produced 
by using a LASER beam, that induced the alignment of photoresponsive azoben-
zenes and transferred the molecular ordering at supramolecular level  [167] . Mac-
roscopic parallel array of nanocylinders can be obtained over an arbitrary area, in 
principle even on curved surfaces.  

  4.3.3 
 Solvent Evaporation and Thermal Gradient 

 The observation of lamellar and cylindrical microdomains in thin fi lms perpen-
dicular to the surface as a result of solvent evaporation was fi rst reported by Tur-
turro and coworkers  [168] , and subsequently investigated in more detail by Kim 
and Libera for a similar triblock copolymer  [169, 170] . On the basis of these and 
other studies on either spun - cast or solution - cast fi lms from solutions in a good 
solvent for all the blocks, a reasonable mechanism of orientation could be pro-
posed (Figure  4.6 ). In the fi rst moments after deposition, the  T  g  of the swollen 
fi lm is still well below room temperature, thus allowing free chain mobility. With 
the decrease in the solvent concentration, the BC undergoes a transition from the 
disordered to the ordered state and, as in thin fi lms the diffusion of the solvent 
produces a gradient of concentration, the ordering front rapidly propagates from 
the air surface to the substrate. The consequent decrease of  T  g  below room tem-
perature, for at least one block, locks in the structures which, due to the high 
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directionality of the solvent gradient, are highly oriented normal to the surface. 
This behavior has been reported so far for fi lms of less than one - half micron thick, 
for example, on PS - PB systems  [168 – 170] , PS -  b  - PEO  [65, 171, 172] ,  polystyrene -
  block  - polyferrocenyldimethylsilane  ( PS -  b  - PFS )  [173] , and PS - b - P4VP  [174] , whereas 
the applicability of these conditions can be extended to any BCs having the  T  g  of 
one block above room temperature. Commonly, the short - range order of cylindri-
cal microdomains of as - spun fi lms may be signifi cantly enhanced by solvent 
annealing. In the case of PS -  b  - PEO thin fi lms, a better control over domain orienta-
tion was obtained by resorcinol complexation of the PEO cylinder - forming block 
 [175] . This is possibly due to a lower degree of crystallinity of the PEO/resorcinol 
complexes with respect to the pure PEO, that has the effect of enhancing the 
mobility of polymers during fi lm formation, and therefore also the orientation of 
domains parallel to the solvent gradient.   

 After the excellent results obtained by the Hashimoto group  [176, 177] , the use 
of temperature gradient apparatus to produce highly oriented single crystals was 
also reported for thin fi lms  [178, 179] . As an example, square - millimeter well -
 oriented samples of a cylinder - forming BC were obtained, with a density of discli-
nations estimated at 4    ×    10  − 4     μ m  − 2  (corresponding to an average disclination 
separation of 50    μ m)  [178] .   

  4.4 
 Templated Self - Assembly on Nanopatterned Surfaces 

 The combination of top - down strategies to fabricate patterns that direct the bot-
tom - up organization of organic or inorganic building blocks is a strategy often 

     Figure 4.6     Schematic of the solvent evaporation in a diblock 
copolymer thin fi lm. The diffusion produces a gradient in the 
concentration of the solvent, [S], as a function of depth,  d , 
which induces an ordering front from the fi lm surface to the 
substrate.  
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used in the micrometer and, to a minor extent, in the nanometer regime. Also, in 
the case of BCs, long - range order and orientation may be induced if self - assembly 
is forced to occur into/onto a guide, either topographically or chemically patterned, 
or in other 2 - D or 3 - D confi nements. In this section, only the effect of surfaces 
with features having periodicity commensurable with those of the BC morpholo-
gies is considered. The study of the control of the registration and orientation of 
domains by topographic confi nements (in the form of surface relief or groove 
structures) with a length scale much larger than the BC lattice parameters had a 
somehow different theoretical and historical development, and is better known as 
 graphoepitaxy . It will therefore be discussed later as it follows such different 
nomenclature. 

 Rockford and coworkers decorated miscuit silicon wafers with gold to fabricate 
striped and essentially fl at surface of nonpolar gold and polar silicon oxide, with 
periodicity ranging from 40 to 70   nm  [180, 181] . Films of symmetric PS -  b  - PMMA 
solution cast onto such substrates showed, after thermal annealing, lamellar 
orientation normal to the plane and parallel to the striping, with the greatest 
ordering for patterns commensurable with the bulk lamellar period of the BC. 
A mismatch in the length scale of 10% and 25% in thick and ultrathin fi lms, 
respectively, appeared to be suffi cient to lose control over orientation. A novel 
integrated fabrication strategy that makes use of advanced lithographic techniques 
has been tuned, by Nealey and coworkers, to produce perfect periodic domain 
ordering  [182, 183] . Although Nealey actually discussed epitaxial self - assembly, 
we prefer to reserve that term for a different methodology to control spatial and 
orientation order, as introduced by De Rosa  et al .  [184]  (for a defi nition of epitaxy, 
see Section  4.5.2 ). As schematically reported in Figure  4.7 , in the fi rst essential 
step of this procedure a  self - assembled monolayer  ( SAM ) is precisely patterned 
throughout the photoresist using extreme ultraviolet interferometric lithography 
 [185, 186] . Following the conversion of the topographic pattern to a chemical 
pattern and the photoresist removal, a symmetric PS -  b  - PMMA is spin - coated 
onto the chemical pattern and, as the modifi ed regions present polar groups 
that preferentially wet the PMMA block, the self - assembly results in lamellae 
oriented perpendicular to the substrate. High - quality, defect - free BC fi lms require 
pretty much the same period of the chemical pattern and the BC, with com-
mensurability within just a few percent. For values within approximately 10%, 
the morphology can still be surface - directed but it is not perfect (Figure  4.8 ). 
An extension of this method, through the use of ternary blends of diblock copoly-
mers and the corresponding homopolymers, showed that is possible to pattern 
chemical templates with periodicities substantially deviating from those of the 
BC  [31] . The redistribution of homopolymer macromolecules during thermal 
annealing facilitates defect - free assembly of the blend as a whole, to form 50 –
 80   nm periodic arrays in addition to pattern structures with different bend 
geometries. More recently, the validity of this approach was proven by other 
groups, which demonstrated that PS -  b  - PMMA can self - assemble in a well - aligned, 
long - range ordered hexagonal lattice commensurate with chemically prepatterned 
templates prepared by  electron beam lithography  ( EBL )  [187]  or into a laterally 
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     Figure 4.7     Schematic representation of the 
fabrication process of chemically 
nanopatterned surfaces that template the 
self - assembly of symmetric PS -  b  - PMMA 
( M  n    =   104   000). (a) A self - assembled 
monolayer of phenylethyltrichlorosilane is 
deposited on a silicon wafer; (b) A photoresist 
is then spin - coated and patterned with 
alternating lines and spaces by ultraviolet 
interferometric lithography (c); (d) The 

topographic pattern is converted into a 
chemical pattern by irradiation with soft 
X - rays in the presence of oxygen; (e) After the 
photoresist removal, a toluene solution of 
PS -  b  - PMMA is spin - coated onto the patterned 
SAM (f). (g) Thermal annealing facilitates 
surface - directed self - assembly.  Reproduced 
with permission from Ref.  [183] ;  ©  2003, 
Nature Publishing Group.   

     Figure 4.8     Cross - sectional images of 
symmetric PS -  b  - PMMA ( M  n    =   104   000; 
 L  0    =   48   nm) fi lms on unpatterned surfaces 
(a) and chemically nanopatterned surfaces 
with 47.5   nm periodicity (b), prepared as 

reported in Figure  4.7 . When the surface 
pattern is greater than  L  0  (c), lamellae exhibit 
an imperfect ordering.  Reproduced with 
permission from Ref.  [183] ;  ©  2003, Nature 
Publishing Group.   
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stacked  one - dimensional  ( 1 - D ) lamellar assembly along surfaces chemically stripe 
patterned by conventional lithography  [188] . A further optimization of blend 
composition, polymer chemistry and lithographic techniques will make it pos-
sible to fabricate nonregular shaped structures of different types, which implicitly 
afford the production of nanodevices requiring patterns more complex than 
simple periodic arrays.    

  4.5 
 Epitaxy and Surface Interactions 

 Control of the orientation of microdomains in the microstructure of BCs can be 
obtained through a bias fi eld induced by surface interactions. It is well known that 
a certain type of substrate strongly infl uences the structure of polymers. A trivial 
example is the action of nucleating agents on the crystallization, which has often 
been attributed to epitaxy of the growing polymer crystal. The interactions between 
the surfaces of a substrate or of confi ning walls and the molecules of amorphous 
or semicrystalline block copolymers, determine the orientation of domains on the 
substrate. Different types of interaction can be established depending on the 
nature of the surface and of the BC. 

 Specifi c interactions, such as epitaxy and directional crystallization, are involved 
in semicrystalline or amorphous BCs and crystalline substrates. It will be shown 
in the following sections that epitaxy and/or graphoepitaxy can be used in combi-
nation with the directional crystallization providing powerful methods for creating 
regular surface patterns in BC thin fi lms. 

  4.5.1 
 Preferential Wetting and Homogeneous Surface Interactions 

 The microstructures in thin fi lms block copolymers generally depend on addi-
tional variables such as thickness of the fi lm and two types of surface interac-
tions    –    that is, interactions of the BC with the superstrate (often air) and with the 
substrate. In particular, the behavior of BC thin fi lms depends primarily on the 
interfacial interactions and commensurability of the period of the BC with the fi lm 
thickness. The chemical modifi cation of BCs and various surface - patterning tech-
niques (e.g., soft lithography and holography) allow a better control of the micro-
domain structures of BC thin fi lms. The simplest interaction of a BC fi lm deposited 
on a substrate is the preferential wetting of one block at an interface so as to 
minimize the interfacial and surface energies. As a consequence, a parallel orienta-
tion of microdomains, lamellae and cylinders is often induced at the interface, and 
this orientation tends to propagate throughout the entire fi lm  [9, 189 – 200] . Quan-
tization of the fi lm thickness occurs in thin fi lms with dimensions of the order of 
only a few microdomain repeats, when the thickness is incommensurate with the 
natural period of the block copolymer. For lamellar - forming block copolymers, 
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discrete integer or half - integer values of the repeat period occur, leading to the 
formation of terraces (i.e., islands and holes) at the polymer/air interface 
 [193 – 196] . 

 The microstructure can be altered by variation of the fi lm thickness on the 
substrate and preferential interactions of blocks with the substrate  [59, 198, 199, 
201 – 203] . Symmetric boundary conditions are established when one of the blocks 
interacts preferentially with both the substrate and the air surface  [193] , whereas 
asymmetric conditions pertain when one block is preferentially wetted by the 
substrate and the other block by the superstrate  [197] . 

 The control of orientation of the microdomains can also be achieved by confi n-
ing a BC between two surfaces; that is, adding a superstrate to a BC fi lm supported 
on a substrate  [204 – 207] . Strong or weak interactions of BCs with the surfaces can 
be created by coating the surface walls with a homopolymer or a random copoly-
mer, respectively, containing the same chemical species as the confi ned BC  [206] . 
In the case of a neutral surface, for example, by using a random copolymer, the 
lamellar microdomains rearrange themselves so that the direction of periodicity 
is parallel to the substrate  [206, 208 – 210] . Moreover, decreasing the confi ned fi lm 
thickness    –    that is, creating a large incompatibility strain of the natural domain 
period of the BC and the fi lm thickness    –    induces a heterogeneous in - plane struc-
ture where both parallel and perpendicular lamellae are located near the confi ning 
substrate  [207] . Various theoretical studies have predicted the structural behavior 
of BC thin fi lms in a confi ned geometry  [211 – 220]  and are basically consistent with 
experimental results. 

 Great infl uences of both fi lm thickness and surface interaction on the orienta-
tions of the microdomains have also been found for BCs forming cylinder  [190, 
221 – 229]  and sphere  [230, 231]  morphologies. A parallel - to - vertical transition of 
cylindrical PB microdomains was observed, depending on fi lm thickness  [190, 223, 
224, 228] . Moreover, strong preferential interactions between one block and the 
substrate in the case of confi ned and supported block copolymer thin fi lm, induce 
a transition from cylindrical microdomains to a layered structure near the sub-
strate surface  [221, 222, 224] . It has also been shown that in cylinder - forming 
PS -  b  - PB BC thin fi lms, the PS cylinders transformed into a perforated interlayer, 
penetrated by PB channels that connect the two outermost PB surface layers, for 
fi lm thicknesses that are signifi cantly less than their respective unperturbed chain 
dimensions  [224] . For the reverse structure    –    that is, PB cylinders in a polystyrene 
matrix    –    the cylinders transformed into spheres as the fi lm thickness decreased, 
then to hemispheres, and fi nally to a bilayer of surface - segregated PB covering a 
PS - rich interlayer  [224] . 

 The alignment of microdomains in both substrate - supported and  - confi ned fi lms 
has also been achieved by tuning the specifi c interaction between the BC and the 
substrate through modifi cation of the surface  [27, 139, 210, 232, 238] . An example 
is the application of a random copolymer brush anchored on the substrate, which 
allows the orientation of the domains to be changed from parallel to perpendicular 
by altering the composition of the random copolymer  [238] . A new approach 
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developed by Char and coworkers is based in the addition of a low - molecular - weight 
surfactant, oleic acid, that has the effect to mediate the self - assembly of the BC thin 
fi lm (Figure  4.9 )  [239] . At the early stage of the thermal annealing, oleic acid (whose 
acid groups have a preferential affi nity with the hydrophobic part of the PMMA 
block) segregates to the upper part of the fi lm, and preferentially in the PMMA 
domains. The energetically neutral conditions at the surface rapidly induce the 
perpendicular orientation of microdomains into the inner fi lm.    

  4.5.2 
 Epitaxy 

 Epitaxy is defi ned as the oriented growth of a crystal on the surface of a crystal of 
another substance (the substrate). The growth of the crystals occurs in one or more 
strictly defi ned crystallographic orientations defi ned by the crystal lattice of the 
crystalline substrate  [240 – 242] . The resulting mutual orientation is due to a 2 - D 
or, less frequently, a 1 - D structural analogy, with the lattice matching in the plane 
of contact of the two species  [240] . The term epitaxy, literally meaning  “ on surface 
arrangement, ”  was introduced in the early theory of organized crystal growth 
based on structural matching  [240 – 242] . Discrepancy between atomic or molecular 
spacings is measured by the quantity 100( d     −     d  0 )/ d  0 , where  d  and  d  0  are the lattice 
periodicities of the adsorbed phase and the substrate, respectively. In general 
10 – 15% discrepancies are considered as an upper limit for epitaxy to occur in 
polymers  [242] . 

     Figure 4.9     Schematic on the surfactant - assisted orientation of 
PS -  b  - PMMA thin fi lm.  Reproduced with permission from Ref. 
 [239] ;  ©  2008, Wiley - VCH.   
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 Inorganic substrates were fi rst used for the epitaxial crystallization of polymers 
 [243 – 257] . Successive studies have demonstrated the epitaxial crystallizations of 
 polyethylene  ( PE ) and linear polyesters onto crystals of organic substrates, such 
as condensed aromatic hydrocarbons (naphthalene, anthracene, phenanthrene, 
etc.), linear polyphenyls, and aromatic carboxylic acids  [258 – 262] . In the case of 
PE, a unique orientation of the crystals grown on all the substrates is observed, 
with different contact planes depending on the substrate  [258 – 260] . 

 An example of an epitaxial relationship between PE crystals and an organic 
substrate is shown in Figure  4.10 , with the substrate constituted by a crystal of 
benzoic acid (BA)  [259]  (monoclinic structure with  a    =   5.52    Å ,  b    =   5.14    Å ,  c    =   21.9    Å  
and   β     =   97    ° , with a melting temperature of 123    ° C). A clear match between the PE 
interchain distance (the  b  - axis of PE equal to 4.95    Å ) and the  b  - axis periodicity of 
benzoic acid crystal (5.14    Å ), and between the  c  - axis periodicity of PE (2.5    Å ) and 
the  a  - axis of benzoic acid crystal (5.52    Å ), produces the crystallization of PE onto 
preformed crystals of benzoic acid with lamellae standing edge - on, that is, normal 
to the surface of benzoic acid crystal (Figure  4.10 ). The PE polymer chains lie fl at 
on the substrate surface with their chain axis parallel to the substrate surface and 
parallel to the  a  - axis of benzoic acid crystal, and the  b  - axis of PE parallel to the 
 b  - axis of the  benzoic acid  crystal  [259] . The (100) plane of PE is in contact with the 
(001) exposed face of benzoic acid.   

 In order to apply epitaxial control, BCs need to have at least one crystalline 
block, which can interact with a crystalline surface. The morphology of semic-
rystalline block copolymers is the result of the interaction between microphase 
separation of the component blocks and crystallization of the crystallizable block. 
The process pathway of structure formation is of primary importance, in the 
sense that the forming structures set off those emerging to the described geometry 
into which the new structure must evolve. The fi nal morphology is therefore 
path - dependent; different microdomain structures are obtained if the crystalliza-
tion occurs from a homogeneous melt (in this case the crystallization drives the 

     Figure 4.10     PE lamella oriented edge - on on the (001) face of 
a BA crystal substrate after epitaxial crystallization. The (100) 
plane of PE is in contact with the (001) plane of BA, and 
 b -   and  c  - axes of PE are parallel to  b -   and  a  - axes of BA, 
respectively  [259] .  
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microphase separation), or it occurs from an already microphase - separated het-
erogeneous melt (in this case microphase separation precedes crystallization and 
provides a microstructure within which crystallization takes place.) In the latter 
case, crystallization is confi ned to occur within the pre - existing microseparated 
domains; crystallization confi ned in preformed lamellar, spherical or within and 
outside cylindrical microdomains has been observed  [12, 78, 80] . Different situ-
ations occur when the crystallization is controlled by epitaxy. Although the ver-
satility of epitaxy in the case of crystallization of polymers has clearly been shown, 
the method of using organic substrates to control the crystallization and the 
morphology of semicrystalline BCs was introduced only in 2000, when De Rosa 
and coworkers  [184 – 263]  fi rst used epitaxy to control the molecular and micro-
domain orientation of PE -  b -  PEP -  b -  PE and PS -  b  - PE semicrystalline BC thin fi lms. 
These authors used BA  [184, 263, 264]  or  anthracene  ( AN )  [264, 265]  and obtained 
precise control of the molecular orientation of the crystalline block and subsequent 
overall long - range order of the BC microdomains. 

 The selected area electron diffraction pattern and the  transmission electron 
microscopy  ( TEM ) bright - fi eld image of a thin fi lm of PE -  b -  PEP -  b -  PE epitaxially 
crystallized onto a BA crystal are shown in Figure  4.11 a and b, respectively. The 
diffraction pattern essentially presents only the 0 kl  refl ections of PE, and therefore 
corresponds to the  b * c *   section of the reciprocal lattice of PE (Figure  4.11 a). This 
indicates that the chain axis of the crystalline PE lies fl at on the substrate surface 
and is oriented parallel to the  a -  axis of the BA crystals, as in the case of the PE 
homopolymer (Figure  4.10 )  [184] . The (100) plane of PE is in contact with the (001) 
plane of BA; therefore, the crystalline PE lamellae stands edge - on on the substrate 
surface, with the  b -  and  c  - axes of PE oriented parallel to the  b -   and  a  - axes of BA, 
respectively. The bright - fi eld TEM image (Figure  4.11 b) indicates that epitaxy has 
produced, instead of a spherulitic structure, a highly aligned lamellar structure 
with long, thin crystalline PE lamellae with a thickness of 10 – 15   nm, evidenced as 
dark regions, oriented along the [010] PE ||[010] BA  direction. The dark - fi eld image 
created by using the strongest 110 refl ection (see Figure  4.11 c) reveals the same 
parallel array of crystalline edge - on PE lamellae oriented along the  b -  axis of BA 
crystals. This can be seen as bright regions due to the lamellae all being arranged 
in Bragg diffraction conditions determined by the 2 - D epitaxy  [184] . A scheme of 
the orientation of the PE -  b -  PEP -  b -  PE obtained on BA crystals is shown in Figure 
 4.12   [184] . The biaxial matching of the BA and PE lattices creates a highly ordered 
lamellar BC microdomain state. The widths of the crystalline PE lamellae are 
highly uniform, the PE crystals and the intervening noncrystalline PEP are all 
parallel, and the orientations of both the  c -   and  b  - axes of PE crystals over many 
micron - sized regions are very high  [184] .    

  4.5.3 
 Directional Crystallization 

 In polymer – diluent binary mixtures, if both the polymer and solvent are crystal-
lizable above room temperature, then a eutectic - like behavior can be observed. In 



 4.5 Epitaxy and Surface Interactions  131

fact, the melting temperatures of both the polymer and solvent are depressed up 
to the eutectic composition  [266 – 271] . 

 The presence of solvent in a noncrystalline BC depresses the order – disorder 
temperature of the BC, depending on the solvent quality. Several theories predict 
the phase behavior of BC – organic solvent mixtures  [272 – 274] . Therefore, it can be 
expected that mixtures of BCs with crystallizable solvents exhibit eutectic behavior. 
In theory, the two liquidus lines of the binary mixture of a block copolymer and 

     Figure 4.11     (a) Selected area electron 
diffraction pattern, (b) TEM bright - fi eld image, 
and (c) TEM (110) dark - fi eld image of a thin 
fi lm of PE -  b  - PEP -  b  - PE epitaxially crystallized 
onto a BA crystal. In the TEM bright - fi eld 
image, the dark regions correspond to the 
denser crystalline PE phase, which form long 
lamellae standing edge - on on the substrate 

surface and preferentially oriented with the 
 b -  axis of PE parallel to the  b -  axis of the BA 
(panel b). In the dark -  fi eld image, the bright 
regions correspond to the crystalline PE 
lamellae in the Bragg condition (panel c). 
 Reproduced with permission from Ref.  [184] ; 
 ©  2000, The American Chemical Society.   
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an organic diluent    –    that is, the freezing point depression curve of the organic 
diluent and the order – disorder temperature depression curve of the BC    –    can meet 
each other at a certain composition and induce the characteristic eutectic trans-
formation of a liquid to two solids: the crystalline solvent and the phase - separated 
solid block copolymer. Since the order – disorder transition in a block copolymer 
is a weak fi rst - order transition, the phase - separated block copolymer at the invari-
ant point can have some nonzero diluent content, as seen in the mixtures of block 
copolymer and solvents  [274] . If this were the case, the phase separation at the 
invariant point would be from homogeneous liquid into a pure solid (crystalline 
solvent) and another solid (solvent - swollen BC microdomains). Park  et al .  [275]  
used this hypothesis of eutectic formation to globally organize the eutectic mixture 
for the fi rst time and induce the alignment of microdomains in the solid BC. These 
authors used organic diluents, such as BA and AN, and amorphous asymmetric 
PS -  b -  PI and symmetric PS -  b  - PMMA diblock copolymers  [275] . In this process, the 
fi rst requirement is that the diluent must dissolve the BC above the melting tem-
perature of the solvent. Second, the diluent must have a tendency to crystallize 
directionally into large, plate - like crystals. When the organic diluent, which ini-
tially was a solvent for the BC, directionally crystallizes along its fast growth direc-
tion under a temperature gradient, the BC undergoes microphase separation, due 
to a rapid decrease in the solvent concentration. At the same time, the orientation 
of the microdomains nucleated from the eutectic transforming solution is deter-
mined by the fast directional growth of the organic diluent. In the case of BA and 
AN, the fast growth directions are both  b  - axis, and consequently the intermaterial 
dividing surface of the microdomains of the BC tends to orient along this direction, 
which also corresponds to the temperature gradient direction  [275] . A polarized 
optical microscope image of directionally crystallized BA crystal is shown in Figure 
 4.13 a  [275] . The BA crystal is elongated along the fast growth  b  - axis and presents 

     Figure 4.12     Schematic model of the 
crystalline and amorphous microdomains in 
the PE -  b  - PEP -  b  - PE triblock copolymer 
epitaxially crystallized on the BA crystal. The 
epitaxy shows the relative orientation of 

crystalline PE lamellae on the BA crystal: 
(100) PE ||(001) BA  and  c  PE || a  BA ,  b  PE || b  BA . 
 Reproduced with permission from Ref.  [184] ; 
 ©  2000, The American Chemical Society.   
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a fl at (001) surface. The different thicknesses of the BA crystals lead to the different 
colors under the microscope. A schematic model of cylindrical microdomains well 
aligned from the directional eutectic transformation of the homogeneous BC solu-
tion is shown in Figure  4.13 b  [12] . This process occurs within a few seconds (the 
growth velocity of the BA crystal is nearly 1   cm   s  − 1 ) and the microstructure is 
formed and then kinetically trapped.   

 Examples of the ordered microstructures obtained by this process are shown 
in Figure  4.14  for symmetric PS -  b  - PMMA (Figure  4.14 a) and asymmetric PS -  b  - PI 
(Figure  4.14 b,c) diblock copolymers prepared by directional solidifi cation with 
BA crystals  [275] . In the case of PS -  b  - PMMA, the darker regions correspond to 
the RuO 4  - stained PS microdomains (Figure  4.14 a). Edge - on parallel alternating 
lamellae of PS and PMMA are well aligned along the fast growth direction of 
the BA crystals (the  b  - axis), as shown in the schematic model of Figure  4.14 d 
 [275] . The well - aligned parallel lamellae extend over regions larger than 50    μ m 2 . 
The  fast Fourier transform  ( FFT ) power spectrum in the inset of Figure  4.14 a 
shows a spotlike fi rst refl ection located on the meridian, indicating the nearly 

     Figure 4.13     (a) Polarized optical microscopy 
image of directionally crystallized BA crystals. 
The large, fl at and elongated BA crystals are 
aligned with the  b  - axis parallel to the growth 
front direction.  Reproduced with permission 
from Ref.  [275] ;  ©  2001, The American 

Chemical Society;  (b) Schematic model of the 
microstructure formation of a cylinder 
forming BC under directional crystallization of 
the BA from homogeneous solution. 
 Reproduced with permission from Ref.  [12] ; 
 ©  2003, Elsevier.   
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single - crystal - like microdomain structure. The fast directional microstructure 
formation during the phase separation with a thin fi lm thickness approximately 
less than a half - lamellar period avoids preferential wetting of one of the blocks 
on the substrate, leading to the oriented lamellae microdomain structure where 
the interface of the microdomains is parallel to the normal of the substrate 
surface  [275] . The structure is kinetically driven and subsequently vitrifi ed at 
room temperature. Importantly, for regions thicker than approximately a half -
 lamellar period, the perpendicular lamellae orientation switches to an in - plane 
parallel one, and large planar regions are produced. The bright - fi eld TEM image 
of a fi lm of the asymmetric PS -  b  - PI with a thickness of approximately 50   nm, 

     Figure 4.14     TEM bright - fi eld images of thin 
fi lms directionally solidifi ed with BA of the 
symmetric PS -  b  - PMMA (20 - nm thick) stained 
with RuO 4  (a), the asymmetric PS -  b  -  PI 
stained with OsO 4  with a thickness of 50   nm 
(b) and 20   nm (c). The dark regions 
correspond to the stained PS lamellae (a), 
parallel PI cylinders (b) and vertically oriented 
PI cylinders (c) well aligned along the fast 

growth direction of the BA crystals ( b -  axis). 
The insets show the FFT power spectrum of 
the TEM micrographs. Schematic models of 
the microstructures of PS -  b  - PMMA (d), 
PS -  b  - PI (e) and ultrathin fi lm of PS/PI (f) 
processed with BA.  Reproduced with 
permission from Ref.  [275] ;  ©  2001, The 
American Chemical Society; and with 
permission from Ref.  [12] ;  ©  2003, Elsevier.   
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directionally solidifi ed with BA (Figure  4.14 b) shows OsO 4  - stained darker PI 
cylinders, lying in - plane and well oriented along the crystallographic  b -  axis of 
the BA, as reported in the scheme of Figure  4.14 e  [275] . The ordered parallel 
cylinder structure also extends over regions larger than 50    μ m 2 . The average 
diameter of the PI cylindrical microdomains is approximately 20   nm, while the 
average distance between the cylinders is 40 – 50   nm. In both of these examples, 
the initial homogeneous solution confi ned between the glass substrates trans-
forms due to the imposed directional solidifi cation of large crystals of BA having 
(001) surfaces coexisting with a thin liquid layer near the eutectic composition. 
Dropping the temperature further then causes this layer also to directionally 
solidify by thickening the preexisting BA crystal with the simultaneous formation 
of a thin, metastable vertically oriented  lamellar  microdomain fi lm (Figure  4.13 b) 
 [275] . In the case of the PS -  b  - PMMA, the vertical lamellar structure is vitrifi ed 
due to the high glass transition temperatures of both blocks. In the case of PS -
  b  - PI with a low volume fraction of PI block, however, it has been hypothesized 
that the vertical lamellar microstructure is transformed into in - plane cylindrical 
microstructure due to the interfacial instability of thin lamellae, fi lm thickness, 
and preferential wetting of the PI block  [275] . Similar ordered microstructures 
have been obtained employing other organic crystallizable solvents as AN which 
has a melting temperature of 216    ° C, about 100    ° C higher than that of BA  [275] .   

 This process has also been used in combination with thickness effects to achieve 
vertically aligned cylinders employing ultrathin fi lms  [275] . Cylindrical microdo-
mains, indeed, orient vertically for relatively thin fi lms due to incommensurability 
effects, which is similar to what was observed for lamellar diblock copolymers 
 [276] . A bright - fi eld TEM image of a thinner fi lm (of approximately 20   nm thick-
ness) of PS -  b  - PI, prepared from a more dilute solution, directionally solidifi ed with 
BA and stained with OsO 4 , is shown in Figure  4.14 c  [275] . The dark OsO 4  - stained 
vertically aligned cylindrical PI microdomains are oriented into rows along the 
 b -  axis of the BA crystal and packed in an approximate hexagonal lattice, as shown 
in the schematic model of the microstructure reported in Figure  4.14 f  [275] . The 
aligned vertical cylinders extend over regions larger than 50    μ m 2 . The FFT power 
spectrum in the inset of Figure  4.14 c shows spotlike fi rst refl ections with sixfold 
symmetry, indicating approximate hexagonal packing of the cylindrical PI 
microdomains. 

 Various di -  and tri - block copolymers with different architecture and properties 
such as rubbery – glassy, glassy – glassy, amorphous – crystalline, amorphous – liquid 
crystalline, and ABC - type terpolymers have been successfully organized with this 
process  [275] .  

  4.5.4 
 Graphoepitaxy and Other Confi ning Geometries 

 Graphoepitaxy is a process whereby an artifi cial surface topography of a crystalline 
or amorphous substrate infl uences and controls the orientation of the crystal 
growth in thin fi lms  [277 – 280] . Graphoepitaxy has been used (often in combina-
tion with epitaxy) to obtain high orientation of polymeric crystals onto substrates 
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constituted by fi lms of other polymers  [281 – 285] . For instance, a variety of poly-
mers, including PE, nylons, polyesters, and liquid crystalline polymers, have been 
grown in highly oriented form on the oriented surface of  poly(tetrafl uoroethylene)  
( PTFE ) crystals  [281] . In the case of PE, the orientation of the crystals is such that 
the  c  - axis lies in the plane of the fi lm and the  bc  plane of the unit cell is in contact 
with the substrate surface  [285] . Different orientations, for instance, a fi ber - like 
alignment, have been observed for other polymers  [285] . This suggests that the 
alignment of materials on PTFE fi lms can occur by graphoepitaxial or epitaxial 
mechanisms, depending on the materials. In some instances both the lattice 
structure and the surface topography of the PTFE fi lms promote the alignment, 
so that the two mechanisms can operate in conjunction  [285] . 

 Graphoepitaxy was utilized by Segalman and coworkers  [286, 287]  to control the 
orientation of BC microdomains. The procedure is an example of the combined 
top - down and bottom - up approaches to patterning. Segalman ’ s group used topo-
graphically alternating mesa and well patterns fabricated by conventional photoli-
thography and chemical etching techniques to align spherical P2VP microdomains 
of a PS -  b  - P2VP diblock copolymer. A large area single crystal of the P2VP spheres 
was obtained on the mesas and wells  [286] . 

 Nanostructures with long - range order were also developed using graphoepitaxy 
in combination with BC lithography  [288, 289] . Cheng  et al . employed a diblock 
copolymer of PS -  b  - PFS, in which the organometallic PFS block provides an excel-
lent (10   :   1) etching contrast in an oxygen plasma  [287] . A topographically patterned 
silica substrate was fabricated by interference lithography, after which the sub-
strate was used for a templating BC self - assembly. Monolayer fi lms of the BC were 
deposited by spin - casting and annealed onto the patterned silica substrate. The 
fi lm was then oxidized by etching in an oxygen plasma.  Scanning electron micro-
scopy  ( SEM ) images of annealed and etched PS -  b  - PFS fi lms, reported in Figure 
 4.15 , revealed ordered arrays of PFS spheres in grooves of different widths  [288] . 
A thin PFS – PS brush layer is present at the groove edge and bottom where the 
PFS block wets the silica substrate. This surface - induced thin layer was shown to 
drive the ordering of the PS – PFS block copolymer microdomains, and resulted in 
PFS spherical microdomains parallel to the groove edges. In the microstructure 
with grooves having a width of 240   nm (Figure  4.15 c), and comparable to the 
typical block copolymer grain size, a near - perfect alignment of PFS spherical 
microdomains was achieved. The microdomain patterns were transferred onto the 
underlying silica substrate using a  reactive ion etcher  ( RIE ) process with a CHF 3  
plasma, so as to create well - ordered arrays of silica posts  [288] . The oxidized PFS 
domains are perfectly ordered by the guided self - assembly of the BC in the prepat-
terned substrate, and can potentially be useful for fabricating 2 - D photonic crystal 
waveguide structures. More recently, other investigations have confi rmed the 
general applicability of this approach employing spherical, cylindrical or lamellar 
diblock copolymers to yield 2 - D patterns into different lithographic features  [35, 
36, 38, 290, 291] . However, as the pre - pattern size should be determined by the 
grain size of the block copolymers, only patterns with a small periodicity are 
applicable. To overcome this problem, graphoepitaxy should be combined with 
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methods that allow the grain size of the BCs to be increased, which can then in 
turn be controlled with the micron size patterns available, for example, from soft 
lithography  [12] . As discussed in the next sections, the combination of graphoepi-
taxy or epitaxy with directional crystallization provides possible routes to achieve 
this result.   

 Unlike graphoepitaxy, which can be considered to approximate a 1 - D confi ne-
ment of a thin fi lm between (often parallel) solid walls, the 2 - D confi nement of 
BCs has been predicted to induce more complicated effects on phase - separation 

     Figure 4.15     SEM images of annealed and oxygen plasma -
 treated PS -  b  -  PFS fi lms on silica gratings with (a) 500   nm - wide 
grooves, (b) 320   nm - wide grooves, and (c) 240   nm - wide 
grooves.  Reproduced with permission from Ref.  [288] ; 
 ©  2002, The American Institute of Physics.   
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and morphology orientation  [292 – 294] . Recent investigations have confi rmed for 
various PS - based diblock copolymers that, in the case of a nonplanar geometry of 
confi nements, such as in cylindrical pores, the confi ning of dimensions incom-
mensurable with the copolymer period and the imposed curvature leads to the 
production of unusual morphologies  [295 – 297] . The self - assembly of asymmetric 
diblock copolymers introduced as a melt into nanoporous alumina templates 
occurs with an alignment of the cylinders along the pore axis, favored by the 
preferential wetting of the pore with the majority block  [296] . Furthermore, for 
symmetric BCs, concentric lamellae oriented parallel to the long axes of the pores 
have been observed, with an overall number of lamellae and forbidden segrega-
tions that are directly dependent on the pore diameter and the preferential wetting 
of one block, respectively  [296, 297] .  

  4.5.5 
 Combination of Directional Crystallization and Graphoepitaxy 

 The idea of combining graphoepitaxy from a topographical pattern fabricated by 
conventional photolithography procedures and the directional crystallization of a 
solvent was fi rst introduced by Park  et al .  [298] . The thin fi lm of the BC was con-
fi ned between crystals of BA, obtained from a directional eutectic crystallization 
of the homogeneous BC solution, and the topographic substrate pattern. The 
confi nement induced a thickness variation of the BC fi lm, and resulted in the two 
different orientations of the microdomains  [298] . The patterned substrate was 
produced via standard lithographic techniques, and consisted of 30   nm - high, 
2    μ m    ×    2    μ m mesas arranged in a square array with a 4    μ m spacing, as shown in 
the schematic diagram of Figure  4.16 a. The square - shaped mesas are made by 
selective etching of a thermally grown silicon oxide on a 10   cm wafer. A PS -  b  - PI 
diblock copolymer was directionally solidifi ed with benzoic acid on the patterned 
substrate  [298] . A low - magnifi cation, bright - fi eld TEM micrograph of the OsO 4  -
 stained BC fi lm is shown in Figure  4.16 b. The prepatterned substrate structure 
produces thickness variations in the directionally solidifi ed BC thin fi lms; the fi lms 
are thinner on the mesas and thicker in the plateau regions. As described in 
Section  4.5.3  (see Figure  4.14 b,c), the directional eutectic solidifi cation produces 
an orientation of PI cylinders along the  b  - axis of the benzoic acid crystal or normal 
to the substrate, depending on the thickness  [275, 298] .   

 The BC fi lm directionally solidifi ed on the patterned substrate was then sub-
jected to O 2  - RIE to selectively remove the cylindrical PI microdomains  [298] . A 
higher - magnifi cation  atomic force microscopy  ( AFM ) image after O 2  - RIE, shown 
in Figure  4.17 a, reveals the double orientation of the cylindrical PI microdomains. 
In the thicker fi lm regions (ca. 50   nm thick), the cylindrical PI microdomains are 
well aligned along the  b -  axis of the BA crystal, with the cylinder axis parallel to the 
substrate and to the walls of the mesas. In the thinner fi lm regions (ca. 20   nm 
thick), the PI cylinders are hexagonally packed with their cylinder axes perpendicu-
lar to the substrate and with the  a  1  hexagonal lattice direction parallel to  b  - axis of 
BA; that is, along the  [10]  direction of the square substrate pattern  [298] . The SEM 
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image of Figure  4.17 b shows that the microdomains successively transform from 
parallel to vertical when they pass from the plateau into the mesa regions  [298] . 
The in - plane PI cylindrical microdomains aligned along the  b -  axis direction of the 
BA crystal in the plateau regions transform abruptly into hexagonally packed, verti-
cally oriented cylinders. The cylindrical hole structures on the mesa areas after 
O 2  - RIE are also shown in Figure  4.17 c, in height - contrast AFM. The vertically 
ordered PI cylindrical domains, which appear dark, on the mesa regions are essen-
tially empty. A scheme of this process of directional solidifi cation of the BC, 
combined with topographically mediated substrate patterning, is shown in Figure 
 4.17 d. The BC fi lms confi ned between the top BA crystal and the bottom prepat-
terned substrate undergo thickness variation ( h  1  and  h  2 ), leading to two different 
microdomain orientations. Control over the position and orientation of cylindrical 

     Figure 4.16     (a) Schematic of the 
topographically patterned silicon oxide 
substrate; (b) Bright - fi eld TEM image of a thin 
fi lm of PS/PI block copolymer, directionally 
solidifi ed with BA on the prepatterned 
substrate. The low - magnifi cation image 
depicts a typical region larger than 1000    μ m 2  
where the cylindrical PI microdomains are 
aligned via directional solidifi cation. The 

replicated micron - scale pattern structure is 
seen due to the different fi lm thicknesses in 
the two types of region. The inset shows the 
basis vectors of the cylindrical PI 
microdomain lattice and the fast growth 
direction of the BA crystal ( b  axis). 
 Reproduced with permission from Ref.  [298] ; 
 ©  2001, The American Institute of Physics.   
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domains on the patterned substrate provides nanolithographic templates for 
micromagnetics and microphotonics  [298] .    

  4.5.6 
 Combination of Epitaxy and Directional Crystallization 

 The method of combination of directional crystallization and epitaxy was intro-
duced by De Rosa  et al .  [263] . The process is based on the directional solidifi cation 

     Figure 4.17     (a,c) AFM and (b) SEM images of 
a thin fi lm of asymmetric PS -  b  - PI, directionally 
solidifi ed with BA on the prepatterned 
substrate and subsequently etched by O 2  - RIE. 
The tapping mode AFM image (panel a) 
shows that the cylindrical PI microdomains, 
with two different orientations with respect to 
the substrate, are well aligned along the fast 
growth direction of the BA crystals, as 
indicated by the arrow. The square - shaped 
mesa regions exhibit vertically oriented, 
hexagonally packed PI cylinders. The thicker 
matrix regions show the in - plane PI cylinders. 
The SEM image reveals that aligned PI 
cylinders transform their in - plane to vertical 

orientation with respect to the substrate. The 
two hexagonal lattice directions of the 
vertically ordered PI cylinders are shown in 
inset (b). The height mode AFM image on a 
mesa region (c) indicates that vertically 
ordered cylindrical PI microdomains are 
selectively removed by O 2  - RIE, which appear 
dark.  Reproduced with permission from Ref. 
 [298] ;  ©  2001, The American Institute of 
Physics;  (d) Scheme of the orientation of 
microdomains of PS -  b  - PI between the top BA 
crystal and the bottom prepatterned 
substrate.  Reproduced with permission from 
Ref.  [12] ;  ©  2003, Elsevier.   
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of the eutectic solution of a semicrystalline BC in a crystallizable organic solvent 
and subsequent epitaxial crystallization of the crystalline block onto the organic 
crystalline substrate  [263] . The organic substrate (e.g., BA or AN) at a temperature 
higher than its melting temperature is a solvent for the BC, and becomes a sub-
strate, when it crystallizes at lower temperatures, for the epitaxial crystallization 
of the BC  [263 – 265, 299] . 

 Examples of the ordered microstructures obtained with this method are pro-
vided by PS -  b  - PEP -  b  - PE and PS -  b  - PE semicrystalline BCs containing crystallizable 
PE blocks directionally solidifi ed with BA or AN  [263 – 265] . 

 The electron diffraction pattern of PS -  b  - PEP -  b  - PE triblock copolymer fi lm direc-
tionally solidifi ed and epitaxially crystallized with BA is shown in Figure  4.18 a 
 [264] . As in the case of the melt - compatible PE -  b  - PEP -  b  - PE (see Figure  4.11 a)  [184] , 
the pattern of Figure  4.18 a essentially presents only the 0 kl  refl ections of PE, 
indicating orientation of the PE crystals similar to that found for the PE -  b  - PEP -  b  -
 PE triblock copolymer  [184] , and for the homopolymer, as shown in Figures  4.10  
and  4.12 . The crystalline PE lamellae are oriented edge - on on the substrate surface 
with the (100) plane of PE in contact with the (001) plane of BA. The  b -   and  c  - axes 
of PE are parallel to the  b -   and  a  - axes of benzoic acid, respectively.   

 The bright - fi eld TEM image of the unstained fi lm directionally solidifi ed and 
epitaxially crystallized onto BA, reported in Figure  4.18 b  [264] , shows the highly 
oriented lamellar structure with long thin crystalline lamellae oriented along the 
[010] PE ||[010] BA  direction. The bright - fi eld image of the same sample after staining 
with RuO 4 , as shown in Figure  4.18 c, indicates that the PS blocks, corresponding 
to the darker - stained regions, are organized in parallel cylinders the axes of which 
are generally oriented along the elongated direction [010] PE ||[010] BA  of the crystal-
line lamellae  [264] . 

 As the order – disorder temperature of PS -  b  - PEP -  b  - PE ( > 250    ° C) is much higher 
than the crystallization temperature of the PE block (almost 65    ° C)  [300, 301] , the 
directional crystallization of BA induces the orientation of the cylindrical PS 
microdomains along the fast growth direction of the BA crystal ( b  - axis)  [264]  (as 
discussed in Section  4.5.3  for amorphous BCs)  [275] . Subsequently, epitaxial crys-
tallization of the crystalline PE block onto the BA crystalline substrate induces 
molecular orientation of the PE chains, leading to oriented crystalline PE lamellae 
in the presence of pre - existing ordered PS cylinders  [264] . A schematic model 
(Figure  4.18 d) displays the fi nal microstructure generated by a combination of the 
directional crystallization and epitaxy. The process induces alignment of the PS 
cylinders and PE lamellae along the same direction, resulting in a multilayered 
ordering of the PS cylinders  [264] . 

 A different microstructure of the same PS -  b  - PEP -  b  - PE is obtained when AN is 
used as the crystallizable solvent  [265] , due to a different epitaxial relationship 
between PE and AN crystals  [258] . The  selected area diffraction  ( SAD ) pattern of 
the PS -  b  - PEP -  b  - PE fi lm epitaxially crystallized onto AN is shown in Figure  4.19 a 
 [265] . The pattern exhibits 0 kl  refl ections of two sets of PE crystals having two 
different orientations  [265] , corresponding to the  b * c *   sections of the PE reciprocal 
lattice symmetrically rotated by an angle of almost 70    °  with respect to the  a *   - axis 
of the AN. This angle of 70    °  corresponds to the angle made by the [1 1 0] and 
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[1 1   0] directions in the  ab  - plane of the AN crystal ( a  AN    =   8.65    Å ;  b  AN    =   6.04    Å ; 
 c  AN    =   11.18    Å ;   β     =   124.7    ° ; melting temperature of 216    ° C). The  c  - axis of PE is there-
fore oriented parallel to two equivalent [1 1 0] and [1 1   0] directions of the AN 
crystal, and two sets of PE lamellae oriented edge - on on the AN crystals are pro-
duced, with the (100) plane of PE in contact with the (001) plane of AN (Figure 
 4.19 b)  [265] . The epitaxial relationship between PE and AN crystals can be readily 
explained in terms of matching between the  b  - axis of PE and the inter - row spacing 

     Figure 4.18     Selected area diffraction pattern 
(a), TEM bright - fi eld image of unstained (b) 
and stained with RuO 4  (c) thin fi lm of 
PS -  b  - PEP -  b  -  PE triblock copolymer 
directionally solidifi ed and epitaxially 
crystallized onto BA. The dark regions in the 
TEM bright - fi eld image of the unstained fi lm 
(panel b) correspond to the crystalline PE 
phase, which form long lamellae oriented 
edge - on, and aligned with the  b  - axis parallel 
to the  b  - axis of BA. The dark regions in the 
TEM bright - fi eld image of the fi lm stained 
with RuO 4  (panel c) correspond to the PS 
phase, which form cylinders aligned parallel 
to the crystalline lamellae; (d) Schematic 

model of the microstructure in thin fi lms of 
the PS -  b  -  PEP -  b  - PE terpolymer directionally 
solidifi ed and epitaxially crystallized onto BA. 
The directional solidifi cation induces in - plane 
cylindrical PS microdomains aligned along the 
fast growth direction of BA crystals. The 
following epitaxial crystallization of PE blocks 
onto the BA crystals induces the formation of 
long, thin crystalline PE lamellae in between 
the PS cylinders. The PE crystals have their 
(100) planes in contact with the (001) plane 
of the BA crystal with  a  BA || c  PE  and  b  BA || b  PE . 
 Reproduced with permission from Ref.  [264] ; 
 ©  2003, Wiley - VCH.   
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of the (110) plane of AN and a second matching of 2 c  of PE with the Bragg distance 
of the (110) plane ( d  110 ) of AN  [258] . Similar lattice matching occurs between PE 
and other aromatic substances  [258] .   

 The bright - fi eld TEM image of the unstained fi lm of the PS -  b  - PEP -  b  - PE epitaxi-
ally crystallized onto AN (Figure  4.19 c) provides a direct visualization of the crystal-
line PE lamellae that presents a cross - oriented texture. The lamellae having a 
thickness of 10 – 20   nm are oriented along the two different [1 1 0] and [1 1   0] direc-
tions of the AN crystals  [265] . A bright - fi eld image of a different region of the same 
sample after staining with RuO 4  (Figure  4.19 d) indicates that the PS blocks (the 
darker regions) are organized into a similar, double - oriented pattern  [265] . 
The directional solidifi cation of the mixture of the terpolymer and AN develops 
the orientation of the cylindrical PS microdomains along the fast growth direction 
of the AN crystals ( b  - axis direction) before crystallization of the PE. The epitaxial 

     Figure 4.19     (a) Selected area electron 
diffraction pattern of a thin fi lm of PS -  b  - PEP -  b  -
 PE block terpolymer epitaxially crystallized 
onto AN; (b) Scheme showing the two 
orientations of edge - on PE lamellae onto the 
(001) exposed face of the AN crystals. The 
(100) plane of PE is normal to the electron 
beam and parallel to the (001) face of the AN 
crystals. The  c  - axes of the two sets of PE 
crystals are parallel to the [1 0 9] and [1  −  10] 
direction of the AN crystal; (c) TEM bright -
 fi eld image of an unstained thin fi lm of 

PS -  b  - PEP -  b  - PE epitaxially crystallized on AN. 
The dark regions correspond to the crystalline 
PE phase, which forms cross - oriented PE 
lamellae standing edge - on; (d) TEM 
bright - fi eld image of the fi lm of PS -  b  - PEP -  b  - PE 
epitaxially crystallized on AN and stained with 
RuO 4 . The dark regions correspond to the PS 
phase, which forms a double - oriented 
structure similar to that of the PE 
microdomains.  Reproduced with permission 
from Ref.  [265] ;  ©  2001, Wiley - VCH.   
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crystallization induces a high orientation of the molecular chains of the crystalline 
phase, resulting in PE lamellae standing edge - on on the substrate surface, oriented 
in two directions due to the crystallographic degeneracy. This structure in turn 
induces reorganization and reorientation of the pre - existing PS cylinders  [265] . 

 This thin - fi lm process suggests the possibility of creating new 2 - D microdomain 
textures via self - assembled semicrystalline BCs using a combination of one or 
more crystallizable blocks and various crystalline organic substrates  [265] . 

 The asymmetric PS -  b  - PE diblock copolymer is an interesting example of crys-
tallization of PE confi ned in PE cylinders formed by self - assembly in the melt 
 [263, 264] . The electron diffraction pattern of an unstained fi lm of PS -  b  - PE fi lm 
epitaxially crystallized onto BA is shown in Figure  4.20 a. The pattern is similar 
to those obtained for the PS -  b  - PEP -  b  - PE (Figure  4.18 a)  [264]  and PE -  b  - PEP -  b  - PE 
(Figure  4.11 a)  [184]  epitaxially crystallized onto BA and presents only the 0 kl  
refl ections of PE. This indicates that the PE lamellae are oriented edge - on on the 
(001) surface of BA, with the (100) plane of PE in contact with the (001) plane 
of BA and the  b -   and  c  - axes of PE parallel to the  b -   and  a  - axes of BA, respectively, 
as shown in Figures  4.10  and  4.12 . A bright - fi eld image of a thin fi lm of PS -  b  - PE 
directionally solidifi ed and epitaxially crystallized onto BA and stained with RuO 4 , 
is shown in Figure  4.20 b  [263] . The presence of a very well - ordered array of light -
 unstained PE cylinders in the dark - stained PS matrix is apparent  [263] . The 
cylinders are vertically aligned and packed on a hexagonal lattice, having an 
average lattice constant of almost 40   nm. The order extends to large distances 
( > 20    μ m).   

 The PE crystals have been visualized with dark - fi eld imaging, employing the 
strong 110 refl ection of PE (Figure  4.20 c). Small rectangular PE crystals are 
observed in the dark - fi eld image of Figure  4.20 c (the light regions), well aligned 
along the  b  - axis direction of the BA crystals and packed on a pseudo - hexagonal 
lattice, the size and orientation of which are the same as seen in the bright - fi eld 
image of Figure  4.20 b  [263] . The PE crystals are 7   nm thick and 20   nm long, with 
their longest dimension parallel to the [1 1 0] *  reciprocal lattice direction  [263] . 
The size and spacing of PE microdomains observed in bright -  and dark - fi eld 
images show that there is precisely one crystalline PE lamella centered in each 
cylinder, with the  b  - axis of the lamella oriented parallel to the  b  - axis of the BA, 
confi rming the epitaxy of PE on BA demonstrated by the electron diffraction 
pattern (Figure  4.12 a). A scheme of the nanostructure obtained in PS/PE thin fi lm 
is shown in Figure  4.20 d  [263, 264] . 

 The same PE -  b  - PS was also processed with AN to manipulate both molecular 
and microstructure orientation  [264] . The electron diffraction pattern of an 
unstained fi lm is shown in Figure  4.21 a. As in the case of Figure  4.19 a for the 
PS -  b  - PEP -  b  - PE triblock copolymer, the pattern exhibits the 0 kl  refl ections of two 
sets of PE crystals in two different orientations, indicating that PE lamellae stand 
edge - on on the substrate surface with the  c  - axes of PE oriented parallel to the 
[1 1 0] or [1 1   0] directions (Figure  4.19 b)  [264] . A RuO 4  - stained bright - fi eld TEM 
image of the PS -  b  - PE diblock copolymer directionally solidifi ed and epitaxially 
crystallized onto AN is shown in Figure  4.21 b. Also, in this case the light - unstained 
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     Figure 4.20     Selected area electron diffraction 
pattern (a), TEM bright - fi eld image (b) and 
TEM dark - fi eld image (c) of a thin fi lm of 
PS -  b  - PE directionally solidifi ed and epitaxially 
crystallized onto BA. In the TEM bright - fi eld 
image, the fi lm of PS -  b  -  PE was stained with 
RuO 4 ; therefore, the darker regions 
correspond to the stained PS matrix, while the 
light regions correspond to the crystalline PE 
microdomains, which form hexagonally 
packed cylinders oriented perpendicular to the 
substrate surface. Inset, magnifi ed region of 
(panel b) showing the noncircular shape of 
the PS - PE interface. The dark - fi eld image 
(panel c) of the unstained fi lm was created 
using the (110) diffraction refl ection. Small 

rectangular PE crystals are observed, well 
aligned along the  b  - axis direction of the BA 
crystals and packed on a pseudohexagonal 
lattice, the size and orientation of which is the 
same as seen in panel (b).  Reproduced with 
permission from Ref.  [263] ;  ©  2000, Nature 
Publishing Group;  (d) Schematic models of 
the microstructures in thin fi lms of PS -  b  - PE 
directionally solidifi ed and epitaxially 
crystallized onto BA. Vertically oriented PE 
cylinders are packed on a hexagonal lattice 
and contain one crystalline PE lamella 
oriented edge - on on the substrate with the 
 b  - axis parallel to the  b  - axis of the BA crystal. 
 Reproduced with permission from Ref.  [264] ; 
 ©  2003, Wiley - VCH.   



 146  4 Alignment and Ordering of Block Copolymer Morphologies

     Figure 4.21     Selected area electron diffraction 
pattern (a) and TEM bright - fi eld image (b) of 
a thin fi lm of PS -  b  - PE directionally solidifi ed 
and epitaxially crystallized onto AN. In the 
TEM bright - fi eld image the fi lm of PS -  b  - PE 
was stained with RuO 4 ; therefore, the darker 
regions correspond to the stained PS matrix, 
while the light regions correspond to the 
crystalline PE microdomains, which form 
hexagonally packed cylinders oriented 
perpendicular to the substrate surface; 

(c) Schematic model of the microstructure in 
thin fi lms of PS -  b  - PE, directionally solidifi ed 
and epitaxially crystallized onto AN. Vertically 
oriented PE cylinders are packed on a 
hexagonal lattice and contain one crystalline 
PE lamella oriented edge - on on the substrate 
with two different orientations, in which the 
 c  - axes of PE lamellae are parallel to the [1 1 0] 
or [1 1   0] directions of AN crystals. 
 Reproduced with permission from Ref.  [264] ; 
 ©  2003, Wiley - VCH.   
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PE cylinders are vertically aligned but the order in the lateral packing is lower 
than that observed for the same BC crystallized onto BA (Figure  4.20 b)  [264] . The 
lattice has, indeed, many defects, resulting in very small grain size with short -
 range order. This is probably because the shape anisotropy of AN crystals in the 
growth process is lower than that of BA crystals and the epitaxial crystallization 
of the PE block on AN, which causes the double texture of the crystalline PE 
lamellae, may disturb the lateral ordering of the PE cylinders  [264] . A scheme of 
the microstructure obtained is shown in Figure  4.21 c. The PE cylinders are verti-
cally aligned and contain one PE crystalline lamella oriented along two equivalent 
crossed directions  [264] .   

 It has been suggested by De Rosa  et al .  [263]  that the mechanism of the 
pattern formation of PS -  b  - PE on BA or AN is based on the combination of 
epitaxy and directional crystallization, and is basically similar to that for PS -  b  -
 PEP -  b  - PE (Figure  4.18 )  [263, 264] . The directional crystallization of the organic 
crystal (BA or AN) produces the formation of the globally oriented PE cylindrical 
microdomains due to the polymer fi rst undergoing the order – disorder transition. 
However, in this instance the subsequent epitaxial crystallization of the PE block 
infl uences the fi nal microstructure, where vertically oriented cylindrical PE micro-
domains  [263]  (Figure  4.20 d) instead of in - plane PS cylinders are formed (Figure 
 4.18 d)  [264] . The morphological evolution of the system is depicted schematically 
in Figure  4.22 . The initial homogeneous solution confi ned between the glass 
substrates (Figure  4.22 a) transforms, due to the imposed directional eutectic 
solidifi cation, into large crystals of BA having (001) surfaces coexisting with a 
thin liquid layer near the eutectic composition (Figure  4.22 b). Decreasing the 
temperature also causes this layer to solidify directionally, by thickening 
the pre - existing BA crystal, and the formation of a thin, metastable vertically 
oriented lamellar microdomain fi lm (Figure  4.22 c). The PE microdomains are 
aligned along the fast growth direction of substrate crystals, as shown in Figure 
 4.13 b. Many sequences of events are possible, depending on the affi nity of the 
respective blocks for the substrate surfaces, the polymer fi lm thickness, the 
microdomain period, and the type of subsequent epitaxy and orientation of 
chains in the crystallizable block with respect to the crystalline substrate. In the 
case of the PS -  b  - PE/BA system, the structure transforms due to the instability 
of the fl at interface at this composition and from the in - plane PE  c  - axis orienta-
tion induced by the epitaxy, so that vertical cylinders readily form (Figure  4.22 d). 
The depression of the  T  g  of PS by plasticization from the BA allows the inter-
mediate structure to reorganize when the crystallization of PE occurs, even at 
60    ° C. The domains evolve from an aligned precursor state (Figure  4.22 d), into 
the fi nal structure with vertical cylinders containing one PE crystalline lamella 
(Figure  4.22 e)  [263] .   

 In the case of PS -  b  - PEP -  b  - PE, due to the presence of the PEP mid - block and the 
appropriate condition for the epitaxy of the PE block, in - plane crystalline PE lamel-
lae were produced without hindering the pre - existing PS cylinders (see Figure 
 4.18 d)  [264] . However, in the case of PS -  b  - PE, the fact that the epitaxial crystalliza-
tion of the PE block must take place inside the cylindrical microdomains and the 
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 c  - axis of the PE block must contact with the crystalline BA or AN surface, make 
the two controlling forces of directional crystallization and epitaxy determine the 
fi nal microstructure orientation in a more cooperative manner. Indirect evidence 
of the contribution of the PE epitaxy to the vertically ordered microstructure is 
given by the results reported by Park  et al .  [275] , who introduced the method of 
directional crystallization (see Section  4.5.3 ) using a PS -  b  - PI that has a volume 
fraction and molecular weight similar to those of the PS -  b  - PE. The authors found 

     Figure 4.22     Structural evolution during the 
directional eutectic solidifi cation and epitaxial 
crystallization of the BC from the crystallizable 
solvent. (a) Homogeneous solution of 
PS -  b  - PE in BA between two glass substrates; 
(b) Directional solidifi cation forms crystals of 
BA coexisting with a liquid layer of more 
concentrated polymer; (c) Second directional 
solidifi cation, showing the eutectic liquid layer 
transforming into a BA crystal (which grows 
on the pre - eutectic BA crystal) and an ordered 
lamellar BC; (d) Because of the highly 
asymmetric composition of the BC and the 
epitaxial crystallization of the PE in contact 

with the BA substrate, the fl at interfaces of 
vertically oriented lamellae are unstable, and 
spontaneously deform in order to achieve a 
more preferred interfacial curvature and allow 
epitaxial growth of PE; (e) The layers 
transform into an array of vertically oriented, 
pseudohexagonally packed semicrystalline PE 
cylinders. A single, chain - folded PE lamella is 
formed in each cylinder. The PE crystals have 
their (100) planes contacting the (001) plane 
of the BA crystal with  a  BA || c  PE  and  b  BA || b  PE . 
 Reproduced with permission from Ref.  [263] ; 
 ©  2000, Nature Publishing Group.   
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in - plane PI cylinder orientation with the same experimental conditions due to the 
absence of the epitaxy (see Figure  4.14 b)  [275] . Plasticization of the PS matrix from 
BA or AN enables the subsequent epitaxial crystallization to transform the micro-
structure into vertical cylinders  [263, 264] .   

  4.6 
 Summary and Outlook 

 The importance of developing methods which allow control over the alignment 
of domains arises from the opportunities that they provide for the exploitation of 
BCs in nanotechnological applications, such as in nanolithography or for the 
fabrication of photonic materials and other optical and electronic devices. In this 
chapter we have attempted to describe most of techniques proposed essentially 
during the past decade to induce long - range ordered and preferentially oriented 
morphologies, considering as seminal work the partial alignment of cylindrical 
domains in BC melts obtained during the early 1970s by the application of a 
mechanical fi eld  [73] . 

 Macroscopically oriented thin fi lms have been achieved by methods of general 
applicability, including roll - casting, shearing, and through the use of unidirec-
tional electric fi elds. Less - direct approaches have established a control of surface 
interactions or entail a fi ne - tuning of surface topography and geometric con-
fi nements, eventually through lithographically patterned substrates. Moreover, 
when BCs fulfi ll specifi c structural or molecular requirements, other strategies 
are available: (i) semicrystalline BCs or copolymers having the  T  g  of one block 
above room temperature may undergo morphology alignment by epitaxy or 
solvent evaporation, respectively; (ii) BCs soluble in a crystallizable solvent are 
suitable for alignment by directional crystallization, eventually in combination 
with epitaxy or graphoepitaxy. Other approaches, essentially proposed for bulk 
BC systems, achieve only moderate orientation with multigrain structures, for 
example, through the application of different mechanical fl ow fi elds, or appear 
to be too complicated to assume nimble developments (e.g., for orientation by 
temperature gradients). 

 Finally, a scenario could be foreseen in which only a few of the techniques 
proposed so far will allow the development of processes for the preparation of 
defect - free nanostructured materials suitable for technological applications. This 
is despite the fact that most of them are of remarkable interest as model studies 
which, in the best case, could assist researchers working in this fi eld and on the 
development of other complementary technologies, or they may simply be intended 
for academic exercises. In particular, there is a considerable interest in the com-
bination of different methods of alignment for the production of  “ truly ”  defect free 
3 - D nanostructures, with the goal of overcoming the azimuthal degeneration of 
domains, intrinsic for unidirectional interactions. The best potential is logically 
offered by the simultaneous application or orthogonal directing interactions. 
However, in our opinion, it is worth devoting additional effort to further explore 
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the integration of ultraviolet interferometric lithography and, more generally, the 
implementation of the combination of top - down and bottom - up approaches.  
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   5.1 
 Introduction 

 Nature ’ s elegant bottom - up fabrication of hierarchical superhelical assemblies 
over a wide range of scales has inspired the development of functional advanced 
materials from effi cient approaches  [1] . 

 In natural systems, hierarchical helical architectures, such as the double helix 
of DNA, the triple helix of collagen, and the  α  - helical coiled - coils of myosin and 
keratin on the molecular level, are ubiquitous  [2] . They also occur frequently 
in artifi cial systems, and it is well known that amphiphilic compounds, such as 
phospholipids, amino acids, nucleic acid derivatives, and carbohydrate com-
pounds, fabricate a variety of helical superstructures including tubes, disks, 
bundles, fi bers, and cholesteric liquid crystals  [1, 3] . Until recently, extensive 
studies have been conducted into the helical supramolecular assemblies of organic 
molecular materials  [1, 3 – 5]  and, indeed, recent progress in the areas of polymer 
and supramolecular sciences has led us to construct highly ordered and well -
 defi ned helical architectures for synthetic helical polymers  [6] . Akagi  et al.  reported 
the synthesis of hierarchical helical polyacetylene fi ber under an asymmetric reac-
tion fi eld consisting of a chiral nematic ( N   *  ) liquid crystal  [7] . Nolte  et al.  demon-
strated that the formation of various helical superstructures of amphiphilic block 
copolymer containing a polystyrene tail and a charged helical polyisocyanide 
head group derived from isocyano -  l  - alanine -  l  - alanine and isocyano -  l  - alanine -  l  - 
histidine  [8] . Yashima  et al.  succeeded in the construction of both  two - dimensional  
( 2 - D ) and  three - dimensional  ( 3 - D ) smectic self - assemblies composed of helical 
polyisocyanides  [9] . The same group also created a  one - dimensional  ( 1 - D ) helical 
supramolecular architecture of double - stranded helical polyacetylenes, which can 
form 2 - D, self - assembled structures on the substrate  [10] . Today, the control of 
such highly ordered and hierarchical helical assemblies of synthetic helical poly-
mers is a major challenge in polymer and supramolecular sciences, especially 
from the point of view of developing the materials sciences. Generally, the driving 
forces in the formation of helical assembled structures are varied, including a 



 160  5 Helical Polymer-Based Supramolecular Films

chiral interaction and a polar interaction between solute – solvent and solute – solute, 
such as hydrogen bonding, electrostatic interactions, coordination bonding, and 
 π  -  π  stacking. If a simple system were to organize a hierarchical helical structure 
only by weak intermolecular interactions such as van der Waals interactions, it 
might be helpful to understand the chiral interactions between the molecules. In 
this chapter, we will review several helical polymer - based supramolecular assem-
blies in order to provide a better understanding of the driving forces in the forma-
tion of these helical assemblies. First, we describe helical polymer - based 1 - D and 
2 - D architectures from the perspective of the construction of supramolecular 
organization with helical polymers. Next, we describe helical polymer - based func-
tional fi lms, focusing on the functionalities, such as switch, memory, transfer and 
amplifi cation, that are derived from the intrinsic chirality of helical polymers. Two 
different types of well - known helical polymer were chosen. A poly(  γ   -  l  - glutamate) -
 derivative polypeptide and a synthetic helical polysilane polymer were selected 
because these are well studied and possess ideal helical conformation, thus allow-
ing us to investigate both the intramolecular and intermolecular interactions.
Studies of the crystal structure of poly(  γ   -  l  - glutamate) derivatives have focused 
primarily on the packing structure of the  α  - helices. Kaufman  et al.  initially reported 
that long  n  - alkyl side chains of polymers based on acrylic and methacrylic acids 
can pack into paraffi n - like crystallites  [11] . Watanabe  et al.  discovered the thermo-
tropic liquid crystal nature of these polymers and investigated the molecular 
packing and thermotropic behaviors for a series of poly( γ  -  l  - glutamate)s with  n  -
 alkyl side chains, ranging from amyl to octadecyl  [12] . 

 Polysilane can be prepared by an easy synthetic route, and exhibits unique elec-
tronic and optical properties that are attributed to the delocalized  σ  electrons along 
the Si – Si main chain  [13] . Much research has been conducted on the behavior of 
polysilane in solution in order to elucidate polymer conformation  [14] . Consequen-
tially, it has been found that the optical and electronic properties of polysilane may 
change easily with the side chain structure, solvent, or temperature. Optically 
active polysilanes with various chiral substituents in the side chains adopt helical 
conformations with a preferential screw - sense  [14] . Furthermore, it has been 
found that helical polysilanes exhibit many interesting characteristics both in solu-
tion and in solid states  [15] . The relationship between the global conformation of 
a polymer chain and the physical properties in dilute solution has already been 
established from spectroscopic evidence in helical polysilanes  [16] . 

 Research into the supramolecular assembly based on a helical polymer is 
expected to contribute signifi cantly to developments within the life sciences and 
materials sciences. In the fi eld of life sciences, it is important to clarify how the 
existence of the helical confi guration is related to human vital activity. In the fi eld 
of materials sciences, a helical conformation is used for functional materials, for 
example in electronic and/or ionic conductors, using the directivity with a well -
 defi ned helical conformation, molecular sensing and sensor systems using the 
regularity of the helical conformation. Helical and superhelical assemblies are 
ubiquitous in nature, as exemplifi ed in biological polymers such as DNA and 
structural proteins, wherein the information stored in the molecular building 
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blocks is utilized for supramolecular organization into higher - order helical archi-
tectures at different hierarchical levels, from nanoscopic to macroscopic lengths. 
Inspired by this elegant spontaneous fabrication into higher - order helical archi-
tectures at different hierarchical levels in nature, the self - organization of synthetic 
organic molecules has been widely exploited to generate novel functional supramo-
lecular architectures. However, in order to achieve this system, it is necessary to 
design a programmed molecule which can self - organize spontaneously into 
higher - ordered supramolecular structures with controlled morphology, dimen-
sion, and size. As the helical polymer possesses a programmed and well - organized 
structure, a supramolecular assembly based on a helical polymer would be promis-
ing for controlling the hierarchy in multi - scale so as to create a natural system.  

  5.2 
 Helical Polymer - Based 1 -  D  and 2 -  D  Architectures 

 Today, the precise control of topology at the single polymer chain level (1 - D), 
especially for helical polymers, is a  “ hot issue, ”  because understanding the 1 - D 
change of topology is the ultimate goal for the development of polymer - based 
nanomaterials, and will take advantage of the solubility, fl exibility, stability, and 
electronic properties of these materials  [17] . The 2 - D, self - organized microscopic 
and/or mesoscopic structures composed of helical polymers are also of consider-
able interest both for advancing the fundamental understanding of structural 
properties, such as helicity and rigidity, and for developing potential applications, 
including liquid crystals and molecular sensing and sensory systems at the mon-
olayer level  [18] . In addition to the structural properties, understanding the interac-
tions that operate between the molecules is also crucial for self - organization. The 
results of this research will be useful for the construction of hierarchical 3 - D bulk 
phases. 

 In general, the supramolecular 1 - D and 2 - D architectures composed of helical 
polymers can be visualized by using  scanning probe microscopy  ( SPM ) tech-
niques, such as  scanning tunnel microscopy  ( STM ) and  atomic force microscopy  
( AFM ). These not only provide the opportunity for direct observations on atomic 
fl at substrates with submolecular resolution, but also reveal the structural informa-
tion of individual polymer chains, whereas most spectroscopic characterizations 
have provided averaged data for multiple molecules or aggregates. Observations 
of biopolymers and synthetic polymers  [19 – 22]  in the isolated or aggregated state 
using SPM (mainly AFM) have been conducted in order to analyze molecular 
characteristics such as chain length, end - to - end length, polymer diameters, and 
chain rigidity  [23, 24] . In fact, AFM has proved very advantageous for observing 
helical characteristics, such as helicity, helical pitch, and helix reversal  [9] . 

 In this section, as examples of 1 - D structures, such as rods and circles, we 
describe the changes in the 1 - D architectures of isolated helical polysilanes with 
different chain lengths on the surfaces. Additionally, we describe a mesoscopic 
2 - D superhelical assembly of polysilane formed by homochiral intermolecular 



 162  5 Helical Polymer-Based Supramolecular Films

interactions. The observation of the associated superstructure of the synthetic 
helical polymers was signifi cant, especially for a wide range of scales, and also 
provided a better understanding of the mechanism of formation of the highly 
ordered and hierarchical architectures. We also present details of the formation of 
2 - D epitaxial adlayers of poly( γ  -  l  - glutamate)s as examples of 2 - D helical, polymer -
 assembled structures. It should be noted here that not only the observation of both 
1 - D and 2 - D architectures but also the direct visualization of intramolecular and 
intermolecular interactions existing between helical polymers were clearly dem-
onstrated by AFM, with molecular - level resolution. 

  5.2.1 
 Formation of Various 1 -  D  Architectures of Helical Polysilanes on Surfaces 

 The topology of an isolated helical polysilane chain bearing a fl uoroalkyl side group 
(Scheme  5.1 , polymer  1 ) changes from a rod - like to a circular structure on a mica 
surface, with the main chain length determined by means of AFM  [25] . Polymer 
 1  is an ideal model molecule with different lengths; it is a 1 - D, semi - fl exible semi-
conductor that has exhibited unique properties that have contributed to intramo-
lecular CF/Si interactions  [26] .   

  5.2.1.1   Direct Visualization of 1 -  D  Rod, Semi - Circle and Circle Structures by  AFM  
 Figure  5.1  exemplifi es typical AFM images of  1  on mica surfaces. In these images, 
three different forms of topology    –    namely, rod, semi - circle, and circle struc-
tures    –    coexisted and can be clearly distinguished. Figures  5.1 c, d, and e show AFM 
images of rod, semi - circle, and circle structures of isolated  1 , respectively, in a 
relatively narrow area. The average height of both the rod and circle structures was 
approximately 0.86   nm and was almost uniform, which corresponds to the real 
height of adsorbates.   

     Scheme 5.1     Chemical structure of fl uoroalkyl - containing helical polysilane  1 .  
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     Figure 5.1     Typical atomic force microscopy (AFM) images of 
isolated polysilane  1  chains on mica surfaces in (a) large area, 
(b) cross - sectional profi le of line a – b in (a), (c) rod - like 
structure, (d) rod - like and semi - circle structures, and 
(e) rod - like, semi - circle, and circle structures.  

 All of the observed rod, semi - circle, and circle structures were not aggregated 
forms but isolated single polymer chains. The distribution of the average number 
of contour lengths ( L  n ) is shown in Figure  5.2 .   

 In the region of shorter lengths in Figure  5.2  (region I), only rod - like structures 
were observed (see Figure  5.1 c), and this was essentially consistent with the results 
that  1  possesses a stable, semi - rigid, helical conformation by the intramolecular 
CF/Si interaction in the solution system  [26] . However, it should be emphasized 
here that the chain topology eventually transformed from rod to circle structures 
as the main chain length increased on the surfaces. In particular, semi - circle 
structures were observed in the very narrow region of medium length (400 ∼ 500   nm) 
in Figure  5.2  (region II), thereby showing that the topological switching between 
the rod and circle structures is attributable to the discontinuous transition phe-
nomenon. The distribution of the end - to - end distance also exhibited a discrete 
decrease as contour length increased, as shown in Figure  5.3 .   

 Figure  5.4  shows a high - resolution AFM image of the higher - order helical con-
formation in a circle structure. The observed helical pitch in the AFM images was 
determined to be approximately 44.2    ±    4.2   nm, although it was much longer than 
that expected from the 7 3  helical structure model (0.45   nm). This might be attrib-
uted not only to a tip broadening effect but also to an intramolecular CF/Si interac-
tion, leading to a long - period macromolecular right - handed helicity  [27] . Except 
for the limitation of the AFM spatial resolution, and because such helical confor-
mations cannot be seen within the rod and semi - circle structures, signifi cant long 
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     Figure 5.3     Distribution of the end - to - end distance of  1  
obtained from AFM images as a function of contour length. 
The numbers I, II, and III correspond to the rod, semi - circle, 
and circle structures, respectively.  

     Figure 5.2     Contour length distribution of  1  estimated from 
AFM images. Regions I, II, and III indicate the existence of 
rod - like, semi - circle, and circle structures, respectively.  
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     Figure 5.4     High - resolution AFM image of  1 . 
(a) Circle structure; (b) Highly zoomed image 
of (a); (c) Cross - section profi le of line a – b in 
(a); (d) Cross - sectional profi les of segments 
R 1  and R 2 . The greater width of R 1  in the 
profi le indicates that the polymer chain 
possesses a right - handed helical structure. 

Each bright spot and its cross - sectional profi le 
clearly indicate that the polymer chain has a 
helical structure. From the cross - sectional 
profi le, it can be seen that the local 
conformation of R 2  is fl at on the bottom, 
but R 1  is bulged on the top  [33] .  

chains might be required to confi gure the long - period helicity. In several AFM 
images and their cross - section profi les, the height and width were frequently dif-
ferent at the right and left or up and down points in the circle structure (e.g., 
Figure  5.1 b).    

  5.2.1.2   Driving Force for the Formation of 1 -  D  Architectures 
 The chain dynamics were realized on the surfaces, and not in the solution system. 
Although these structures cannot be formed in the solution system due to thermal 
fl uctuation, the mechanism of topology switching of single polymer chains is 
different from that of the associated forms. The dominant driving force of 
topology switching would originate from a degree of freedom, as the topology 
of a single polymer chain on the surface depends heavily on the chain length. 
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 The proposed structural models regarding the circle structure are shown in 
Figure  5.5 . Imperfect open - circle structures with a narrow end - to - end gap were 
frequently observed, as illustrated in Figure  5.5  (open circle A). In the case of B, 
it is hypothesized that the intramolecular CF/Si interaction allows it to form and 
stabilize a perfect closed - circle structure, because the fl uorine atoms on the side 
chains may attach to the Si atoms on the main chain, close to the end groups. 
Besides this effect, a Si − O − Si bond may be formed between the end - termini via 
hydrolysis of the SiH end group by water adsorbed onto the mica surfaces  [28] . In 
the case of circle C, the end - termini of the polymer chain are crossing each other, 
while in circle D the end - termini are not crossing but are parallel to each other. 
These structural models can be the precursors of toroidal structures.   

 As expected, much longer polymer chains frequently formed toroid - like struc-
tures, as shown in Figure  5.6 . These circle and toroid - like architectures may be 

     Figure 5.5     Schematic representation of 
morphology switching of single polysilane 
chain  1  with chain length dependence based 
on AFM observations. Here,  L c   indicates the 
critical length of the semi - circle structure as 

an intermediate state between the rod and 
circle structures. In the circle structure, (a), 
(b), (c), and (d) indicate the proposed models 
(open, closed, cross, and parallel, 
respectively).  

     Figure 5.6     Typical AFM image of toroid - like structures 
adsorbed onto mica surfaces.  
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useful in device applications because a nanoscaled circle architecture composed 
of organic/inorganic materials has been expected to provide a superior device 
performance due to the lack of defects in the end - terminus part, which strongly 
affects energy loss  [29] .     

  5.2.2 
 Formation of Mesoscopic 2 -  D  Hierarchical Superhelical Assemblies 

 Optically active polysilanes, such as poly[( S ) - 3,7 - dimethyloctyl - 3 - methylbutylsilane] 
( 2 ) and poly[( R ) - 3,7 - dimethyloctyl - 3 - methylbutylsilane] ( 3 ), which are able to 
undergo the helix – helix transition  [30]  at  − 20    ° C in iso - octane (as shown in Scheme 
 5.2 ) were used in this study. Notably, we present here both the construction of 
mesoscopic highly ordered and hierarchical – superhelical assemblies based on 
only weak homochiral intermolecular interactions.   

  5.2.2.1   Direct Visualization of a Single Polymer Chain 
 Figure  5.7  shows the typical AFM images of single polymer chains of polymers 
 2 ,  3 , and racemic  4 , deposited onto the freshly cleaved mica surfaces and their 
section analysis. The samples were prepared by casting a dilute iso - octane solution 
of polymer sample (approximate range of 5 ∼ 10    μ g   ml  − 1 ), after which the strands 

     Scheme 5.2     Chemical structures of optically 
active poly{( S ) - 3,7 - dimethyloctyl - 3  -  methyl 
butylsilane}  2 , poly{( R ) - 3,7 - dimethyloctyl - 3  -
  methyl butylsilane}  3 , which can undergo a 

helix – helix transition at  − 20    ° C in iso - octane, 
poly{( rac ) - 3,7 - dimethyl - octyl - 3  -
  methylbutylsilane}  4 , and poly{ n  - decyl - ( S ) - 2  -
  methylbutylsilane}  5 .  
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corresponding to the single polymer chains were randomly and separately adsorbed 
onto the mica surface. Both, the  2  and  3  polymer chains typically possessed an 
isolated and stretched conformation. Although the information on the helical 
conformation, such as the helicity and helical pitch, could not be obtained due to 
a lack of resolution, these AFM images demonstrate the rod - like conformation, 
which is expected from the empirical relationship between the molar extinction 
coeffi cient   ε  , the viscosity index  α  ( 2 : 1.47,  3 : 1.32 in toluene at 70    ° C), and the rela-
tively long persistence length ( ∼ 60   nm)  [31] . A different polysilane, poly{ n  - decyl -
 ( S ) - 2 - methylbutylsilane} ( 5 ), which is a stiff polymer with a persistence length of 
70   nm, was observed by means of AFM as a rod - like chain onto the sapphire sur-
faces  [23b] . Therefore, these results were consistent with the previous report.   

 However, slightly bent chains were frequently observed when the polymer 
chains of the racemic polymer  4  ( M w  : 5.2    ×    10 5 ,  M w  / M n  : 5.39), which is a random 
copolymer system composed of equal amounts of  R  - comonomer and  S  - comono-
mer, were compared to those of  2  and  3  (marked by arrows in Figure  5.7 j, k, and 
l). Additionally, the molar absorption coeffi cient   ε   was lower than that of  2  and  3  
(2.8    ×    10 4  (Si repeat unit)  − 1 ) in iso - octane at 20    ° C, and the  α  value, which indicates 
the rigidity of the polymer chain, was also relatively lower than that of  2  and  3  
(1.15 in tetrahydrofuran at 40    ° C), as shown in Figure  5.8 . In addition to the empiri-
cal relationship between   ε   and the viscosity index of polysilanes  [14b] , the present 
AFM observations suggest that the topology of  4  is more fl exible than that of  2  
and  3 .    

     Figure 5.7     Typical AFM images of single 
polymer chains of  2 ,  3 , and  4 , and their 
cross - sectional profi les [lines a – a ′  in (c) and 
b – b ′  in (d) of  2 , lines c – c ′  in (g) and d – d ′  in 
(h) of  3 , and lines e – e ′  in (j) and f – f ′  in (k) of 
 4 ] onto the mica surfaces.  2 :  M w     =   2.9    ×    10 5 , 

 M w  / M n     =   3.43.  3 :  M w     =   2.6    ×    10 5 , 
 M w  / M n     =   3.53.  4 :  M w     =   3.2    ×    10 5 , 
 M w  / M n     =   5.39. The concentrations of casting 
solution were ca. 7    μ g   ml  − 1  for  2 , ca. 5    μ g   ml  − 1  
for  3 , and ca. 10    μ g   ml  − 1  for  4 .  
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     Figure 5.8     Circular dichroism and UV absorption spectra in 
homogeneous iso - octane solutions of  2  (at 20    ° C, solid line), 
 3  (at  − 5    ° C, dotted line) and  4  (at 20    ° C, broken line). Either 
the   ε   or   Δ  ε   value was normalized (Si repeat unit)  − 1 .  

  5.2.2.2   Formation of Superhelical Assemblies by Homochiral 
Intermolecular Interactions 
 The polymer chain, which is much longer than the persistence length of  2  
( M w  : 3.9    ×    10 5 ,  M w  / M n  : 3.02), formed a unique aggregated structure. Figure  5.9  
shows the typical AFM images of the superhelical assemblies of  2 . The highly 
oriented assembled polymer chains were observed on the mica surfaces (Figure 
 5.9 a), which might be attributed to a dewetting property and evaporation process 
of iso - octane on the mica surfaces. In the case of a fast evaporation process at 
80    ° C, no uniform superhelical assemblies were found.   

 Figures  5.9 b and c show the assembled polymer chains and cross - section analy-
sis in the narrow area. The lines a – b and c – d in Figure  5.9 b indicate the height 
and width, respectively, of the branching points in the main assembled polymer 
chain. The height of two different polymer chains splitting from the branching 
points was approximately 17   nm at the lower part and 39   nm at the higher part. 
The lines e – h in Figure  5.9 c indicate the height and width of the main assembled 
polymer chain. The height of the main assembled polymer chain, corresponding 
to approximately 70   nm, is higher than the total of the branching chain (17   +   39   nm), 
and shows that the main assembled coil is formed by a twisting of branches. These 
results reveal that the assembled polymer chain is composed of several twined 
polymer chains. 

 Figure  5.10 a shows the high - resolution AFM image of coiled - coil assemblies of 
polymer  2 . Right - handed superhelical polymer chains, which possess a long helical 
pitch, were clearly observed. In the case of the coiled - coil forms of polymer  3  ( M w  : 
7.9    ×    10 5 ,  M w  / M n  : 4.78), superhelical polymer assemblies were also observed, 
which have the opposite handedness (left - handed) as polymer  2,  as shown in 
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     Figure 5.9     AFM images and cross - sectional profi les [lines a – b 
and c – d in (b) and e – f – g – h in (c)] of highly ordered 
superhelical assemblies of  2  onto the mica surfaces. 
 M w    =    3.9    ×    10 5 ,  M w  / M n     =   3.02. The concentration of the 
casting solution was ca. 500    μ g   ml  − 1 .  

Figure  5.10 b. It should be noted that each helical ( S  or  R ) polysilane was confi g-
ured in its corresponding unidirectional superhelical structure. It has been sug-
gested that the  2  and  3  chains possess the  P  (right - handed) and  M  (left - handed) 
helical screw - senses, respectively. In our case, large - scaled, right - handed and left -
 handed superhelical fi bers are composed of right - handed  2  and left - handed  3 , 
respectively  [32] . In Figure  5.9 a, here again, it was found that the branched chains 
(branching points are denoted by a dotted circle), which are components of the 
main assembled chain, also possessed a right - handed helical structure (marked 
by arrows). Each branched chain and its small aggregate maintained the same 
helicity, leading to the formation of uniform and hierarchical superhelical assem-
blies with the same helicity as the components. It has been reported that, in both 
natural and artifi cial systems, heretofore, the helicities of the components were 
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     Figure 5.10     AFM images of superhelical structures of  2 ,  3 , 
and  4  polymer chains onto mica surfaces. (a)  2  
( M w     =   3.9    ×    10 5 ,  M w  / M n     =   3.02); (b)  3  ( M w     =   7.9    ×    10 5 , 
 M w  / M n     =   4.78); (c)  4  ( M w     =   3.2    ×    10 5 ,  M w  / M n     =   5.39).  

different from that of the hierarchical superstructure that eventually formed; for 
example, the right - handed superhelix of collagen is composed of three left - handed 
helices  [2a, 5k, 33] . Given that the same helicity was maintained during the process 
of association without reference to the state of the aggregate (number of polymer 
chains), homochiral intermolecular interactions would be a dominant driving 
force for the formation of uniform and hierarchical superhelical assemblies. The 
data reporting on the height, helical pitch and handedness of the coiled - coil chains 
are listed in Table  5.1 .     

 A comparison of the helical fi bers constructed from  2  and  3  showed, surpris-
ingly, almost the same value for the heights and helical pitches, but a difference 
in the handedness. A similar phenomenon has been reported in a biological 
system, where Larson and coworkers observed the left - handed superhelical struc-
ture composed of RecA and double - stranded DNA by means of AFM  [33] . In that 

 Table 5.1     Numerical data of assembled fi bers of  2, 3 , and  4  
polymer on the mica surfaces  (see Scheme  5.2 ) . 

   Polymer      M w      ×    10 5       M w /M n       Height of 
aggregate (nm)  

   Helical pitch 
(nm)  

   Screw - sense of 
fi bers  

   2     3.9    3.02    65    ±    12    646    ±    82    Right - handed  
   3     7.9    4.78    49    ±    10    636    ±    77    Left - handed  

   4     3.2    5.39    51    ±    9.5     –      –   
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case, the pitches of the superhelices of the complexes (RecA and DNA fi lament) 
were very similar to each other, regardless of the number of component fi laments. 
Moreover, from observations of the heights of the helical fi bers of  2  and  3 , it is 
believed that the formation of the highly ordered structure in the large scale is 
achieved by the assembly of several polymer chains. This observation is an example 
of mesoscopic large - scaled, highly ordered superhelical assemblies that possess 
both of the helical senses constructed by a synthetic helical polymer. Most of the 
synthetic helical polymers have a polar functional group in the main or side chain, 
and therefore an associated structure is formed by the combination of various 
strong intermolecular interactions, such as hydrogen bonding, electrostatic inter-
actions, coordination bonding, and  π  -  π  stacking. In the present case, only weak 
intermolecular interactions can account for the polymer association, because the 
polysilanes  2  and  3  are composed of nonpolar groups with side chains. It is note-
worthy that no assembled superhelical structures were observed with  4 . As for the 
morphology of the observed structure of  4 , although large - scaled stripe patterns 
were formed on the substrate, the structures possessed no helicity. As discussed 
above, there was no major difference between  2  or  3  and  4  in the conformation 
of a single polymer chain. These results suggest that the homochirality of the 
single helical polymer chain rather than the chain conformation structure contrib-
utes to the formation of the large - scaled, highly ordered superhelical assembly  [34] . 
Similar phenomena have been observed in the 2 - D crystallization of small chiral 
organic molecules on the surfaces. For example, homochiral enantioselective crys-
tallization from racemic mixture has been reported  [34a] . K ü hnle and coworkers 
have shown that cysteine molecules formed homochiral pairs ( d  -  d  and  l  -  l ) from 
racemic mixture using STM. Chiral transfer from single molecules into self -
 assembled monolayers on the metal surfaces has also reported by Fasel  et al .  [34b] ; 
here, enantiopure  P  and  M  chiral single molecules on the surfaces formed the 
enantiopure self - assembled monolayers with clockwise and anticlockwise formats, 
respectively. In addition to the enantiopure self - assembly, it has been reported that 
the enhancement of chiral interactions in two dimensions was observed in the 
enantioseparation of chiral molecules, using STM  [34c] . These results also sug-
gested that homochiral intermolecular interaction would be an important factor 
to form the 2 - D chiral surfaces.   

  5.2.3 
 Formation of 2 -  D  Crystallization of Poly( γ  -  L  - Glutamates) on Surfaces 

 Poly(  γ   -  l  - glutamate) ( 6 ) is a polypeptide that is well known for forming a stable 
 α  - helical conformation, even when the substituted side chains are varied, as shown 
in Scheme  5.3 . Polymers of  6  have longer alkyl side chains and can form 2 - D self -
 organized arrays on  highly oriented pyrolytic graphite  ( HOPG )  [20c] .   

 In the following section, the formation of 2 - D epitaxial arrays on surfaces and 
a comparison of structures between 2 - D epitaxial arrays and 3 - D bulk phases will 
be described, based on the results of AFM and wide - angle  X - ray diffraction  ( XRD ) 
studies. 
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  5.2.3.1   Direct Visualization of 2 -  D  Self - Organized Array by  AFM  
 Figure  5.11  shows a collection of high - resolution island images for the  6  series, 
which all revealed a similar island structure. The island - like arrays consisted of 
rods, which possessed an entirely straight conformation in a parallel arrangement. 
A single rod, which was separated from the islands, was not found at all. It is 

     Figure 5.11     Typical AFM images and 
cross - sectional profi les (insets) of polymers  6  
adsorbed onto HOPG substrate. (a, b)  6A ; 
(c, d)  6B ; (e, f)  6C ; (g, h)  6D . The Z - scale of 
the images is constant at 4   nm. Cross -
 sectional profi les of the island structures are 
shown in the insets of the images. The arrows 
indicated the running directions of the rods in 

the 2 - D array, and the directions 
corresponded to   1210  directions of the 
graphite basal plane. In whole images, the 
entire surface is uniformly covered by bright 
islands, representing the polymer adsorbates, 
and the dark portion surrounding islands is 
bare graphite surface.  

     Scheme 5.3     Chemical structure of poly( γ  -  L  - glutamate) 
derivatives  6 , where  n  is defi ned as the number of methylene 
units in the alkyl group.  
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important to emphasize here that the corrugations of the islands were constant 
for each of the members within the  6  series; this suggests that the alkyl chains on 
 6  were fl at and contacted graphite in the same manner. It also indicates that the 
polymers adsorbed on the HOPG were not in an aggregated form, but rather in a 
monolayer form. The stripped patterns in the arrays were triangular in arrange-
ment, with the running stripes directly rotated 60 °  from each other (see Figure 
 5.11 c and g, where the marked arrows indicate the running direction of the stripes 
in the islands). This clearly indicated that the formation of the island structures 
is by epitaxial adsorption.    

  5.2.3.2   Orientation in 2 -  D  Self - Organized Array 
 The orientation of the adsorbed structure was estimated by the relationship 
between the alignment of the alkyl chain and the graphite substrate. Figure  5.12  
shows the schematic representation of the structural model proposed for  6 . In the 
array model, the intervals of the rods correspond to intermolecular distances 
between fl at - oriented adjacent polymers. Extended alkyl side chains with the all -
  trans  conformation are divided to both sides of the helical main chain, and align 
perpendicular to the main chain. The driving force for the formation of the array 
is predominantly an epitaxial interaction between the alkyl side chains and the 
graphite surface. The rods of the  6  polymers run in the   1210  direction. When 
the rod model was superimposed on a graphite lattice, the alkyl side chains, which 
were angled at 90 °  to the direction of the rods, were aligned in the   1010  direc-
tion. It is well known that alkyl chains adsorb epitaxially onto HOPG, and that the 
alkyl chains are aligned in the   1010  direction  [35] , clearly showing the accuracy 
of the proposed model and indicating that the formation of the array is predomi-
nantly due to epitaxial adsorption of the side groups.    

     Figure 5.12     Schematic representation of the proposed 
structural models for the 2 - D array, displaying the rod 
structure and the epitaxial alignment of alkyl side chains on 
the HOPG substrate of  6 .  
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  5.2.3.3   Intermolecular Weak van der Waals Interactions in 2 -  D  
Self - Organized Arrays 
 Although the interactions between the alkanes and graphite are stronger than the 
intermolecular interactions, the lateral intermolecular interactions are important 
in the formation of an ordered 2 - D structure  [36] . In addition to the epitaxial 
interaction between the alkyl side chains and the graphite surface, the formation 
of an island structure composed of rods suggests the existence of the attractive 
intermolecular interactions, including van der Waals interactions, between the 
alkyl chains of adjacent rods. Alkyl chains have also been reported to align  “ side 
by side ”  with parallel or perpendicular conformations at the surface  [36, 37] . In 
the case of the  6  series, the interval between the alkyl chains is very close to that 
reported for a fl at conformation. From the model, it was expected that the length 
of the rods was attributable to the length of each helical polymer. However, the 
observed lengths of the strings were regularly several times longer than expected, 
and often overestimated even by  gel permeation chromatography  ( GPC ). For 
example, the observed lengths of the rods for  6B  ( M w     =   37   900;  M w  / M n     =   1.1; 
expected length =15   nm) and  6C  (56   100; 1.2; 22   nm) were 27 – 44 and 17 – 98   nm, 
respectively, indicating that each rod consisted of several polymers to form  “ head -
 to - head ”  or  “ head - to - tail ”  structures, shown by the arrow in Figure  5.11 . The inter -
 polymer  “ side - by - side ”  arrangement is due to the intermolecular interactions 
between the alkyl chains of adjacent rods. Although the average degree of polym-
erization for  6D  was almost the same as that of  6C  (Figure  5.1 e), the rods of  6D  
(Figure  5.1 g) were longer than those of other  6 s. This observation was due not to 
differences in the molecular masses of the polymers, but rather to the enhance-
ment of intermolecular interactions with increasing alkyl chain length. More 
interestingly, the rods seem to have a tendency to align with the edges of rods. 
The islands in Figure  5.11 b, d and f are typical examples, with relatively ordered 
rod ends. This suggests that attractive lateral intermolecular interactions exist 
between rods at the surface.  

  5.2.3.4   Comparison of Structures between a 2 -  D  Self - Organized Array 
and 3 -  D  Bulk Phase 
 The interval distances between the parallel rods depend on the length of the alkyl 
side chains of the polymers. Figure  5.13  shows plots of the intervals between the 
parallel rods against the number of alkyl side chains. The intervals increase line-
arly with the length of the alkyl side chains, and from the slope of the linear plot 
the length per methylene unit is approximately 2.2    Å ; this corresponds to incre-
ments of an extended alkyl chain with all -  trans  conformations, and indicates that 
the alkyl side chains are perpendicular to the helical main chain. The extrapolated 
value of the interval to  n    =   1, which should correspond to the interval for poly(  γ   -
 methyl -  l  - glutamates) (PMLG,  n   =    1), was 19.9    Å . This value is appropriate for the 
diameter of PMLG, and validates the model subsequently proposed. In Figure 
 5.13 , the results of the bulk crystal analysis were plotted with those of the 2 - D 
array. The slope for the PGn bulk crystal, in which the side chains were crystal-
lized, was approximately 1.3    Å /CH 2  (a methylene unit), which is almost half the 
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value of that for the 2 - D crystal. This difference is due to the interdigitating struc-
ture of the bulk crystal.   

 The 2 - D array of  6  on HOPG forms under submonolayer coverage conditions. 
All results, including the correlation between the interval of rods and alkyl chain 
lengths, clearly proved the proposed model for the epitaxial adsorption of  6 . Fur-
thermore, epitaxial helical polymer – substrate and polymer – polymer interactions 
were also found which can lead to the formation of controllable architectures. In 
particular, the existence of some of the intermolecular interactions between the 
end - termini of polymers was quite interesting and important for the design of 1 - D 
supramolecular architectures.   

  5.2.4 
 Summary of Helical Polymer - Based 1 -  D  and 2 -  D  Architectures 

 In this section, attention will be focused on the formation of 1 - D and 2 - D self -
 organized structures composed of helical polymers. From Section  5.2.1 , the proper 
adsorbate – substrate interaction, which should be neither too weak nor too strong, 
enables the detection of the topology switching and 2 - D self - organization. The 
control of chain length leads to the construction of various 1 - D helical architectures 
onto surfaces; these have the rigid characteristics of helical polymers, which are 
unique and advantageous for constructing various hierarchical systems from 1 - D 
to 3 - D. In Section  5.2.2 , the rigidity of a single polymer chain and the mesoscopic 
hierarchical helical superstructures in the polysilane aggregates were observed, 
using AFM. The dominant driving force for the formation of right -  and left - handed 
superhelical structures is based on homochiral weak intermolecular interactions. 

     Figure 5.13     Variations in the interval distances ( � ) between 
neighboring rods in the 2 - D array and the corresponding 
distances ( � ) between the center of  6  in the bulk crystal, 
which was revealed through (100) refl ections.  
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Furthermore, it should be noted that a helical polymer chain that is much longer 
than the persistence length could easily form the entangled structure, conse-
quently leading to the formation of mesoscopic highly ordered superhelical 
structures. In Section  5.2.3 , in addition to adsorbate – substrate interactions, the 
interactions of lateral (alkyl side chain) and longitudinal (end - termini of main 
chain) directions were shown to also be required for 2 - D self - organization. 

 It should be emphasized here that both the polymer – substrate and polymer –
 polymer interactions can lead to the formation of controllable architectures. Fur-
thermore, these interactions are not exceptionally strong, but they are suffi cient 
to form well - organized structures. 

 In the following section, as an example of functional 3 - D architecture, attention 
will be focused on a unique optical activity based on a helical conformation, which 
has potential use for functional materials in the solid state.   

  5.3 
 Helical Polymer - Based Functional Films 

 Previously, we have described the formation of 1 - D and 2 - D architectures com-
posed of helical polymers. These well - defi ned helical, polymer - based supramolecu-
lar architectures can be designed and controlled, except for some limitations, and 
therefore expanding these to the life sciences and/or materials sciences applica-
tions based on optical activity remains a major challenge  [1b] . As noted above, 
synthetic helical polymers exhibit many unique phenomena, including chiroptical 
memory, amplifi cation  [38] , formation of thermotropic cholesteric liquid crystals 
 [12, 39] , molecular chirality recognition  [40] , and helix – helix ( PM ) transition  [30, 
32, 41 – 49] . The  PM  transition phenomenon, which involves the reversible switch-
ing between the  P  - (plus, right - handed) and  M  - (minus, left - handed) screw - sense 
segments along the helical backbone, is especially promising for chiroptical mate-
rials  [30, 32, 38, 40 – 49] . The  PM  transition, driven by external stimuli such as 
temperature  [30, 32, 45, 49] , photoradiation  [46]  and additives  [40j] , is currently 
understood to be one of the general characteristics of helical polymers. 

 Molecule - based chiroptical properties, such as memory and the helicity switch 
using the  PM  transition phenomenon in helical polymers, will be useful for data 
storage, optical devices, chromatographic chiral separation and liquid crystals for 
display  [50] . In addition to memory and the helicity switch using the  PM  transition 
phenomenon, chirality transfer and/or amplifi cation in polymer systems have also 
been studied extensively in aggregates, while the complexation of achiral polymers 
with chiral additives has been investigated in solution systems  [40j, 51, 52] . 

 In this section, attention is focused on the fabrication of helical polymer - based 
solid fi lms as supramolecular assemblies that possess functionality based on chi-
roptical properties, such as switch  [30, 53] , memory  [30] , transfer, and amplifi ca-
tion  [54] . A focus on these chiroptical properties, either in bulk thin fi lm or in a 
polymer matrix, is required from a practical viewpoint  [48, 55] . In the present 
system, a temperature control is used as the  “ trigger ”  to realize the memory, 



 178  5 Helical Polymer-Based Supramolecular Films

switch, and chirality transfer/amplifi cation. Those chiroptical properties can be 
detected by using  circular polarized light  ( CPL ), which is able to distinguish 
between right -  or left - handed polarity (helicity), thus highlighting their potential 
application as circular polarization recording/erasing systems. 

  5.3.1 
 Chiroptical Memory and Switch in Helical Polysilane Films 

 The  PM  transition phenomenon in helical polymer fi lms is primarily applied for 
molecular - based chiroptical memory and switches. In general, there are two types 
of memorizing system which function by means of a  PM  transition phenomenon 
in the solid state. One system is in the  Re - Writable  ( RW ) mode, while the other 
is in the  Write - Once Read - Many  ( WORM ) mode. In the RW mode, the right -  or 
left - handed helicity can be erased when data are renewed. In contrast, in the 
WORM mode the right -  or left - handed helicity is immobilized once for the storage 
of data, and these are then read (detected) using CPL. 

 The basic requirement for a switching system is the bistable state of a molecule, 
which can be assigned as either the chiroptical inversion  “  − 1 and +1 ”  switch 
through the helix – helix ( PM ) transition or the on - off  “ 0 and +1 ”  switch through 
the helix – coil transition. Normally, these chiroptical properties can be character-
ized by using  circular dichroism  ( CD ). The conformational transition temperature 
( T  c ), such as for the helix – helix or helix – coil transition, is the critical factor when 
designing the chiroptical memory and switch in the solid state. Since below  T  c  the 
segmental motion of the polymer chain is frozen, polymers having relatively low 
 T  c  values may represent good candidates for practical application. 

 Polysilanes possessing relevant enantiopure chiral side chains will be successful 
candidates for chiroptical memory and switches at the molecular level. Further-
more, the  T c   of polysilanes in the solid state can easily be designed by adjusting 
the molecular mass. 

 In this section, we present some examples of easy, versatile approaches for 
chiroptical memory with RW and WORM modes, and chiroptical switches based 
on the inversion  “  − 1 ”  and  “ +1 ”  and on - off  “ 0 ”  and  “ +1 ”  switch in solid fi lms. 
Certain polysilanes, including poly{( S ) - 3,7 - dimethyloctyl - 3 - methylpenthylsilane} 
( 2 ) and poly{( S ) - 3,7 - dimethyloctyl -  n  - propylsilane} ( 7 ), were used, each of which 
can undergo helix – helix or helix – coil transitions at a certain temperature in dilute 
solution states by controlling their molecular mass and/or thermal modulation 
(Scheme  5.4 ).   

  5.3.1.1   Memory with Re - Writable Mode and Inversion  “  − 1 ”  and  “ +1 ”  Switch 
 Polymers  2  and  3  exhibited a strong molecular mass dependence on the phase 
transition temperature  T c   (estimated using  differential scanning calorimetry ;  DSC ) 
due to the  PM  transition, as shown in Figure  5.14 . The enthalpy change ( Δ  H ) 
estimated from the heating was only approximately 0.05   kcal   mol  − 1  per repeat unit 
 [15a] . Given that the helix – helix transition of polysilane is caused by the order –
 disorder transition of side chain groups in solution, the entropy gain based on the 
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order – disorder transition of side chains could easily overcome the tiny amount of 
enthalpy, thus paving the way for the induction of a helix – coil transition, even in 
the solid state.   

 For the cast fi lm of  2  onto quartz substrate comprising the low - molecular - mass 
fraction ( M w  : 1.3    ×    10 4 ,  M w  / M n  : 1.16, corresponding to region I in Figure  5.14 ), a 
typical bisignate CD signal based on exciton coupling was clearly observed, and 
seen reversibly to switch between almost mirror - imaged CD spectra in the heat-
ing – cooling cycles (see Figure  5.15 ).   

 In this case,  T c   was approximately 47    ° C, which was estimated from the tem-
perature dependence of Kuhn ’ s dissymmetry ratio ( g solid    =    Δ OD / OD ), where  OD  is 
the optical density of the UV absorbance at  λ  max  and   Δ OD / OD  is defi ned as 
2( OD  L     −     OD  R )/( OD  L    +    OD  R ) of the CD intensity at the extremum ( λ  ext ) of the fi rst 
Cotton band, as shown in Figure  5.16 . The transition temperature estimated from 
CD almost corresponded to that estimated by DSC.   

     Figure 5.14     Change of transition temperature 
( T  c ) estimated from DSC thermograms as a 
logarithmic function of molecular mass. Filled 
and open circles indicate  2  and  3 , respectively. 

Regions I, II, and III indicate reversible, 
irreversible, and no change of CD signals for 
the cast fi lms in the heating and cooling 
process, respectively.  

     Scheme 5.4     Chemical structures of optically active poly{( S ) - 3,7 -
 dimethyloctyl -  n  - propylsilane}  7 , which can undergo a helix – coil transition at 
80    ° C (  Δ  ε / ε     =   0 at 80    ° C) in iso - octane.  
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 In this case, the phase transition temperature in the fi lm state seemed to be 
approximately 60    ° C higher than the  PM  transition temperature in iso - octane. A 
higher transition energy might be required to induce the phase transition in the 
solid state, and therefore the phase transition would originate from a macroscopic 
geometric change, such as a twisted superhelical structure, among the polymeric 
backbones based on exciton coupling in the fi lms  [1b, 56] . The reversible switch 
occurs between the  laevo  and  dextro  helical polymer shapes, which is followed by 
changes in the helical supramolecular geometry, as observed in the CD spectrum 
and illustrated in Figure  5.17 . The molecular mass control alone is suffi cient to 
change the transition temperature of  2  in region I of Figure  5.14 . Moreover, the 
chiroptical property of the inversion  “  − 1 ”  and  “ +1 ”  switch can make it possible to 
obtain chiroptical memory with RW mode.   

 Chiroptical memory with RW mode can be achieved by controlling the cooling 
rate of the fi lm with a low molecular mass. Figure  5.18  shows the multiple thermal 
cycle responses of the CD intensities at the extrema for the cast fi lm of  2 . Cycling 

     Figure 5.16     Temperature dependence of relative Kuhn ’ s 
dissymmetry ratios   Δ OD/OD  for the cast fi lm of  2  in the 
heating ( � ) and cooling ( � ) processes.  M w     =   1.3    ×    10 4 , 
 M w  / M n     =   1.16. The heating rate was 20    ° C   min  − 1 , and the 
cooling rate 2    ° C   min  − 1 .  

     Figure 5.15     Ultraviolet (UV) and CD spectra of the solid fi lm 
of  2  in the heating process.  
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was conducted between by heating above the  T c   and by slow cooling or rapid 
quenching below the  T c  . In the slow cooling process, the sign of the CD signal 
changed, indicating a chiroptical inversion  “  − 1 ”  and  “ +1 ”  switch. On the other 
hand, a chiroptical memory with RW mode occurred during the rapid quenching 
from above the  T c  . However, the sign of the CD signal did not change during the 
rapid quenching. This memory effect was resettable by heating to above the  T c  . 
The chiroptical inversion  “  − 1 ”  and  “ +1 ”  switch and chiroptical memory with RW 
mode are feasible by controlling both the cooling conditions in the solid fi lm and 
the molecular mass of  2 .    

     Figure 5.17     Schematic representation of helical 
supramolecular geometry switch on the basis of the 
helix – helix transition of  2 .  

     Figure 5.18     Thermal cycle responses of 
extrema of CD intensities for the solid fi lm of 
 3 . Thermal cycles were conducted by heating 
to 60    ° C ( � ) and followed by slow ( � ) or 
rapid (shaded circle) cooling to 30    ° C. Rapid 

cooling was achieved by dipping the fi lm 
into the ice water. The heating rate was 
20    ° C   min  − 1 , and the slow cooling rate 
2    ° C   min  − 1 .  M w     =   1.3    ×    10 4 ,  M w  / M n     =   1.16.  
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  5.3.1.2   Memory with Write - Once Read - Many ( WORM ) Mode 
 Another memory state, the WORM mode, can be achieved by controlling the 
molecular mass only, although in this case the management of cooling conditions 
is not required. With regards to the cast fi lms in region II in Figure  5.14 , the phase 
transition was seen only on heating, and the state above the  T c   remained unchanged 
during the cooling process. This irreversible transition behavior can be confi rmed 
by the  g solid   - value (defi ned as   Δ OD / OD ), as shown in Figure  5.19 . This irreversible 
change in the CD signal indicates the nonerasable memory as the WORM mode. 
It should be noted that the transition temperature of the WORM mode in region 
II of Figure  5.14  is also adjustable by controlling the molecular mass.   

 The dynamic chiroptical properties of polysilanes in the solid state, such as 
inversion switching and memory with RW and WORM modes, can be managed 
by a combination of molecular mass control and thermal modulation.  

  5.3.1.3   On - Off  “ 0 ”  and  “ +1 ”  Switch Based on Helix – Coil Transition 
 As noted above, the basic requirement for a switching system is the bistable state 
of a molecule, which can be rapidly interconverted by an external stimulus, even 
in the solid state. In addition to the achievement of a chiroptical inversion  “  − 1 and 
+1 ”  switch in polymer  2  and  3  solid fi lms by means of molecular mass control 
and thermal modulation, an on - off  “ 0 and +1 ”  switch, based on changes in the 
magnitude of the helicity in polymer  7  fi lm, can also be achieved by thermal 
modulation. The DSC thermogram of  7  displayed a second - order transition at 
 − 47    ° C and a fi rst - order transition at  − 8    ° C corresponding to the glass and helix – coil 
transitions, respectively, as shown in Figure  5.20 . The heat fl ow ( Δ  H  is 
 ∼ 0.004   kcal   mol  − 1  per repeat unit) for the helix – coil transition in  7  was relatively 
small, with only weak van der Waals interactions likely to permit the helix – coil 
transition, even in the solid state (this is the same as the previously discussed case 
in Section  5.3.1.1 ).   

     Figure 5.19     Temperature dependence of relative Kuhn ’ s 
dissymmetry ratios   Δ OD/OD  for the cast fi lm of  2  in the 
heating ( � ) and cooling ( � ) processes.  M w     =   2.5    ×    10 4 , 
 M w  / M n     =   1.25.  
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 Figure  5.21  shows the UV and CD spectra of the  7  fi lm cast from iso - octane 
onto a quartz substrate. Although there was no detectable CD absorption at 20    ° C, 
 7  showed a strong Cotton effect at  − 40    ° C, indicating a coil - to - helix transition of  7  
in the solid state with decreasing temperature. This transition can be well corre-
lated with DSC results. The positive Cotton effect could result from a single 
polymer chain because of the similarity between the UV and CD absorption pro-
fi les. Furthermore, no bisignate CD signal attributable to exciton coupling was 
observed, even at  − 60    ° C, which is completely different from the cases of the previ-
ous Sections  5.3.1.1  and  5.3.1.2 . Although  7  showed a strong Cotton effect at low 
temperatures both in solution and in the solid state, the global conformations of 
polymer chains in both states may be signifi cantly different. Due to the excluded 

     Figure 5.20     DSC thermogram of  7  obtained on second 
heating with a heating rate of 10    ° C   min  − 1 .  

     Figure 5.21     Ultraviolet (UV) and CD spectra of the solid fi lm 
of  7 .  M  w    =   330   000,  M  w / M  n    =   1.87.  
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volume of other chains and the chain entanglements, the entire conformation of 
the polymer chains in the solid state would be diffi cult to change with decreasing 
temperature, even above their glass transition temperature ( T  g ). These results 
clearly indicate that the macroscopic geometric changes in the inversion  “  − 1 ”  and 
 “ +1 ”  switch and the on - off  “ 0 ”  and  “ +1 ”  switch are different.   

 The helix – coil transition in the thin solid fi lm can be explained by some param-
eters, such as  fwhm ,   λ   max  and   Δ OD/OD , as shown in Figure  5.22 . The  fwhm  of the 
UV absorption band became narrower when the temperature decreased from 20 
to  − 40    ° C and remained constant below  − 40    ° C (around  T  g ), indicating that the 
homogeneity of the polymer backbone was induced due to the decreasing degree 
of freedom in the Si – Si bond rotations. The   λ   max  shifted slightly to a longer wave-
length with decreasing temperature from 20 to  − 20    ° C, and shifted to a shorter 
wavelength below  − 20    ° C. It is likely that the chiroptical property in the solid state 
would be induced through the movement and/or disappearance of the helical 
reversal within the localized segments, which is in stark contrast to that of the 
solution state.   

 Figure  5.23  shows the multiple thermal cycle responses of   Δ OD/OD  in the range 
from  − 20 to 20    ° C. The intensity changed during heating and cooling, indicating 
a switching property. The helix – coil transition in the solid state is highly reversible, 
can be applicable to the on - off switching system, and is assigned as  “ 0 and +1 ” .     

     Figure 5.22     Temperature dependence of relative Kuhn ’ s 
dissymmetry ratios   Δ OD/OD ,   λ   max , and  fwhm  of the solid fi lm 
of  7 .  M  w    =   330   000,  M  w / M  n    =   1.87.  
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  5.3.2 
 Chiroptical Transfer and Amplifi cation in Binary Helical Polysilane Films 

 In addition to controlling the chiroptical properties such as memory and switch, 
chiroptical transfer and amplifi cation have also been achieved based on the concept 
of the  “ sergeants and soldiers ”  principle  [57]  in binary helical polysilane fi lms. 

 Optically active poly{ n  - decyl - ( S ) - 2 - methylbutylsilane} (as  “ sergeants ” ,  5 : 
 M w     =   2.11    ×    10 5 ,  M w  / M n     =   1.77) with an almost  7  3  helix and optically inactive 
poly( n  - decyl - 3 - methylbutyl - silane) (as  “ soldiers ” ,  8 :  M w     =   1.11    ×    10 5 ,  M w  / M n     =   1.75) 
and poly( n  - decyl -  i  - butylsilane) (as  “ soldiers ” ,  9 :  M w     =   3.36    ×    10 4 ,  M w  / M n     =   1.17) 
were used for this study, as shown in Scheme  5.5 . Polymers  8  and  9  have equal 
populations of right and left 7 3  helices; however, the rigidities of  5 ,  8 , and  9  are 
different. The polymers  5  and  9 , with  β  - branching methyl groups in the side 
chains, were classifi ed into rigid rod - like polymers with a persistent length of about 
70   nm, while  8  belonged to a semi - rigid polymer with a persistent length of only 
6   nm  [31] .   

 The CD spectra of a grafted  5  - spin - coated  8  bilayer system prepared on quartz 
substrate were measured before and after annealing, as shown in Figure  5.24 . The 
CD spectra of both the grafted  5 -  spin - coated  8  bilayer system and a grafted  5  
system alone showed a bisignate CD signal with a positive Cotton band at about 
309   nm and a negative Cotton band at about 324   nm, as shown in Figure  5.24 . For 
the grafted  5  - spin - coated  8  bilayer system, both positive -  and negative - Cotton CD 
intensity were greatly increased after thermal annealing. The enhancement in the 
CD signal intensities was a result of a chiroptical transfer to spin - coated  8  either 
from the chiral side chain of grafted  5  or the polymer backbone itself, and it was 
drastically amplifi ed after annealing. On the other hand, no signifi cant changes 

     Figure 5.23     Thermal cycle responses of relative Kuhn ’ s 
dissymmetry ratios   Δ OD/OD  of the solid fi lm of  7 . Thermal 
cycles were conducted by heating to 20    ° C, followed by cooling 
to  − 20    ° C.  
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of CD signal intensities were observed for only immobilized grafted  5  after anneal-
ing. In Figure  5.24 , a decrease of the UV absorbance of the grafted  5  - spin - coated 
 8  bilayer system was observed after the annealing treatment. This result implies 
that most of the polymer chains lie down before annealing in the quartz substrate 
plane, as the fi lm was prepared by a spin - coating technique. The thermal anneal-
ing treatment may impact some of the polymer chain segments of semi - rigid 
spin - coated  8  in the perpendicular orientation and/or tilt of the substrate plane, 
leading to the decrease of the apparent UV absorbance at 321   nm, as illustrated in 
Figure  5.25   [58] .   

 Figure  5.26  shows the change in the relative Kuhn ’ s dissymmetry ratios 
( g  solid    =     Δ OD/OD ), after ( g  AA ) and before ( g  BA ) annealing with the varied fi lm thick-
ness. As was evident, the ratios increased with the decrease in the thickness of  8 . 
The magnitude of the  g  AA / g  BA  value was found to be signifi cantly higher in grafted 
 5  (fi lled squares) than in spin - coated  5  (fi lled circles), presumably due to the partial 
penetration of spin - coated  5  polymer chains into the surface during the spin -
 coating process of  8 , leading to the similar solvent solubility behaviors of  5  and  8 . 
A tiny amount of immobilized, optically active  5  could induce and effectively 
amplify the optical activity in the optically inactive  8  layer by thermal treatment. 
Weak van der Waals interactions at the surface between these two polymers might 
be responsible for the transfer and amplifi cation of the optical activity in  8 . The 
positional segmental movement of polymer chains in  8  (melting point 40    ° C, as 
estimated by DSC) would easily occur, which would be responsible for the helical 

     Scheme 5.5     Chemical structures of optically inactive 
poly( n  - decyl - 3 - methylbutylsilane) (as  “ soldiers ” ,  8 ) and 
poly( n  - decyl -  i  - butylsilane) (as  “ soldiers ” ,  9 ).  
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     Figure 5.24     Circular dichroism (CD) and UV 
spectra of grafted  5  - spin - coated  8  bilayer 
system onto quartz substrate before and after 
annealing. The initial UV absorbance of  8  was 
0.04, and total UV absorbance of grafted 

 5  - spin - coated  8  bilayer system was 0.39. In 
this case, the spectra do not signifi cantly 
affect the spectral intensity with rotation of 
the solid fi lms at different angles.  

     Figure 5.25     Schematic representation of thermo - driven 
chiroptical transfer and amplifi cation in the  “ soldier ”  optically 
inactive polysilane  8  from the  “ sergeant ”  optically active 
helical polysilane  5  on quartz.  

transfer from  5  to  8  in the solid fi lm. This could be regarded as a  “ sergeants and 
soldiers ”  system in the solid state. In the case of the  5 -  spin - coated  9  bilayer system, 
the optical activity transfer phenomenon was not seen, due to the higher transition 
energy barrier (no transition was observed by DSC) originating from the rigid 
rod - like conformation by the help of  β  - branched side chain.    
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  5.3.3 
 Summary of Helical Polymer - Based Functional Films 

 In this section, attention is focused on the fabrication of helical polymer - based 
solid fi lms as supramolecular assemblies that possess functionality based on chi-
roptical properties, such as switch, memory, transfer, and amplifi cation. In Section 
 5.3.1 , simple molecular mass control and thermal modulation were shown to be 
capable of realizing various chiroptical properties, such as the inversion  “  − 1 ”  and 
 “ +1 ”  switch and memory with RW and WORM modes. Furthermore, different 
types of polysilane were used to construct on - off  “ 0 ”  and  “ +1 ”  switching. For practi-
cal use of those systems, without the threat of polymer degradation by UV light 
for example, a laser - assisted heat - mode RW system which is based on a dye dis-
persed in the switchable polysilanes may be feasible, provided that the applied 
wavelengths of the dye and laser are much longer than those of the polysilanes. 
A high - power, circularly polarized laser - diode would be effective to directly heat 
the dye, leading to an indirect heating of the polysilane fi lm above the  T c   . . Control-
ling the cooling rate of the fi lm would enable the switching or memorizing of the 
chiroptical state above the  T c   . . In order to access data from the polysilane fi lm, a 
controlled modulation of the laser to the dye, including the power, pulse irradia-
tion time, and periods, would be effective to erase with a heat mode and to read 
with a photon mode. 

     Figure 5.26     Relative Kuhn ’ s dissymmetry ratios   Δ OD/OD  of a 
grafted  8  - spin - coated  9  bilayer system ( � ) and spin - coated 
 8  - spin - coated  9  ( � ) on a quartz surface before ( g  BA ) and after 
( g  AA ) annealing, as a function of the fi lm thickness.  
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 In Section  5.3.2 , the optical activity of rigid rod - like polysilane was discussed, 
both in terms of grafted and spin - coated fi lms, with a preferential helical sense, 
which was transferred and greatly amplifi ed to an optically inactive semi - rigid, 
helical spin - coated polysilane layer at the solid surface by thermal annealing. Selec-
tion of the correct rigidity of the optically inactive helical polysilane was important 
for the emergence of a helical polymer command surface of the  “ sergeants and 
soldiers ”  type, a chiroptical amplifi cation system in the solid fi lm states. 

 It should be emphasized here that the weak van der Waals interactions between 
polymers are key to the assembly of various chiroptical systems that possess 
switch, memory, transfer, and amplifi cation properties. Optically active polysilane 
is unique in natural and synthetic helical polymers, and allows for the possibility 
of creating a wide variety of supramolecular architectures with a range of chiropti-
cal properties.   
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   6.1 
 Introduction 

 Zero - dimensional nanoparticles and one - dimensional (1D) nanowires and nano-
tubes are important classes of nanomaterials  [1, 2] . The fi rst family of nanotubes 
is that of carbon nanotubes described by Iijima  [3] . Nanotubes are, however, no 
longer confi ned to carbon but encompass a variety of inorganic materials  [4, 5] , 
and peptides  [6] . In this article, our concern is with nanotubes of inorganic materi-
als excluding carbon. 

 The early examples of inorganic nanotubes synthesized in the laboratory are 
those of molybdenum and tungsten sulfi des by Tenne and coworkers  [7] . These 
layered sulfi des form fullerene - type structures and hence also nanotubes. Several 
methods to prepare nanotubes of Mo and W sulfi des and of the analogous 
selenides have been reported in the last few years  [1, 2] . The synthesis of BN 
nanotubes has also received considerable attention because of the similarity of 
the structure of BN to graphite. In the last few years, nanotubes of several 
inorganic materials including binary oxides, nitrides, halides as well as metals 
and non - metallic elemental materials have been prepared and characterized  [1, 
2, 4, 5] . Besides nanotubes of binary compounds, those of complex materials 
such as perovskite titanates and spinels have also been reported. Composites 
that involve nanotubes, nanowires, and nanoparticles are also known. In this 
article, we shall provide a status report on the synthesis of inorganic nanotubes. 
In doing so, we shall cover the synthetic strategies employed for the different 
classes of inorganic nanotubes. In view of the vast literature that has emerged 
in the last 2 – 3 years, we were unable to cite all the papers in this area and 
have restricted ourselves to representative ones. We apologize for any oversight 
or error in judgement.  
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  6.2 
 General Synthetic Strategies 

 Several strategies have been employed for the synthesis of inorganic nanotubes. 
In the case of molybdenum and tungsten sulfi des and such layered chalcogenides, 
decomposition of precursor compounds such as the trisulfi des (e.g., MoS 3  or WS 3 ) 
and ammonium thiometallate or selenometallate has been successful. An impor-
tant method, used particularly in the case of oxide nanotubes, is the hydrothermal 
and solvothermal route, carried out in the presence of surfactants or other addi-
tives in certain instances. Electric arcing and laser ablation have been used to 
synthesize nanotubes of BN and other materials. Sol – gel chemistry is useful for 
the synthesis of nanotubes, especially of oxides. Chemical vapor deposition (CVD) 
is commonly used for the synthesis of some of the nanotubes. 

 A popular method of synthesis in the last few years has employed templates. 
The templates can be porous membranes of alumina or polycarbonate. The pores 
are used to deposit the relevant materials or these precursors, followed by anneal-
ing and removal of the template. Deposition of the material in the porous channels 
is carried out by the sol – gel method or by an electrochemical procedure. Electro-
chemical anodization is commonly used for the synthesis of nanotubes of TiO 2 , 
ZnO, and such oxides. The porous membrane method has emerged to be a general 
means of preparing a large variety of inorganic nanotubes and nanowires. Carbon 
nanotubes, surfactants, polymer gels, and liquid crystals have all been used as 
templates, wherein the precursor material is covered over the templates, followed 
by annealing and removal (burning or dissolution) of the template. In what follows, 
we shall discuss the synthesis of various inorganic nanomaterials where we will 
indicate the method and give the most essential aspects of the procedure. In order 
for the reader to obtain greater details, we have provided a large list of 
references.  

  6.3 
 Nanotubes of Metals and other Elemental Materials 

 Synthesis of gold nanotubes was reported by Martin and co - workers  [8, 9]  in the 
1990s. They prepared Au tubules with lengths of up to a few micrometers and 
diameters of a few hundred nanometers by electrochemically depositing gold into 
the pores of a microporous alumina membrane (AM). To obtain gold tubules, 
initially the AM pore walls were chemically derivatized by attaching a molecular 
anchor such as a cyanosilane, so that the electrodeposited metal preferentially 
deposits on the pore wall, which leads to tubule formation. 

 Electrodeposition in membrane pores is an important method for the synthesis 
of metal nanotubes. Thus, Au nanotube arrays have been prepared by direct elec-
trodeposition in the nanochannels of alumina templates. The nanochannel 
alumina templates with pore diameters of about 105   nm and 45   nm were used to 
synthesize nanotubes with average outer diameters respectively of 105   nm and 
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45   nm and a wall thickness of 15   nm. The lengths went up to several micrometers. 
The alumina templates are readily removed by treatment with NaOH. The nano-
tube arrays so obtained have a well - controlled microstructure and are polycrystal-
line with a face - centered cubic structure  [10] . Au nanotubes have also been 
prepared by electroless deposition in the pores of track - etched polycarbonate mem-
branes that contain 10    μ m thick and 220   nm diameter pores  [11] . The inner sur-
faces of the polycarbonate membranes were fi rst sensitized with a Sn 2+  salt and 
then activated by forming a layer of Ag, before depositing Au for a period of 2   h. 
The gold nanotubes were cleaned with 25% HNO 3  solution for 15   h. Hydrophobic 
or hydrophilic self - assembled monolayers on gold nanotubes can be formed by 
rinsing the samples in ethanol for 20   min, followed by immersion in a solution of 
ethanol that contains HS(CH 2 ) 15 CH 3  or HS(CH 2 ) 15 COOH. The Au nanotubules 
are polycrystalline and have lengths of up to 6    μ m and inner diameters of  ∼ 1   nm. 
By controlling the Au deposition time, Au nanotubules of effective inside diam-
eters of molecular dimensions ( < 1   nm) can be prepared. They found electroless 
deposition allows for more uniform gold deposition in a short duration of time. 
Since the electroless plating method used to deposit Au nanotubes in polymeric 
templates does not work in AMs, Martin and coworkers  [12]  have developed a 
modifi ed electroless plating strategy that can be used to deposit high - quality Au 
nanotubes within the pores of alumina templates. 

 Three - dimensional (3D) Au nanotube arrays with smooth as well as nanoporous 
walls have been obtained by using anodic alumina and conducting polyaniline 
nanorod templates  [13] . In this procedure, polyaniline nanorods were predeposited 
electrochemically in the interior of a porous alumina membrane, which was then 
used as a template for the formation of vertically aligned Au nanotubes. For the 
synthesis of Au nanotube arrays with nanoporous walls, gold/silver alloy nanow-
alls were electrodeposited from cyanide solutions that contain gold/silver ions 
(mole ratio, Au + /Ag +    =   1   :   3). The nanoporous walls were generated by de - alloying 
(selective dissolution of the less noble metal) the gold/silver alloy shells with con-
centrated nitric acid, which also dissolves the polyaniline nanorods. The porous 
architecture is formed because of an intrinsic dynamic pattern formation process, 
in which the more noble metal (Au) atoms tend to aggregate into two - dimensional 
clusters through a phase separation process at the solid – acid interface. The length, 
average inner diameter, and wall thickness of the Au nanotubes with smooth walls 
was  ∼ 4    μ m,  ∼ 196   nm, and 62 ( ± 18   nm), respectively. The Au nanotubes with 
smooth nanoporous walls (nanopore diameter of  ∼ 8   nm) had similar physical 
dimensions as the nanotubes. 

 Gold nanotubes embedded within the pores of the polycarbonate template mem-
branes were subjected to reactive ion etching (RIE) using an oxygen plasma to 
selectively etch approximately 2.3   mm of the polycarbonate, leaving the polycrystal-
line gold nanotubes intact. Figure  6.1  shows fi eld - emission scanning electron 
microscopy (FESEM) images of the top surface of a template membrane after 
electroless deposition of gold followed by RIE  [14] . Single crystalline and bamboo -
 like Au nanotube arrays growing in the  [111]  direction, with a diameter of 100 –
 150   nm and a length of 10    μ m, and standing perpendicular to the Ti metal foil 
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substrates are obtained by using a radiation track - etched hydrophilic polycarbonate 
membrane  [15] . By using water - dissolvable Na 2 SO 4  nanowires as templates, Au 
nanoparticle tubes have been obtained by the self - assembly of Au nanoparticles 
 [16] . The as - synthesized Au nanoparticle tubes were further calcined at 300    ° C 
(5    ° C   min  − 1 ) for 30   min to transform them into polycrystalline Au nanotubes. At 
this temperature, the Au nanoparticles (3 – 5   nm diameter) melt and form nano-
tubes of  ∼ 1    μ m length and  ∼ 80   nm diameter. Using an electroless deposition 
procedure, continuous, polycrystalline Au nanotubes with controllable shape, size 
(tens of nanometer in diameter), shell thickness ( ∼ 5   nm), and length (up to 5    μ m) 
can be grown by using Co nanoparticles as sacrifi cial templates  [17] . Here, the 
alignment of Co nanoparticles into a 1D structure is induced by manipulation of 

     Figure 6.1     Field - emission SEM images of gold nanotubes at 
different magnifi cations. Micrographs were taken on the 
etched side of the membrane.  Reproduced with permission 
from  [14] . Copyright 2004, Wiley - VCH.    
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the magnetic fi eld. In this reaction, Au 3+  is reduced to Au 0  by the Co 0  nanoparticles 
as given by the following reaction:

   3 2 3 20 3 2 0Co Au Co Au+ → ++ +     (6.1)     

 Goethite (FeOOH) nanorods have been used as templates to grow Au nanotubes 
with a length of a few hundred nanometers and an aspect ratio between 3 and 4 
 [18] . The uniform growth of gold nanoshells on goethite nanorods was achieved 
by SiO 2  - mediated assembly/attachment of Au nanoparticles/seeds on these rods, 
followed by a one - step seeded growth by the catalyzed reduction of HAuCl 4  using 
formaldehyde. The successful attachment of small Au seeds on goethite nanorods 
requires modifi cation of the nanorod surface, which was carried out by depositing 
a thin layer of silica using tetraethoxysilane (TEOS), followed by silanization using 
(3 - aminopropyl)trimethoxysilane (APS). Gold nanoparticles ( ∼ 3   nm in diameter) 
are prepared by the reduction with tetrakishydroxymethylphosphonium chloride 
(THPC), which were used for the self - assembly of Au seeds on the surface of 
goethite rods. The growth of Au shells on the goethite surface was accomplished 
by the selective reduction of HAuCl 4  with a weak reducing agent such as formal-
dehyde, catalyzed by the Au seeds. In a typical synthesis, 100   mL of the dispersion 
of goethite was added to 48   g of poly(vinyl pyrrolidone) (PVP) and the mixture 
stirred for 24   h before transferring to ethanol (100   mL). Twelve millilitres of the 
goethite – PVP dispersion was diluted with 200   mL of ethanol that contained 20   mL 
of ammonium hydroxide and 0.75   mL of TEOS, under mechanical stirring. The 
goethite nanorods coated with silica were washed several times with ethanol. 
Silanization was carried out by adding 0.6   mL of pure APS to 10   mL of the 
goethite@silica dispersion under magnetic stirring, followed by additional washing 
with ethanol to remove excess APS. For the assembly of Au nanoparticles on the 
nanorod surface, 5   mL of the solution of silanized goethite particles was centri-
fuged and re - dispersed in 5   mL of the Au colloid solution in an ultrasound bath 
for 1 to 2   min. This step was repeated until no further adsorption of gold on the 
surface of the particles was observed. Further growth of the Au coating on the 
nanorods was carried out as follows. A mixture of 0.425   mL of 0.01    M  HAuCl 4  and 
10   mL of 1.8    ×    10  − 3     m  K 2 CO 3  was aged in the dark for a day so that Au III  ions were 
reduced to Au I  ions. This solution (5   mL) was mixed with 0.01 – 0.03   mL of the Au -
 covered goethite solution and 0.01   mL of formaldehyde solution. The thickness 
and surface roughness of the obtained shells could be adjusted by simply varying 
the concentration ratio between the seeds (modifi ed goethite rods) and the growth 
reagents (HAuCl 4  and formaldehyde). 

 Platinum and PtPd alloy nanotubes with polycrystalline walls and a face - cen-
tered cubic structure (50   nm in diameter, 5 – 20    μ m long, and 4 – 7   nm wall thick-
ness) can be synthesized by the galvanic replacement reaction of Ag nanowires 
 [19] . In this procedure, Ag nanowires are refl uxed for 10   min with platinum acetate 
in aqueous solution. When an aqueous platinum acetate solution is mixed with a 
dispersion of Ag nanowires, the galvanic replacement reaction generates a tubular 
sheath whose morphology is complementary to that of the Ag nanowire (step 1 in 
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Scheme  6.1 ). Following the same scheme for multiple - walled nanoshells, coaxial 
nanotubes with more than two walls can be prepared. Mesoporous Pt nanotubes 
have been prepared by incorporating lyotropic liquid crystals in the pores of an 
AM before depositing the metal (Fig.  6.2 )  [20] . By using a mixed non - ionic – cationic 
liquid crystalline surfactant (nonaethylene glycol monododecyl ether (C 12 EO 9 ), 
polyoxyethylene (20) sorbitan monostearate (Tween 60) and water), polycrystalline 
Pt nanotubes (with a face - centered cubic structure) with small inner (3 – 4   nm) and 
outer (6 – 7   nm) diameters have been obtained  [21] . In a typical synthesis, the liquid 
crystalline phase that contains hexachloroplatinic acid (H 2 PtCl 6 ), C 12 EO 9 , Tween 
60, and water at a molar ratio of 1   :   1   :   1   :   60 was treated with hydrazine to cause the 
reduction of the metal salts confi ned in the lyotropic mixed crystals of the two 
different surfactants to yield the metal nanotubes. The resulting solid was sepa-
rated, and washed with water and ethanol prior to drying in air. The same proce-
dure has been used to prepare nanotubes of other metals such as Pd and Ag.   

 Hierarchical assemblies of hollow Pd nanostructures have been grown by using 
Co nanoparticles as self - sacrifi cial templates  [22] . Assemblies of hollow Pd nanos-
tructures (from 80   nm Pd nanoparticles) are obtained with raspberry - like or nan-
otube - like geometries, by the replacement reaction between H 2 PdCl 4  and Co 
nanoparticles, which occurs rapidly, wherein the reduced Pd atoms nucleate and 
grow into very small particles, and eventually evolve into a thin shell around the 
cobalt nanoparticles. The replacement reaction is given by:

   Co PdCl Pd Co C+ → + +− + −
4
2 2 14     (6.2)   

 The polycrystalline 1D Pd nanostructures have a face - centered cubic structure with 
lengths that run to several micrometers and diameters up to  ∼ 60   nm. 

 Ni and Co microtubules were prepared by Han  et al.   [23] . by the pyrolysis of 
composite fi bers consisting of a poly(ethylene terephthalate) (PET) core fi ber with 
the electroless - plated metal at the exterior. Ni microtubules prepared by this 
method were single - crystalline, but the Cu microtubules were polycrystalline. 
Electrodeposition in the pores of AMs has been carried out by Bao  et al.   [24] . to 
obtain ordered arrays of Ni nanotubules. The pore walls were modifi ed by these 

     Scheme 6.1     Schematic representation for the fabrication 
of multiple - walled nanotubes composed of Pt/Ag alloys.  
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workers with an organic amine to assist the formation of nanotubes (Fig.  6.3 ). In 
the absence of the amine, nickel nanowires were obtained. Nickel, when elec-
trodeposited in the pores, binds preferentially to the pore walls because of its 
strong affi nity towards the amine. The AM is removed by treatment with NaOH. 
The top - view SEM image in Figure  6.3 b shows open - ends of the Ni nanotubules 
after the removal of the top layer of the AM with NaOH solution. The electron 

     Figure 6.2     I) Schematic view of the preparative procedure for 
mesoporous Pt nanorods and nanotubes. II) SEM images of: 
a,b) mesoporous Pt nanorods, and c,d) mesoporous Pt 
nanotubes. Figures (b) and (d) are highly magnifi ed images of 
(a) and (c), respectively.  Reproduced with permission from 
 [20] . Copyright 2008, RSC.   
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     Figure 6.3     SEM images of a) Ni nanotubules 
after dissolution of the alumina template, 
b) showing the top - view of an array of Ni 
nanotubules after partial removal of the 
template, and c) transmission electron 

microscopy (TEM) image of the Ni tubules 
after dissolution of the alumina template. 
Inset shows electron diffraction pattern of the 
Ni nanotubules.  Reproduced with permission 
from  [24] . Copyright 2001, Wiley - VCH.   

diffraction pattern of the Ni nanotubules in the inset of Figure  6.3 c shows diffuse 
rings, which indicates that the Ni nanotubules are polycrystalline and have a face -
 centered cubic structure. The transmission electron microscopy (TEM) image of 
the Ni nanotubules in Figure  6.3 c shows that the diameter of the Ni nanotubules 
are uniform with average outer diameter of 160    ±    20   nm. The deposition follows 
a bottom - up approach. Thus, the growth of nanotubules starts at the Au cathode 
at the bottom of the pores. The length and the wall thickness of the Ni nanotubules 
depend on experimental conditions, such as pore - wall modifying agent, and elec-
trodeposition parameters. A low current density appears to be a key factor. For 
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instance, with a current density of 0.3   mA   cm  − 2  and an electrodeposition time of 
24   h, Ni nanotubules of 20    μ m in length and 30   nm in wall thickness were obtained, 
while with electrodeposition for 48   h, Ni nanotubules grow up to 35    μ m in length 
and 60   nm in wall thickness. Ordered magnetic Ni nanotubes have been prepared 
by employing electrodeposition by adding an amphiphilic triblock co - polymer 
(Pluronic P123) to the electrodeposition solution  [25] . By adjusting experimental 
parameters such as current density and electrodeposition time, the wall thickness 
and length of the nanotube are controlled (Fig.  6.4 ). The Ni nanotubes prepared 
at a current density of 0.13   mA   cm  − 2  with an electrodeposition solution that con-
tains 37   g   L  − 1  of P123 and a deposition time of 48   h yielded uniform tubes of about 
50   nm wall thickness, 60    μ m length, and an outer diameter of  ∼ 250   nm, which 
corresponds to the pore diameter of the alumina template. Weak, diffuse rings 
in the selected - area electron diffraction (SAED) pattern of the nanotubes showed 
they were polycrystalline.   

 The preparation and growth mechanism of Ni, Co, and Fe nanotubes have been 
reported by Cao  et al.   [26] . wherein the nanotubes are actually constructed from 
non - layered materials of the metal, and the tubular growth is directed by the 
current in the template - based electrodeposition process (Fig.  6.5 ). Typically, the 
length of the as - synthesized tubular structures can reach about 60    μ m, which 

     Figure 6.4     a) TEM image and b) SAED 
pattern of a Ni nanotube after removing 
the alumina template. c) Top - view and 
d) side - view SEM images of an ordered array 
of Ni nanotubes after partial removal of the 

template. The experimental parameters are: 
current density, 0.13   mA   cm  − 2 , concentration 
of P123 of 37   g   L  − 1 , and deposition time of 
48   h.  Reproduced with permission from  [25] . 
Copyright 2006, Wiley - VCH.   
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corresponds to the thickness of the AM. Most of them have an outer diameter of 
50 – 100   nm, which corresponds to the pore diameter of the AM, and an inner 
diameter of about 30 – 50   nm. The electron diffraction patterns reveal that the nano-
tubes are single - crystalline and have a body - centered cubic structure for iron, a 
face - centered cubic structure for nickel, and a hexagonal close packed structure 
for cobalt. Employing AMs, aligned Fe nanotubes have been grown electrochemi-
cally  [27] . The wall thickness of the nanotubes could be controlled by changing the 
deposition parameters. Co nanotubes have also been grown by electrodeposition 
in an AM  [28]  Electrodeposition in a rotating electric fi eld produces dense arrays 
of single crystalline Cu nanotubes  [29] . The applied rotating fi eld makes the ions 
graze the surface of the pores in helical paths and makes the deposition occur 
selectively in the region near the wall of the nanopores. The wall thickness of the 
metal nanotubes so obtained are in the range of 15 – 20   nm and can be controlled 
by changing the amplitude of the rotating fi eld. The nanotubes had a diameter of 
 ∼ 230   nm with lengths going up to several micrometers.   

 Electrochemical deposition methods have also been used for the synthesis of 
nanotubes of many other metals including Zn, Sn, and Ag having polycrystalline 
structures  [30] . In order to fabricate these metal nanotube arrays, a thin layer of 

     Figure 6.5     a) Schematic diagram of the steps in the growth of 
metal nanotubes by template - based electrochemical 
deposition method. b,c) SEM images of cobalt and iron 
nanotube arrays, respectively.  Reproduced with permission 
from  [26] . Copyright 2006, Wiley - VCH.   
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Au was deposited on the bottom surface of the porous AM, for use as a working 
electrode. The circular step edges of the Au nanorings so formed at the bottom of 
the AM serve as the preferential sites for the deposition of metal ions. Nanotube 
arrays of Zn and Sn were then obtained within the porous AM by preferentially 
plating at circular step edges of the Au nanorings. This was accompanied by the 
evolution of hydrogen gas, which is critical for nanotube formation. It is well 
known that circular step edges have the ability to catalyze electron transfer to metal 
ions in solutions. Since the reductive potential of hydrogen is higher than that of 
Zn and Sn, evolution of hydrogen gas accompanies metal deposition. Hydrogen 
gas evolves continuously from the cathode through the central region of the nano-
pores while the metallic elements become attached to the pore walls, which results 
in the formation of nanotubes. The nanotubes have open ends on top and are 
arranged in a well - ordered manner. The outer diameter of the nanotubes is in 
the range 90 – 110   nm, which corresponds to the pore diameter of the membrane. 
The inner diameter of the nanotubes is in the range of 40 – 60   nm. The length 
of the nanotubes goes up to several micrometers. The compactness of the nano-
tubes is quite high, about 1    ×    10 9    cm  − 2 , which corresponds to the pore density of 
the membrane. 

 Metallic indium nanotubes can be prepared by direct thermal evaporation of the 
metal  [31] . A metal source is heated in an Ar atmosphere between 900 – 1100    ° C 
and the vapor is passed over a catalyst such as a Au - coated silicon substrate to 
obtain crystalline nanotubes. The length of the nanotubes increases with tempera-
ture. The diameter of the head portion (100 – 300   nm) is approximately three times 
larger than the tail diameter. The diameter of the tail portion remains uniform 
throughout the nanostructure. Electrodeposition in AMs has been employed to 
prepare polycrystalline nanotubes of alloys such as BiSb  [32] , FeCo  [33] , FeNi  [34] , 
and CoCu  [35] . 

 Lyotropic liquid crystal templates along with surfactants are used to synthesize 
metal – boron nanotubes (M – B (M   =   Fe, Co, and Ni))  [36] . The non - ionic surfactants 
used are Tween 40 (polyoxyethylene sorbitan monopalmitate), Tween 60, and 
Tween 80 (polyoxyethylene sorbitan monooleate), and the anionic surfactant is 
camphorsulfonic acid. In a typical synthesis, FeCl 3  · 6H 2 O was dissolved in water 
that contained (1 S ) - (+) - 10 - camphorsulfonic acid (CSA) and Tween 40 at 60    ° C and 
the mixture cooled to 20    ° C. To this a mixture of 4    M  NaBH 4  and 0.1    M  NaOH was 
added and the mixture kept for 48   h in an inert atmosphere. The resulting solid 
was collected, washed with distilled water and ethanol, and dried in fl owing nitro-
gen. Non - crystalline Co – B and Ni – B nanotubes were prepared from CoCl 2  · 6H 2 O 
or NiCl 2  · 6H 2 O and Tween 60 in place of FeCl 3  · 6H 2 O and Tween 40 under similar 
conditions. This method provides a route for the synthesis of metal – boron nano-
tubes and can also be extended to other tubular materials of non - crystalline alloys. 
Fe – B nanotubes prepared using Tween 40 and CSA are several micrometers in 
length and have inner and outer diameters of around 50 – 55 and 60 – 65   nm, respec-
tively. The continuous broad halo rings in the SAED pattern further suggest a 
non - crystalline nature of the Fe – B nanotubes. 

 One - dimensional nanostructures of Se and Te were reported some time ago by 
Gautam  et al.   [37, 38] . Recently,  t  - Se nanotubes have been grown hydrothermally 
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in the absence of a surfactant or a polymer  [39] . In this procedure, an aqueous 
solution of sodium selenite (Na 2 SeO 3 ), NaOH, and sodium formate (NaCHO 2 ) is 
reacted in a hydrothermal bomb at 100    ° C for 25   h. Zhang  et al.   [40] . have reported 
the fabrication of  t  - Se nanotubes by a hydrothermal – ultrasonic route. Ma  et al.  
 [41] . synthesized  t  - Se nanotubes in micelles of a non - ionic surfactant, while Li 
 et al.   [42] . synthesized them by a sonochemical process. Single - crystalline Te nano-
tubes have been prepared by a solvothermal method using PVP to modulate the 
reaction time, the reactants being TeO 2  and ethanolamine  [43] .  

  6.4 
 Metal Chalcogenide Nanotubes 

 MoS 2  and WS 2  are the fi rst chalcogenides whose fullerene type structures and 
nanotubes were prepared in the laboratory  [44, 45] . The method involved heating 
of metal oxide nanorods in H 2 S. A similar strategy was also employed to prepare 
the corresponding selenide nanotubes. Recognizing that amorphous MoS 3  and 
WS 3  are the likely intermediates in the formation of the disulfi des, the trisulfi des 
have been directly decomposed in a H 2  atmosphere to obtain the disulfi de nano-
tubes  [46] . Diselenide nanotubes were similarly obtained by the decomposition of 
metal triselenides  [47] . The trisulfi de route provides a general route for the syn-
thesis of the nanotubes of many metal disulfi des such as NbS 2  and HfS 2  that have 
a single crystalline nature  [48, 49] . The decomposition of precursor ammonium 
salts (NH 4 ) 2 MX 4  (X   =   S, Se; M   =   Mo, W), is even better, all the products, except 
the dichalcogenides, being gases  [46, 47] . Metal trichalcogenides are intermediates 
in the decomposition of the ammonium salts as well. These nanotubes have a 
hexagonal structure with a layer spacing of  ∼ 0.6   nm, which corresponds to a  d  -
 spacing of (002), with an external diameter of  ∼ 25   nm, a wall thickness of  ∼ 10   nm, 
and lengths of up to several micrometers. Employing trisulfi des and triselenides 
as starting materials, nanotubes of TiS 2 , HfS 2 , NbS 2 , NbSe 2  and related layered 
metal chalcogenide nanotubes have been prepared  [50] . Recently, MoS 2  and WS 2  
have been made by using gas phase reactions using metal chlorides and carbonyls 
(Fig.  6.6 )  [51] . Solar ablation can also be used to generate MoS 2  nanotubes  [52] . 
Nanotubes and onions of GaS and GaSe have been generated through laser and 
thermally induced exfoliation of the bulk powders  [53] .   

 CdS nanotubes and related structures have been prepared by the thermal evapo-
ration of CdS powder (Fig.  6.7 )  [54] . Nanotubes of CdS and CdSe had earlier 
been prepared by using surfactants as templates  [55] . CdS occurs in the hexagonal 
structure in the nanotubes. The diameter and length are in the ranges of 40 –
 160   nm and 3 – 4    μ m, respectively. The CdSe nanotubes are generally long, with 
lengths up to 5   mm. The outer diameter of the nanotubes is in the 15 – 20   nm 
range while the diameter of the central tubule is in the 10 – 15   nm range. These 
nanotubes are polycrystalline and form through the oriental attachment of nano-
particles. Recently, CdS, ZnS, and CuS nanotubes have been made by the hydro-
gel - assisted route (Fig.  6.8 )  [56] . The TEM image of CdS in Figure  6.8 a, obtained 
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     Figure 6.6     a) HRTEM image of the MoS 2  nanotube, b) the 
line profi le of the boxed area in (a) gives an interlayer spacing 
of 6.2    Å .  Reproduced with permission from  [51a]   c,d) TEM 
images of WS 2  nanotubes obtained in the reaction between 
WCl 5  and H 2 S in the vertical reactor.  Reproduced with 
permission from  [51b] .   

after the removal of the hydrogel template, demonstrates the hollow nature of 
the nanotubes. The lengths of the nanotubes extend to a few hundred nanometers, 
while the diameter of the inner tubule is  ∼ 2 – 3   nm, the outer diameter being in 
the 20 – 25   nm range. A SAED pattern of a single nanotube is given in the bottom 
inset of Figure  6.8 a. The diffuse rings correspond to the (100) and (110) Bragg 
planes of hexagonal CdS showing the nanotubes to be generally polycrystalline. 
Clearly, the tripodal cholamide hydrogel fi bers act as templates, on which the 
CdS particles get deposited, giving rise to the nanotubes. The low magnifi cation 
TEM image in Figure  6.8 b suggests a possible assembly or attachment of the 
initially formed shorter nanotubes to form linear chains (indicated by arrows in 
the fi gure). The hydrogel might be responsible for such an attachment, the hydro-
gel playing a dual role of being a template to produce hollow nanotubes as well 
as favoring the attachment or assembly of the nanotubes. The ZnS nanotubes 
prepared similarly (Figs  6.8 c and d) have an inner diameter in the  ∼ 4 – 6   nm range, 
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     Figure 6.7     TEM images of the 1D CdS 
nanostructures: a) a core – sheath nanowire 
with insets that contain the energy dispersive 
X - ray analysis (EDX) of the core and the 
sheath and SAED of the core, b) the top of a 
core – sheath nanowire with an inset of the 
EDX of the catalyst, c,d) CdS nanotubes, 

e) tube – wire nanojunction, f) wire – tube – wire 
nanojunction, g) top part of a nanotube with 
nanoparticles with the channel, and (h) top 
part of one nanotube with the catalyst with 
the inset showing the EDX of the particle. 
 Reproduced with permission from  [54] . 
Copyright 2008, ACS.   
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with lengths going up to a micrometer. The TEM image shows tiny nanocrystals 
of ZnS (Fig.  6.8 c) making up the walls of the nanotubes. The electron diffraction 
patterns also reveal the nanotubes to be polycrystalline and of hexagonal structure. 
The CuS nanotubes prepared by this route have an inner diameter of  ∼ 5   nm with 
lengths extending to a few hundreds of nanometers. The outer diameter is in 
the 20 – 30   nm range. The nanotubes are polycrystalline as found from electron 
diffraction as well as the TEM images. The polycrystalline nanotubes are formed 
through the oriented attachment of nanoparticles. CuS nanotubes have also been 
made by the solution reaction of Cu nanowires in ethylene glycol with a suitable 
sulfur source such as thiourea and thioacetamide at 80    ° C  [57] . The CuS nanotubes 
so - produced in large quantities possess a hexagonal structure and have an inner 
diameter of 30 – 90   nm, a wall thickness of 20 – 50   nm, and a length of more than 
40    μ m. The straight nanotubes are made up of nanoparticles of around 30   nm 

     Figure 6.8     a) TEM image of CdS nanotubes 
obtained after the removal of the hydrogel 
template. Top inset is a high - magnifi cation 
image of a single nanotube. Bottom inset is 
the SAED pattern of the nanotubes. b) TEM 
image showing a bunch of nanotubes 

assembled spontaneously, indicated by the 
arrows. c,d) TEM images showing nanotubes 
of ZnS obtained using 0.02   mmol of 
Zn(OAc) 2 .  Reproduced with permission from 
 [56] . Copyright 2006, Elsevier.   
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diameter. This study also shows that sulfur sources such as thiourea and thia-
cetamide, which release ionic sulfur rather than molecular sulfur at their decom-
position temperature, are favorable for the formation of CuS nanotubes, compared 
with sulfur powder.   

 CdSe nanotubes have been prepared by a sono - electrochemical method  [58] , 
while CuSe nanotubes have been prepared by using trigonal Se nanotubes as 
templates  [59] . The CdSe nanostructures (with a cubic structure) were formed by 
electrodeposition onto the sonic probe cathode  [58] . The deposit could be spheroi-
dal or have a 2D structure. Subsequent sonic shock waves remove the deposit from 
the probe surface. The sonochemical treatment provides the required energy to 
roll the nanosheets to form tubular nanoscrolls. After the 2D nanosheets are 
ejected from the probe, because of the high surface energy of the ends of the 
nanosheets, the fl exible and unstable nanosheets easily roll - up in the sonochemi-
cal process. It is well known that collapsing bubbles produced in a liquid solution 
during sonication can instantaneously generate local spots of high temperature, 
pressure, and cooling rates. The worm - like morphology of the CdSe prepared by 
this method involves a tubular structure and the nanotubes (diameter: 80   nm, wall 
thickness: 10   nm) are entangled with each other. The nanotube with a straight part 
reveals a round open tip, which is not completely seamed. This indicates that the 
nanotubes were probably formed through a roll - up process. The CdSe nanotubes 
show many stacking faults and missing layers in the nanotube walls. The appear-
ance of defects is mainly a result of the high stress and strain present in the 
nanotubes. 

 CuSe with a tubular nanostructure is formed by the template mechanism 
wherein diffusion of Cu atoms occur into t - Se nanotubes  [59] . The synthesis 
process involves the t - Se nanotubes acting as templates and reactants were con-
verted into crystalline nanotubes of CuSe by reacting with Cu nanoparticles freshly 
produced from an aqueous CuSO 4  solution. Apart from CuSe nanotubes, 1D 
nanocrystallites of Cu 3 Se 2 , Cu 2 −    x  Se, and Cu 2 Se were also obtained by changing the 
atom ratio of Cu and Se in the precursors. The tubular nanostructures have the 
hexagonal structure of CuSe. The wall thickness and diameter of the CuSe nano-
tubes were around 80 and 300   nm, respectively. 

 CdTe nanotubes of controlled diameter are prepared by fi rst reacting CdCl 2  
with thioglycolic acid (TGA) to obtain 1D Cd – TGA nanowires (thickness  ∼ 8   nm), 
the aqueous dispersion of which is then used as a sacrifi cial template to gener-
ate long CdTe nanotubes by reaction with NaHTe  [60] . The length of the nano-
tubes is typically hundreds of micrometers, similar to the initial length of the 
precursor. The inner and outer diameters of the nanotubes are in the ranges 
of 12 – 20   nm and 30 – 50   nm, respectively. The CdTe nanotubes are polycrystalline 
and adopt a cubic structure. The average diameter of the nanowires of the 1D 
Cd – TGA precursors obtained in the presence of poly(acrylic acid) (PAA), could 
substantially be increased as a function of the amount of PAA. During the 
formation of CdTe, 1D Cd – TGA precursors are gradually consumed to fi nally 
lead to hollow structures, preserving the original shape, size, and morphology 
of the precursor. 
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 Photochemical decomposition of CSe 2  adsorbed on Ag nanowires yields Ag 2 Se 
nanotubes  [61] . The evolution of Ag nanowires to core – shell structures and fi nally 
to hollow Ag 2 Se nanotubes was studied in detail by TEM analysis. Upon irradiation 
for 15   min, the TEM image of the nanowires began to show evidence of core – shell 
nanowires with mean diameters of  ∼ 85   nm and  ∼ 45   nm cores. The shell grew 
thicker at the expense of the core with increasing irradiation time, and voids were 
observed to grow from both ends of the nanowires along the longitudinal axis, 
ultimately merging to form hollow nanotubes of mean diameters of  ∼ 90   nm with 
 ∼ 45   nm voids. The nanotubes are polycrystalline with a structure corresponding 
to the orthorhombic phase of R - Ag 2 Se. Trigonal Se nanotubes can be used as 
templates to prepare Ag 2 Se nanotubes  [62] . Ag 2 Te nanotubes have been generated 
by the reaction of AgNO 3  with sodium tellurate (Na 2 TeO 3 ) in the presence of 
hydrazine and ammonia by a hydrothermal process in the absence of a template 
or a surfactant  [63] . All these nanotubes are bent and curled, with diameters of 
80 – 250   nm and several tens of micrometers in length. They show the characteris-
tics of tubular structures with open - ended and uncovered hollow interiors. The 
nanotubes are single - crystalline, and free of dislocations and stacking faults. A 
structural phase transition of the as - prepared Ag 2 Te nanotubes from the low -
 temperature monoclinic structure ( β  - Ag 2 Te) to the high - temperature face - centered 
cubic structure ( α  - Ag 2 Te) has been observed. 

 Bi 2 S 3  nanotubes and nanorods are prepared solvothermally at a low temperature 
of 120    ° C, using a mixed solvent (acetone – water, methanol – water, ethanol – water, 
water, ethylene glycol – water, or glycerol – water) as the reaction medium and urea 
as the mineralizer  [64] . In a typical synthesis, Bi(NO 3 ) 3  · 5H 2 O is dissolved in the 
mixed solvent and aqueous Na 2 S · 9H 2 O (S/Bi   =   3   :   1) solution added drop by drop 
into the solution under vigorous stirring. The mixture of precursors and urea is 
transferred into a Tefl on - lined autoclave and heated solvothermally. The gray - black 
powder so obtained is washed with distilled water and ethanol several times and 
dried. A mixture of nanorods and nanotubes is found in the fi nal product synthe-
sized in methanol – water mixtures. The diameter of the nanotubes was more than 
that of the nanorods (in the 80 – 100   nm range) with lengths up to a micrometer. 
The powders synthesized in water are nanotubes, which are polycrystalline with 
a diameter of 200   nm and a length of about 1    μ m. Bi 2 S 3  nanotubes synthesized in 
ethylene glycol – water mixtures are single crystalline, with a diameter in the 200 –
 500   nm range and the lengths up to several micrometers. The inner diameter of 
the single hollow nanotube is about 100   nm and the walls of the tube are around 
100   nm thick. Bi 2 S 3  microtubes synthesized in the mixed solvent of glycerol – water 
have a diameter of about 1    μ m and a length of about 7    μ m. During the process of 
solvothermal synthesis, there is a dynamic equilibrium between the Bi 2 S 3  solid 
particles or nuclei and the Bi 3+  and S 2 −   ions in solution (2Bi 3+    +   3S 2 −      ª    Bi 2 S 3 ). In 
such an equilibrium, Bi 3+  and S 2 −   ions tend to dissolve from the small particles 
into the solution and precipitate onto the surfaces of large particles so that the 
total energy of the interface between the particles and the solution is decreased. 
Bi 2 S 3  has a layered structure and the weak bonds between the layers give rise to 
an anisotropic growth of Bi 2 S 3  particles during the solvothermal synthesis. At the 
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low reaction temperature, the rate of crystal growth is greater than that of crystal 
nucleation. The growth of Bi 2 S 3  nanosheets is favoured at higher viscosity and 
surface tension of the reaction medium. The powders synthesized in the mixed 
solvent of water, ethylene glycol – water, and glycerol – water possess nanosheet 
structures and the nanosheet nanostructures self - roll to form tube - like structures. 
The interface energy between bismuth sulfi de and the mixed solvent of water, 
ethylene glycol – water, and glycerol – water with a high surface tension appears to 
be higher than that between bismuth sulfi de and the mixed solvent of acetone –
 water, ethanol – water, and methanol – water. A solvent with higher viscosity and 
surface tension favours the formation of tube - like structures and a solvent with 
lower viscosity and surface tension favours the formation of a rod - like structure 
during the synthesis. Hence the morphology of the nanostructure depends on the 
viscosity and surface tension of the mixed solvent used in the solvothermal syn-
thesis. Bi 2 S 3  nanotubes have also been prepared by the conventional evaporation 
method  [65] , as well as by employing the micelle - template method at 115    ° C  [66] . 

 Bi 2 Se 3  nanotubes can be prepared solvothermally starting with ammonium 
bismuth citrate and elemental Se in dimethylformamide solution  [67] . However, 
the diameters of the nanotubes are not uniform and vary in the range of 15 –
 150   nm with the wall thickness in the 5 – 20   nm range. These polycrystalline nano-
tubes have a rhombohedral structure. Bi 2 Te 3  nanotubes have been obtained by the 
galvanic displacement of nickel nanowires in nitric acid that contains Bi 3+  and 
  HTeO2

+  ions (Fig.  6.9 )  [68] . When Ni nanowires are immersed in an nitric acid 
solution that contains Bi 3+  and   HTeO2

+  ions, the Ni nanowires are galvanically 
displaced to form Bi 2 Te 3 , because of the difference in the reduction potentials. The 
nanotubes have diameters in the 100 – 130   nm range, a wall thickness of approxi-
mately 20   nm, and lengths running to several micrometers. The nanotubes are 
formed out of highly crystalline rhombohedral Bi 2 Te 3  crystals without obvious 
preferential orientation. The composition of Bi 2 Te 3  nanotubes was precisely tuned 
by adjusting the [Bi 3+ ]/[HTeO 2+ ] ratio. The galvanic displacement reaction can be 
written as:

   2 3 9 9
9

3 2 0

2 3
2

Bi aq HTeO aq Ni s H aq
Bi Te s Ni aq

+ + +

+

( ) + ( ) + ( ) + ( ) →
( ) + ( ) + 66 2H O aq( )

    (6.3)     

 Nanotubular Bi 2 Te 3 , as well as its alloys with Se and Sb, are obtained by elec-
trodeposition in the nanochannels of alumina templates  [69] . Sb 2 S 3  nanotubes 
with thin walls (1.5   nm – 2   nm) have been made by the solvothermal reaction of 
SbCl 3  with sulfur in oleylamine solution at a relatively low temperature (175    ° C) 
 [70] . The average diameter of the Sb 2 S 3  nanotubes (orthorhombic structure) was 
10.4   nm, and the length was in the 100 to 300   nm range with an atomic ratio of 
Sb to S of 1   :   1.51. By changing the concentration of sulfur, the aspect ratios of the 
initially formed Sb 2 S 3  nanoribbons were delicately controlled. Reducing the 
number of equivalents of sulfur results in a decrease in the length of the nanorib-
bons with a simultaneous increase in the width. In addition to the wider nanorib-
bons, a signifi cant amount of nanotubes with 6.7   nm average width were observed. 
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Further reduction in sulfur yields pure small aspect ratio nanotubes. Clearly, the 
nanotubes are formed by the rolling of the nanoribbons. 

 Nanotubes of lead chalcogenides are prepared by the reaction of Pb(NO 3 ) 2  with 
cysteine in ethanolamine solution followed by the subsequent reaction of the 
nanowire product with the chalcogenide source solution at room temperature  [71] . 
The nanowires are formed by the self - assembly of nanocrystals (10   nm diameter) 
and the nanowires act as templates for the subsequent formation of lead chalco-
genide nanotubes. The nanotubes are polycrystalline, have a typical diameter of 
about 200   nm and are several micrometers long. The lead chalcogenide nanotubes 
show face - centered cubic phases with a disorderly aggregation of the nanocrystals. 
The lead chalcogenide nanocrystals are formed on the surface of the precursor 

     Figure 6.9     I) Schematic illustrations of Bi 2 Te 3  
nanotube synthesis (A) and individual Bi 2 Te 3  
nanotube laid across electrodes (B). TEM 
images and SAED pattern of high aspect ratio 
Bi 2 Te 3  nanotubes (A) synthesized from nickel 

nanowire ( ∼ 100   nm in diameter). Tube 
thickness was approximately 20   nm (B). 
 Reproduced with permission from  [68] . 
Copyright 2007, ACS.   
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nanowires by an anion - replacement reaction that is the result of the lower solubil-
ity of lead chalcogenide in solution. An ion exchange solvothermal reaction 
between Na 4 P 2 S 6  and MnCl 2  gives rise to nanotubes of Mn 2 P 2 S 6   [72] . These nano-
tubes are single - crystalline (monoclinic) and have uniform outer diameters of 
40 – 50   nm and lengths that range from 110 to 170   nm.  

  6.5 
 Metal Oxide Nanotubes 

 Metal oxide nanotubes have been investigated widely in the last 2 – 3 years because 
of the potential applications of some of these materials. They have been prepared 
by employing several methods including sol – gel chemistry, hydrothermal reac-
tions and use of templates. The template method is used particularly widely in 
combination with electrodeposition. Besides the popular porous alumina tem-
plate, carbon nanotubes and other materials are used in the preparation of oxide 
nanotubes. The template - directed synthesis of oxide nanotubes has been reviewed 
by Bae  et al.   [73] . 

  6.5.1 
  S  i  O  2  Nanotubes 

 SiO 2  nanotubes are readily prepared by using a variety of templates wherein the 
templates are coated with the oxide precursor followed by hydrolysis and heat 
treatment. Besides carbon nanotubes, carbon nanofi bres have been used as tem-
plates to obtain SiO 2  nanotubes. The same method is also applicable for the syn-
thesis of ZrO 2  and Al 2 O 3  nanotubes  [74] . Peptide amphiphile (PA) nanofi bres have 
been successfully used as templates. The catalytic activities of PAs that contain 
lysine, histidine, or glutamic acid have been compared and only the PAs that 
contain lysine or histidine found to be good as catalytic templates. Depending on 
the reaction conditions and the size of the PA assembler, the nanotube wall thick-
ness can be varied between 5 – 9   nm  [75] . Self - assembled peptidic lipids that form 
tubular structures are also used as templates to prepare silica nanotubes  [76] . The 
use of self - assembled structures as templates for preparing silica nanotubes and 
other nanostructured oxides generally involves the coating of the super - structure 
with metal alkoxides, sol – gel condensation, and the removal of the templates. This 
template method has been used to prepare nanotubes of silica and other materials 
using organogelators including those that are fl uorinated  [77] . 

 Thermal evaporation of SiO yields SiO 2  nanotubes  [78] . This in - situ template -
 like process (carried out in the presence of GaN and ZnS) in a vertical induction 
furnace gives amorphous SiO 2  nanotubes wherein both the diameters and lengths 
can be tuned by changing the reaction temperature. The SiO 2  nanotubes are 
amorphous, with a diameter of 30   nm and length of several hundred micrometers 
at 1450    ° C, change to a diameter of 100   nm and length of 2 – 10 micrometers at 
1300    ° C. At high reaction temperatures, GaN decomposes to give Ga and the 
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newly formed Ga is in the form of small - sized liquid clusters. The Ga clusters 
are transported by the Ar gas to the low temperature region, where they deposit 
as liquid droplets on the inner walls of the graphite crucible. The Ga droplets 
are the favored sites for the adsorption of ZnS vapor generated in the system. 
On supersaturation, ZnS segregates and gives rise to ZnS nanowires. With an 
increase in temperature, the decomposition of the SiO results in the formation 
of Si vapor, which is oxidized by the residual O 2  to SiO 2 . This is transported by 
the Ar gas and is deposited on the surface of the ZnS nanowires, which results 
in ZnS/SiO 2  hetero - nanowires. Because of the high temperature, the inner ZnS 
nanowires evaporate, and hollow SiO 2  nanotubes remain. This method can also 
be used for nanotubes of other inorganic nanomaterials such as ZnS and GaN. 
CdSe nanocrystals are used as seeds in a one - step thermal evaporation process 
to prepare long, high density SiO 2  nanotubes  [79] . SiO 2  nanotubes generally have 
smooth surfaces, uniform thickness, and round cross sections of both the interiors 
and exteriors which are amorphous in nature. The nanotubes are open - ended 
and have diameters of about 80 – 110   nm and a length of several hundreds of 
micrometers. High purity SiO 2  nanotubes are obtained by using track - etched 
membrane templates that involve O 2  plasma treatment. Oxygen plasma pre -
 treatment ensures pore - fi lling of the precursor solution and covalent bonding 
between template and precursor, while pyrolysis of the template – nanostructure 
composite completely removes organics and produces inorganic nanostructures 
 [80] . These nanotubes are also amorphous and have diameters of 100   nm and 
lengths of 2 – 6 micrometers. 

 Hybrid SiO 2  nanotubes with walls that contain chiral aromatic rings are obtained 
by using self - assemblies of appropriate amphiphiles  [81] . Mesoporous SiO 2  nano-
tubes with helical channels have been prepared by the self - assembly of surfactants 
in the presence of chiral molecules  [82] . These are formed by the self - assembly of 
the achiral surfactant sodium dodecyl sulfate (SDS) in the presence of ( R ) - (+) -  and 
( S ) - ( − ) - 2 - amino - 3 - phenylpropan - 1 - ol (APP) (Fig.  6.10 ). TEM combined with com-
puter simulations confi rm the presence of ordered chiral channels winding around 
the central axis of the tubes with an inner diameter of 100   nm.   

 Double - walled silica nanotubes have been obtained by biomimetic synthesis 
under mild conditions. Pouget  et al.   [83] . use the peptide lanreotide in which the 
silica phase and the lanreotide nanotube grow synergistically in a concerted 
manner by mutually neutralizing their charges (positive on the lanreotide and 
negative on on the silica) (Fig.  6.11 ). This requires kinetic coupling of the two 
chemical processes. The presence of an X - ray diffraction peak at 0.35    Å   − 1 , charac-
teristic of the  β  - sheet organization in the lanreotide wall surface, gives a mean 
diameter of 24.6   nm. The walls of the tubes are separated by 2   nm, which corre-
sponds to the thickness of the lanreotide tube. The walls of the silica tubes are 
thin (1.4   nm) with lengths up to 3    μ m, in agreement with the TEM data shown in 
Figure  6.11 . Calcination at 600    ° C converts hybrid organic – inorganic nanostruc-
tures into pure silica double - walled nanotubes. A dynamic template mechanism 
can explain these results. Silica deposition occurs on both sides of the lanreotide 
molecule, and stops immediately after neutralization of the surface charge. This 
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is a well - controlled process and yields a hierarchical structure from the nanometer -
 scale to the macroscopic level. The double - walled silica tubes form bundles 1 – 3    μ m 
in length, and bundles of closely packed aligned nanotubes as much as a centi-
metre long. Shape - coded SiO 2  nanotubes are obtained by using porous alumina 
along with the sol – gel method  [84] . The template synthesis of shape - coded nano-
tubes begins with the fabrication of a porous alumina fi lm that contains well -
 defi ned cylindrical pores with two or more different diameter segments created 
by multistep anodization of the aluminum substrate. The nanotubes are fabricated 
with a surface sol – gel method that controls the wall thickness at a single - nanom-
eter level. Amorphous silica nanotubes seeded by copper sulfi de nanoparticles 
have been synthesized by using a supercritical organic solvent  [85] . Addition of 
copper sulfi de nanocrystals, monophenylsilane, and small amounts of water and 
oxygen to supercritical toluene at 500    ° C at 10.3   MPa yields silica nanotubes.    

  6.5.2 
  T  i  O  2  Nanotubes 

 Amongst the nanotubes of various metal oxides, those of TiO 2  have been investi-
gated most widely. TiO 2  nanotubes can be prepared hydrothermally, by anodiza-
tion of titanium by template - assisted growth as well as seeded growth. Porous 
alumina templates are specially useful for fabricating dense, uniform, aligned 

     Figure 6.10     a,b) SEM images of calcined 
silica nanotubes with chiral mesoporous wall 
structure synthesized with different ( R ) - (+) -
 APP/SDS molar ratios of 0 and 0.2, 
respectively. These materials were synthesized 

at 30    ° C for 6   h and then allowed to age for 1 
day at 90    ° C. c) Low and d) high magnifi cation 
TEM images of calcined samples.  Reproduced 
with permission from  [82] . Copyright 2007, 
ACS.   



     Figure 6.11     Silica mineralization of lanreotide: 
a) Structure of the lanreotide octapeptide 
showing the two charged amine sites. b) 
Time - lapsed pictures of the capillaries during 
the mineralization process. Initially, a volume 
of lanreotide gel at 5% (w/w) poured into the 
bottom of the capillary (region 1) and is 
covered with the same volume of a 30% 
(w/w) TEOS/water mixture (region 2) (tube 
1). On ageing, the lanreotide turbid gel 
recedes (white arrows), to yield a transparent 
region, while long white fi bres appear in 
region 2, starting from the interface (tubes 2 
and 3). After 48   h, the lanreotide gel has 
completely disappeared and only two phases 
separated by a white ring are observed: the 
lower clear one containing a dilute lanreotide 
solution and the upper one fi lled with 

mineralized fi bres (tube 4). c) Schematic 
representation of a multi - scale organization of 
a silica – lanreotide nanotube with an inner and 
an outer 1.4   nm thick silica shell and a central 
2.0   nm thick lanreotide tube as deduced from 
radial density ( ρ ) profi les. d) TEM image of 
double - walled silica nanotube replica obtained 
after the calcination of silica – lanreotide 
nanotubes. e) TEM image of a 7    μ m long 
bundle of dried mineralized nanotubes. 
f ) Cross - sectional TEM image of dried fi bres, 
revealing several concentric circles attributable 
to the double - wall structure. g) TEM image of 
a fragment of dried nanotube, showing that 
the internal and external cylinders are 
independent and free to slide.  Reproduced 
with permission from  [83] . Copyright 2007, 
Nature Publishing Group.   
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arrays of TiO 2  nanotubes on substrates such as glass, silicon, and polymers. Free -
 standing porous alumina templates have been employed for atomic layer deposi-
tion (ALD) of ordered TiO 2  nanotube arrays on various substrates (Fig.  6.12 )  [86] . 
The diameter and length of the nanotubes, as well as the distance between two 
neighboring nanotubes, can be controlled by varying the dimensions of the tem-
plate and the anodization conditions. Typically, hexagonally packed pores with a 
diameter of  ∼ 65   nm and interpore distance of  ∼ 110   nm are used. The synthesis of 
highly ordered arrays of TiO 2  nanotubes by potentiostatic anodization of Ti has 
been reviewed by Grimes  [87] . This appears to be an excellent method wherein 
anodic oxidation is carried out in a dimethyl sulphoxide (DMSO) medium that 
contains hydrofl uoric acid, potassium fl uoride, or ammonium fl uoride as the 
electrolyte  [88] . Self - aligned, hexagonally close packed TiO 2  nanotube arrays, 
1000    μ m in length with high aspect ratios ( ∼ 10   000) are obtained by the anodization 
of titanium. These are polycrystalline in the anatase structure after annealing in 
oxygen at 280    ° C for 1   h. Such nanotubes can be transformed into self - standing 
membranes  [89] .   

 The formation of TiO 2  membranes by the anodization of Ti foil in fl uorine -
 containing ethylene glycol has been described  [90] . This method yields self - organ-
ized, free - standing TiO 2  nanotube arrays with ultra - high aspect ratio of the 
diameter/length ( ∼ 1500) by simply using solvent - evaporation - induced delamina-
tion of the TiO 2  barrier layer formed between the TiO 2  membrane and Ti foil 
during anodization. The resulting membrane consists of highly ordered, vertically 
aligned, one - side open TiO 2  nanotube arrays with pore diameter, wall thickness, 
and length of around 90   nm, 15   nm, and 135    μ m, respectively. The as - grown TiO 2  
nanotubes are amorphous and transform into the anatase structure after anneal-
ing at high temperature in air. Aligned TiO 2  nanotubes with novel morphologies, 
such as bamboo - type reinforced nanotubes and 2D nanolace sheets, obtained by 
an anodization process carried out under alternating - voltage conditions in fl uo-
ride - containing electrolytes, have been reported  [91] . The experiment was carried 
out under constant voltage conditions, and after 2   h of anodization at 120   V in an 
electrolyte that consists of 0.2   mol   L  − 1  HF in ethylene glycol, yielded a regular layer 
of aligned, individual TiO 2  nanotubes with thickness of about 10    μ m and diameter 
of 150   nm. If the voltage is lowered to 40   V, the growth of the nanotubes slows 
down and may even stop. A bamboo - type structure can be grown under certain 
conditions (i.e., when the voltage is alternated between 120 and 40   V). The spacing 
between the bamboo rings can be altered by means of changing the time for which 
the sample is held at 120   V, and spacing is reduced from 200 to 70   nm by reducing 
the holding time. If anodization takes place for a long time at a low voltage, nano-
tubular features with a reduced diameter start to grow. This can be exploited to 
grow a double - layer structure. In this case, branching of the main tube with a 
diameter of 150   nm into several (typically 2 – 3) smaller tubes of about 50   nm in 
diameter occurs. The structures can be transformed to the anatase structure 
without losing structural integrity by annealing in air at 450    ° C. Anodization under 
constant - voltage conditions leads to an ordered layer that consists of smooth tubes 
with a defi ned cylindrical or hexagonal cross section  [92, 93] . Fluoride - free aqueous 
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     Figure 6.12     I) Schematic of the process to 
fabricate highly ordered TiO 2  nanotube arrays 
on substrates using ALD on a free - standing 
porous alumina template. Free - standing AM 
supported with a poly(methyl methacrylate) 
(PMMA) layer was fi rst attached onto the 
substrate. The PMMA was then removed for 
ALD on the AM template. Substrates were 
alternatively exposed to TiCl 4  and water vapor 
for ALD at a pressure of 1    ×    10  − 3    Torr. The 
TiO 2  overlayer was etched by RIE, and fi nally 
highly ordered ALD TiO 2  nanotube arrays were 

released from the AM template. II) Dense, 
uniform, highly ordered, and well - aligned ALD 
TiO 2  nanotube arrays on Si and a fl exible 
polyimide fi lm. SEM images of a highly 
ordered free - standing AM template ( ∼ 300   nm) 
attached on Si before (A) and after (B) 
150 - cycle TiO 2  ALD. C) Highly ordered TiO 2  
nanotube arrays released from the template 
on the Si substrate. D) Cross - section of 
well - aligned TiO 2  nanotube arrays on a 
bending polyimide fi lm.  Reproduced with 
permission from  [86] . Copyright 2008, ACS.   
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HCl electrolyte is also used to obtain vertically oriented TiO 2  nanotube arrays  [94] . 
These nanotube arrays, obtained by using a 3    M  HCl aqueous electrolyte with an 
anodization potential of 20   V, have an inner pore diameter of 15   nm, wall thickness 
of 10   nm, and length up to 600   nm. The nanotubes are polycrystalline and have an 
anatase structure, with a rutile barrier layer separating the tubes from the underly-
ing metal foil. 

 Sulfur - doped TiO 2  nanotubular arrays are obtained by potentiostatic anodization 
of Ti foils followed by the annealing of TiO 2  tubular arrays in a fl ow of H 2 S at 
380    ° C  [95] . Ordered, vertically oriented B - doped TiO 2  nanotube arrays are prepared 
by forming a nanotube - like TiO 2  fi lm in the anodization process on a Ti sheet 
followed by CVD treatment with trimethylborate vapor  [96] . A double - template -
 assisted sol – gel method has been used to prepare TiO 2  nanotube arrays with nano-
pores on their walls  [97] . In this method, poly(ethylene glycol) dissolved in a TiO 2  
sol is used as a soft template to form nanopores on the walls of TiO 2  nanotube 
arrays, which were templated from ZnO nanorod hard templates by the dip -
 coating technique. The microstructure of nanoporous TiO 2  nanotube arrays can 
change from end - opened to end - closed by increasing the number of dip - coating 
cycles. 

 Gas - phase ALD of metal oxides in combination with a micro - contact printing 
( μ  - CP) technique has been used to attain precise atomic - level control over the 
dimensions (wall thickness) of nanotubes as well as the one - step fabrication of the 
free - standing oxide nanotubes  [98] . In this procedure, octadecyltrichlorosilane 
(OTS) molecules were transferred onto both sides of the surfaces of the template 
by the  μ  - CP technique and self - assembled monolayers (SAMs) formed on the 
surfaces, thus exposing chemically inert methyl surfaces. The ALD process allows 
atomic - level control over the thickness of the wall of the nanotubes, and the OTS 
self - assembled mono - layers function as resistant layers to materials deposition, 
thus allowing free - standing cylindrical nanotubes to be collected after dissolution 
of the template without an additional polishing step. This method has been used 
to obtain high aspect ratio ( ∼ 300) nanotubes of TiO 2 , ZrO 2 , and Al 2 O 3 . Crystalline 
and homogeneous CeO 2  naoparticles have been used as seeds to grow TiO 2  nano-
tubes from the hydrolysis of aqueous titanium sulfate solution  [99] . Layer - by - layer 
deposition of a water - soluble titania precursor (titanium( iv ) bis(ammonium 
lactato) dihydroxide, along with the oppositely charged poly(ethylenimine) gives 
rise to multilayer fi lms. The tubular structure is obtained by depositing inside the 
cylindrical pores of a polycarbonate membrane followed by calcination  [100] . 
Nanotubular TiO 2  can be obtained by using uncharged or negatively charged  l  -
 lysine - based organic gelators as templates  [101] . By heating nanotubes of titanic 
acid (obtained by heating P25 - TiO 2  (Degussa) with an NaOH solution at 110    ° C) 
in ammonia, N - doped TiO 2  nanotubes with an anatase structure are obtained  [102] . 

 The use of carbon nanotubes to obtain oxide nanotubes is well documented  [103, 
104] . This method has been used to obtain pure rutile nanotubes  [105] . The 
method involves coating of the carbon nanotubes with amorphous titania through 
a sol – gel process followed by heating in air to convert titania into anatase. Further 
heating in nitrogen transforms the anatase predominantly to rutile and fi nally 
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heating in air again at a higher temperature removes the carbon nanotubes and 
transforms the remaining anatase to rutile. Brookite - type TiO 2  nanotubes are 
obtained by heating titanate nanotubes obtained by the reaction of TiO 2  powder 
with NaOH solution, followed by hydrothermal treatment  [106] . Transparent thin 
fi lms of titanate nanotube arrays with super - hydrophilic characteristics are grown 
on sapphire substrates by the hydrothermal reaction of sputter - deposited Ti fi lms 
in an aqueous NaOH solution  [107] .  

  6.5.3 
  Z  n  O ,  C  d  O , and  A  l  2  O  3  Nanotubes 

 ZnO nanotubes have been prepared by CVD and thermal evaporation, as well as 
by hydrothermal and solution methods. For example, large - scale ZnO nanotube 
bundles have been synthesized by a simple wet chemical approach (Fig.  6.13 )  [108] . 
In this method, an aqueous solution of Zn(NO 3 ) 2  and hexamethylenetetramine is 
stirred over long periods and heated at 90    ° C. This method yields nanotubes with 
an inner diameter of  ∼ 350   nm and a wall thickness of  ∼ 60   nm, and forms radiating 

     Figure 6.13     Morphological and structural 
characterization of ZnO nanotube bundles: 
a,b) Low - magnifi cation FE - SEM images. 
c) High - magnifi cation FE - SEM image. d) TEM 
image. The upper left and lower right inset 

images of (d) are the SAED pattern and the 
high - resolution transmission electron 
microscopy (HRTEM) image of a single 
nanotube, respectively.  Reproduced with 
permission from  [108] . Copyright 2007, ACS.   
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structures. These ZnO nanotubes are single crystalline in nature, having the wur-
tzite structure, and preferentially grow along the [0001] direction. High aspect ratio 
nanotubes are obtained by a three - step low temperature process that involves ionic 
layer absorption, deposition of the ZnO seed layer, followed by hydrothermal 
annealing of the seed layer and deposition of the 1D ZnO nanostructures  [109] . 
The uniform ZnO nanotubes have a single - crystalline wurtzite structure with 
lengths that exceed 10    μ m and diameters of around 27   nm. By hydrothermal 
annealing, ZnO nanotubes grown along the  < 001 >  direction have been obtained 
 [109] . Nanotube - based paint - brush structures of ZnO have been prepared on Zn 
foils by solvothermal means by adjusting the pH of the solution  [110] .   

 Electrochemical deposition from aqueous solution into porous alumina mem-
branes can be employed to prepare ZnO nanotube arrays  [111] . Single - crystalline 
ZnO nanotube arrays with an hexagonal wurtzite structure have been generated 
on glass substrates by a two - step solution approach  [112] . The method involves the 
electrodeposition of oriented ZnO nanorods and subsequent coordination - assisted 
selective dissolution along the  c  - axis to form tubular structures caused by the 
preferential adsorption of ethylenediamine (EDA) and OH  −   on different crystal 
faces. After dissolution in aqueous EDA solution for 10 – 15   h, the inner/outer wall 
surfaces of the ZnO nanotubes become smooth with a wall thickness of 
 ∼ 10 – 30   nm. 

 Reaction of Zn(NO 3 ) 2  with methenamine in aqueous medium under hydrother-
mal conditions gives rise to ZnO nanotubes  [113] . These nanotubes are hollow 
with rough surfaces, which indicates a layer - stack structure. The ZnO nanotubes 
have an hexagonal wurtzite structure with lengths in the range of 1 – 3    μ m and wall 
thickness in the 50 – 100   nm range. The cross section is hexagonally faceted, which 
provides strong evidence that the single nanotube grows along the  c  - axis direction. 
ZnO nanotube structures have been obtained by the hydrothermal self - assembly 
of zinc ions at the interface of surfactants, such as cetyltrimethylammonium 
bromide (CTAB) and the triblock copolymer of poly(ethylene oxide) – poly(propylene 
oxide) – poly(ethylene oxide) (P123)  [114] . These molecules are suitable for the 
assembly of layered zinc species – surfactant hybrids that can be exfoliated into 
intermediate single sheets that roll to form tubular ZnO nanostructures because 
of the heat stress and the crystallization of ZnO sheets. The size of the tubular 
ZnO is determined by the type of surfactants, the concentration of the surfactant, 
and the Zn species/surfactant molar ratio. Tubular products can be obtained at a 
relatively high Zn 2+ /surfactant molar ratio as the concentrations of CTAB and P123 
are higher than their critical micelle concentrations. The hydrophobic side of each 
surfactant layer is connected through a weak bond, which gives rise to an organic 
layer, while the hydrophilic side of each surfactant layer adsorbs metal ions or 
hydrates, to form an inorganic layer. Dehydration and crystallization of amorphous 
inorganic layers cause the volume to shrink and results in stress in the inorganic 
layers, and breaks the equilibrium between the organic and the inorganic layers. 
Crystallography of these ZnO nanotubes is determined by how the nanosheets 
exfoliate and roll. The large cylindrical ZnO nanotubes have diameters ranging 
from 200 to 400   nm (wall thickness, 80   nm) with lengths going up to 14    μ m. The 
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nanotubes are single - crystalline and possess a wurtzite structure. With an increase 
in the amount of Zn(CH 3 COO) 2  · 2H 2 O, middle - size ZnO nanotubes with diame-
ters in the range from 40 to 70   nm and lengths up to 550   nm are obtained. The 
inner diameter of these nanotubes varies from 14 to 30   nm. 

 ZnO nanotubes with nanometer - scaled holes on the side - walls are obtained by 
a low - temperature hydrothermal procedure based on a preferential etching strat-
egy  [115] . The procedure is as follows. By a two - step heating of a solution mixture 
of ZnCl 2  and ammonia hydrothermally, nanotubes of nearly homogeneous size 
with  ∼ 250   nm diameter, 40   nm wall thickness, and 500   nm length are formed. The 
fi rst stage involves the transformation of the precursor   Zn NH3 4

2( ) +  to ZnO 
through hydrothermal decomposition at 95    ° C, which leads to the formation of 
single crystal ZnO nanorods. At the same time, ZnO dissolves as the equilibrium 
moves to the left. The growth of ZnO rods becomes dominant since the high 
concentration of   Zn NH3 4

2( ) +  favors the precipitation of ZnO. As the temperature 
goes down (95 to 75    ° C), along with the partial consumption of the   Zn NH3 4

2( ) + , 
etching of the ZnO nanorods occurs. Formation of porous ZnO nanotubes with 
nanoholes, which are single crystalline with a wurtzite structure, result from the 
preferential etching along the  c  - axis and slow etching along the radial directions. 
Nanoholes are created on the side - walls of the tubular structure. ZnO nanotubes 
have been assembled into microsphere superstructures by employing a mixture 
of poly(ethylene glycol) (PEG), ethanol, and water  [116] . Addition of metallic zinc 
species into the solution mixture leads to aggregation of the PEG polymer coils to 
Zn II /PEG globules with a diameter of  ∼ 500   nm. The globules turn into tube - like -
 structured ZnO – PEG microsphere assemblies ( ∼ 2   mm) after ultrasonic 
pretreatment. 

 ZnO nanotubes are also produced by the oxidation of Zn nanowires because of 
the Kirkendall effect. This effect has also been used to produce nanotubes of SiO 2 , 
Co 3 O 4 , and ZnCr 2 O 4  as well as of ZnS, CdS, and CdSe (Fig.  6.14 )  [117] . It is 
observed that there is a distribution in the diameters of the nanotubes just as in 
the case of the diameters of the starting nanowires. The Zn nanowires possess a 
smooth surface with an average diameter of 50   nm and lengths of several tens of 
micrometers with a zig - zag morphology. The ZnO nanotubes formed from the 
thermal oxidation of the Zn nanowires have an outer diameter that goes up to 
90   nm with lengths that vary from 400   nm to a few micrometers. The ZnO nano-
tubes have a wall thickness of around 20   nm and an inner diameter close to the 
diameter of the starting metal nanowires.   

 CdO nanotubes with a mean diameter of 50   nm have been obtained by the 
thermal evaporation of Cd powder without using any catalyst or template  [118] . 
The CdO nanotubes are single - crystalline with a cubic structure and have diam-
eters of around 40 – 65   nm, a wall thickness of around 15   nm, and lengths of over 
a few tens of micrometers. Some of the nanotubes appear straight in morphology, 
while others are twisted with some straight parts. 

 Well - defi ned uniform Al 2 O 3  nanotubes are obtained by the pulse anodization of 
aluminium in H 2 SO 4  solution  [119] . Periodic galvanic pulses were employed to 
achieve mild and hard anodization (HA) conditions, where the pulse duration for 
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HA determines the length of nanotubes. By properly choosing the pulse param-
eters, continuous tailoring of the pore structure of the resulting nanoporous 
anodic alumina (i.e., periodic modulation of pore diameters along the pore axis) 
is achieved. This also enables weakening of the junction strength between cells, 
thereby helping in the separation of individual alumina nanotubes from the 
porous anodic alumina. The average inner and outer diameter of the nanotubes 
is estimated to be 80 and 95   nm, respectively, with lengths of up to several tens of 
micrometers. The inner diameter of the alumina nanotubes can be controlled by 
varying the etching time of the pore walls by using an appropriate etching solution 
(e.g., H 3 PO 4 ). Aluminium oxide nanotubes have been fabricated by using tris(8 -
 hydroxyquinoline) gallium organic nanowires (GaQ 3 ) as soft templates to coat 
alumina using ALD  [120] . By dissolving the template in toluene or by heat treat-
ment, alumina nanotubes are prepared, where the alumina shell thickness is 
controlled by the number of precursor/purge cycles (Fig.  6.15 ).    

     Figure 6.14     Nanowire – nanotube 
transformation as a result of the Kirkendall 
effect: a) Low - magnifi cation FESEM images of 
Zn nanowires. b) TEM image of a Zn 
nanowire (the inset is the SAED pattern). 
c) FESEM image of ZnO nanotubes (inset 

shows the TEM image of a ZnO nanotube). 
d) TEM image of ZnS nanotubes. e,f) 
Scanning transmission electron microscope 
images of Si nanowires and SiO 2  nanotubes, 
respectively.  Reproduced with permission 
from  [117] . Copyright 2008, ACS.   
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  6.5.4 
 Nanotubes of Vanadium and Niobium Oxides 

 Vanadium oxides have received considerable attention because of their structural 
fl exibility and useful catalytic, electrochemical, and other properties. The structure 
of V 2 O 5  permits the intercalation of various cationic species in the interlamellar 
space  [121] . The cations include alkylammonium ions, which are readily interca-
lated between the layers under hydrothermal conditions  [122] . This system is thus 
analogous to graphite and layered dichalcogenides. Nesper and coworkers  [123, 
124]  synthesized nanotubules of alkylammonium intercalated VO  x   by hydrother-
mal means. The vanadium alkoxide precursor was hydrolyzed in the presence of 
hexadecylamine and the hydrolysis product (lamellar structured composite of the 

     Figure 6.15     TEM images of a) GaQ 3  nanowires prepared by 
thermal evaporation. b,c) GaQ 3  – Al 2 O 3  core – shell nanowires 
fabricated by 100 cycles of ALD, and (d) same as (c), after 200 
cycles of ALD. e) TEM image of the alumina nanotubes after 
heat treatment at 900    ° C for 1   h. The inset shows the electron 
diffraction pattern of alumina.  Reproduced with permission 
from  [120] . Copyright 2007, ACS.   
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surfactant and the vanadium oxide) yielded VO  x   nanotubes along with the inter-
calated amine under hydrothermal conditions. Vanadium in these materials is 
in the mixed - valent state, and is redox active. The template cannot be removed 
by calcination as the structural stability is lost above 523   K. It is possible to par-
tially extract the surfactant under mild acidic conditions. Nesper  et al.  have shown 
that the alkylamine intercalated in the intertubular space could be exchanged 
with other alkylamines of varying chain lengths as well as  α , ω  - diamines  [124] . 
Such mixed valent VO x  nanotubes are also obtained under hydrothermal condi-
tions using V 2 O 5  and 3 - phenylpropylamine  [125] . Most of the VO  x   nanotubes 
obtained by the hydrothermal method are open ended. Very few closed tubes had 
fl at or pointed conical tips. Cross - sectional TEM images of the nanotubular phases 
show that instead of concentric cylinders (i.e., layers that fold and close within 
themselves), the tubes are made up of single or double layer scrolls that provide 
a serpentine - like morphology  [124, 126] . Non - symmetric fringe patterns in the 
tube walls exemplify that most of the nanotubes are not rotationally symmetric 
and carry depressions and holes in the walls. Diamine - intercalated VO  x   nanotubes 
are multilayer scrolls with narrow cores and thick walls, composed of vanadium 
oxide layers. Diamine - containing VO  x   nanotubes show a smaller number of holes 
in the wall structure and the tubes are well ordered with uniform distances 
throughout the tube length  [124] . The scroll - like structures of VO  x   are not real 
nanotubes of the type formed by carbon or metal dichalcogenides. Vanadium 
oxide nanotubes that contain primary monoamines with long alkyl chains have 
been prepared by employing non - alkoxide vanadium precursors such as VOCl 3  
and V 2 O 5 . The amine complexes of the vanadium precursors are then hydrolyzed. 
Hydrothermal treatment of the precursors gives good yields of VO  x   nanotubes 
that incorporate the amines  [127] . In general the inner diameter varies between 
15 and 50   nm in the VO  x   nanotubes, independent of the precursor. The outer 
diameters are similar, generally between 50 and 150   nm, with a range of tube 
lengths. Starting from the alkoxides, the tube length varies from 1 to 15    μ m. In 
the samples obtained starting with VOCl 3  and V 2 O 5 , the average length of the 
tubes is shorter (1 – 3    μ m). The distribution of the number of layers is similar in 
all the nanotubes, generally between 6 and 15 layers. The layers are preformed 
in the lamellar phase and roll up during the autoclave treatment, because the 
tetragonal structure of the layers gives rise to a more or less square - shaped growth. 
However, since many scrolls consist of multiple independent layers and the 
maximum length approaches 15    μ m, growth along the tube axis may occur as 
well. Mn – V oxides have been prepared by mixing V 2 O 5  with dodecylamine in the 
presence of ethanol and water. The amine templates are easily substituted or 
ion - exchanged with ions like Mn 2+  in an aqueous alcohol solution to yield Mn – V – O 
nanotubes  [128] . Most of the nanotubes had open ends, while some of them had 
closed ends, with the side of the tubes wrapped around the end to close it. The 
Mn 2+  ions replace the organic cations in the structures and hence are intercalated 
in between the layers. 

 Arrays of V 2 O 5  ·  n H 2 O nanotubes with diameters of 200   nm and 5    μ m length have 
been fabricated by template - based physical wetting of V 2 O 5  sols  [129] . Urchine - like 
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nanostructures (Fig.  6.16 ) that consist of high - density spherical nanotube radial 
arrays of vanadium oxide nanocomposites, were successfully synthesized by a 
simple chemical route using an ethanolic solution of vanadium tri - isopropoxide 
and alkylamine hexadecylamine for 7 days at 180    ° C  [130] . M – Nb 2 O 5  nanotube 
arrays have been prepared starting from H – Nb 2 O 5  nanorods, taking advantage of 
the phase transformation accompanied by the formation of voids  [131] .    

     Figure 6.16     Schematic summary of the stages 
of growth of VO  x   nano - urchins. FESEM image 
of an individual nano - urchin. This fully grown 
nano - urchin is 12    μ m in diameter and is 
covered in VO  x   nanotubes with a volumetric 
density of  ∼ 40   sr  − 1 . HRTEM image of an early 
stage nanotube. Lattice planes are resolved 

(A) and have a measured lattice spacing 
 a    =   2.85   nm. The hollow center (B) extends to 
the tip of the nanotube. A lattice plane 
termination dislocation is also observed (C). 
 Reproduced with permission from  [130] . 
Copyright 2006, ACS.   
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  6.5.5 
 Nanotubes of other Transition Metal Oxides 

 A hydrothermal reaction of KMnO 4  in HCl gives rise to  α  - MnO 2  nanotubes  [132] . 
These MnO 2  nanotubes are single - crystalline and possess a tetragonal structure, 
with an average outer diameter of around 100   nm. The wall thickness is 30   nm 
and the length goes up to several micrometers. The nanotubes show nearly perfect 
tetragonal cross sections, consistent with the crystal structure. 

 By the reaction of FeCl 3  with water in the presence of polyisobutylene bis - suc-
cinimide (L113B) or the surfactant span80 as well as butanol under solvothermal 
conditions, Fe 2 O 3  nanotubes are produced  [133] . Fe 2 O 3  nanotubes (rhombohedral 
structure) prepared from the surfactant (span80 as the template) were tube - like 
with diameters of 18 – 29   nm, wall thickness of 3 – 7   nm, and lengths of 110 – 360   nm. 
They have a multi - walled structure, with an interlayer spacing of 2.76    Å .  α  - Fe 2 O 3  
nanotubes are also obtained by the deposition of a metal salt solution and NaOH/
NH 3  in the pores of templates with the initial formation of an insoluble metal 
hydroxide precursor, and its subsequent transformation by dehydration and crys-
tallization to metal oxide nanotubular structures  [134] . The  α  - Fe 2 O 3  nanotubes so 
obtained are polycrystalline and have diameters and lengths of  ∼ 260    ±    60   nm and 
6    ±    3    μ m, respectively. These nanotubes possess a rhombohedral structure and 
consist of small mis - oriented single - crystalline nanocrystalline domains. Ordered 
Fe 2 O 3  nanotube arrays can also be prepared by ALD in an AM  [135] . In this 
method, the thermal decomposition of a homoleptic dinuclear iron( iii )  tert  - butox-
ide complex (Fe 2 (O t Bu) 6 ) is carried out in the presence of water inside a self -
 ordered porous anodic AM to yield arrays of nanocrystalline Fe 2 O 3  tubes with 
aspect ratios up to 100. Polycarbonate membranes are used to obtain nanoparticle –
 nanotube arrays of Fe 2 O 3  by employing electrodeposition followed by calcination 
 [136] . The arrays have lengths in the 5 – 6    μ m range and a diameter of  ∼ 200   nm, 
which corresponds closely to the pore dimension and pore diameter, respectively, 
of the membrane. The open ends of the arrays demonstrate the hollow structure 
of the product. The nanotubes have a hexagonal structure. 

 Ferromagnetic  γ  - Fe 2 O 3  nanotubes have been synthesized by a template process 
with the aid of a high magnetic fi eld  [137] . These are polycrystalline, with a cubic 
spinel structure and lengths of about 30    μ m, a wall thickness of 20   nm, and a 
diameter in the 300 – 400   nm range.  α  - Fe 2 O 3  is fi rst formed at 500    ° C by the thermal 
decomposition of Fe(NO 3 ) 3  inside the template and  α  - Fe 2 O 3  is then transformed 
into  γ  - Fe 2 O 3  in the presence of the high magnetic fi eld. Porous alumina templates 
are also used to obtain Fe 3 O 4  nanotubes  [138] . The hydrothermal reaction of 
Fe(NO 3 ) 2  in ethanol at pH 12 gives rise to  α  - FeOOH nanotubes  [139] . The so 
obtained  α  - FeOOH nanotubes were  ∼ 10   nm in outer diameter and  ∼ 6   nm in inner 
diameter. Electron microscopic images of the nanotubes clearly show the resolved 
interplanar spacing of about 4.18    Å , which corresponds to the spacing between the 
(110) planes of orthorhombic  α  - FeOOH. 

 Needle - like Co 3 O 4  nanotubes have been prepared by employing a one - step self -
 supported topotactic transformation of nanoneedles of  β  - Co(OH) 2  (Fig.  6.17 )  [140] . 
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The nanotubes can be as long as 10    μ m with a variable diameter in the range of 
150 – 400   nm. The nanotubes are cylindrical and constructed from Co 3 O 4  building 
blocks of less than 100   nm. The high - resolution (HR) TEM images in Figures 
 6.17 d – f correspond to spots 1 to 3, respectively, of an individual nanotube (Fig. 
 6.17 c). All show (111) lattice fringes perpendicular to the tube axis with an inter-
plane spacing of 0.47   nm, while the two other sets of lattice fringes seen in Figure 
 6.17 e are (220) and (311) planes, which correspond to interplanar spacings of 0.28 
and 0.25   nm, respectively. On the basis of structural analysis, it is found that the 
tube axis is along the  [111]  direction with possible small mis - orientations for indi-
vidual Co 3 O 4  nanocrystals. The quasi - single - crystallinity of the cubic Co 3 O 4  nano-
tubes is also confi rmed by the SAED pattern (Fig.  6.17 h) and the corresponding 
TEM image in Figure  6.17 g. Co 3 O 4  nanotubes are also prepared in the pores of 
AM by CVD, starting with cobaltacetylacetonate  [141] . These nanotubes are highly 
ordered with a uniform diameter in the range of 100 – 300   nm and lengths of up 
to tens of micrometers. The nanotubes are composed of cubic polycrystalline 

     Figure 6.17     a,b) FE - SEM images of needle - like 
Co 3 O 4  nanotubes. The inset in (b) shows a 
cross - sectional view of a nanotube. 
c) Low - magnifi cation TEM image of an 
individual needlelike Co 3 O 4  nanotube. 
d – f) HREM images taken from spots 1 – 3, 

respectively, of the nanotube shown in (c). 
g) TEM image showing a selected area of a 
Co 3 O 4  nanotube for electron diffraction and 
h) the corresponding SAED pattern. 
 Reproduced with permission from  [140] . 
Copyright 2008, Wiley - VCH.   
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Co 3 O 4 . Porous AMs have been used to obtain CoFe 2 O 4  nanotube arrays by employ-
ing a sol – gel procedure  [142] . These nanotubes are several micrometers in length 
with a mean outer diameter of 50   nm, which corresponds to the diameter of the 
alumina pore. The wall thickness is 15   nm.   

 NiO nanotubes can be fabricated through a MOCVD route using an AM as the 
template and Ni(tta) 2 tmeda (Htta   =   2 - thenoyl - trifl uoroacetone, tmeda   =   tetrameth-
ylendiamine) as the Ni source  [143] . The nanotubes are polycrystalline and have 
the bunsenite structure of NiO. The length is around 1    μ m, with an outer diameter 
of  ∼ 200   nm with a wall thickness of 20   nm. The nickel – ammine complex 
(  Ni NH3

2( ) +
x ) has also been used as a precursor to produce NiO nanotubes in an 

AM  [144] . These NiO nanotubes are about 60    μ m in length, with an outer diameter 
of about 200   nm and a wall thickness of 60   nm. They are polycrystalline with a 
face - centered cubic structure. 

 Synthesis of WO 3  nanotubes has been carried out by various methods, in par-
ticular starting from tungstic acid hydrate nanotubes without using any templates 
 [145] . WO 3  nanotubes are obtained on slow calcination at 450    ° C. The tungstic acid 
hydrate nanotubes obtained from the solvothermal reaction have outer diameters 
of 300 – 1000   nm and lengths of 2 – 20    μ m. The nanotubes have a nearly rectangular 
pore of around 250   nm and the surface of the nanotube is not smooth. The poly-
crystalline nanotubes when calcined at 450    ° C for 3   h, retain the open ended 
tubular structure and the overall dimensions of their precursor nanotubes. The 
nanotubes have a triclinic structure. The calcined nanotubes are free - standing and 
show no signs of aggregation. The annealed nanotube walls consist of individual 
nanoparticles arranged one - dimensionally with numerous self - supported pores, 
which are formed by the incomplete aggregation of nanoparticles. The sidewalls 
of the nanotubes are, therefore, porous. Although the diameter of the nanoparti-
cles is approximately 40 – 80   nm, the nanotubes are 2 – 20    μ m long. HR - TEM images 
of WO 3  nanotubes show that the lattice fringes of the nanocrystals have a spacing 
of 0.309   nm, which corresponds to the interplanar distance of the (112) plane of 
triclinic tungsten trioxide.  

  6.5.6 
 Nanotubes of other Binary Oxides 

 MgO nanotubes can be synthesized by introducing Sn as a catalyst in the CVD 
process. The nanotubes are formed by the vapor – liquid – solid (VLS) mechanism 
 [146] . MgO nanotubes can also be formed by the thermal evaporation of a mixture 
of Zn and Mg powders  [147] . In 2 O 3  nanotubes are prepared by annealing InOOH 
nanotubes  [148] , having obtained the latter under solvothermal conditions starting 
with InCl 3  in the presence of a surfactant and formamide in anhydrous ethanol. 
In 2 O 3  tubular nanotubes are also generated by CVD starting with nanoporous 
structures of InP  [149] . The In 2 O 3  nanotubes are single crystalline with a cubic 
structure and have outer diameters of around 200 – 300   nm and lengths of around 
2 – 6    μ m and retain the size and square shape of the pores. Porous In 2 O 3  nanotubes 
can also be prepared by layer - by - layer assembly/deposition on carbon nanotube 
templates followed by calcination. The layer - by - layer assembly is used to form a 
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polyelectrolyte on the surface of pristine nanotubes, which enhances the adsorp-
tion of the metal - complex species on the surface of the carbon nanotube as a result 
of electrostatic attraction between the charged species  [150] . In a typical procedure, 
the layer - by - layer assembly is formed with a polyelectrolyte such as sodium 
poly(styrene sulfonate) (PSS) and poly(diallyldimethylammonium chloride) 
(PDDA) on the surface of pristine carbon nanotubes. A solution mixture of InCl 3  
and citric acid is added into the solution of the polyelectrolyte - modifi ed carbon 
nanotubes. A solution of NaBH 4  is added into the above - mentioned solutionto 
reduce In 3+  into indium, which is readily oxidized into In 2 O 3 −    x   because of the 
oxygen dissolved in the solution from the surrounding ambient air. The porous 
In 2 O 3  nanotubes are obtained by calcinations (Fig.  6.18 ). Thus, uniform, porous 
and polycrystalline In 2 O 3  nanotubes with diameters of 30 – 60   nm can be formed 

     Figure 6.18     a) Schematic diagram for the growth process of 
In 2 O 3  nanotubes. b) TEM image of regular In 2 O 3  nanotubes 
prepared by the calcination of In 2 O 3 /polyelectrolyte/carbon 
nanotube nanocomposites at 550    ° C in O 2  for 3   h.  Reproduced 
with permission from  [150] . Copyright 2007, Wiley - VCH.   
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using layer - by - layer assembly on carbon nanotube templates, followed by calcina-
tion. In 2 O 3  nanotubes have a cubic structure and comprize nanoparticles of about 
5   nm. The wall thickness is about 9   nm. This technique can also be used for the 
preparation of nanotubes of other oxides such NiO, SnO 2 , Fe 2 O 3 , and CuO  [150] .   

 Y 2 O 3  nanotubes are prepared by a non - aqueous electrochemical method involv-
ing oxide transfer to Y III  precursors  [151] . These horn - shaped nanotubes (nano-
horns) with a narrow size distribution coexist with small nodular deposits. The 
horn - shaped structures are hollow. The diameter of these structures tapers from 
approximately 900   nm at the base to less than 100   nm at the tip. The nanohorns 
have lengths that range from 3.9 to 16.5    μ m. The thickness of the walls of the 
cylinder is approximately 250   nm, and the inner diameter is approximately 400   nm. 
These open cap structures have diameters similar to the nanohorn base diameters 
and are commonly observed at the initial stages of growth. A hydrothermal pro-
cedure has also been employed starting with Y(OH) 3  nanotubes, followed by cal-
cination of the hydroxide  [152] . 

 The one - pot synthesis of SnO 2  nanotubes has been accomplished at room tem-
perature starting from Sn nanorods  [153] . The method involves the Kirkendall 
effect. The SnO 2  nanotubes are polycrystalline, tetragonal with diameters that 
range from 50 to 60   nm, and lengths from 300 to 500   nm. A 10 – 20   nm increase 
in the diameter of SnO 2  nanotubes compared with that of the starting Sn nano-
rods is seen as a result of the outward fl ow of Sn during the oxidation. A solution 
phase synthesis of SnO 2  nanotubes using surfactant - assisted micelles as templates 
has been reported  [154] . In this method, a mixture of SnCl 4  with PVP and dime-
thyl sulfoxide (DMSO) is refl uxed in the presence of Na 2 S. The nanotubes consist 
of nanocrystalline particles that have a face - centered cubic structure, a diameter 
of  ∼ 200   nm, and lengths up to a few micrometers. Electrosynthesis of SnO 2  nano-
tubes employing the track - etched polymer polycarbonate membranes has been 
carried out  [155] . A gold electrode modifi ed with a porous polycarbonate mem-
brane is immersed in an aqueous tin chloride solution. Electrochemistry is 
employed to control the local pH within the pores and drive the precipitation 
reaction. Removal of the gold and dissolution of the polymer yields 1D polycrys-
talline tin oxide particles. The crystallinity of the material is enhanced by annealing 
at 650    ° C. The particles are hollow, with a wall thickness of approximately 10   nm. 
Nanotubes result from the continuous side - wall precipitation along a reaction 
front, which are polycrystalline SnO 2  (rutile structure), with a diameter in the 
100   nm range and a length between 0.4 and 1.4    μ m 2 . Nanotubular indium - tin 
oxide (ITO) has been prepared by the sol – gel process using cellulose paper as a 
template  [156] . 

 ZrO 2  nanotube arrays with diameters of about 130   nm and lengths up to 190    μ m 
are obtained by anodizing zirconium foil in a mixture of formamide and glycerol 
that contains NH 4 F and 3 wt   % water  [157] . The as - prepared ZrO 2  nanotube arrays 
are amorphous, with the coexistence of monoclinic and tetragonal phases when 
annealed from 400 to 600    ° C. Monoclinic zirconia nanotubes were obtained at 
800    ° C with retention of shape. By employing a sol – gel method and AM, yttria -
 stabilized ZrO 2  nanotubes have been prepared  [158] . The length and the diameter 
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of these nanotubes are 50    μ m and 200   nm, respectively, in agreement with the 
dimensions of the template pores. The wall thickness of the nanotubes depends 
on the impregnation time. The nanotubes after sintering at 800    ° C are polycrystal-
line with a cubic structure. 

 Formation of CeO 2  nanotubes has been reported by a few workers. CeO 2  nano-
tubes are produced by a two - step procedure involving precipitation at 100    ° C and 
ageing at 0    ° C for 45 days  [159] . CeO 2 −    x   nanotubes are crystalline, having a cubic 
fl uorite structure. They tend to align the (111) planes parallel to the axis direction. 
The diameter of the nanotubes ranges from 5 to 30   nm, while the length goes up 
to several micrometers. The thickness of the wall of the nanotubes is about 5.5   nm. 
CeO 2  nanotubes are also obtained by annealing layered Ce(OH) 3  nanotubes by a 
simple oxidation – coordination – assisted dissolution process of the Ce(OH) 3  nano-
tubes/nanorods. One - dimensional structures of Ce(OH) 3  are synthesized by the 
hydrothermal treatment of Ce 2 (SO 4 ) · 9H 2 O with a 10    M  NaOH solution at 130    ° C. 
Starting from Ce(OH) 3  nanorods (as well as from narrow cavity nanotubes), it is 
possible to obtain CeO 2  nanotubes with large cavities by a simple oxidation and 
dissolution process  [160] . These nanotubes with open ends have a cubic structure 
and display an outer diameter of about 15 – 25   nm and a length of about 100   nm. 
Nanoparticles of about 8   nm are attached to the walls and the thickness of the wall 
is about 5 – 7   nm. The inner diameter of the nanotubes is about 10 – 15   nm. In this 
method, freshly prepared 1D Ce(OH) 3  is exposed to air at room temperature for 
24   h. The partially oxidized Ce(OH) 3  nanotubes with narrow cavities are dispersed 
in distilled water and subjected to ultrasonication for 2   h after adding 15% H 2 O 2 . 
Partial oxidation of the Ce(OH) 3  is essential to form the ceria tubular structures. 
Electrosynthesis of CeO 2  nanotubes using AMs has been reported by employing 
a non - aqueous electrolyte  [161] . ThO 2  nanotubes are reported by the sol – gel 
method by using a porous alumina template  [162] .  

  6.5.7 
 Nanotubes of Titanates and other Complex Oxides 

 The hydrothermal method has been employed to synthesize nanotubes of monoc-
rystalline BaTiO 3   [163] , and tubular PbTiO 3   [164] . Pulsed laser ablation also yields 
PbTiO 3  nanotubes within the pores of an AM  [165] , while sol – gel electrophoretic 
deposition of an acetic acid - based highly stabilized lead zirconate titanate (PZT) 
sol in AMs gives rise to PZT nanotubes  [166] . The PZT sol with a near - morpho-
tropic phase boundary composition and no polymeric addition was prepared using 
lead acetate trihydrate, zirconium, and titanium tetra - butoxides. By anodization of 
a Ti – Zr alloy, ZrTiO 3  nanotubes are obtained  [167] . 

 Mallouk  et al.   [168] . and Peng  et al.   [169] . have reported the synthesis of niobate -
 based nanotubes at low temperatures by the exfoliation of acid - exchanged K 4 Nb 6 O 17  
with tetra( n  - butyl)ammonium hydroxide (TBA + OH  −  ) in aqueous solution. In the 
presence of excess acid, around 80% of the potassium ions in K 4 Nb 6 O 17  are 
replaced by protons. The remaining potassium ions appear to reside in the slowly 
exchanging interlayer galleries that alternate along the stacking axis  [168] . The 
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bilamellar colloid initially formed by reacting this material with TBA + OH  −   is 
unstable relative to the formation of unilamellar sheets and tubules. Exfoliation 
initially produces a bilayer colloid and then transforms (depending on conditions) 
irreversibly into tubules, unilamellar sheets, or a mixture of the two. The concen-
tration of the colloid and the pH are important factors in controlling the 
coiling equilibrium. Both H +  and alkali ions help to precipitate the aggregated 
tubules. The individual tubules are formed by the rolling of sheets of exfoliated 
K 4 −    x  H  x  Nb 6 O 17  ( x     ≈    3.2). The tubules are 0.1 – 1    μ m in length, with outer diameters 
that range from 15 to 30   nm. The colloids and the precipitated tubules are both 
highly stable. 

 Potassium hexaniobate nanotubes have also been fabricated from polycrystal-
line K 4 Nb 6 O 17  at room temperature using the intercalating and exfoliating methods 
 [169] . These are multilayer crystalline nanotubes with interlayer spacings from 
0.83 to 3.6   nm, depending on the intercalating molecules such as tetra( n  - butyl)
ammonium hydroxide (TBA + OH  −  ) and alkylamines (C  n  H 2   n   +1 NH 2 ). The number 
of layers in the wall is in the range of 3 to 8. The outer diameter varies between 
20 and 90   nm for the nanotubes obtained with different alkylamines, and the 
length of the nanotubes ranges from a few hundred nanometers to several 
micrometers. When a single - layer ( – Nb 6 O 17  – )  n   sheet rolls up into a nanotube, 
C  n  H 2   n   +1 NH 2  ( n     ≠    1) molecules are already adsorbed on both sides of the sheet 
and then reside in the interlayer spaces of the nanotube. A model of the spiral 
structural growth of these nanotubes has been proposed and the tube axis found 
to be parallel to the  [100]  direction of the K 4 Nb 6 O 17  crystal. Spiral nanotubes of 
potassium niobate are obtained by introduction of a polyfl uorinated cationic 
azobenzene derivative,  trans  - [2 - (2, 2, 3, 3, 4, 4, 4 - heptafl uorobutylamino)ethyl]
{2 - [4 - (4 - hexylphenylazo)phenoxy]ethyl} dimethylammonium (abbreviated as C 3 F 7  -
 Azo+), into the layered niobate interlayer by a two - step guest – guest exchange 
method, with methyl viologen (MV 2+ ) - K 4 Nb 6 O 17  as the precursor  [170] . When 
MV 2+  - intercalated niobate was used as the precursor, the polyfl uorinated C 3 F 7  -
 Azo+ results in the quantitative formation of spiral nanotubes from exfoliated 
nanosheets of the niobate, by rolling along the sandwiched microstructure. Nano-
tubes of FePO 4  have been prepared under solvothermal conditions in the pres-
ence of a sodium dodecyl sulfate (SDS) surfactant  [171] . Iron phosphate nanotubes 
have mesoporous walls and diameters of 50 – 400   nm and lengths of several 
micrometers. The walls of the nanotubes range from 20 to 40   nm in thickness. 
The removal of the surfactant by acetate exchange and heat treatment results 
in amorphous mesoporous nanotubes of FePO 4 . Mesoporous NiPO 4  nanotubes 
have been prepared in the presence of a cationic surfactant and different bases 
by the sol – gel method  [172] . The solution – liquid – solid (SLS) method has been 
exploited to obtain tin - fi lled In(OH) 3  nanotubes using liquid droplets of an In – Sn 
mixture  [173] . 

 Nanotubes and how they are formed of other complex oxides reported are: 
In 2 Ge 2 O 7  by thermal evaporation  [174] , InVO 4  nanotubes using templates  [175] , 
WO 3  – H 2 O nanotubes with the aid of intercalated polyaniline  [176] , chrysotile 
nanotubes by the hydrothermal method  [177] , aluminogermanate nanotubes by a 
simple solution procedure  [178] ,  α  - FeOOH nanotubes by employing reverse 
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micelles  [179] , boehmite nanotubes by a hydrothermal procedure  [180] , and 
hydroxyapatite nanotubes by a sol – gel procedure in an AM  [181] . 

 La 0.5 Sr 0.5 CoO 3  nanotubes have been prepared using an AM template by the 
sol – gel method  [182] , while ZnAl 2 O 4  spinel nanotubes have been obtained by 
making use of the Kirkendall effect  [183] . ZrCr 2 O 4  has also been prepared by this 
method  [117] . Nanotubes of SrAl 2 O 4   [184] , as well as AgIn(WO 4 ) 2   [185] , are 
produced under hydrothermal conditions. By controlling the pH, single - walled 
aluminogermanate nanotubes have been synthesized by the reaction of tetraethy-
lorthogermanate and AlCl 3  in NaOH solution  [186] . Nickel hexacyanoferrate nano-
tubes have been fabricated in an AM using the electrokinetic method  [187] . 
Single - crystal calcium sulfate nanotubes can be generated by the reverse micelle 
method at room temperature  [188] . Self - assembled supramolecular C 32 H 70 N 2 ZnSO 4  
nanotubes with high thermal stability have been prepared  [189] . Bismuth subcar-
bonate nanotubes are prepared by a simple refl ux of bismuth citrate and urea in 
ethylene glycol  [190] .   

  6.6 
 Pnictide Nanotubes 

 Several methods to synthesize BN nanotubes including CVD and electrical dis-
charge, as well as templating have been described in the literature  [4] . Thin BN 
tubes of less than 200   nm diameter were fi rst obtained by arc discharge with hollow 
tungsten electrodes fi lled with h - BN powder. Following this initial report, a variety 
of methods have been employed to prepare BN nanotubes. The other methods of 
synthesis of BN nanotubes include those that are far from equilibrium, such as 
the electrical arc method  [191, 192] , arcing between h - BN and Ta rods in a N 2  
atmosphere  [193] , laser ablation of h - BN  [194] , and continuous laser heating of BN 
 [195] . The last method produces long ropes of BN nanotubes with thin walls. 
Single - walled BN nanotubes are formed in some cases  [191, 196] . Single - walled 
nanotubes of BN have been deposited on polycrystalline W substrates by using 
electron - cyclotron resonance nitrogen and electron beam boron sources  [197] . 

 Bando and coworkers  [198, 199] , have carried out extensive work on BN nano-
tubes. They prepared the nanotubes by the reaction of MgO and B in the presence 
of ammonia at 1300    ° C  [198] . B 2 O 2  (obtained by heating B and MgO at 1300    ° C) 
was heated in the presence of NH 3  in a long BN boat, which was placed into a 
graphite susceptor that was heated from the outside by an RF furnace to obtain 
BN nanotubes. The BN nanotubes exhibit a 1D nanostructure and have diameters 
that range from several nanometers to about 70   nm, and lengths that go up to 10 
micrometers. They show the presence of mixed hexagonal and rhombohedral BN 
phases. The nanotubes of diameter around 10   nm exhibit a perfectly cylindrical 
structure, although edge dislocations are occasionally observed from the rhombo-
hedrally stacking, ordered nanotubes. The concentric tube structures do not 
contain internal wall closures or internal cap structures. Bando and coworkers 
 [199] , have also prepared BN nanotubes by the reaction of MgO, FeO, and B in 
the presence of NH 3  at 1400    ° C. The nanotubes are in the pure h - BN phase and 
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have diameters of  ∼ 50   nm and lengths of up to several tens of micrometers. The 
reaction of boric acid or B 2 O 3  with N 2  or NH 3  at high temperatures in the presence 
of carbon or catalytic metal particles has also been employed in the preparation of 
BN nanotubes  [200] . BN nanotubes can be grown directly on substrates at 873   K 
by a plasma - enhanced laser - deposition technique  [201] . 

 B 2 O 3  - coated multi - walled carbon nanotubes, on reaction with NH 3  at high tem-
peratures, yield BN nanotubes  [202] . Bando and coworkers have reviewed various 
aspects of BN nanotubes and cite methods involving arc - discharge, laser ablation, 
and the plasma jet method (Fig.  6.19 )  [203] . Straight BN nanotubes have been 
grown by heating a mixture of Mg(BO 2 ) 2  · H 2 O, NH 4 Cl, NaN 3 , and Mg powder in 
an autoclave at 600    ° C for 20 – 60   h. These BN nanotubes had diameters mainly in 
the range of 30 – 300   nm and lengths of up to  ∼ 5    μ m, and a majority of them had 
at least one closed end  [204] . Multi - walled BN nanotubes have been obtained by a 
reduction – nitridation route wherein the reaction of boron trifl uoride etherate and 
sodium azide was carried out in the presence of Fe – Ni powder in a sealed autoclave 
at 600    ° C for 12   h. The BN nanotubes so obtained have an average outer diameter 
of 60   nm, an inner diameter of 30   nm, and lengths up to 300   nm  [205] . By anneal-
ing an Fe fi lm evaporated on boron pellets at 1000    ° C in N 2  gives rise to BN nano-
tubes  [206] . Microwave plasma - enhanced CVD has been employed to obtain BN 
nanotube arrays  [207] . In this method, AM are used (for confi nement) along with 
borane and ammonia or nitrogen. BN nanotubes that are 1   mm long are obtained 
by an optimized ball - milling and annealing method  [208] . The annealing tempera-

     Figure 6.19     a,b) HRTEM images of two 
zig - zag BN MWNTs. A different stacking 
order is apparent in the marked areas in 
(a) and (b), as highlighted in the insets. 
Hexagonal -  (a) and rhombohedral - type 
(b) stacking (in 12.5    °  fringe inclinations with 
respect to the tube axis) are verifi ed by the 
corresponding computer - simulated HRTEM 

images (c and d, respectively) for BN MWNTs 
having the axes strictly parallel to the [10 – 10] 
orientations ( “ zig - zag ”  NTs). Note a 
characteristically open tip - end of a BNNT in 
(b). This feature is frequently seen in BNNTs 
obtained from high - temperature chemical 
syntheses.  Reproduced with permission from 
 [203b] . Copyright 2007, Wiley - VCH.   
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ture of 1100    ° C is crucial for the growth of the long BN nanotubes because at this 
temperature there is a fast nitrogen dissolution rate in Fe and the B/N ratio in Fe 
is 1.   

 By combining polymer thermolysis and the use of templates, ordered arrays of 
BN nanotubes have been obtained  [209] . In this method, liquid borazine in AM is 
thermolyzed at high temperatures in a nitrogen atmosphere. Double - walled BN 
nanotubes are obtained by the reaction of a fl owing stream of borazine and 
ammonia with a nickelocene catalyst vapor in the hot zone of a furnace maintained 
at 1200    ° C  [210] . The mechanism of growth of single - walled BN nanotubes by laser 
vaporization has been examined in detail  [211] . It appears that the root - growth 
model that involves a droplet of B is applicable for this growth. It may be noted 
that laser vaporization is a unique route for the synthesis of single - walled BN 
nanotubes. 

 Single - walled BCN nanotubes are obtained by bias - assisted hot - fi lament CVD 
 [212] . In this method, a Fe – Mo catalyst supported on MgO powder is used for the 
decomposition of a mixture of CH 4 , B 2 H 6 , and ethylenediamine. The as - grown 
SWNTs have clean and smooth surfaces with diameters in the range of 0.8 – 2.5   nm 
and lengths up to micrometers. Homogeneous BC 4 N nanotube brushes have been 
obtained recently by the reaction of amorphous carbon nanotubes with boric acid 
and urea (Fig.  6.20 )  [213] . The BCN nanotubes have open ends with a diameter of 
170   nm, a length of 15   mm, and thickness of around 50   nm. The SAED pattern 
shows faint rings and a few spots. The X - ray diffraction (XRD) pattern of the BCN 
nanotube brushes shows broad refl ections with  d  - spacings of 3.43    Å  and 2.13    Å , 
which correspond to the (002) and (100) planes, respectively, similar to the pattern 
reported for BC 3 N. The broad refl ections in the XRD pattern and the diffuse rings 
in the electron diffraction pattern suggest the turbo static nature of the 
nanotubes.   

 GaN nanotubes have been grown in AMs by employing MOCVD. The reac-
tants used are trimethylgallium and NH 3   [214] . The diameter of the GaN 
nanotubes is approximately 200 – 250   nm and the wall thickness is about 40 – 50   nm. 
Nanotubular GaN consists of numerous fi ne GaN particulates with a size 
range of 15 – 30   nm. XRD and TEM analyses indicate that the grains in the 
GaN nanotubular material is nanocrystalline with a hexagonal structure. By 
the reaction of GaCl 3  with excess NaN 3  in dry benzene, GaN nanotubes with 
branched tubules have been grown in mesoporous MCM 48  [215] . These GaN 
nanotubes are polycrystalline with a wurtzite structure and an outer diameter 
of 50 – 150   nm. The tube wall thickness is  ∼ 10   nm and the lengths go up to 
several micrometers. Amorphous carbon nanotube brushes, on reaction with 
GaCl 3  followed by reaction with NH 3 , give rise to GaN nanotube brushes (Fig. 
 6.21 )  [216] . The close packing of 1D GaN nanotube - nanobristles have diameters 
from 100 to 230   nm and lengths in the 7 – 10    μ m range. The tubes are open 
at one end and their surface appears to be smooth. The nanotube brushes 
have a wurtzite structure. The TEM images in Figures  6.21 c – e shows a nano-
tube with an outer diameter of 200   nm and the wall thickness is in the range 
of 10 – 15   nm. The HRTEM image of the nanotube wall in Figure  6.21 f shows 
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interplanar spacing of 0.244   nm, which indicates the single crystalline nature 
of the GaN nanotube.   

 Si 3 N 4  nanotubes can be prepared by the sol – gel route in which tetraethoxysilane 
(TEOS) and phenolic resin are used to prepare a carbonaceous silica xerogel, and 
ferric nitrate is employed as an additive. The xero - gel is heated at 1300    ° C for 10   h 
in nitrogen  [217] . Molybdenum nitride nanotubes have been obtained by deposit-
ing a nitride fi lm on anodic alumina and etching away the template with NaOH 
 [218] . 

 Single crystalline nanotubes of Cd 3 P 2  and Zn 3 P 2  have been obtained by a tem-
plate process in which Cd and Zn nanorods formed in - situ act as self - sacrifi cing 
templates  [219] . A mixture of reactants that contain CdS (or ZnS), P, and Mn 3 P 2  
is heated to 1350    ° C in an induction furnace to obtain nanotubes. Single - crystal-
line, single - walled, SbPS 4 −    x  Se nanotubes with a tunable band - gap have been pre-
pared by taking a mixture of stoichiometric amounts of the elements Sb, P, S, for 
SbPS 4 , and the corresponding amounts for SbPS 3 Se, SbPS 2 Se 2 , and SbPSSe 3  in 
fused silica tubes sealed under vacuum, and heated  [220] .  

     Figure 6.20     a) FESEM images of BCN 
nanotube brushes with the average diameter 
of a single tube being around 170   nm. The 
inset shows a FESEM image of BCN nanotube 
brushes of 40   nm diameter. b) Higher 
magnifi cation FESEM images of BCN 

nanotube brushes. TEM images of a BCN 
nanotube: c) 170   nm diameter and d) 40   nm 
diameter. e) Elemental mapping of the boron, 
carbon, and nitrogen of BCN nanotubes 
obtained from EELS.  Reproduced with 
permission from  [213] . Copyright 2008, RSC.   
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     Figure 6.21     a) Schematic showing the formation of nanotube 
brushes of carbon, Ga 2 O 3 , and GaN. b) SEM image of a GaN 
nanotube brush. c – e) TEM images of GaN nanotubes and 
f) HRTEM image of the wall of a GaN nanotube.  Reproduced 
with permission from  [216] . Copyright 2007, ACS.   
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  6.7 
 Nanotubes of Carbides and other Materials 

 SiC nanowires, SiC/SiO 2  core – shell nanocables, and SiC nanotubes have been 
synthesized simultaneously by directly heating Si powder and multiwall carbon 
nanotubes (MWCNTs)  [221] . Single - phase TiC nanotubes are prepared by the 
reaction of carbon nanotubes with Ti powder at 1300    ° C for 30   h  [222] . 

 Silicon oxycarbide ceramic nanotubes can be obtained by the pyrolysis of poly-
silicone nanotubes using a sacrifi cial AM as a template  [223] . In a typical synthesis, 
the AM templates were immersed in a mixture of low - molecular - weight silicone 
starting materials, such as {CH 3 (CH = CH)SiO}  n   ( n    =   3 – 7), named VC4, and a 
cyclic - type silicone bearing vinyl groups, and (CH 3 ) 3 SiO{CH 3 (H)SiO}  m   ( m    =   20), 
named KF - 99 and heated in an oven at two different temperatures, 50 and 200    ° C. 
Large - scale aligned silicon carbonitride nanotube arrays have been synthesized by 
microwave - plasma - assisted CVD using SiH 4 , CH 4 , and N 2  as precursors. The 
nanotubes are 6 – 7    μ m in length and 100 – 200   nm in diameter  [224] . 

 Transition metal halides such as NiCl 2  crystallize in the CdCl 2  structure, with 
the metal halide layers held together by weak van der Waals forces. NiCl 2  has been 
shown to form closed cage structures and nanotubes  [225] . These were prepared 
by heating NiCl 2  · 6H 2 O initially in air to remove the water of crystallization, and 
heated further at 960    ° C under Ar. Zeng  et al.   [226] . have carried out UV - 
light - induced fabrication of CdCl 2  nanotubes starting from CdSe solid nanocrys-
tals through a Kirkendall effect. In this procedure, CdCl 2  nanotubes are obtained 
starting with a solution of CdSe nanocrystals in  o  - dichlorobenzene (which gener-
ates chlorine free radicals on photolysis).  

  6.8 
 Complex Inorganic Nanostructures Based on Nanotubes 

 In addition to the simple nanotube structures, more complex nanotubular 
structures of various inorganic materials such as coaxial cables, heterojunc-
tions, and nanotube - nanowire or nanotube - nanoparticle composites have been 
prepared and characterized by several workers. Typical examples of such nanos-
tructures are the following: Integration of ZnO nanotubes with ordered nano-
rods  [227] , conversion of ZnO nanorod arrays into ZnO – ZnS nanocable and 
ZnS nanotube arrays  [228] , core – sheath heterostructure CdS – TiO 2  nanotube 
arrays  [229] , ZnS nanotube – In nanowire core – shell heterostructures  [230] , 
ZnO – ZnS core – shall nanotube arrays  [231] , Cu nanotube – Bi nanowire hetero-
junctions  [232] , carbon nanotubes in TiO 2  nanotubes  [233] , TiO 2  – Pt coaxial 
nanotube arrays  [234] , Sn nanowires on TiO 2  nanotubes  [235] , Fe 2 O 3  – TiO 2  
nanorod – nanotube arrays  [236] , SiO 2  – Ta 2 O 5  core – shell nanowires and nanotubes 
 [237] , multi - walled BCN – carbon nanotube junctions  [238] , and BN nanotubes 
with periodic iron nanoparticles  [239] .  
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  6.9 
 Outlook 

 The preceding presentation should suffi ce to demonstrate the great progress made 
in the synthesis of inorganic nanotubes. It would appear that today we are able to 
synthesize almost any inorganic material in tubular form. Not only do we have an 
arsenal of inorganic nanotubes but also several strategies to synthesize them. 
There are still many synthetic challenges. One of them relates to the need to syn-
thesize single - walled single - crystalline nanotubes of inorganic materials. There are 
hardly one or two reports of single - walled inorganic nanotubes at present. With 
the availability of inorganic nanotubes in suffi cient quantities, there is much scope 
to measure their properties and investigate phenomina associated with them.  
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7

  7.1 
 Introduction 

 One of the most stimulating challenges in modern chemistry, materials science, 
and nanotechnology is the manipulation and assembly at the nanoscale.  Carbon 
nanotube s ( CNT s) constitute a novel class of nanomaterials with remarkable 
applications in diverse domains. The attachment of metal nanoparticles to CNTs 
represents a new means of obtaining novel hybrid materials with exciting charac-
teristics for a variety of applications such as catalysts and gas sensors, as well as 
electronic and magnetic devices. These exceptional characteristics, which include 
excellent electronic properties, good chemical stability, and a large surface area, 
make CNTs good candidates as support materials for gold nanoparticles in many 
key applications, ranging from advanced catalytic systems through very sensitive 
electrochemical sensors and biosensors to highly effi cient fuel cells. In this 
chapter, we focus on the recent progress in this area by exploring the various 
synthetic approaches and types of assemblies and interactions, in which gold 
nanoparticles can be attached to CNTs, and also survey the various applications 
of the resulting composites.  

  7.2 
 Gold Nanoparticles 

 The name of gold (Au) is derived from the Latin  aurum  (meaning  “ shining dawn ” ). 
Gold has the atomic number 79 (electron confi guration, [Xe] 4f 14 , 5d 10 , 6s 1 ), and is 
one of the so - called  “ noble ”  metals, which are resistant to both corrosion and 
oxidation. Gold is the most malleable and ductile of the known elements, with 
characteristic properties of being dense, soft, and shiny.  Gold nanoparticle s 
( AuNP s), which are also known as  “ colloidal gold ”  or  “ nanogold ” , are a colloid 
of nanosized gold particles in a liquid (generally water). The fi rst description of 
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colloidal gold was reported by the philosopher and medical doctor Francisci 
Antonii in 1618  [1] . Subsequently, in 1676, the chemist Johann Kunckles  [2]  
described   “  …  drinkable gold that contains metallic gold in a neutral, slightly pink 
solution that exert curative properties for several diseases. ”  Although colloidal gold 
has been known from ancient times, when it was used as for staining glass, the 
modern scientifi c development of colloidal gold did not begin until Michael Fara-
day ’ s pioneering studies in the nineteenth century. In 1857, Faraday prepared a 
red - colored solution of colloidal gold in a two - phase system by the reduction of an 
aqueous solution of chloroaurate (  AuCl4

− ) using phosphorus in carbon disulfi de 
 [3, 4] . The AuNPs are the most stable metal nanoparticles, and have been studied 
extensively during the past decade owing to their fascinating aspects in materials 
science, size - related electronics, and optical properties (quantum size effect), as 
well as their applications in catalysis and biology. This is clearly evident from a 
literature survey of published articles relating to AuNPs with respect to years  [5] . 
This analysis reveals that reports on AuNPs have increased signifi cantly each year 
(Figure  7.1 a), and indicates that remarkable attention    –    from both fundamental 

     Figure 7.1     Statistical survey of articles published on 
(a) AuNPs and (b) CNTs. Contributions from the top ten 
countries in percentage for (c) AuNPs and (d) CNTs.  
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and applied aspects    –    has been paid to the synthesis, characterization, and potential 
application of AuNPs.   

 When reducing the fi rst, second or third dimensions (1 - D, 2 - D or 3 - D) of bulk 
material to the nanometer scale, nanometer - thick 2 - D layers, 1 - D nanowires, or 
0 - D nanoclusters, respectively, are produced. Nanoparticles have diameters of 
 < 100   nm and demonstrate new or enhanced size - dependent properties when com-
pared to larger particles, or to the bulk entity of the same material. Metal nano-
particles    –    and especially AuNPs    –    appeared as a new class of materials which were 
of interest not only in the fi elds of materials science and chemistry but also in 
nanotechnology, on the basis of their exceptional catalytic, electronic, and optical 
properties. Notably, these features related neither to the bulk metal nor to the 
molecular compounds, but depended heavily on the particle size, the nature of the 
protecting organic shell, and the shape of the nanoparticle  [6] . For example, gold 
nanocrystals of different shapes possess unique optical scattering responses. 
Whilst symmetric spherical particles display a single scattering peak, anisotropic 
shapes such as rods  [7] , triangular prisms  [8] , and cubes  [9]  exhibit multiple scat-
tering peaks in the visible wavelengths due to highly localized charge polarizations 
at their corners and edges. 

 With regards to metallic gold, the nucleation and growth of nanoparticles have 
been most widely achieved using colloidal methods rather than a variety of other 
approaches  [4] . In these techniques, the general approach is to reduce a gold salt 
precursor in solution (mostly aqueous) in the presence of a stabilizing or protect-
ing agent; this improves the chemical stability of the AuNPs formed by avoiding 
the aggregation among the particles. The advantages of these methods are: (i) large 
quantities of nanoparticles can be synthesized; (ii) solution - based processing and 
assembly can be readily implemented; (iii) no specialized equipment is necessary; 
(iv) the technique is comparatively low - cost in nature; and (v) the preparation is 
both facile and user - friendly. The aforesaid reasons are particularly important 
when considering the real applications of AuNPs; in order to utilize AuNPs as 
catalytic, electronic, or optical materials a large - scale synthesis and assembly 
process is required.  

  7.3 
 Carbon Nanotubes 

 Carbon nanotubes, a new carbon allotrope, were discovered by Sumio Iijima 
in 1991  [10]  and have attracted wide and interdisciplinary attention. CNTs are 
fullerene - related, tube - like structures which may be considered as a rolled - up sheet 
of graphene. Every carbon atom is covalently bonded to three of its neighbors, 
and the fourth electron is free to move over the whole structure; that is, it is delo-
calized (sp 2  - hybridization). There are two main types of CNT with high structural 
perfection:  single - walled carbon nanotube s ( SWNT s), and  multiwalled carbon 
nanotube s ( MWNT s). While the SWNTs consist of a single sp 2  - bonded graphene 
sheet seamlessly wrapped into a hollow cylindrical tube, MWNTs include an array 
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of concentric cylinders (a collection of several concentric SWNTs). Both of these 
are typically a few nanometers in diameter (ca. between 0.4   and 3   nm for SWNTs, 
and between 1.4   and 100   nm for MWNTs  [11] ), and up to several micrometers to 
millimeters in length. The SWNTs represent a very important type of CNT as they 
exhibit signifi cant electric properties that are not shared by the MWNT variants. 
In analogy to the graphite modifi cation of carbon, the unit cells of CNTs are planar 
hexagons. CNTs may have a variety of helical structures  [12] , depending on the 
graphene sheet rolling - up phenomenon. The CNTs form bundles, which are 
entangled together in the solid state, giving rise to a highly complex network. 
Depending on the arrangement of the hexagon rings along the tubular surface, 
CNTs can be either metallic or semiconducting. 

 The history of CNTs may be traced back to 1976, with the fabrication of very 
small - diameter ( < 10   nm) carbon fi laments  [13, 14] . Nevertheless, until the discov-
ery of fullerene chemistry  [15]  in 1985, the importance of these as - prepared carbon 
materials was not well documented. The discovery and development of fullerenes 
led to an increased interest in carbon materials, and this in turn induced the 
systematic study of carbon fi laments. The CNT structure was fi rst observed by 
Iijima in 1991, using  high - resolution transmission electron microscopy  ( HR - TEM ) 
 [10] . Although the fi rst CNTs to be discovered were MWNTs, subsequently    –    in 
1993    –    smaller - diameter SWNTs were independently observed by Iijima  [16]  and 
Bethune  [17] . Since then, effi cient methods for the synthesis of large - quantity  [18]  
and high - quality  [19]  CNTs, with their exciting electronic, mechanical, and struc-
tural properties, as well as their diverse potential applications, have paved the 
way for global research interest and development activities. Today, these materials 
form the subject of intensive investigation due not only to their academic 
and industrial characteristics but also the scope of their application. Indeed, both 
the number of studies on, and scientifi c interest in, CNTs have increased dramati-
cally and continue to increase since their discovery    –    as demonstrated by the 
huge numbers of articles relating to this topic which are published each year 
(Figure  7.1 b). 

 Both, SWNTs and MWNTs may generally be synthesized using methods which 
include arc - discharge  [18, 20] , laser ablation  [19, 21] ,  chemical vapor deposition  
( CVD )  [22] , and the gas - phase catalytic process (HiPco) method  [23] . Unfortu-
nately, no method has yet been introduced for the synthesis of pure CNTs; rather, 
all of the methods proposed to date for the synthesis of CNTs lead not only to 
impure products, such as carbon - coated metal catalysts, carbon - coated metal, and 
carbon nanoparticles/amorphous carbon, but also to structural defects such as 
dangling bonds. The impurities may generally be removed using a variety of puri-
fi cation techniques, including: the oxidation of contaminants  [24] ; fl occulation and 
selective sedimentation  [25] ; fi ltration  [26] ; size - exclusion chromatography  [27] ; 
selective interaction with organic polymers  [28] ; and microwave irradiation  [29] . 
Despite such a variety of techniques, each has been shown to have its own limita-
tions, such that problems persist in the purifi cation of CNTs. 

 As CNTs can be synthesized with extreme aspect ratios (i.e., length - to - diameter 
ratios), they are particularly appropriate for applications in electronics and semi-
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conductor devices. The inherent size, hollow geometry and extraordinary elec-
tronic properties of CNTs make them promising building blocks for molecular 
or nanoscale devices. Further, the well - defi ned geometry, exceptional mechanical 
properties and remarkable electrical characteristics, in addition to their outstand-
ing physical properties  [10]  (see Table  7.1 ), qualify them for potential applications 
 [30]  in nanoelectronic circuits, fi eld emitters, nanoelectronic devices, nanotube 
aquators, batteries, probe tips for scanning probe microscopy, nanotube - 
reinforced materials,  nanoelectromechanical system s ( NEMS ), and nanorobotic 
systems  [31] .    

 Table 7.1     Important properties of  CNT  s . 

   Property     Item     Data     Potential application  

  Geometric    Layers    Single/multiple    Structures, probes, 
grippers/tweezers, 
scissors  

  Aspect ratio    10 – 1000  

  Diameter     ∼ 0.4 – 3   nm (SWNTs)  

   ∼ 1.4 – 100   nm (MWNTs)  

  Length    Several  μ m   to mm  

  Mechanical    Young ’ s modulus     ∼ 1   TPa (steel: 0.2   TPa)      

  Tensile strength    45   GPa (steel: 2   GPa)  

  Density     ∼ 1.33 – 1.4   g   cm  − 3  
(Al: 2.7   g   cm  − 3 )  

  Interlayer friction    Ultra - small    Actuators, bearings, 
syringes, switches, 
memories  

  Electronic    Conductivity    Metallic/
semi - conducting  

  Diodes, transistors, 
switches, logic gates  

  Current carrying 
capacity  

   ∼ 1   TA   cm  − 3  
(Cu: 1   GA   cm  − 3 )  

  Wires/cables  

  Field emission    Activate phosphorus at 
 ∼ 1 – 3   V  

  Proximity/position 
sensors  

  Band gap    Eg (eV)  ≈  1   d  − 1  (nm)      

  Electron transport    Ballistic, no scattering      

  Maximum current 
density  

  10 10    A   cm  − 2       

  Electromechanical    Piezoresistivity    Positive/negative    Deformation/
displacement sensors  

  Thermal    Heat transmission     > 3   kW   mK  − 1  
(Diamond: 2   kW   mK  − 1 )  

  Circuits, sensors, 
thermal actuators  

   TPa, Tera - Pascal; GPa, Giga - Pascal; TA, Tera - Ampere; GA, Giga - Ampere.   
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  7.4 
  CNT  – Metal Nanoparticle Composites 

 In nanocomposites, different materials such as metal nanoparticles, CNTs and 
clay may be combined with another material, usually a polymer. Nanocomposites 
have recently attracted considerable interest in both academic and industrial fi elds 
due to their unique mechanical, thermal and electronic properties. Nanoscaled 
particulates such as CNTs have been investigated as fi llers in a variety of polymeric 
matrices to produce enhanced properties. Because of their exceptionally small 
diameters (several nm), as well as their high Young ’ s modulus ( ∼ 1   TPa), tensile 
strength ( ∼ 200   GPa) and high elongation (10 – 30%), in addition to a high chemical 
stability, CNTs represent attractive reinforcement materials for lightweight and 
high - strength metal matrix composites. Metallic composites   (especially with noble 
metals) containing CNTs would offer distinct advantages over polymeric compos-
ites. However, the development of metal matrix composites remains in its infancy, 
despite its great potential, primarily because of the high fabrication costs involved 
and diffi culties in scaling - up the production process. 

 It has been predicted, based on computer stimulations, that open nanotubes 
may be fi lled with liquid by capillary suction  [32] . This has provided much specula-
tion that the fi lling of extraneous materials into the hollow nanotube cavities might 
have interesting effects on the physical and electronic properties of the encapsu-
lated materials. The modifi cation of CNTs into composite nanofi bers by fi lling 
them with molten materials through capillary action has been reported  [33, 34] , 
and subsequently metal carbides have been entrapped into the hollow cavities of 
CNTs by using an arc discharge method  [35, 36] . In contrast, in 1994 Ajayan and 
coworkers  [37]  reported for the fi rst time that a combination of CNTs and metal 
nanoparticles could also be achieved by depositing the metal cluster on the surface 
(outside the tube) of the CNTs; this was termed the  “ decoration ”  of CNTs with 
metal clusters. The method involved the use of SWNTs as a support material for 
dispersing ruthenium nanoparticles that would then serve as a catalyst in hetero-
geneous catalysis. As a result,  ∼ 0.2% (w/w) of Ru nanoparticles were deposited on 
the surface of the CNTs. Following these successes, a variety of hybrid composites 
was introduced and developed with either metal or metal oxide or semiconductor 
nanoparticles. It is envisaged that these composite materials might fi nd practical 
uses as nanowires and novel catalysts. 

 The combination of metal nanoparticles (notably AuNPs) and CNTs may lead 
to the development of a new class of nanocomposite materials, and lead in turn 
to the successful integration of the properties of these two components in 
new hybrid materials that present signifi cant features for catalysis and nanotech-
nology. The combination of two classes of novel material may be obtained as 
either particles coated on the surface of the CNTs (exohedral), or encapsulated 
in the nanotube cavity (endohedral). Here, the CNT surface acts as a template 
where nanoparticles (either naked or stabilized by protecting agents) are absorbed 
or, in the case of a functionalized CNT, the nanoparticles may be linked through 
a functional group of the organic moieties attached to the CNTs. This new type 
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of composite material is important not only for fundamental and academic 
studies of the interactions between the matrix and the metallic nanoparticles, but 
also for various applications such as catalysts as well as electronic, optical, and 
sensor devices.  

  7.5 
  CNT  –  AuNP  Composites 

 A variety of resourceful techniques has been reported for the production of 
CNT – AuNP composites (in general, the deposition of AuNPs onto the surface of 
the CNT substrate), each offering different degrees of particle size control 
and distribution along the CNTs. By changing the size and concentration of the 
AuNPs deposited/incorporated, the electronic properties of the CNTs can in turn 
be controlled. Composites of CNTs with AuNPs may be created via different path-
ways. One approach is to grow and/or incorporate the AuNPs into the hollow 
cavities of the CNTs, while a second approach is to grow and/or deposit naked 
AuNPs directly onto the terrace of the CNTs. In yet another process, the AuNPs 
may be prepared and modifi ed with suitable functional groups that can be con-
nected to the CNT surface via covalent bonding through organic moieties; alter-
natively, the modifi ed AuNPs may simply be linked to the surface of the CNTs via 
supramolecular interactions. 

  7.5.1 
 Filling of  CNT  s  with  AuNPs  

 In order to synthesize CNTs with predetermined characteristics, it is essential to 
identify and control the mechanisms that direct CNT growth. The major challenge 
here is to identify effective ways in which to fi ll the metal nanoparticles (notably 
AuNPs) into the hollow CNT cavities, without affecting the latter ’ s individual 
characteristic properties. 

 A simple procedure for producing a composite is to fi ll the MWNTs with AuNPs, 
simply by mixing an aqueous citric acid solution containing NH 3  - treated MWNTs 
and aqueous auric chloride solution  [38] . Heat treatment in NH 3  causes most of 
the nanotubes to be open, such that functional basic groups are created on their 
inner walls. Mixing and ultrasonication will then help the citric acid to combine 
strongly with the basic groups via electrostatic attraction, thus facilitating the  in 
situ  reduction and subsequent attachment of AuNPs (1 – 2   nm) inside the nano-
tubes (Figure  7.2 ). These hybrid materials may in time become important for 
investigating and creating a rich variety of electrical and sensor devices.   

 In another  “ wet chemistry ”  technique, a two - step procedure was used to produce 
a composite material by fi lling gold metal into the cavities of the CNTs. Here, the 
nanotubes were opened by oxidation with HNO 3   [39]  and then stirred overnight 
with a concentrated aqueous solution of AuCl 3 . The resultant CNTs, when sepa-
rated from excess concentrated solution, were calcined in a furnace under argon 
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at 600    ° C, whereby the AuCl 3  was decomposed to produce elemental gold  [40] . Most 
of the gold entrapped within the hollow CNTs was seen to be crystalline in nature, 
spherical in shape, and to range in size from 1 to 5   nm diameter. A HR - TEM image 
of a CNT encapsulated with a gold crystal, together with the analytical  energy -
 dispersive spectrum  ( EDS ) of the gold particle, are shown in Figure  7.3 . More 
importantly, by using this method it was possible to produce a relatively high 
percentage ( ∼ 70%) of opened nanotubes to be fi lled with metallic gold  [33, 39] .    

  7.5.2 
 Deposition of  AuNPs  Directly on the  CNT  Surface 

 When depositing AuNPs onto the terrace of the CNTs, it is possible to use gold 
salts as the precursors for the AuNPs; these salts are produced by a variety of 
reduction processes, using either reducing agents and/or external energies such 
as heat (thermal), photochemical, and light, in the presence of the CNTs. The 
interactions between the AuNPs and CNTs are mostly based on van der Waals 
forces which, in some cases, appear to be suffi ciently strong so as to ensure 
signifi cant adhesion. 

     Figure 7.2     Schematic illustration for the attachment of AuNPs 
to NH 3  - treated CNTs and the TEM image of AuNP - fi lled 
CNTs.  Adopted and modifi ed according to Ref.  [38] ; TEM 
image reprinted with permission from Ref.  [38] .   
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     Figure 7.3     (a) High - resolution transmission electron 
microscopy (HR - TEM) image of a carbon nanotube fi lled with 
a spherical Au crystal. The solid arrow shown in the HR - TEM 
image indicates where there has been intercalation into the 
gaps where carbon layers are missing; (b) ED spectrum of the 
Au particle.  Reprinted with permission from Ref.  [40] .   

 An effective method was introduced by Xue and coworkers for depositing 
AuNPs onto the walls of CNTs  [41] . For this, AuNPs (average size 8   nm) 
were grown on the surface of the CNTs by the thermal decomposition (400    ° C) of 
gold salts under a hydrogen atmosphere. This synthetic strategy has also been 
shown to be a generalized process that can easily be extended to the synthesis of 
different types of metal nanoparticle (Pt, Ag, Pd) onto the CNT surface. It appears 



 258  7 Gold Nanoparticles and Carbon Nanotubes: Precursors for Novel Composite Materials

     Figure 7.4     (a, b) Low -  and (c) high - magnifi cation bright - fi eld 
TEM images showing the decoration of MWNTs with AuNPs 
of 3 – 10   nm diameter.  Reprinted with permission from 
Ref.  [42] .   

that the CNTs play a vital role here, not only as a template for tuning the metal 
nanoparticles size but also acting as a support material. This fi nding was sup-
ported by the fact that larger particles were observed when metal salts were 
reduced in the presence of graphite or amorphous carbon. Xue and coworkers 
suggested that these composite materials might be used as effi cient catalysts for 
certain environmentally advantageous reactions, as well as certain applications in 
electronic devices. 

 Raghuveer and coworkers established a novel  “ eco - friendly ”  strategy of utilizing 
microwave irradiation for the rapid introduction of carboxyl, carbonyl, hydroxyl, 
and allyl terminal groups onto the surface of MWNTs, without using any aggres-
sive oxidants such as HNO 3  and/or ultrasonication  [42] . Here, the functional 
groups served as the preferred nucleation points for reducing gold ions from solu-
tion by a microwave - assisted reduction reaction. MWNTs were dispersed in water 
and added to an aqueous solution containing HAuCl 4  and ethylene glycol. After 
microwave irradiation, the surfaces of the MWNTs were seen to be decorated by 
uniformly dispersed AuNPs (Figure  7.4 ) that ranged in size from 3 to 10   nm 
(average  ∼ 6   nm). The MWNTs were derivatized with nanoparticles synthesized by 
an  in situ  gold - ion reduction during functionalization, all in a single - step process. 
The notable point here was that the overall tubular structure of the MWNTs 
remained intact, as was evident from TEM images. This was in great contrast to 
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the rupture and tube breakage observed during functionalization by aggressive 
sonication and acid treatment  [43] .   

 A different strategy for the formation of AuNPs on the surface of SWNTs, based 
on the spontaneous reduction of metal ions in solution without the use of a reduc-
ing agent, was reported by Choi and coworkers  [44] . This approach differed from 
a typical electroless deposition, which requires either a reducing agent or a catalyst, 
as a result of direct redox reactions between the ions and nanotubes. Electroless 
deposition methods rely on a chemical (as opposed to an electrochemical) reduc-
tion process, whereby a chemical species with a redox potential suitably lower than 
that of the metal species being reduced provides the driving force for the reaction 
 [45] . A spontaneous decoration of AuNPs (average size 7   nm) on the sidewalls of 
the SWNTs was observed following their immersion in HAuCl 4  (Au 3+ ) solution 
for 3   min (Figure  7.5 a). The Au 3+  ion reduction and SWNT oxidation during elec-
troless metal deposition was investigated by measuring the electrical conductance 
of SWNTs immersed in solutions (Figure  7.5 b). When the SWNTs act as electron 
donors, hole insertion into SWNTs would be expected to cause an increase in the 
electrical conductance  [46]  to the already p - type nanotubes due to O 2  doping under 
ambient conditions  [47] . Spontaneous metal deposition onto the SWNTs by an 
electroless process allows for a facile, effi cient, and selective immobilization of 
metal species on nanotubes, which may be useful for sensor and catalysis applica-
tions. However, this selective electroless metal deposition on SWNTs was shown 
to be effective only for Au or Pt; other metal ions such as Ag + , Ni 2+ , and Cu 2+ , could 
not be reduced in the same way, perhaps due to their lower redox potentials.   

     Figure 7.5     (a) Atomic force microscopy image of AuNPs 
formed on an individual SWNT; (b) Monitoring the change in 
current across a SWNT during exposure to a 5   mM HAuCl 4  
solution. The period before the exposure corresponds to the 
nanotube in a mixture of ethanol and water (1   :   1). Inset: 
Schematic for the experimental set - up. Spacing between 
points   =   1   s.  Reprinted with permission from Ref.  [44] .   
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     Figure 7.6     (a) Schematic illustration of the metal nanoparticle 
deposition on CNTs via the substrate - enhanced electroless 
deposition process; (b, c) Scanning electron microscopy 
images of (b) MWNTs and (c) SWNTs supported by a copper 
foil after immersion in an aqueous solution of HAuCl 4  
(3.8   mM).  Reprinted with permission from Ref.  [48] .   

 Qu and Dai introduced for the fi rst time another facile, but versatile and effec-
tive, method for the electroless deposition of AuNPs on both SWNTs and MWNTs 
in the absence of any additional reducing agent  [48] . Upon immersion of the 
copper - supported MWNTs or SWNTs into an aqueous solution of HAuCl 4  
(3.8   mM), the AuNPs were deposited spontaneously onto the terrace of the nano-
tubes. The advantage of this technique over the previous method is that a large 
variety of metal nanoparticles   (even for metals with a lower redox potential than 
that of the CNTs, such as Cu and Ag) could be reduced and decorated onto the 
surface of both MWNTs and SWNTs. The general scheme of the reaction process, 
together with  scanning electron microscopy  ( SEM ) images of AuNPs decorated 
onto MWNTs and SWNTs, are shown in Figure  7.6 .   

 The deposition of metal nanoparticles is achieved via the redox reaction of a 
galvanic cell, in which the nanotube acts as a cathode for the metal nanoparticle 
deposition (M 0 , e.g., Au 0 ) from the reduction of metal ions (M  m   + , e.g., Au 3+ ) in 
solution, while the metal substrate (e.g., Cu) serves as an anode where metal atoms 
(Sub 0 ) are oxidized into corresponding ions (Sub  n   + ) followed by dissolution  [49]  
(Figure  7.6 ). This process, which is known as  substrate - enhanced electroless depo-
sition  ( SEED ), allows the electroless deposition of many metal nanoparticles onto 
conducting CNTs, and indicates a great potential for the functionalization of CNTs 
with various metal nanoparticles. 

 Geckeler and coworkers have established an unprecedented approach to prepare 
SWNT – AuNP hybrids in homogeneous phase by using the reaction of gold salts 
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and SWNTs in the presence of a surfactant in aqueous solution, without the addi-
tion of a reducing agent  [50] . The AuNPs decorated on the sidewalls of the SWNTs 
were uniform in size and well dispersed (Figure  7.7 ). Statistical calculations indi-
cated the average AuNP size to be 2.94    ±    0.75   nm, with 7.5    ×    10  − 17    g of gold being 
coated on an individual nanotube that in turn contained approximately 300 AuNPs. 
Interestingly, the size of the AuNPs decorated on the surface of the SWNTs could 
be tailored by altering the concentration of the gold salt solution.   

 The chemistry of the hybrid material was described by using a frontier - orbital 
picture. As the relative position of the Fermi level of nanotubes with respect to the 
mixed metal ion/nanotube  highest occupied molecular orbital  ( HOMO ) and 
 lowest unoccupied molecular orbital  ( LUMO ) is suitable for charge transfer, both 
semiconducting and metallic CNTs may establish attractive interactions with the 
metal ions, either by four - electron interactions involving two occupied orbitals, or 
by zero - electron interactions involving two empty orbitals (Figure  7.7 d). It was 
noted that the HOMO level of   AuCl4

− is partly occupied with electrons. This 
method is easy to scale - up, such that a uniform size of AuNPs may be decorated 
on the walls of the SWNTs, and size of the AuNPs can also be controlled. More 
importantly, as the method yields water - soluble composite materials, a much 
greater variety of applications can be envisaged. 

 A simple method has been developed recently to prepare hybrid materials from 
SWNTs and AuNPs, including Pt and Rh nanoparticles. For this, nanoparticles 
were deposited on the surface of the SWNTs by the mild reduction of metal salts 
using poly(ethylene glycol) - 200 as the reducing agent  [51] . The free surface of 
the nanoparticles attached to the SWNTs was then coated with organic aliphatic 
molecules such as oleylamine, which enhanced the dispersion of the resulting 
hybrid material in organic solvents. This method avoids chemical functionaliza-
tion of the sidewalls and open ends of the SWNTs, and the fi nal hybrid material 
may be used for the application in the catalysis of organic reactions. 

 Recently, a simple UV irradiation method was developed to grow uncoated 
naked AuNPs on carboxy - modifi ed MWNTs by performing UV irradiation on 
mixed solution containing oxidized MWNTs, HAuCl 4 , and acetone (acting as a 
photosensitive agent) at room temperature (Figure  7.8 )  [52] . The size of AuNPs 
deposited on the terrace of the MWNTs was found to depend heavily on the diam-
eter of MWNTs and the solution pH. The size of the AuNPs was indirectly pro-
portional to the diameter of MWNTs and the solution pH. As a high catalytic 
activity (especially for AuNPs) mainly depends on the steps, edges, and corner 
sites of surface, and also on the electrical interactions between AuNPs and sup-
porting materials, the resultant composites may prove to be advantageous in cata-
lytic reactions.   

 Although a variety of ingenious strategies to decorate AuNPs onto CNTs is avail-
able, the electrodeposition method has its own advantages. Electrochemistry rep-
resents a potent technique for the deposition of diverse metals and/or the surface 
modifi cation of CNTs, being both rapid and facile, and thus allowing the chemist 
and materials scientist to control with ease the nucleation and growth of the metal 
nanoparticles  [45, 53, 54] . It is very feasible to control the size and distribution of 
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     Figure 7.7     (a) Transmission electron 
microscopy (TEM) image, and (b, c) HR - TEM 
images of the CNT/AuNPs hybrid; 
(d) Frontier - orbital picture representation 
of four - electron interactions (plot a), and 
zero - electron interactions (plot b) between 
  AuCl4− and a metallic CNT. The   AuCl4−  
frontier - orbitals are designated as HOMO and 

LUMO, and the nanotube orbitals are 
represented by the density of states plots. 
E F    =   Fermi level. ( Reprinted with permission 
from Ref.  [50]  ); (e) Schematic showing 
decoration of the surface of CNTs with 
AuNPs. (Kyungjae Lee is gratefully 
acknowledged for his support in the 
preparation of this image).  
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     Figure 7.8     Scheme showing the growth of AuNPs on the 
surface of MWNTs initiated by UV irradiation, and a TEM 
image of AuNPs attached to the surface of MWNTs at pH 12. 
Scale bar   =   100   nm.  Adopted and modifi ed according to Ref. 
 [52] ; TEM image reprinted with permission from Ref.  [52] .   

metal nanoparticles simply by varying the deposition potential, time, and sub-
strate. However, the other imaginative methods of depositing nanoparticles onto 
the CNTs surface involve some tricky, tedious, and time - consuming treatments 
that allow the impurities in the bath solutions to be included either into the nano-
particles or onto the terrace of the CNTs themselves, thus affecting the optical or 
catalytic properties of the nanoparticles  [54] . Electrochemically deposited nanopar-
ticles    –    particularly of noble metals such as Au, Pt, or Pd    –    are often of very high 
purity, are formed rapidly, and have good adhesion to the CNT substrate  [53, 54] . 

 Quinn and coworkers  [53]  reported a general electrodeposition method for 
depositing noble metals such as Au, Pt, and Pd onto the surface of the SWNTs by 
immersing the latter in a solution of the respective metal salts, namely HAuCl 4 , 
K 2 PtCl 4 , and (NH 4 ) 2 PdCl 4 . Whilst the size of the nanoparticles was tuned by the 
concentration of the metal precursor salt and the electrochemical deposition 
parameters, the coverage of the nanoparticles on the surface of the SWNTs 
was controlled by the nucleation potential. The resultant composite material was 
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     Figure 7.9     General schematic illustration of the SWNT as an 
electrode used for the electrodeposition of metal 
nanoparticles, and AFM images of the predeposition (a) and 
postdeposition (b) of Au. The deposition time was 20   s. Scale 
bar   =   300   nm.  Reprinted with permission from Ref.  [53] .   

considered as a metallic wire, as the surface of the SWNTs was thoroughly deco-
rated by the metal nanoparticles (Figure  7.9 ). It was noted that, under the experi-
mental conditions, both the sidewalls and ends of the SWNTs were coated equally 
by metal nanoparticles, even though it is believed that the CNTs sidewalls are less 
reactive than the tube ends. The SWNT serves a dual function in such a way that 
initially acts as the electrodeposition template, and subsequently as a wire to elec-
trically connect the deposited Au, Pt, and Pd nanoparticles.   

 The cubic and spherical nanoparticles of gold, with a fairly narrow size distribu-
tion, deposited on the surface of the CNTs were produced by immersing copper 
foil - supported CNTs into an aqueous solution of HAuCl 4  with and without CuCl 2  
at room temperature under different reaction conditions (e.g., different concentra-
tion and reaction time)  [55, 56] . Both, the shape and size of the AuNPs were found 
to depend heavily on the gold salt concentration and reaction time, providing 
considerable room for regulating the morphological features of the resultant nano-
particles. The size of the AuNPs deposited on the surface of CNTs is approximately 
60 – 100   nm, although their size can be tailored by controlling the reaction condi-
tions, especially the deposition time  [56] . Gold nanospheres and nanocubes were 
multisite deposited along the CNT length, with individual nanotubes even thread-
ing through the nanoparticles (Figure  7.10 ). The facile and versatile technique for 
the shape -  and size - controlled syntheses of AuNPs for the site - selective modifi ca-
tion of CNTs is very attractive for producing various multicomponent nanoparticle
 – nanotube hybrid structures that might be useful in a wide range of potential 
applications, including fuel cells, catalytic, sensing, and optoelectronic systems. 
Further, in order to investigate and explain the optical response of the CNT – AuNP 
hybrid from a theoretical standpoint, a 3 - D electrodynamic model was built using 
the fi nite - difference time - domain  [56] . These studies proposed an anisotropic 
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     Figure 7.10     Scanning electron microscopy images of 
synthesized CNTs that are grafted with gold nanosphere and 
nanocube systems.  Reprinted with permission from Ref.  [56] .   

response, in line with the experimentally observed absorption peaks of such 
systems in the optical range.   

 Tello and coworkers introduced a new method, known as  solvated metal atom 
dispersion  ( SMAD ), in combination with CVD, to prepare MWNT and AuNP 
hybrid materials, and subsequently investigated their thermal stabilities  [57] . In 
the SMAD protocol, a colloid with small and highly reactive gold clusters was 
prepared by co - evaporation of the gold metal and acetone. The colloid was subse-
quently condensed into a frozen matrix in a liquid nitrogen atmosphere, and the 
matrix then allowed to warm to room temperature. The as - prepared gold clusters 
were reacted with previously incorporated MWNTs in the reactor to yield MWNT –
 AuNP hybrid materials which were thermally stable up to 400    ° C. Moreover, no 
appreciable changes in particle size were detected as the AuNPs were covered with 
amorphous carbon after annealing at 200    ° C (Figure  7.11 ).   

 Interestingly, whilst the average AuNP size was increased approximately from 
4 to 20   nm and the nanoparticles were detached from the MWNTs, no damage 
was induced on the MWNTs when the hybrid material was annealed beyond 600    ° C 
(Figure  7.11 c). Surprisingly, further heating (annealing up to 800    ° C) induced a 
severe transformation of the MWNTs (perhaps due to a catalytic activity of the 
AuNPs) into cylindrical solid carbon nanorods (Figure  7.11 d). It would appear that 
this method provides a new approach to the synthesis of both carbon nanorods 
and MWNT – AuNP composites that are useful in a variety of key applications. 

 A new and important approach was developed recently to form naked sub - 10 - nm 
AuNPs on individual 2   nm bare CNTs  [58] . These assemblies were produced on 
the terrace of a  porous anodic alumina  ( PAA ) template, on which the CNTs (single -  
or double - walled) were grown by using  plasma - enhanced chemical vapor deposi-
tion  ( PECVD ). The AuNPs were obtained via an indirect evaporation method using 
a membrane mask, consisting of a suspended, patterned silicon nitride fi lm; the 
AuNPs then diffused along the PAA surface into the regions containing CNTs 
(Figure  7.12 a). Three distinct regions were observed on the PAA surface: (i) a 
semi - continuous gold fi lm composed of multiple grains; (ii) a transition region, 
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     Figure 7.11     Transmission electron 
microscopy images for the as - prepared 
AuNP - CNT hybrids (a), and annealed up to 
200    ° C (b), 600    ° C (c), and 800    ° C; (d) HR - TEM 
images of AuNPs anchored on the CNT - walls 
(e, f); for the as - prepared AuNP – CNT hybrids 
(e), and annealed up to 200    ° C (f ). A carbon 

layer is encapsulating the AuNPs after the 
thermal process. Lattice fringes on gold 
particles are consistent with the (111) fcc 
orientation (0.235   nm); (g) A schematic 
representation of the process.  Reprinted with 
permission from Ref.  [57] .   

     Figure 7.12     (a) Diagram of a cross - section of 
the experimental set - up; (b) Schematic 
representation of the three regions with 
different Au particle distribution on the 
porous anodic alumina (PAA) fi lm after Au 
evaporation through a nitride membrane 
mask; (c) Enlarged view of region sparse 
AuNPs, showing one CNT emerging from a 
pore and growing along the PAA surface. The 

AuNPs diffuse into this region and attach to 
the CNT; (d) Field - emission scanning electron 
microscopy images of an area from region 
sparse AuNPS, showing two crossed CNTs 
decorated with AuNPs; (e) A sub - 5 - nm AuNP 
(indicated by a white arrow) is on a CNT and 
above the pore in the PAA fi lm. Scale 
bar   =   100   nm.  Reprinted with permission from 
Ref.  [58] .   
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in which a sparse coverage of small AuNPs was observed; and (iii) a region where 
negligible gold was observed. The schematic illustration of the three regions with 
different gold particle distributions on the PAA fi lm after the evaporation of gold 
through a nitride membrane mask is shown in Figure  7.12 b. The presence of the 
various regions is attributed to the migration of gold on the surface; as the gold 
atoms migrate they also aggregate, forming grains (at large surface coverage) and 
small nanoparticles (at lower surface coverage)  [59] . As shown schematically in 
Figure  7.12 c, within region (b) the AuNPs were observed on the PAA surface and 
on the CNTs. The  fi eld - emission scanning electron microscopy  ( FESEM ) image 
of an area within region (b) shows the presence of a number of well - defi ned par-
ticles with diameters  ∼ 5   nm along the CNTs, most likely due to AuNPs (Figure 
 7.12 d). In addition, somewhat diffuse bright regions with the dimensions of 20 –
 40   nm nearer to CNTs were also observed, though these may be due to local charg-
ing effects arising during the FESEM imaging. The AuNPs attached strongly to 
the CNTs, as substantiated by the observations of nanoparticles that were sus-
pended over pores or that moved along with the CNTs (Figure  7.12 e). The strong 
mechanical binding between the AuNPs and the CNTs revealed a comparatively 
close contact between the two objects, and also showed that this binding energy 
was larger than that between the cluster and the alumina surface. This behavior 
is signifi cant for understanding a strongly coupled electronic system. In contrast 
to most other general methods for the direct evaporation of gold onto CNTs, defect 
sites on the CNTs are not necessary in this method of creating preformed AuNPs. 
This approach may provide a new strategy for functionalizing CNTs for chemical 
or biological sensing and also for fundamental studies of nanoscale contacts to 
CNTs. Thus, drawbacks such as the complexity in directly functionalizing CNTs, 
and the inability to obtain individual SWNTs by using common bulk synthesis 
methods are avoided, which confi ne the applicability of CNTs as primary elements 
in sensors.    

  7.5.3 
 Interaction Between Modifi ed  AuNPs  and  CNT  s  

 A signifi cant feature of nanoscience and nanotechnology concerns the progress of 
experimental protocols for the preparation of nanoparticles of diverse chemical 
compositions, sizes, shapes, and controlled dispersity with a facile approach and 
no environmental risk  [60] . There are many established methods for the synthesis 
of AuNPs, including conventional chemical reduction, heat - treatment, microwave 
irradiation, sonochemical, photolytical, seeding growth approaches, and self -
 reduction using surfactants  [4, 61] . It is well known that the reaction medium, 
reducing agent, and capping or protecting agent are the three key factors for the 
synthesis and stabilization of metal nanoparticles in general, and for AuNPs in 
particular. By selecting these factors appropriately, it would be possible to modify 
the nanoparticles according to their convenient purposes. Therefore, it should 
also be possible to connect the AuNPs to the surface of the CNTs through either 
covalent linking or supramolecular (noncovalent) interaction. Hence, the AuNPs 
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prepared are modifi ed with suitable functional groups so as to link the AuNPs 
to the CNT surface. These connections can be attained by using the functional 
groups of the modifi ed AuNPs to covalently link with functional groups present 
on the surface of the CNTs. An alternative method would be simply to adhere the 
linker onto the CNT surface via supramolecular interactions such as hydrophobic 
interactions, hydrogen bond linkage,  π  –  π  interactions, or electrostatic attraction. 

  7.5.3.1   Covalent Linkage 
 As CNTs are chemically inert, the triggering of their surface is a vital prerequisite 
for linking the metal nanoclusters to them.  Chemical functionalization  is the 
most common and widely used way to introduce the linkers, as well as to improve 
dispersibility of CNTs, which is also signifi cant for the profi cient and uniform 
deposition of nanoparticles. The functionalization of SWNTs by a chemical method 
(covalent linkage) to enhance its dispersibility was introduced by Chen and 
coworkers  [62] . 

 Azamian and coworkers  [63]  employed carboxylate chemistry to covalently 
link the AuNPs to defect sites in controllably oxidized SWNT termini and/or 
sidewalls. The carboxylic acid groups created on a SWNT were converted to amides 
by reaction with carbodiimide reagents  [ N , N  ′  - dicyclohexyl - carbodiimide  ( DCC ) or 
 1 - ethyl - 3 - (3 - dimethyl - amino - propyl) - carbodiimide  ( EDC )] and 2 - aminoethanethiol. 
Generally, carbodiimide catalyzes the formation of amide bonds between carboxy-
lic acids or phosphates and amines by activating carboxyl or phosphate to form an 
 O  - urea derivative. The introduced thiol functionality was consequently linked with 
well - dispersed gold colloids (Figure  7.13 ). The attachment of AuNPs to SWNTs 
sidewalls was corroborated by imaging the pristine SWNTs with  atomic force 
microscopy  ( AFM ) before and after exposure to the coupling reagent and colloidal 
AuNPs. This technique may be extended to test, with ease, the functionalization 
of SWNTs with a range of groups.   

 A simple, direct, solvent - free approach was reported for decorating AuNPs 
onto the surface of MWNTs functionalized with aliphatic dithiols such as 1,4 - 
butanedithiol, 1,6 - hexanedithiol, 1,8 - octanedithiol, and 2 -  aminoethanethiol  [64] . 
While AuNPs ( ∼ 1.7   nm) with a narrow particle size distribution were produced on 
the 1,6 - hexanedithiol - functionalized MWNTs, the average size of AuNPs was 
5.5   nm, obtained on MWNTs derivatized with aminothiol. This difference in 
the AuNPs size was apparently due to a coalescence phenomenon of AuNPs in 
aminothiol - functionalized MWNT samples; this could be the result of a nonuni-
form capping of the aminothiol over the AuNPs surface, avoiding the passivated 
AuNPs. The main drawback of this approach is that attempts to attach AuNPs to 
the derivatized MWNTs using water as a solvent medium were not particularly 
successful, giving rise to a considerable agglomeration of gold over the nanotube 
bundles, obviously due to the poor CNT dispersibility in water. Instead, the 
MWNTs nicely decorated with well - dispersed AuNPs can be prepared only when 
water is substituted by 2 - propanol. It is anticipated that this method may be useful 
for attaching CNTs to gold tips for AFM and  scanning tunneling microscopy  
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     Figure 7.13     The chemistry used to connect the AuNPs to 
oxidized SWNTs. AFM images of SWNTs before (a) and after 
(b) exposure to the coupling reagents and colloidal gold 
particles. DCC   =    N , N  ′  - dicyclohexyl - carbodiimide.  Adopted and 
modifi ed according to Ref.  [63] ; AFM images reprinted with 
permission from Ref.  [63] .   

( STM ), and also potentially for monitoring the adsorption and concentration of 
trace metal ions. 

 An effi cient method was developed to functionalize MWNTs with thiol groups, 
after which AuNPs were anchored onto them to fabricate new composite materi-
als. Two different simple procedures were followed to produce MWNT – AuNP 
composite materials, as summarized in the Figure  7.14 . The thiol - functionalized 
MWNTs were stirred with already prepared AuNPs in toluene at room 
temperature, and in another way AuNPs were produced in the presence of thiol -
 functionalized MWNTs ( in situ  formation of MWNT – AuNP composite)  [65] . The 
TEM images showed self - assembly of the AuNPs on the MWNTs, where the 
AuNPs (Figure  7.14 a) of 25   nm were dispersed on the MWNTs. The shape and 
size of the AuNPs obtained using the  in situ  method were different (Figure  7.14 b) 
from those obtained with the former method. This might be explained by the 
existence of thiol groups surrounded by   AuCl4

− anions, which were reduced to 
AuNPs in the presence of reducing agents. These AuNPs represent the cores for 
further growth, as the thiol groups did not cover the whole particles.   

 Coleman and coworkers used the Bingel reaction to functionalize the SWNTs 
with a cyclopropane group  [66] . For this, the cyclopropane group was tagged using 
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     Figure 7.14     Experimental procedure for the fabrication of 
AuNP – MWNT composites and TEM images of AuNP – MWNT 
(a) and  in situ  AuNP – MWNT (b). TOAB   =   Tetra -
 octylammonium bromide.  Adopted and modifi ed according 
to Ref.  [65] ; TEM images reprinted with permission from 
Ref.  [65] .   

preformed  ∼ 5   nm gold colloids by exploiting the gold sulfur binding interaction, 
as shown in the Figure  7.15 . AuNPs were observed both on the sidewalls and at 
the ends of the SWNTs. The Bingel reaction is an example of a [2+1] cycloaddition 
reaction, and is a popular method in fullerene chemistry.   

 Recently, a novel DNA biosensor was fabricated for the detection of DNA 
hybridization based on the  layer - by - layer  ( LBL ) self - assembly of MWNTs and 
AuNPs via covalent linkage, which exhibited an excellent specifi city and chemical 
stability under the DNA - hybridization conditions  [67] . The LBL assembly repre-
sents one of the simplest ways of producing fundamentally and practically interest-
ing multilayer fi lms with unique mechanical properties; it also provides a precise 
control over fi lm composition and thickness, which in turn opens up many new 
opportunities for achieving the ideal model surface, the properties of which are 
controllable. For this, the cysteamine molecules simply act as a glue to connect 
activated MWNTs and AuNPs into a 3 - D hybrid network on the Au electrode, after 
which NH 2  - ssDNA ( ssDNA ;  single - stranded DNA ) was immobilized onto multi-
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     Figure 7.15     Schematic illustration of the chemistry used to 
connect AuNPs to SWNTs and AFM image of as - formed 
AuNP – SWNT composites by using the Bingel reaction. 
DBU   =   1,8 - diazabicyclo[5.4.0]undec - 7 - ene.  Adopted and 
modifi ed according to Ref.  [66] ; AFM image reprinted with 
permission from Ref.  [66] .   

layer fi lms via the amino link at the 5 ′  end. Owing to the electron - transfer ability 
of the CNTs and the catalytic activities of the AuNPs, the sensitivity of DNA bio-
sensors was improved and this DNA biosensor showed an excellent reproducibility 
and stability under DNA hybridization conditions.  

  7.5.3.2   Supramolecular Interaction Between  AuNPs  and  CNT  s  
 Another strategy for preparing CNT – AuNP composites is that of the supramolecu-
lar or noncovalent functionalization of CNTs, and the subsequent attachment 
of AuNPs based on noncovalent interaction such as hydrophobic – hydrophobic 
interaction, weak hydrogen bond linkage,  π  –  π  stacking interaction, or electrostatic 
attraction. 

  Hydrophobic Interactions and Hydrogen Bonding      Hydrophobic interaction  is the 
attractive force between molecules owing to the close positioning of the nonhy-
drophilic portions of the two or more molecules.  Hydrogen bonding  is a type 
of supramolecular interaction or a type of weak attractive (dipole – dipole) interac-
tion between an electronegative atom and a hydrogen atom bonded to another 
electronegative atom such as nitrogen, oxygen, or fl uorine. It can occur between 
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     Figure 7.16     Schematic illustrating the attachment of 
octanethiol (OT) - capped Au nanoclusters to acetone - activated 
MWNTs.  Reprinted with permission from Ref.  [69] .   

molecules, or within parts of a single molecule. A hydrogen bond tends to be 
weaker than a covalent or ionic bond, but stronger than van der Waals forces. One 
method of noncovalent functionalization of CNTs involves their association with 
amphiphilic molecules through hydrophobic interaction in aqueous medium  [68] . 
Hydrophobic interactions between the ligands forming the monolayer that 
passivate the metal surface have been used to deposit the metal nanoparticles 
onto the surface of the CNTs. A novel strategy was reported to link monolayer -
 protected gold nanoclusters of 1 – 3   nm diameter to the sidewalls of nonoxidized 
CNTs through hydrophobic interactions between acetone - activated CNTs and 
octanethiol - protected gold nanoclusters  [69] . The anchorage was provided by the 
interdigitation of alkyl chains of self - assembled molecular layers protecting the 
gold nanoclusters and molecular moieties adsorbed on the surface of CNTs (Figure 
 7.16 ). These molecularly interlinked hybrid nanoblocks may be signifi cant for 
exploring and manufacturing a rich variety of molecular nanostructures for poten-
tial device applications.   

 In addition to experimental studies, a theoretical model has been developed to 
provide a detailed account of the interactions (charge transfer, van der Waals, 
osmotic, elastic, nonelastic, and covalent) between tetraoctylammonium bromide -
 stabilized AuNPs and alkyl -  and alkylthiol - modifi ed MWNTs, so as to estimate the 
coverage of AuNPs at the surface of the MWNTs under different experimental 
conditions  [70] . A quantitative description of the interactions between AuNPs and 
MWNTs was made by comparing between the predictions of the theoretical model 
and the experimental results. From such a comparison, it was concluded that as 
the length of the alkyl chains at the surface of the MWNTs increased, coverage of 
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     Figure 7.17     Scheme showing the templated assembly of 
tetraoctylammonium bromide - stabilized AuNPs at the surface 
of unmodifi ed, alkyl - modifi ed, and alkylthiol - modifi ed MWNTs. 
 Reprinted with permission from Ref.  [70] .   

the AuNPs decreased (i.e., noncovalent adsorption). In contrast, for alkylthiol -
 modifi ed MWNTs, coverage of the AuNPs at their surface remained constant, 
irrespective of the length of the alkyl - thiol chain (covalent adsorption) (Figure 
 7.17 ). The theoretical model assumption was in good agreement with the experi-
mental fi ndings, which proved the validity of the predictive model. A signifi cant 
insight is that, under certain conditions, the coverage of AuNPs is very sensitive 
to the nature of the MWNT surface modifi cation and the environment, pointing 
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     Figure 7.18     Schematic representation of the molecularly 
mediated assembly of monolayer - capped AuNPs on CNTs, 
and the characteristic TEM image of the AuNP – CNT 
composite.  Adopted and modifi ed according to Ref.  [71] ; TEM 
image reprinted with permission from Ref.  [71] .   

the way to a rational design of functional CNT - based nanoscale devices with 
potentially widespread applications.   

 A molecularly mediated assembly of alkanethiolate - capped AuNPs onto the 
surface of MWNTs through a combination of hydrophobic interactions between 
the alkyl chains of the capping/linking molecules and the hydrophobic backbones 
of a nanotube and the hydrogen - bonding interaction between carboxylic groups of 
the capping/linking molecules and the functional groups on the surface of the 
nanotube, has been described  [71]  (Figure  7.18 ).   

 Here, the simplicity and effectiveness for assembling alkanethiolate - capped 
AuNPs of 2 – 5   nm core size onto CNTs with controllable coverage and spatially 
isolated character were achieved by adopting such a combination of interfacial 
chemistry    –    that is, a combination of hydrophobic and hydrogen - bonding interac-
tions between the organic shells and the CNT surfaces. The benefi t of this pathway 
is that it does not require any diffi cult and tedious surface modifi cation of 
CNTs. Rather, the assembly, packing density and distribution of the AuNPs onto 
the surface of the CNTs depended on the relative concentrations of the AuNPs, 
CNTs, and capping or linking agents. A thermal treatment to remove any organic 
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capping/linking shells of the AuNPs induced an agglomeration of the AuNPs that 
attached effectively to the CNTs surface. These composite materials were very 
stable, with even sonication in hydrophobic solvents being unsuccessful in dis-
sociating the composite material. In time, this approach may fi nd important 
implications for the design of nanostructured and nanocomposite catalyst and 
sensory materials. Since it is possible to control the size, shape, loading, and dis-
persion of the AuNPs on the surface of the conductive CNTs by using a combina-
tion of hydrophobic and hydrogen - bonding interactions, this system might also 
become important for addressing some of the fundamental issues in fuel cell 
catalysis applications. 

 Sainsbury and Fitzmaurice  [72]  reported a smart, noncovalent, self - assembly 
coverage of dibenzylammonium - cation - modifi ed MWNTs with crown - modifi ed 
(dibenzo[24]crown) AuNPs, where ammonium cations thread the crown ethers 
present on the AuNPs surface (Figure  7.19 ). From the different experimental 
conditions utilized, it was found that the MWNT - templated self - assembly of a solid 
nanowire was observed only when uncomplexed cations were present on the 
surface of the MWNTs and uncomplexed crown was present on the surface of the 
AuNPs (Figure  7.19 a – c). This signifi cant observation led to the perception that 
the possibility of driving force for the templated nanowire assembly via charge 
transfer from the crown - modifi ed AuNPs to the cation - modifi ed MWNT could 
be excluded. Therefore, it was concluded that the templated self - assembly of 
nanowires was driven by the formation of the surface - confi ned to pseudorotaxanes 
that resulted from the electron - poor cation threading the electron - rich crown. In 
order to initiate the templated self - assembly of a gold nanowire in solution, a 
dispersion of crown - modifi ed AuNPs in chloroform was added to a freshly soni-
cated suspension of cation - modifi ed MWNTs in chloroform. The stable dispersion 
of dodecane - thiol - modifi ed AuNPs was prepared using the well - known method 
introduced by Brust and coworkers  [73] . The nearly size - monodisperse fraction 
was subsequently modifi ed by the exchange of the adsorbed thiol for thiol - 
incorporating crown molecules (dodecanethiol incorporating a crown moiety 
in the terminal position)  [74] . The MWNTs were modifi ed by amide - coupling 
reactions either between the carboxy - modifi ed MWNTs and ethylenediamine, 
or between the remaining amine of the coupled ethylenediamine and the 
cation precursor [ N  - (4 - carboxydibenzylamine) carbamate]. This approach may 
offer the vision of diverse nanoscale components for which many applications can 
be anticipated.   

 A facile approach has been developed to prepare a hybrid material of 
dodecanethiol - protected AuNPs decorated on the surfaces of SWNTs and MWNTs 
simply by reacting dispersions of both components in dichloromethane  [75] . The 
as - prepared AuNP – SWNT and AuNP – MWNT systems exhibited a strong elec-
tronic coupling, which may infl uence important physico - chemical properties. 
Although the nature of the electronically coupled state was not clearly understood, 
it was anticipated that it might involve a charge - transfer character, in which the 
AuNPs functioned as an electron acceptor, receiving additional electron density 
from the SWNTs or MWNTs. The well - known absorption features of SWNTs led 
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     Figure 7.19     A cation - modifi ed MWNT and   the 
noncovalent self - assembly of AuNPs with   a 
crown ether - modifi ed monolayer,   and TEM 
images of (a) crown - modifi ed AuNPs 
adsorbed at the surface of a cation - modifi ed 
MWNT. The same AuNPs are not adsorbed at 

the surface of (b) a cation - precursor - modifi ed 
MWNTs or (c) an unmodifi ed MWNTs. 
 Adopted and modifi ed according to Ref.  [72] ; 
TEM images reprinted with permission from 
Ref.  [72] .   

to considering the dispersion of AuNP – SWNT instead of the less - explored and 
less - understood MWNTs characteristics. 

 In contrast to normal CNTs, Li and coworkers  [76]  produced  bamboo - like carbon 
nanotube s ( BCNT s) that were decorated with a high - density and uniform assembly 
of AuNPs on the surface, by using a simple and effective method. BCNTs pro-
duced by the pyrolysis of iron(II) phthalocyanine were sonicated in toluene for 
homogeneous dispersion, and then mixed, by gentle shaking, with the toluene 
solution of AuNPs protected by organic shell. The resultant composite materials, 
AuNP – BCNTs, were separated by centrifugation and washed repeatedly with 
toluene. Apart from the hydrophobic interaction between the alkyl chains of the 
capping/linking molecules and the hydrophobic backbones of the nanotubes, the 
specifi c interaction between AuNPs and the nitrogen atoms present on the surface 
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     Figure 7.20     Schematic illustration of the direct assembly of 
AuNPs on BCNTs. (a) TEM image of BCNTs; (b, c) BCNT –
 AuNP nanohybrids; (d) AuNPs supported on an undoped 
CNTs. The inset in (a) shows a higher - magnifi cation image. 
 Reprinted with permission from Ref.  [76] .   

of the BCNTs is responsible for the high - density and uniform assembly of AuNPs 
on BCNTs (Figure  7.20 ). It is important to note that, compared to the N - doped 
BCNTs, the pristine undoped CNTs were not effi cient for the direct, highly dense 
and uniform immobilization of AuNPs, due mainly to an absence of specifi c 
AuNP – N interactions or other activation processes. As evidently seen from the 
TEM images, the assembled AuNPs (average size 3.9   nm) were quite uniform, well 
dispersed, and decorated or packed onto the walls and ends of BCNTs with high 
density. The unique properties of the BCNTs, combined with this simple and 
straightforward assembly approach, may facilitate the use of CNTs in a variety of 
pivotal fi elds, including biosensors and fuel cell catalysis.    

   π  –  π  Stacking Interactions     This is a type of noncovalent interaction, which is 
mainly caused by the intermolecular overlapping of p - orbitals in   π   - conjugated 
systems (e.g., organic compounds or polymers containing aromatic moieties). The 
results of different studies  [68, 77]  have confi rmed that organics or polymers with 
phenyl groups could interact with CNTs through   π   –   π   stacking, which is a stronger 
interaction than the van der Waals forces. Compared to various aromatic com-
pounds, pyrene derivatives are more susceptible to stack on the surface of the 
CNTs via   π   –   π   stacking interactions  [78 – 80] . In this way, the intrinsic electronic 
properties of the CNTs are preserved, and the surface functional groups on the 
nanotubes can easily be varied by changing the pyrene derivatives. 

 By using bifunctionalized pyrene derivatives such as  17 - (1 - pyrenyl) - 13 - 
oxo - hepta - decanethiol  ( PHT ) as an interlinker, AuNPs were decorated on the 



 278  7 Gold Nanoparticles and Carbon Nanotubes: Precursors for Novel Composite Materials

     Figure 7.21     Illustration of the connection of AuNPs onto 
MWNTs through pyrene derivatives as an interlinker, and 
TEM image of MWNTs decorated with AuNPs. 
PHT   =   17 - (1 - pyrenyl) - 13 - oxo - heptadecanethiol.  Adopted and 
modifi ed according to Ref.  [78] ; TEM image reprinted with 
permission from Ref.  [78] .   

surface of the didecylamine - modifi ed MWNTs, where PHT bound to the surface 
of MWNTs via a   π   –   π   stacking interaction between its pyrenyl unit at one end and 
the sidewall of MWNTs, while the other terminal thiol group was interacted to the 
surface of AuNPs (Figure  7.21 ). In this way, AuNPs were self - assembled onto the 
surface of nanotubes via an organic linker. It should be noted that, while the fl uo-
rescence of the resultant composite material was entirely quenched, the Raman 
response of the CNTs was enhanced considerably. These important consequences 
imply that there are charge - transfer interactions between the CNTs and AuNPs 
through the organic interlinker.   
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     Figure 7.22     Representation for the fabrication 
processes of the AuNP – MWNT hybrids and 
molecular structure of MEPTCDI. (a) TEM 
image of AuNP – MWNT hybrids; (b) Emission 
from the AuNP – MWNT hybrid with MEPTCDI 

in water (left) and MEPTCDI in DMF (right) 
under UV irradiation at 365   nm. 
MEPTCDI   =    N , N  ′  - bi(2 - mercaptoethyl) -
 perylene - 3,4,9,10 - tetracarboxylic diimide. 
 Reprinted with permission from Ref.  [81] .   

 Very recently, the  in situ  - solution method was proposed for the synthesis of 
water - dispersable AuNP – MWNT hybrids with high density and well - distributed 
AuNPs by using an optoelectronic - active compound of   N , N  ′  - bi(2 - mercaptoethyl) -
 perylene - 3,4,9,10 - tetra - carboxylic diimide  ( MEPTCDI ) as an interlinker and stabi-
lizer for the formation of the AuNP – MWNT hybrids  [81] . Here, the MEPTCDI 
with both phenyl and mercapto groups, played a dual role as an interlinker (Figure 
 7.22 ) between the MWNTs and AuNPs (noncovalently wrapping of the MWNTs 
through   π   –   π   stacking) and as a stabilizer for controlling the nucleation and growth 
of AuNPs on the surface of the MWNTs. This endowed the AuNPs anchored 
on the surface of the MWNTs with a good stability and dispersability, as well as 
fl exibility of size - control (Figure  7.22 a).   

 AuNP – MWNT hybrids were prepared using an  in situ  procedure in such a way 
that the MWNTs were dispersed in aqueous solution containing  sodium dodecyl 
benzen sulfonate  ( SDBS ) by sonication and a  dimethylformamide  ( DMF ) solution 
of MEPTCDI was added to the MWNTs suspension, followed by the addition of 
an aqueous solution of HAuCl 4 , and stirred for 12   h at room temperature. The 
nanohybrids formed were further purifi ed by centrifugation and redispersed in 
water for further characterization. The as - prepared AuNP – MWNT hybrid with 
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MEPTCDI showed an interesting photoluminescence property under UV irradia-
tion at 365   nm (Figure  7.22 b). Based on several blank experiments and reported 
information  [82] , it was concluded that the strong luminescence of the hybrids did 
not result from the atomic Au clusters or from defects of the CNTs or from the 
organically functionalized CNT hybrids, but rather originated from the AuNP –
 MWNT hybrids with MEPTCDI, which may be due to energy transfer occurring 
between the MWNTs and AuNPs or between AuNPs and the MEPTCDI. This 
property of AuNP – MWNT hybrids in water may expand the potential applications 
as building blocks to a wider range such as light - emitting sources, biomedical 
labels, or even tracking materials for drug delivery, and so on. 

 AuNPs of 2 – 4   nm diameter were densely decorated on the walls of MWNTs 
using pyrenealkylamine derivatives such as 1 - pyrenemethylamine as the inter-
linker in aqueous solution  [83] . While the pyrene chromophore is noncovalently 
attached to the terrace of nanotubes through a   π   –   π   stacking interaction, the 
alkylamine substituent of 1 - pyrene - methylamine connects to the AuNPs (Figure 
 7.23 ). UV - visible absorption and luminescence spectroscopy were employed to 
monitor the formation of functionalized AuNPs and AuNP – CNT composites. Fol-
lowing surface modifi cation of the AuNPs with 1 - pyrenemethylamine, the absorp-
tion value of the pyrene chromophore was greatly decreased and the  surface 
plasmon resonance  ( SPR ) of AuNPs showed a red shift from 508 to 556   nm (Figure 
 7.23 a), owing to interparticle plasmon coupling. Further, the photoluminescence 
property of 1 - pyrenemethylamine and its emission intensity were drastically 
quenched after formation of the AuNP – CNT composites, most likely due to the 
energy and/or electron transfer from the excited pyrene fl uorophore to the AuNPs. 
This facile strategy for the formation of a high - density assembly of AuNPs onto 
the surface of CNTs (Figure  7.23 b) has been applied to other linking organic 
molecules with similar structures, such as  N  - (1 - naphthyl)ethylenediamine and 
phenethylamine, thus demonstrating the general applicability of this approach for 
preparing AuNP – CNT composites. The resultant composites may become impor-
tant for applications in low - temperature CO oxidation and other catalytic reactions. 
Further, the present strategy of depositing spherical AuNPs may be extended to 
produce CNT – Au nanorod heterojunctions for electronic connection and molecu-
lar sensing applications.    

  Electrostatic Interactions     Electrostatic interactions are noncovalent dipole – 
dipole or induced dipole – dipole interactions that can be either stabilizing or desta-
bilizing. A simple and profi cient method has been introduced for the selective 
anchoring of AuNPs on the surface of nitrogen - doped MWNTs by electrostatic 
adsorption  [84] . Nitrogen - doped MWNTs produced using a pyrolysis method were 
initially chemically modifi ed by acid treatment (mixture of H 2 SO 4  and HNO 3 ) 
and the resultant oxidized MWNTs subsequently treated with a cationic polyelec-
trolyte, namely  poly - (diallyldimethylammoniumchloride)  ( PDDA ). The polyelec-
trolyte was adsorbed onto the surface of the nanotubes by an electrostatic interaction 
between the carboxyl groups on the chemically oxidized nanotube surface and 
the polyelectrolyte chains. Negatively charged AuNPs of 10   nm were attached 
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     Figure 7.23     AuNP assembly on CNTs 
through the 1 - pyrenemethylamine interlinker. 
(a) UV - visible absorption spectra of: (curve a) 
free 1 - pyrenemethylamine in ethanol; (curve 
b) aqueous AuNP solution; (curve c) a 

mixture of 1 - pyrenemethylamine and AuNPs; 
(curve d) solution containing AuNP − CNT 
composites; (b) TEM image of the resulting 
AuNP − CNT composites.  Reprinted with 
permission from Ref.  [83] .   

to the surface of the nanotubes via electrostatic interactions between the polyelec-
trolyte and AuNPs (Figure  7.24 ). In this way, novel composites with homogene-
ously distributed AuNPs on the surface of nitrogen - doped MWNTs were obtained. 
Therefore, by selecting different types of polyelectrolytes the surfaces of the 
CNTs can be modifi ed to be either negatively or positively charged, such that 
accordingly different types of other nanoparticle (e.g., semiconductor nanocrystals, 
magnetic nanoparticles) can be selectively anchored to the nanotube surfaces. 
This strategy of decorating nanotubes can be used to identify the location of func-
tional groups on the CNT surfaces, while the resultant composite materials may 
be used in various domains such as catalytic, electronic, optical, and magnetic 
applications.   

 Another example of the electrostatic approach is the formation of AuNP – MWNT 
composites by the LBL self - assembly technique using polyelectrolytes  [85] . To this 
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     Figure 7.24     (a) Schematic view of the process for anchoring 
AuNPs onto CNTs; (b) TEM image of AuNP – CNT hybrid 
structures.  Reprinted with permission from Ref.  [84] .   

end, chemically functionalized MWNTs were wrapped with a layer of a positively 
charged polyelectrolyte (PDDA), followed by a layer of a negatively charged poly-
electrolyte such as  poly(sodium 4 - styrene sulfonate)  ( PSS ). Consequently, posi-
tively charged AuNPs prepared by the phase - transfer method  [86]  were immobilized 
on negatively charged MWNTs prepared by LBL self - assembly due to electrostatic 
interactions (Figure  7.25 ). Positively charged AuNPs also interacted with chemi-
cally functionalized MWNTs alone (without polyelectrolyte coating) through elec-
trostatic interaction with the carboxylic acid groups present on MWNTs sidewalls. 
Hence, it is expected that positively charged AuNPs could be used to detect nega-
tively charged defect sites on CNTs. However, the binding interaction between 
MWNTs and AuNPs is much more powerful and effective for the LBL approach 
than the direct approach.   

 The noncovalent attachment of silica - coated AuNP monolayers and multilayers 
onto CNT templates was achieved by using the polymer - wrapping technique, 
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combined with the LBL assembly process  [87] . First, a stable dispersion of indi-
vidual CNTs was obtained by dispersing the MWNTs in water by sonication in the 
presence of PSS, which acts as the wrapping polymer. PSS has negatively charged 
sulfonate groups, which serve as primers for the homogeneous adsorption of the 
cationic polyelectrolyte PDDA. In the LBL approach, the interactions accountable 
for the assembly are mostly electrostatic, and permit an exploitation of the surface 
properties of silica to obtain close - packed monolayers and multilayers. As a result, 
the MWNTs were entirely packed with dense monolayers of silica - coated AuNPs. 
Such composite nanowires were optically labeled and might have key applications 
as components of nanoelectronic circuits and waveguides. The repetition of the 
LBL process allows a good control of the thickness of the nanocomposites by 
increasing the number of layers deposited. Another strategy for functionalizing 
SWNT or MWNT surfaces noncovalently with polymer multilayers and AuNPs 
was also reported by Carrillo and coworkers  [88] . 

 Jiang and Gao reported a versatile method for the selective attachment of AuNPs 
onto the surface of the MWNTs  [38] . By using cationic  poly(ethyleneimine)  ( PEI ) 
or anionic  citric acid  ( CA ) as the dispersant, the surface properties of the MWNTs 
were modifi ed to yield a basic or acidic surface. Then, by electrostatic interactions, 
AuNPs of approximately 10   nm were successfully anchored onto the sidewalls of 
the MWNTs (Figure  7.26 ). In the case of the CA - coated MWNTs, the CA forms 
an adsorption layer around the outer walls of the CNTs and then reduces  in situ  
the HAuCl 4  to produce the AuNPs. The PEI treatment of the nanotubes and expo-
sure to the HAuCl 4  solution generated nitrogen - containing functional groups on 

     Figure 7.25     Schematic illustration of the LBL self - assembly 
technique. PDDA   =   poly(diallyldimethylammoniumchloride); 
PSS   =   poly(sodium 4 – styrene sulfonate).  Adopted and 
modifi ed according to Ref.  [85] .   
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     Figure 7.26     The process for attaching AuNPs to: (a) Citric 
acid - coated CNTs; (b) Poly(ethyleneimine) (PEI) - coated CNTs. 
The TEM images show the respective products.  Adopted and 
modifi ed according to Ref.  [38] ; TEM images reprinted with 
permission from Ref.  [38] .   

the outer walls of the MWNTs. This strategy may be extended to attach other 
nanoparticles (e.g., semiconductor, electrical and magnetic nanoparticles) onto the 
terrace of the CNTs by choosing different types of suitable dispersant.   

 Another straightforward  in situ  reduction procedure for the fabrication of CNT -
 supported AuNP composite nanomaterials was demonstrated by Hu and cowork-
ers  [89] . Here, linear PEI had a dual role as a functionalizing agent for the MWNTs 
as well as a reducing agent for the formation of AuNPs (Figure  7.27 ). The driving 
force involved in the functionalization of PEI on the surface of CNTs is a combina-
tion of the electrostatic interaction between the oppositely charged CNTs and the 
PEI and the physisorption process, which is analogous to the polymer - wrapping 
process  [87] . This synthetic method engages a mild heat - treatment process, which 
persuades the  in situ  reduction of HAuCl 4  on the MWNTs sidewalls and does 
not require the additional steps of oxidizing the MWNTs with mixed acids and 
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     Figure 7.27     Experimental procedure, in which 
poly(ethyleneimine) possibly interacts with acid - functionalized 
MWNTs through electrostatic interaction and a physisorption 
process.  Reprinted with permission from Ref.  [89] .   

introducing other reducing agents. More importantly, the dense package of AuNPs 
on the surface of CNTs was tailored by simply changing the experimental param-
eters, such as the initial molar ratio of PEI to HAuCl 4 , the relative concentration 
of PEI and HAuCl 4  to MWNTs, and both the temperature and duration of the heat 
treatment. This approach is anticipated to become universal for preparing com-
posites of CNTs and other noble metals, as well as heterogeneous CNT – AuNP 
composite nanowires, and also shows potential for applications such as electronic 
nanodevices.   

 Fullam and coworkers have shown that CNTs can be used as templates for the 
formation of Au nanowires    –    a new type of composite material which may have 
the potential for a wide range of applications. The CNT - templated self - assembly 
of gold nanocrystals and subsequent thermal processing of the nanocrystal assem-
blies to form continuous polycrystalline gold nanowires extending over many 
micrometers were described  [90] . The AuNPs were decorated on the surface of the 
CNTs, when mixing the CNTs to a dispersion of tetraoctylammonium bromide -
 stabilized gold nanocrystals ( ∼ 6    ±    1   nm) in chloroform. A monolayer coverage of 
gold nanocrystals on the surface of the CNTs was obtained after precipitation from 
solution. It was anticipated that the deposition of Au nanocrystals on the CNT 
surface would be similar to that of phase - transfer catalyst - stabilized gold nano-
crystals adsorbed as a monolayer onto the surface of [60]fullerene  [91] . Subsequent 
heat treatment of the gold nanocrystal - coated CNTs yielded a continuous polycrys-
talline gold nanowire with a CNT core. These fi ndings were of general interest as 
they showed that nanometer - scale structures self - assembled from nanocrystals 
might subsequently be processed to yield polycrystalline, nanoscale structures. 

 In contrast to the use of MWNTs to template the assembly of aligned nanopar-
ticles, which is a relatively common practice, Correa - Duarete and coworkers  [92]  
showed for the fi rst time that the nanorods were assembled with a preferential 
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     Figure 7.28     (a – c) TEM images of Au nanorods (average 
aspect ratio 2.94), assembled on MWNTs (average diameter 
30   nm) at various magnifi cations.  Reprinted with permission 
from Ref.  [95] .   

string - like alignment on the surface of MWNTs. The group showed that the forma-
tion of uniform electrostatic assembly of Au nanorods on MWNTs occurred in 
such a way that the nanorods formed strings with end - to - end contacts (Figure 
 7.28 ). Such a morphology would result in uniaxial plasmon coupling, and the 
nanorods could serve as a label to monitor the alignment of CNTs within polymer 
fi lms or other nanostructured systems, as demonstrated through optical absorp-
tion measurements on stretched poly(vinyl alcohol) fi lms loaded with the nano-
composite arrays. Fabrication of the aligned Au nanorods was achieved using 
the LBL technique. Prior to the assembly of gold nanorods, the MWNTs were 
wrapped with the negatively charged polyelectrolyte PSS, followed by an electro-
static assembly of the positively charged polyelectrolyte PDDA.   

 A different approach to fabricate MWNT – AuNPs was proposed via the noncova-
lent functionalization of MWNTs with surfactants such as  sodium dodecyl sulfate  
( SDS ) using the LBL - mediated assembly of a MWNT multilayer fi lm onto  indium 
tin oxide  ( ITO ) - coated glass plates  [93] . The supramolecular interactions  [94]  
between the alkyl chains of the SDS and the surface of the MWNTs leads to a good 
dispersion of MWNTs in water and, on the other hand, creates a distribution of 
electronic charges at the tube surface. This is very useful for the LBL assembly 
of uniform MWNT multilayer fi lms on the solid substrate and the fabrication of 
MWNT – AuNP composites. Hence, it was possible to assemble the MWNT mul-
tilayer fi lm onto the ITO plate via the electrostatic interaction of oppositely charged, 
SDS - modifi ed MWNTs and polyelectrolyte (e.g., PDDA). The same properties of 
the SDS - functionalized MWNTs were also shown to be useful for mediating the 
attachment of AuNPs onto the surface of the tubes. This approach to assembling 
CNT multilayer fi lms and the resultant composites may both fi nd application in 
the development of bioelectronic nanodevices such as biosensors and biofuel cells. 

 Biju and coworkers  [95]  used the functionalization of SWNTs to produce a 
hierarchical nanoscale composite material of SWNT – AuNPs as well as SWNT –
 CdSe – ZnS  quantum dot s ( QD s), and studied the photoluminescence properties 
of the resulting hybrid materials. The excessive sidewall functionalization of the 
SWNTs into nitro and amino derivatives provided water - solubility to the SWNT 
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     Figure 7.29     Steps involved in the functionalization of SWNTs, 
including successive conjugation to AuNPs and AFM phase 
image of SWNT – AuNP conjugates dispersed on a mica plate. 
 Adopted and modifi ed according to Ref.  [95] ; AFM image 
reprinted with permission from Ref.  [95] .   

derivatives. The AuNPs modifi ed with mercaptoacetic acid, which provides free 
surface carboxylic acid groups, were attached to SWNTs through quaternary 
ammonium salt formation (Figure  7.29 ). Based on absorption and photolumines-
cence spectroscopic measurements, it was observed that the conjugation of AuNPs 
to the SWNT templates induced electronic interactions between the components, 
which perturbed their energy states, absorption, and photoluminescence proper-
ties. The hierarchical nanoscale hybrid structures based on the SWNT and nano-
particle hybrid materials, together with an understanding of their optical properties, 
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were suggested to represent promising building blocks for a light - harvesting 
system  [96]  and nanoscale optoelectronic devices.   

 Another novel method was demonstrated by which to electroporate Gram - 
negative bacteria (e.g.,  Acidothiobacillus ferrooxidans ) through MWNTs  [97] . The 
addition of MWNTs into a solution containing bacteria and AuNPs, and subse-
quent exposure to microwave radiation, facilitated a rapid transport of AuNPs 
across the cell wall, without affecting cell viability. In fact, both cell viability and 
growth provided an insight into the stability of cell under microwave exposure, 
the reversibility of electroporation via MWNTs, and demonstrated the cells ’  ability 
to withstand a high intake of AuNPs. Upon the random addition of MWNTs to a 
bacteria – AuNPs solution, both the MWNTs and AuNPs remained uniformly sus-
pended, without any strong tendency to accumulate on the bacterial cells. However, 
upon exposure to microwaves, a large fraction of MWNTs and AuNPs was seen 
to accumulate on the cell surfaces.     

  7.6 
 Applications 

 It is well known that much attention has been paid to metal nanoparticles based 
on their pivotal applications as advanced materials in an ample diversity of areas 
such as catalysis, optical devices, nanotechnology, and the biological sciences 
 [98 – 100] . Today, many applications of metal nanoparticles are close to profi table 
implementation, with AuNPs in particular having attracted most attention based 
on their potential use in applications such as catalysis  [101, 102] , chemical sensors 
 [103] , biological and/or medical areas  [104, 105] , and the miniaturization of elec-
tronic devices due to their unique optical and electrical properties  [4] . The applica-
tions of thiol - stabilized AuNPs in catalysis comprise asymmetric dihydroxylation 
reactions  [106] , carboxylic ester cleavage  [107] , electrocatalytic reductions  [108] , and 
particle - bound ring - opening metathesis polymerization  [109] , among others  [4] . 
These catalytic applications have in common an exploitation of the carefully 
designed chemical functionality of the ligand shell, rather than the potential cata-
lytic activity of a nanostructured clean metal surface. From a biological aspect, a 
color change of AuNP aggregates, from ruby - red to blue, has been exploited in the 
development of a highly sensitive calorimetric technique for DNA analysis, capable 
of detecting trace amounts of oligonucleotide sequences. The same effect has also 
been used to distinguish between perfectly complementary DNA sequences and 
those exhibiting different degrees of base pair mismatches  [110] . One of the most 
famous potential long - term applications of AuNPs is the fabrication of new (even-
tually small) electronic devices  [111, 112] ; for example, a single - electron transistor 
action has been demonstrated for systems that contain ideally only one particle in 
the gap between two contacts separated by only few nanometers. 

 CNTs are of great interest due to their unique mechanical, electronic, and optical 
properties, as well as their interesting applications  [68, 77] . Both, SWNTs and 
MWNTs have been investigated in numerous promising areas such as fi eld emit-
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ters  [113] , memory elements  [114] , sensors  [46] , and nanotube aquators  [115] . In 
order to optimize the applications of CNTs, it is necessary to modify the sidewalls 
by chemical functionalization and to attach suitable nanoclusters to the nanotubes 
 [90, 116] . In this way, functionalized nanoparticles could be used as versatile 
building blocks in the construction of nanodevices. An example of this includes 
the decoration of AuNPs on to the surface of CNT sidewalls, which has shown 
particular promise towards the development of novel, highly, effi cient photoelec-
trochemical cells, fuel cells, or sensor devices. The noble metal nanoparticles in 
general    –    and AuNPs in particular    –    have become the focal point for many research 
groups on the basis of their special optical properties  [117] , their unusual electronic 
properties, including conductivity by activated electron hopping  [118] , and their 
remarkably high catalytic activity  [119] . Hybrid nanostructures combining these 
two types of material might improve these performances, and further extend 
the applications. 

 Considering that the broad spectrum of studies connecting metal nanoparticles 
and CNTs composites are mainly focused on the noble metals (e.g., Pt, Pd, Au, 
Ag, Ru), it is hardly surprising that the most potential applications of these com-
posite materials are in the fi eld of catalysis. The anchoring of metal nanoparticles 
in general (and of AuNPs in particular) to CNTs represents another means of 
producing new types of composite materials with useful properties for gas sensors 
and catalytic applications  [45, 120] . For example, Fasi and coworkers  [121]  have 
shown that AuNPs deposited on the surface of the MWNTs were active catalysts 
in the transformation of methyloxirane (Figure  7.30 ).   

 Methyloxirane, which can react in more than one direction and has a versatile 
functionality, is a favorite of synthetic chemists when creating complicated 
molecules from relatively simple synthons. It has also been reported that AuNP –
 CNT composites have been used as catalysts for some environmentally advanta-
geous reactions  [41, 71] . Gold - covered MWNTs were proposed as the basic element 
of a glucose biosensor  [122] , while the attachment of SWNTs to gold tips not 
only allowed observations to be made with both AFM and STM  [123, 124] , but 
also permitted an investigation of the potential of MWNTs as a solid phase for 
the adsorption and concentration of true metal ions  [125] . A key element 
when exploring the use of nanoparticle – CNT composites as sensors or catalytic 
materials is the possibility of an effective and controllable assembly of AuNPs on 
the surface of CNTs. Such attachment might also serve to detect the presence of 
certain functional groups on the CNT surface, thus proving that the derivatization 
had been successful.  

  7.7 
 Merits and Demerits of Synthetic Approaches 

 Several pathways have been introduced to either decorate or attach AuNPs onto 
the outer walls of CNTs, including processes of reduction, deposition, and chemi-
cal linking. By comparing and analyzing these different techniques, it can be 
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     Figure 7.30     Experimentally proven products obtained in the 
ring - opening reaction of methyloxirane by using AuNP – CNT 
composite as a catalyst.  Reprinted with permission from 
Ref.  [121] .   

concluded that each and every approach has its merits and demerits. Although, 
on each occasion the preferred approach can be selected depending on the condi-
tions and specifi c application purposes, a direct reduction or deposition of AuNPs 
on the surface of CNTs is generally the easiest and most effective way of ensuring 
that large quantities of nanoparticles are coated or deposited onto the CNT sur-
faces. Controlling the shape, size, and distribution of the nanoparticles, as well as 
the number deposited on the CNT surface, may be very diffi cult when using this 
approach, however. 

 The alternative approach, to link already modifi ed AuNPs with the CNT surface, 
is a rather complicated, expensive, multistep procedure that typically would include 
the synthesis and modifi cation of AuNPs, chemical modifi cation of the CNTs, and 
then linking of the two components. As well as being a very time - consuming 
process, the formation of composite materials by covalent linking is highly 
complex, as the number of AuNPs anchored covalently to the surface of the CNTs 
will be associated with the number of carboxyl groups or other chemical function-
alities of the CNT surface. The major advantages of such a linking procedure are 
that the size and shape of AuNPs can be tuned; likewise, under certain conditions 
the connection between AuNPs and CNTs is reversible. 
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 The linking of AuNPs to the CNT surface through hydrophobic or electrostatic 
interactions may be more benefi cial, as a fi ne dispersion with a high density of 
composite materials can be achieved if previously modifi ed AuNPs are deposited 
onto the CNT surface in this way. This is especially the case if the CNTs are pre-
modifi ed by polymers or surfactants, which enhance such interactions.  

  7.8 
 Conclusions 

 Owing to their unique geometry, exceptional properties and large surface 
area, CNTs are excellent candidates as support materials for metal nanoparticles 
in general, and for AuNPs in particular. The blending of these materials to 
create new composites should in turn lead to the generation of new hybrid materi-
als with applications in catalysis, electronics, and nanotechnology. Moreover, 
the formation of such composites can be achieved either by the deposition or 
attachment of AuNPs onto the CNT surface, or by their entrapment within the 
nanotube cavities. 

 In this chapter, we have discussed not only the synthetic approaches, assembly 
and interaction related to AuNP – CNT composites, but also their potential applica-
tions. The strategies used to create hybrid materials are variable and depend on 
the requirements and applications of the composite product. The interaction of 
CNTs with AuNPs provides the ability to generate signifi cant composite deriva-
tives with numerous potential applications, including advanced catalytic systems, 
biosensors, electronic nanodevices, probe tips for scanning probe microscopy, 
electrochemical sensors, and gas sensors. It is perhaps surprising to note that most 
potential applications for these composites involve catalytic systems, with the high 
surface area   :   volume ratio, excellent mechanical properties, thermal and electrical 
conductivity, chemical stability and inertness, and lack of porosity forming the 
basis of CNTs being used to support AuNPs. Indeed, with remarkable advances 
having been made in the area of catalysis, the effi cient industrial use of AuNP –
 CNT composites as catalysts will inevitably attract much interest in the future. Yet, 
perhaps the most signifi cant point for the future development of these hybrid 
materials would be to determine infl uential synthetic protocols and methodologies 
for the fabrication of composite materials with reproducible properties and per-
formances. Extensive studies are also required with regards to the possible re - use 
of the composites as catalysts, and consequently attention must be focused on 
their catalytic reaction mechanisms. Moreover, the spectrum of catalytic activity 
for AuNP – CNT composites must be extended to the production of industrially 
important compounds. In addition, simple but effective methods must be identi-
fi ed to deposit gold nanowires and nanorods onto the CNT surface, creating high -
 density packaging suitable for both electrical and electronic applications. The 
electron - transfer phenomenon that occurs between deposited AuNPs and CNTs 
should also be addressed in greater detail, as this may open new opportunities for 
the development of optoelectronic and light - to - energy - conversion devices. Another 
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future task will be to explore multicomponent systems that contain several differ-
ent types of structurally cooperating component, including combinations of metal 
semi - conductor nanoparticles. This may lead in turn to the development of new 
materials and structures with functional properties that are superior to those of 
currently available,  “ conventional ”  materials. It is envisaged, therefore, that the 
future will bear witness to a whole range of novel alloys related to AuNP and CNTs, 
while the list of applications of CNTs that have been functionalized with AuNPs, 
other metals, metal oxides and semiconductor nanoparticles, should expand sig-
nifi cantly in the near future. Undoubtedly, the great attraction of these composite 
materials will lead to many research groups undertaking increasing numbers of 
investigations into their properties and practical applications. 

 In conclusion, it is clear that the extraordinary diversity of structures, properties, 
and applications of the AuNP – CNT composites will stimulate many investigations 
into the fundamental properties and applications of these materials. Moreover, 
such studies will be conducted in association with other molecular, inorganic, and 
biological areas of research involving chemistry, physics, biology, and medicine.  
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  8.1 
 Introduction 

 Metal  nanoparticle s ( NP s) have attracted vast attention during the past decade 
on the basis of their unique optical, electronic, magnetic, and catalytic properties. 
In the case of gold NPs (AuNPs), their assembly, supermolecular chemistry, 
quantum - size related properties, and applications to biology, catalysis, and nano-
technology have been summarized by Daniel and Astruc  [1] . 

 Within the fi eld of electrochemistry, and in particular of electroanalysis, metal 
NPs have been actively utilized in the modifi cation of electrodes as functional 
nanomaterials, and this subject has been extensively reviewed  [2 – 4] . 

 In order to utilize metal NPs as unique devices in functional electrodes, 
they must normally be attached onto the electrode surfaces. Consequently, a 
wide variety of methods is available for preparing NP - attached functional elec-
trodes with respect to the metal NPs used, the nature of the substrate electrode 
materials, and the method of attachment. One well - known method of modifi cation 
is that of  electrochemical deposition , which involves the electrochemical reduction 
of metal ions onto the surfaces of a conducting material, such that the nanoparti-
cles become attached to the surfaces. This procedure is used in the case of 
AuNPs  [5, 6] . 

 A second,  “ chemical, ”  method is also available for preparing metal NPs. For 
this, bottom - up - type preparation strategies for metal NPs in solution are well 
known and well established, again as reported for AuNPs  [7 – 9] . In terms of regu-
larity and uniformity of NP size, the chemical approach is generally superior to 
electrochemical deposition, although certain diffi culties may be encountered when 
attaching metal NPs which have been formed in solution onto the electrode sur-
faces. It is possible that the more interesting characteristics of metal NPs might 
be diminished when they aggregate to form larger clusters, and consequently it is 
necessary to either fi x or attach the NPs while retaining a moderate degree of NP 
dispersion. The development of such attachment methods with appropriate 
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degrees of dispersion are, therefore, very important if the best use is to be made 
of the characteristics of metal NPs for electrode modifi cation. But this situation is 
also be true for the preparation of nanocomposites, as are used in electronic, 
sensing, and optical devices. 

 When attaching AuNPs to the electrode surfaces, a number of peculiar binding 
molecules that are suitable for connecting AuNPs with substrates have been 
used. For example, when connecting AuNPs with a glass surface, both 3 -  
mercaptopropyl - trimethoxysilane  ( MPTMS ) and 3 -  aminopropyl - trimethoxysilane  
( APTMS ) have been adopted; this process utilizes not only the bonding ability of 
the silanol group towards the glass surfaces but also the affi nity of the  – SH or 
 – NH 2  group for AuNPs  [10 – 12] . The AuNP - attached surfaces thus formed were 
successfully applied to surface - enhanced Raman spectroscopic measurements. 

 Although today, the use of these peculiar binder molecules has become standard 
strategy when attaching AuNPs to electrode surfaces  [13, 14] , it is to be expected 
that the characteristics of metal NPs    –    notably their conductivity and catalytic 
ability    –    might be greatly affected by the chemical reagents that surround or bind 
them. Hence, although the use of these bridging reagents is clearly effective in 
some respects (e.g., size - uniformity and rigid - fi xation of metal NPs), they may 
interfere in the process of utilizing the characteristics of the metal NPs. 

 If it were possible to attach metal NPs to a conducting substrate without the use 
of a binder molecule, it might be expected that novel conducting nanodispersed 
materials with unique electrochemical properties involving both the metal NPs 
and the conducting substrates, could be fabricated. Consequently, our group has 
recently developed a seed - mediated growth method for surface modifi cation with 
metal NPs, notably on the surfaces of  indium tin oxide  ( ITO ). 

 In this chapter, we summarize the development and applications of seed - 
mediated growth methods for the modifi cation of electrode surfaces. Examples 
include the wet chemical preparation of advanced functional nanomaterials 
composed of metal NPs and a conducting substrate.  

  8.2 
 Seed - Mediated Growth Method for the Attachment and Growth of  AuNPs  on  ITO  

 During the early stages of the studies, a seed - mediated growth method was used 
which originally had been developed by Murphy and coworkers to synthesize Au 
nanorods in aqueous solution, by the chemical reduction of HAuCl 4   [15, 16] . This 
approach was applied to the formation of AuNPs on the ITO surfaces  [17] . 

 In the actual procedure, a piece of ITO - coated glass was washed fi rst by sonica-
tion in acetone, and then in pure water. The washed ITO substrate was dried in 
air and prepared for immersion in a seed solution produced by adding 0.5   ml of 
a cooled pure aqueous solution of 0.1    M  NaBH 4  to 19.5   ml of a pure aqueous solu-
tion of 0.25   m M  HAuCl 4  and 0.25   m M  trisodium citrate, with stirring. When using 
this procedure, it has been reported that Au nanoseed particles of 3.5   nm were 
formed in the seed solution  [15] . 
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 The ITO substrate was then immersed in the seed solution so as to attach the 
Au nanoseed particles onto the surface. Typically, immersion in the seed solution 
was maintained for 2   h, and without any particular treatments. The ITO substrate 
was then removed from the seed solution, and the surface washed carefully by 
fl ushing pure water over the surface several times. Any water retained on the 
surface was removed with tissue paper, simply by touching the edges of the glass. 

 After blowing the surface of the ITO with N 2  gas until dry, the substrate was 
immersed in the growth solution. This was prepared by adding 2.5   ml of a pure 
aqueous solution of 0.01    M  HAuCl 4 , 0.5   ml of a pure aqueous solution of 0.1    M  
ascorbic acid, and 0.5   ml of a pure aqueous solution of 0.1    M  NaOH into 90   ml of 
a pure aqueous solution of 0.1    M   cetyltrimethylammonium bromide  ( CTAB ). 
Again, the ITO substrate was retained in the growth solution typically for a period 
of 24   h in order to promote the growth of AuNPs from the attached Au nanoseed 
particles. Finally, the sample was washed by fl ushing with pure water. 

 The real surface nanoscale images were recorded using  fi eld emission scanning 
electron microscopy  ( FE - SEM ). Figure  8.1 a shows the FE - SEM image observed 

     Figure 8.1     FE - SEM images of the ITO 
surfaces. (a) After immersion of the ITO into 
the seed solution for 2   h. The white circles 
indicate areas of attachment of small seed 
particles; (b) After subsequent immersion of 
the ITO in the growth solution for 24   h; (c) A 
low - magnifi cation image of the ITO surface of 

panel (b); (d) The ITO substrate was modifi ed 
initially with MPTMS, after which seed -
 mediated growth was performed in the same 
manner as for (b).  Reproduced with 
permission from Ref.  [17] ;  ©  2005, American 
Chemical Society.   
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after seeding, while the images in Figures  8.1 b and c were observed after the seed -
 mediated growth treatment. In the later images, the AuNPs grown on ITO were 
seen as white particles in the images against a background of ITO crystals. The 
AuNPs clearly grew to approximately 50 – 70   nm on the ITO surface from the 
Au nanoseed particles attached on ITO (Figure  8.1 a), following immersion in 
the growth solution   (i.e., by applying the seed - mediated growth method), while 
retaining a moderate dispersion  [17] .   

 The initial attachment of nanoseed particles would be expected to be promoted 
via the physisorption of ultrasmall NPs which had been dispersed in the seed 
solution by simply dipping the substrates  [18] . The second process should involve 
crystal growth via the chemical reduction of metal ions in the growth solution, 
which is inferred to proceed gradually around the nanoseed particles on the 
substrates. 

 As shown in Figure  8.1 d, the FE - SEM image of AuNPs on the ITO surfaces 
premodifi ed with MPTMS revealed signifi cant differences in the morphology of 
the grown AuNPs  [17] . Because the crystal - like structures of AuNPs were observed 
in the absence of MPTMS (Figures  8.1 b and c), the seed - mediated growth method 
was proposed as a unique means of attaching Au nanocrystals onto the ITO 
surfaces, without the use of binder molecules.  

  8.3 
 Electrochemical Applications of  AuNP  - Attached  ITO  

 The AuNP - directly attached ITO (AuNP/ITO) electrodes were then applied to 
electrochemical measurements. As inferred by the fact that as - prepared AuNPs 
on the ITO surface (Figure  8.1 c) displayed a different morphology than the 
MPTMS - linked AuNPs modifi ed on ITO (Figure  8.1 d), the AuNP/ITO electrodes 
provided attractive electrochemical and electrocatalytic properties to promote het-
erogeneous electron transfer kinetics  [19, 20] . In particular, the electrochemical 
impedance measurements performed to evaluate the effects of AuNPs on the 
interfacial electron transfer property revealed that the presence of a MPTMS layer 
caused a signifi cant increase in charge transfer resistance. The relatively low 
charge transfer resistances of the AuNP/ITO electrodes were clarifi ed from the 
impedance results, with the typical charge transfer resistance of the AuNP/ITO 
electrode being approximately one - third that of the AuNP/MPTMS/ITO electrode 
(Figure  8.2 )  [20] .   

 The AuNP/ITO electrodes were used for observing the electro - oxidation of uric 
acid, ascorbic acid, dopamine, norepinephrine (noradrenaline), and epinephrine 
(adrenaline)  [20] . Whilst the AuNP/MPTMS/ITO electrodes caused a depression 
in selectivity when determining epinephrine in the presence of ascorbic acid, due 
to the existence of the thiol monolayer, the AuNP/ITO electrodes were able to 
improve the detection sensitivity while retaining the selectivity  [20] . 

 The AuNP/ITO electrodes also provided a biocompatible matrix for the 
immobilization of  hemoglobin  ( Hb ). By using electrochemical impedance 
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     Figure 8.2     Electrochemical impedance spectra of ITO ( � ), 
MPTMS/ITO ( � ), Au/MPTMS/ITO ( � ) and Au/ITO ( � ) 
electrodes in 0.1    M  phosphate - buffered saline (pH   7.4) 
containing 1   m M  K 3 Fe(CN) 6  and 1   m M  K 4 Fe(CN) 6 . Electrode 
potential   =   0.22   V; Frequency range   =   100   kHz to 100   mHz; 
Voltage amplitude   =   5   mV.  Reproduced with permission from 
Ref.  [20] ;  ©  2005, Wiley - VCH.   

measurements, the modifi cation of AuNPs, followed by the immobilization of Hb 
on the electrode surfaces, was characterized with the [Fe(CN) 6 ] 3 −  /[Fe(CN) 6 ] 4 −   redox 
probe  [21] . Due to the promoted electron transfer of Hb by AuNPs, the Hb -
 immobilized AuNP/ITO electrodes exhibited an effective catalytic response to the 
reduction of H 2 O 2  with good reproducibility and stability. A linear relationship 
existed between the catalytic current and the H 2 O 2  concentration in the range of 
1    ×    10  − 5  to 7    ×    10  − 3     M , with a detection limit [ signal - to - noise ratio  ( SNR )   =   3] of 
4.5    ×    10  − 6     M   [21] . 

 A mediator - free H 2 O 2  sensor was also developed along with the application 
of AuNP/ITO electrodes for the immobilization of  myoglobin  ( Mb )  [22] . The 
Mb - modifi ed AuNP/ITO electrodes showed good reproducibility and stability in 
pH   7.0 buffer, this being based on the catalytic activity of Mb immobilized on 
AuNP/ITO towards the reduction of H 2 O 2 . A linear relationship existed between 
the catalytic current and the H 2 O 2  concentration in the range of 2.5    ×    10  − 6  to 
5    ×    10  − 4     M , with a detection limit (SNR   =   3) of 4.8    ×    10  − 7     M ). In this case, the direct 
electron transfer of Mb was recorded as a stable and well - behaved voltammetric 
response, with the Mb - immobilized AuNP/ITO electrodes in buffer solutions  [22] . 

 The effects of capping reagents on electron transfer reactions on the AuNP/ITO 
electrodes were also investigated using cyclic voltammography  [23] . In addition to 
the conventional preparation, with CTAB present in the growth solution, the pres-
ence of  sodium dodecyl sulfate  ( SDS ) was investigated to determine whether the 
fabrication of AuNP/ITO was also possible. Systematic cyclic voltammography 
was then carried out using the AuNP/ITO electrodes prepared with different 
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surfactants    –    namely cationic CTAB and anionic SDS    –    for the oxidation of anionic 
[Fe(CN) 6 ] 4 −   and reduction of cationic [Ru(NH 3 ) 6 ] 3+ . The results showed that the 
electrochemical responses were signifi cantly improved on both the AuNP/ITO 
electrodes, but did not depend on the charges of the capping surfactants and the 
redox species. Thus, the capping of CTAB and SDS on AuNP/ITO was concluded 
to be quite weak, so that the electron - transfer reactions of both [Fe(CN) 6 ] 4 −   and 
[Ru(NH 3 ) 6 ] 3+  were not disturbed  [23] . 

 The electrocatalytic activity of a  three - dimensional  ( 3 - D ) monolayer of 3 -  
mercaptopropionic acid  ( MPA ) assembled on AuNPs on the surface of ITO was 
investigated by using the weak capping of CTAB on the grown AuNPs  [24] . The 
electrochemical behavior of  nicotinamide adenine dinucleotide hydrate  ( NADH ) 
on the 3 - D MPA monolayer assembled on the AuNP/ITO electrodes indicated that 
the MPA layer promoted the electron transfer, which was similar to that of a  two -
 dimensional  ( 2 - D ) MPA monolayer assembled on planar gold electrodes. However, 
for the electro - oxidation of ascorbic acid and dopamine, the 3 - D MPA monolayer 
showed an obvious electrocatalytic promotion, while the 2 - D MPA monolayer 
exhibited a blocking effect. The catalytic activity of the 3 - D MPA monolayer would 
be an interesting feature of the proposed AuNP/ITO electrodes.  

  8.4 
 Improved Methods for Attachment and Growth of  AuNPs  on  ITO  

 A number of refi ned methods for improving or perturbing the seeding processes, 
namely the attachment of Au nanoseed particles, have been proposed by the 
present authors ’  group in order to recognize the signifi cance of the seeding 
treatment. 

 The fi rst approach involved an  in situ  reduction method, rather than seeding in 
the Au colloid solution. Here, it was shown that, when the seeding procedure was 
modifi ed to be carried out by the impregnation reduction of   AuCl4

−  in the presence 
of the ITO substrate, the density of AuNPs grown directly on the surface was 
greatly improved  [25] . Figure  8.3  shows the FE - SEM images of the AuNP - attached 
ITO surfaces prepared using the  in situ  reduction method. The initial attachments 
of the seed particles were recognized on the ITO crystals (Figure  8.3 a), after which 
the AuNP growth could be seen with time on the nanostructured ITO surface. 
After a 24 - h growth period, the smaller AuNPs were found to be attached densely 
on the ITO surfaces (Figure  8.3 c). Repeating the growth treatment was also effec-
tive in increasing the size of the AuNPs (Figure  8.3 d), although an increasing time 
for the repeated treatment led to a decrease in the monodispersion properties of 
the AuNPs on the electrode surface. In other words, the particle size difference 
became larger, indicating that the AuNPs had not grown uniformly.   

 The facile heterogeneous electron transfer kinetics resulting from the deposition 
and growth of the AuNP - arrays was then monitored by using the [Fe(CN) 6 ] 3 −  /
[Fe(CN) 6 ] 4 −   redox probe for cyclic voltammetry measurements. In addition, the 
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     Figure 8.3     FE - SEM images of AuNP - attached ITO surfaces. 
For seeding, the ITO substrate was immersed into the 
solution containing   AuCl4−  and citrate ions before the 
reduction by NaBH 4 . (a) Observed just after seeding; 
(b, c) After growth treatment for (b) 15   min and (c) 24   h; 
(d) After repeating 24 - h growth three times.  Reproduced with 
permission from Ref.  [25] ;  ©  2005, Elsevier.   

AuNP/ITO electrodes thus prepared exhibited a high catalytic activity for the 
electro - oxidation of  nitric oxide  ( NO ), which in turn led to electroanalytical applica-
tions for NO sensing  [25] . 

 For the second approach, an attempt was made to grow high - density AuNPs on 
the ITO surfaces by using a  “ touch ”  seeding technique rather than the  “ normal ”  
seeding in the seed - mediated growth procedure  [26] . This approach provided a 
simple and useful strategy to promote the growth of AuNPs on ITO surfaces by 
simply touching the surface that had already been covered with a drop of Au 
nanoseed solution with tissue paper. 

 Subsequent FE - SEM characterization of the growth of AuNPs on two different 
structured ITOs    –    namely, rough and smooth structures (Figure  8.4 )    –    has con-
fi rmed that this approach was commonly effective and prospective for fostering 
the growth of high - density AuNPs with a relatively small size (ca. 10 – 30   nm) of 
spherical particle  [26] .   

 Based on optical absorption measurements of the AuNP - densely attached ITO 
samples, it was confi rmed that the modifi ed ITO substrates could be used for 
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     Figure 8.4     FE - SEM images of AuNP - attached ITO surfaces 
prepared using the touch seed - mediated growth method. 
(a, c) High - magnifi cation and (b, d) low - magnifi cation images 
of the surfaces of (a, b) rough ITO and (c, d) smooth ITO. 
 Reproduced with permission from Ref.  [26] ;  ©  2005, 
American Chemical Society.   

photoelectrochemical applications, an example being the optically transparent 
electrode  [26] . In addition, the densely attached AuNP/ITO electrodes thus fabri-
cated were applied to observe the electrochemical responses of hydroquinone 
and  p -  aminophenol in phosphate buffered solutions  [27] . Although the electron -
 transfer reactions of these compounds were sluggish on bare ITO electrodes, 
improved electrochemical responses could be remarkably observed on the AuNP/
ITO electrodes fabricated with the  “ touch ”  seed - mediated growth method  [27] . 

 The dense attachment of AuNPs could be also carried out using a cast 
seed - mediated growth method  [28] . Cast seeding which involved three cycles of 
dropping the seed solution containing Au nanoseed particles and evaporation at 
30    ° C, followed by treatment in the growth solution containing HAuCl 4 , CTAB, 
and ascorbic acid, was found to be suitable for preparing the AuNP - attached ITO 
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     Figure 8.5     FE - SEM images of AuNP - attached ITO surfaces 
prepared using the cast seed - mediated growth method. The 
repeated cycles of casting were (a) three times and (b) 10 
times. The insets show the higher - magnifi cation images. 
 Reproduced with permission from Ref.  [28] ;  ©  2006, Elsevier.   

surfaces having a higher density and a narrower size distribution. The FE - SEM 
image is shown in Figure  8.5 a. On the other hand, a 10 - cycle cast seeding process 
formed the connected or networked nanostructures of AuNPs (see Figure  8.5 b), 
while the optical properties were also different from those of the dispersed AuNP -
 attached ITO  [28] . The cast seeding approach provided a facile and practical strat-
egy for attaching AuNPs on the ITO surfaces while controlling the amount of Au 
loading and without using certain organic binder molecules.   

 Furthermore, by adjusting the concentration of citrate ions in the seed solution 
from 1   m M  to 50   m M  by adding trisodium citrate after the preparation of the Au 
nanoseed solution, dramatic changes could be observed in the SEM images and 
in the actual colors of the ITO substrates, which in turn indicated changes in the 
nanostructures of the AuNPs formed on the ITO surfaces  [29] . The attachment 
of smaller AuNPs with a higher density was observed when 25   m M  citrate ions 
were added in the seed solution (see Figure  8.6 ). In contrast, larger AuNPs were 
seen to attach when the concentration of citrate ions was increased to 50   m M . 
On the basis of this difference and the FE - SEM images observed just after seeding, 
it was inferred that the citrate ions affected not only the growth process but also 
the seeding process  [29] .   

 Whilst the repulsive power expected from the increased negative charges of 
citrate ions was not signifi cant, a rather dense attachment was promoted as the 
particular effect of citrate ions. Such control of the AuNP attachment on ITO 
would be practically effective because the dense attachment could be achieved by 
simply changing the composition of the seed solution.  
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     Figure 8.6     FE - SEM images of AuNP - attached ITO surface. 
The sample was prepared by adding (a) 25   m M  and 
(b) 50   m M  citrate ions into the seed solution before 
seeding, followed by the growth treatment.  Reproduced 
with permission from Ref.  [29] ;  ©  2006, Elsevier.   

  8.5 
 Attachment and Growth of  AuNPs  on Other Substrates 

 The seed - mediated growth method for surface modifi cation with AuNPs could be 
applicable to the surface treatments of various types of substrate, mainly because 
that the modifi cation of AuNPs was found to be possible on all of the examined 
materials, including  glassy carbon  ( GC ), mica, stainless, epoxy resin, phenol resin, 
simple glass, and ZnO fi lm. FE - SEM observations of these materials revealed that 
the AuNPs attached and grew on the surfaces, although the grown size of the 
AuNPs and the formation of rod - like particles varied depending on the substrates. 
Thus, attachment of the Au nanoseed particles by simple immersion into the Au 
colloid solutions is considered to proceed commonly via physisorption, and not by 
specifi c chemical bonding. 

 As an example, Figure  8.7  shows the FE - SEM images of AuNP - attached GC 
surfaces observed after seed - mediated growth treatment  [30] . Here, although the 
seeding time was fi xed at 2   h for all samples, the growth period was changed from 
5   min to 24   h. This resulted in the dense attachment of AuNPs on the GC surfaces, 
and shorter growth times when compared to the cases where the ITO surfaces 
were modifi ed. In addition, fl at and smaller AuNPs were clearly formed on the 
GC surfaces (see Figure  8.7 a – c). Interestingly, a longer (24   h) treatment in the 
growth solution promoted the growth of some microcrystals in local areas, as 
shown in Figure  8.7 d. This would be a refl ection of ripening in the growth solu-
tion, to promote crystal growth and to form the bold bodies. The AuNP - attached 
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     Figure 8.7     FE - SEM images of AuNP - attached GC surfaces. 
Samples were prepared using the seed - mediated growth 
method, with seeding for 2   h. The growth period was 
(a) 5   min, (b) 2   h, (c) 8   h, and (d) 24   h. The observation of 
(d) was focused on an area where bold crystals were 
dominantly formed.  Reproduced with permission from 
Ref.  [30] ;  ©  2009, Japan Society for Analytical Chemistry.   

GC electrodes prepared using the seed - mediated growth method were used for 
the electrochemical detection of nitrite  [31] .   

 The method of attachment used for AuNPs on solid surfaces was applied to the 
slightly different fabrication of a functional electrode. The technique was used to 
attach AuNPs onto mesoporous TiO 2  fi lms prepared via a liquid - phase deposition 
process on GC substrates  [32] . Whilst the TiO 2  fi lm strongly inhibited the electron 
transfer process of the [Fe(CN) 6 ] 3 −  /[Fe(CN) 6 ] 4 −   redox couple, electrochemical meas-
urements indicated that the overpotential for the reduction of maleic acid was 
signifi cantly decreased when the electrode surface was covered with TiO 2  fi lm, due 
to the electrocatalytic activity. After attaching the AuNPs by the seed - mediated 
growth method (Figure  8.8 ), however, the sluggish heterogeneous electron trans-
fer kinetics at the TiO 2  fi lm was effectively improved while the catalytic activity of 
the TiO 2  fi lm was retained  [32] . This example showed the effect of AuNPs on the 
nature of less - conducting electrode materials.    
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     Figure 8.8     FE - SEM images of (a) TiO 2  fi lm and (b) AuNPs 
attached and grown on the surfaces of TiO 2  fi lm. When the 
TiO 2  fi lm had been prepared on the GC substrate by 
liquid - phase deposition, the AuNPs were attached and grown 
using the seed - mediated growth method.  Reproduced with 
permission from Ref.  [32] ;  ©  2005, Electrochemical Society.   

  8.6 
 Attachment and Growth of  Au  Nanoplates on  ITO  

 Although previously, all approaches and trials for preparation have focused on 
the seeding process, it is likely that a modifi cation of the growth process should, 
potentially, also be capable of altering the nanostructures of AuNPs on the ITO 
electrode surfaces. 

 As a new strategy for attaching Au nanoplates onto the ITO surfaces, a 2 - D 
crystal growth of Au was permitted through a liquid - phase reduction from Au 
nanoseed particles attached to the ITO surface, using  poly(vinylpyrrolidone)  ( PVP ) 
rather than CTAB as a capping reagent in the growth solution  [33] . By controlling 
the PVP concentration it was possible to form Au nanoplates (see Figure  8.9 ) with 
a surface coverage of up to 30%, although variously shaped Au nanocrystals were 
formed concurrently on the ITO surface. The Au nanoplates were single crystalline 
in nature, with (111) basal planes and an edge - length of up to approximately 
 ∼ 2    μ m, growing parallel to the ITO surface  [33] . The concentration of PVP in the 
growth solution was a key factor in the Au nanoplate formation, as spherical or 
irregularly shaped AuNPs were formed at either higher or lower concentrations 
of PVP  [33] . The absorption spectra of the Au nanoplate - attached ITO implied 
anisotropic and specifi c optical characteristics of the modifi ed ITO glasses.   

 The Au nanoplate - attached ITO electrode showed some interesting characteris-
tics; for example, an electrochemical response to cytochrome c was observed 
without using promoter molecules. However, in order to better examine the 
functions of the Au nanoplates, an increase in their coverage is important. Hence, 
improved attachment and coverage methods for Au nanoplates are currently 
under investigation.  
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     Figure 8.9     FE - SEM images of Au nanoplates attached 
and grown on ITO surfaces. (a) High - magnifi cation and 
(b) low - magnifi cation images.  Reproduced with permission 
from Ref.  [33] ;  ©  2006, American Chemical Society.   

  8.7 
 Attachment and Growth of Silver Nanoparticles ( AgNPs ) on  ITO  

 By applying the same seed - mediated growth method, silver nanosphere and 
nanorod particles were successfully attached to the ITO surfaces  [34] . As with 
AuNPs, the attachment of AgNPs could be performed without using a bridging 
reagent (such as MPTMS), by a simple two - step immersion into fi rst the seed 
solution, and second into the growth solution containing AgNO 3 , CTAB, and 
varying amounts of ascorbic acid  [34] . 

 The formed nanostructures were found to be very sensitive to the ascorbic acid 
content of the growth solution. For example, with an ascorbic acid concentration 
of 0.64   m M  the AgNPs grew on the ITO surface but retained a moderate dispersion 
(Figure  8.10 a). However, when the concentration was raised to 0.86   m M , Ag 
nanorod and nanowire formation on the ITO surfaces was much less dispersed 
(Figure  8.10 b).   

 The attachment of AgNPs onto the ITO surfaces was suffi ciently strong for 
further use, for example as a working electrode, and consequently AgNP/ITO 
electrodes were used in a number of electrochemical measurements. As a result, 
it was confi rmed that the outer spheres of the Ag nanoparticles involved in 
the redox reaction showed the typical oxidation and reduction waves of Ag metal 
 [34] . In addition, the redox behavior of [Fe(CN) 6 ] 3 −  /[Fe(CN) 6 ] 4 −   was improved 
on the AgNP/ITO electrode, refl ecting the low electron transfer resistance of Ag 
(see Figure  8.11 a). This, in turn, indicated that the AgNPs promoted electron 
transfer reactions by their presence on the conducting ITO surface. The AgNP/
ITO electrode was also investigated for reduction of the methyl viologen dication 
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     Figure 8.10     FE - SEM images of AgNP - attached ITO surfaces. 
The ITO substrate was fi rst immersed in the seed solution for 
2   h and then into the growth solution containing (a) 0.64   m M  
or (b) 0.86   m M  ascorbic acid for 24   h.  Reproduced with 
permission from Ref.  [34] ;  ©  2005, American Chemical 
Society.   

     Figure 8.11     (a) Cyclic voltammograms of 
0.5   m M  [Fe(CN) 6 ] 3 −   and 0.5   m M  [Fe(CN) 6 ] 4 −   in 
0.1    M  phosphate - buffered solution (pH   7.0) 
recorded using: (curve a) a bare ITO 
electrode; (curve b) an Ag seed - attached ITO 
electrode; and (curve c) an AgNP/ITO 
electrode. Scan rate   =   50   mV   s  − 1 ; (c) Cyclic 

voltammograms of 0.5   m M  methyl viologen 
dication in 0.1    M  Na 2 SO 4  recorded using: 
(curve a) a bare ITO electrode; (curve b) a 
conventional Ag electrode; and (curve c) an 
AgNP/ITO electrode. Scan rate   =   100   mV   s  − 1 . 
 Reproduced with permission from Ref.  [35] ; 
 ©  2006, American Chemical Society.   



 8.8 Attachment and Growth of Palladium Nanoparticles on ITO  311

(Figure  8.11 b), in order to determine the native adsorption features of the 
fabricated AgNP/ITO electrodes  [34] .    

  8.8 
 Attachment and Growth of Palladium Nanoparticles  PdNPs  on  ITO  

  Palladium nanoparticle s ( PdNP s) were also successfully attached and grown on 
ITO surfaces using the seed - mediated growth method  [35] . The FE - SEM images 
recorded after treating the Pd nanoseed particle - attached ITO substrates in a 
growth solution for 4 and 12   h, respectively, are shown in Figures  8.12 a and b. 
Crystal growth of PdNPs occurred as the immersion time in the growth solution 
was increased, with Pd nanocrystals of 60 – 80   nm being identifi ed after 24   h 
(Figures  8.12 c and d). The major characteristic of the formed nanostructure of Pd 
was that the nanocrystals tended to adhere to each other. Moreover, such aggrega-
tion occurred not only on the surface but was also 3 - D in nature; that is, some 
nanocrystals were seen to grow above the basal nanocrystals. The nanostructure 

     Figure 8.12     FE - SEM images of PdNP - attached ITO surfaces. 
The ITO substrates were immersed into the seed solution for 
2   h and then into the growth solution for: (a) 4   h; (b) 12   h; and 
(c) 24   h; (d) A low - magnifi cation image of the surface of panel 
(c).  Reproduced with permission from Ref.  [35] ;  ©  2006, 
American Chemical Society.   
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of Pd grown on ITO was quite different from that of Au and Ag, mainly because 
the AuNPs and AgNPs tended to form in dispersed states (see above). Hence, the 
inference was that the identity of the metal changed the aggregation characteristics 
during the growth process, despite using CTAB as the same capping reagent in 
all growth procedures.   

 Due to the dense nanoparticle attachment (see Figure  8.12 c), the PdNP/ITO 
electrodes had a signifi cantly lowered charge transfer resistance compared to that 
of a bare ITO, and the redox reaction of [Fe(CN) 6 ] 3 −  /[Fe(CN) 6 ] 4 −   was observed to be 
reversible in 0.1    M  phosphate - buffered solution (Figure  8.13 a)  [35] . The electro-
catalytic property of PdNPs attached on ITO was confi rmed for the reduction of 
oxygen (Figure  8.13 b). In addition, some typical responses were observed in 0.5    M  
H 2 SO 4  with the PdNP/ITO electrodes, refl ecting both the characteristics of the 
NPs and the thin layer on a nanoscale  [35] . The proposed preparation method for 
PdNP - attached ITO surfaces should be promising for catalytic applications, as well 
as electrochemical uses.    

  8.9 
 Attachment of Platinum Nanoparticles  PtNPs  on  ITO  and  GC  

 Although attempts were made to prepare  platinum nanoparticle s ( PtNP s) on ITO 
surfaces using the seed - mediated growth method, some preliminary studies 
showed this approach to be diffi cult  [36] . The problems were caused by the appear-
ance of brown precipitates in the growth solution, despite using the same principle 
(i.e., the mixing of K 2 PtCl 4 , CTAB and ascorbic acid), before the seed - attached ITO 
was immersed. 

     Figure 8.13     (a) Cyclic voltammograms of 
1.0   m M  [Fe(CN) 6 ] 4 −   in 0.1    M  phosphate -
 buffered solution (pH   7.0) with: (curve a) a 
bare ITO electrode; (curve b) a bulk Pd 
electrode; and (curve c) a PdNP/ITO 
electrode prepared via 24   h growth. Scan 
rate   =   50   mV   s  − 1 ; (b) Cyclic voltammograms 
recorded with: (curves a, b) the PdNP/ITO 

electrode prepared via 24   h growth in (curve 
a) air - saturated and (curve b) N 2  - saturated 
0.1    M  KCl solutions, and with (curve c) a Pd 
bulk electrode and (curve d) a bare ITO 
electrode in air - saturated 0.1    M  KCl solution. 
Scan rate   =   50   mV   s  − 1 .  Reproduced with 
permission from Ref.  [35] ;  ©  2006, American 
Chemical Society.   
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     Figure 8.14     FE - SEM images of PtNP - attached ITO surfaces. 
The ITO substrate was immersed in the growth solution 
containing 0.25   m M  K 2 PtCl 4  and 5   m M  ascorbic acid for 24   h. 
(a) Low - magnifi cation and (b) high - magnifi cation images of 
the same surface.  Reproduced with permission from Ref.  [36] ; 
 ©  2006, American Chemical Society.   

 However, with further investigation the attachment of PtNPs on ITO was 
achieved by employing a rather simple method, namely a one - step  in situ  chemical 
reduction of   PtCl4

2−  by ascorbic acid, but without using CTAB  [36] . The FE - SEM 
images of the PtNP - attached ITO surfaces prepared via this  in situ  reduction 
method are shown in Figure  8.14 . Here, the attached PtNPs were spherical and 
showed an agglomerated nanostructure which was composed of small nanoclus-
ters. Based on the morphological changes which were dependent on the growth 
time, PtNPs were shown to grow via a progressive nucleation mechanism  [36] .   

 Characteristically, when PtNP/ITO was used as a working electrode, the 
charge transfer resistances were found to be signifi cantly lowered due to the PtNP 
growth. Hence, for the typical redox system of [Fe(CN) 6 ] 3 −  /[Fe(CN) 6 ] 4 −  , the PtNP/
ITO electrodes exhibited electrochemical responses which were similar to that 
of a bulk Pt electrode  [36] . It was also apparent that the PtNP/ITO electrodes 
had signifi cant electrocatalytic properties for oxygen reduction and methanol oxi-
dation (see Figures  8.15 a and b, respectively)  [36] . Those PtNPs which demon-
strated an agglomerated nanostructure should show promise as a new type of 
electrode material.   

 The  in situ  reduction method used to prepare PtNPs was also applied to the 
modifi cation of GC surfaces. This resulted in a thin continuous Pt fi lm which was 
composed of small nanoclusters that had a further agglomerated nanostructure 
of small grains, and could be attached onto the GC surface  [37] . FE - SEM images 
of the  Pt nanocluster fi lm  ( PtNCF ) are shown in Figure  8.16 . The electrochemical 
results obtained indicated that the current values for Pt oxidation, Pt oxide reduc-
tion and hydrogen - related redox reactions, when recorded with the PtNCF 
electrode, were almost twice those with the Pt nanocluster dispersedly - attached 
GC (PtNC/GC) electrode, but this refl ected the higher Pt loading (Figure  8.17 a) 
 [37] . The electrocatalytic ability of the PtNCF for methanol oxidation was also 
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     Figure 8.15     (a) Cyclic voltammograms 
recorded using (curves a, b) a PtNP/ITO 
electrode prepared via 24   h growth in: (curve 
a) air - saturated and (curve b) N 2  - saturated 
0.5    M  H 2 SO 4  solutions, and (curve c) a Pt bulk 
electrode for the air - saturated 0.5    M  H 2 SO 4  
solution. Scan rate   =   50   mV   s  − 1 ; (b) Cyclic 
voltammograms obtained for 0.1    M  methanol 

oxidation in the N 2  - saturated 0.5    M  H 2 SO 4  
solution recorded with: (curve a) the prepared 
PtNP/ITO electrode; (curve b) a Pt bulk 
electrode; and (curve c) a bare ITO electrode 
Scan rate   =   50   mV   s  − 1 .  Reproduced with 
permission from Ref.  [36] ;  ©  2006, American 
Chemical Society.   

     Figure 8.16     FE - SEM images of PtNCF attached on GC. The 
concentration of ascorbic acid for preparation was 5.1   m M . 
(a) High - magnifi cation and (b) low - magnifi cation images. The 
left lower corner of (b) was scratched to show the fi lm 
thickness.  Reproduced with permission from Ref.  [37] ; 
 ©  2007, Elsevier.   

apparently higher than that of the PtNC/GC or PtNP/ITO electrodes (Figure 
 8.17 b). In addition, the electrocatalytic performance of PtNCF, when expressed in 
term of Pt content, was clearly superior to that of Pt black formed on GC  [37] .   

 Taken together these results indicated that, in spite of the continuous nanos-
tructures, the nanograins of PtNCF functioned effectively for catalytic electrolysis. 
At present, PtNCF may be regarded as an interesting thin - fi lm material, which 
can be easily prepared via a one - step chemical reduction.  
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     Figure 8.17     (a) Cyclic voltammograms recorded using 
(a) PtNC/GC and (b) PtNCF electrodes in a solution 
containing 0.5    M  H 2 SO 4 . Scan rate   =   50   mV   s  − 1 ; (b) Cyclic 
voltammograms obtained for 1.0    M  methanol oxidation in 
N 2  - saturated 0.5    M  H 2 SO 4  recorded using (a) PtNC/GC and 
(b) PtNCF electrodes. Scan rate   =   50   mV   s  − 1 .  Reproduced with 
permission from Ref.  [37] ;  ©  2007, Elsevier.   

  8.10 
 Electrochemical Measurements of Biomolecules Using  AuNP / ITO  Electrodes 

 It has been shown that the AuNP/ITO electrodes can be used for the electrochemi-
cal measurements of biomolecules and, in collaboration with Professor Goyal 
in India, we have acquired a host of data using our AuNP/ITO electrodes, albeit 
with a differential pulse voltammetry technique. Examples include the electro-
chemical analysis of uric acid  [38] , paracetamol (acetaminophen)  [39] , atenolol 
 [40] , nandrolone  [41] , methylprednisolone acetate  [42] , and salbutamol  [43] . In 
addition, the simultaneous electrochemical determination of guanosine and gua-
nosine 5 ′  - triphosphate  [44] , adenosine and adenosine 5 ′  - triphosphate  [45] , and 
dopamine and serotonin  [46]  have been successfully achieved with the AuNP/ITO 
electrodes. 

 Although the AuNP/ITO electrodes are not robust, and the modifi ed surfaces 
are diffi cult to renew if damaged, Professor Goyal ’ s group used the AuNP/ITO 
electrodes (which were sent from Japan) with great care and so obtained excellent 
results. Yet, this may in fact provide evidence of the practical strength of the 
AuNP/ITO electrodes prepared using the seed - mediated growth method.  

  8.11 
 Nonlinear Optical Properties of Metal  NP  - Attached  ITO  

 Beyond application as electrodes, the metal NP - attached ITO materials exhibit 
interesting nonlinear optical characteristics, and in order to investigate these 
properties we are presently collaborating with Professor Kityk in Poland and 
Professor Eboth é  in France. To date, a variety of interesting nonlinear optical 
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properties of AuNPs  [47 – 51]  and AgNPs  [52, 53] , attached either on ITO or glass, 
have been reported. In addition, PdNPs  [54, 55] , PtNPs  [54] , and NiNPs  [56]  
attached to ITO surfaces have also been investigated. 

 Because the seed - mediated growth technique includes a chemical reduction 
process in solution, the doping of second ions can be easily carried out. Conse-
quently, the luminescence properties of not only the NPs of pure metals but also 
of erbium ion - doped AgNPs have been reported  [57] . In addition, due to the uni-
versal applicability of the seed - mediated method, a ZnO fi lm was modifi ed with 
AuNPs and the nonlinear optical properties reported  [58, 59] . 

 In addition to the nonlinear optical properties of metal NPs, the modifi cation 
of glasses with metal NPs has the potential for use as a new type of substrate for 
spectroscopic detection. As an example, AuNP - attached glass plates were described 
for use in surface plasmon resonance spectroscopy  [60] .  

  8.12 
 Concluding Remarks 

 In this chapter, we have summarized the wet chemical preparation methods    –    notably 
seed - mediated growth    –    for fabricating various metal NP (or nanostructured 
crystal) - attached electrodes. It has been shown that small metal seed - NPs can be 
attached to the surfaces of substrates (typically ITO and GC, but also other materi-
als) without the use of binding reagents, and the seed - NPs can then be grown via 
chemical reductions while retaining a strong attachment. The simplicity of the 
preparation method    –    that is, a two - step immersion fi rst into the seed solution, and 
second into the growth solution (both of which are aqueous and at ambient tem-
perature)    –    would be of signifi cant merit in any proposed seed - mediated method 
for nanofabrication. 

 The thus - fabricated metal NP - attached electrodes have demonstrated interesting 
properties in terms of their electrochemical applications, which differ from those 
of bulk metals. The lower charge transfer resistances should represent a key 
advantage when constructing electrode materials with metal NPs. Consequently, 
nanocomposites consisting of metal NPs and base substrates, when prepared 
using the seed - mediated growth method, should be regarded as advanced - function 
materials, with potential applications also in nonlinear optics.  
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  9.1 
 Mesostructured Materials for Energy Storage Devices 

 Energy storage is one of the most important worldwide concerns of the twenty - fi rst 
century, and it is essential that new, low - cost, and environmentally benign 
(i.e., sustainable) materials for energy conversion and storage purposes are found 
 [1, 2] . Energy - related nanostructured materials have attracted much attention 
because of the unusual electrical properties that originate from their confi ned 
nanoscale dimensions and combined bulk/interfacial properties, which affect 
their overall behavior  [3] . On the other hand, a new trend in materials research 
has begun to emerge recently, focusing on the fabrication of mesoscale structures 
 [4] , which is a broader term (or superordinate concept) of the ordered fi ne 
structures, characterized by dimensions larger than those in nanomaterials that 
typically consist of nanoparticles and top - down nanoarchitectured structures. 
The exploration of properties of materials on the mesoscale has led to new tech-
nological perspectives of electrochemical devices such as batteries and sensors, 
which rely on ion transport and, thus, are strongly infl uenced by the size effects 
of composing materials on mass transfer, transport, and storage. In particular, 
mesoscale materials are becoming increasingly important for electrochemical 
energy storage applications, due to the limited distance of diffusion for the mass 
transfer during charging/discharging processes. A typical example is that of lith-
ium - ion batteries, which consist of a Li - ion intercalating anode (e.g., graphite) and 
a cathode (e.g., LiCoO 2 ), separated by Li - ion - conducting electrolyte layers such as 
a solution of LiPF 6  in an  ethylene carbonate/diethylcarbonate  ( EC/DEC ) mixture 
(Figure  9.1 )  [5] .   

 The advantages of ordered mesostructures for these electrode - active materials 
are the improved accommodation of the lattice transformation resulting from the 
Li +  intercalation/deintercalation to improve cycle life, the increased electrode/
electrolyte contact area leading to higher charging/discharging rates, and    –    most 
importantly    –    the short path length for electronic and ionic transport which permit 
operation with low electric conductivity and hence at high power  [6] . 
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     Figure 9.1     Li - ion battery using mesoscale lithium metal oxide 
cathodes for an improved rate performance.  

     Figure 9.2     (a) Ragone plot for batteries, fuel 
cells, and supercapacitors. The dashed lines 
represent the time parameter,   τ  , which is 
characteristic of the rate performance; 
(b) Characteristic length of electrode - active 
materials defi ned as the layer thickness of 

diffusing ions and/or propagating charges 
during the charging/discharging process, 
showing the top - down and bottom - up 
strategies to fabricate the target mesoscale 
materials.  

 Ragone plots (Figure  9.2 a) of specifi c power density versus specifi c energy 
density for various batteries, displayed with those of fuel cells and supercapacitors 
as references, show their specifi c time parameter,   τ  , that characterizes the period 
of time required for charging/discharging operations  [2] . The diffusion length 
( D τ  ) 1/2  of ions and propagating charges within the electrode - active materials 
corresponds to their characteristic dimensional scales, where  D  is the diffusion 
coeffi cient for the mass transfer processes. For cathode - active materials in 
Li - ion batteries, the lithium cobalt oxide (LiCoO 2 ) is characterized by a relatively 
large diffusion coeffi cient of  D    =   10  − 7  to 10  − 9    cm 2    s  − 1   [7] , but the recently investigated 
less expensive and/or less toxic oxides show lower diffusivities for the Li +  ion, 
such as those in Li 1 −     δ   Ni 0.5 Mn 0.5 −    x  Ti  x  O 2  ( x    =   0 – 0.3,  D    =   10  − 9  to 10  − 14    cm 2    s  − 1 ) 
 [8] , Li 7 BiO 6  ( D    =   5    ×    10  − 13    cm 2    s  − 1 )  [9] , LiFePO 4  ( D    =   1.8    ×    10  − 14    cm 2    s  − 1 )  [10] , 
and LiV 3 O 8  ( D    =   2 – 8    ×    10  − 10    cm 2    s  − 1 )  [11] . The resulting dimensional scale, or the 
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characteristic length, is typically in the order of 10 2     <    ( D τ  ) 1/2     <    10 4    nm, thus reveal-
ing the importance of fabricating mesostructured materials (Figure  9.2 b), which 
are in - between nanoscopic and macroscopic materials in dimension.   

 Fabrication of the mesostructured oxides has been accomplished by using 
top - down methods, although mesoscale cathodes are less developed than the 
mesostructured anodes. For example, a similar approach to the formation of 
silicon nanopillars has been applied for cathode - active materials. By using suitable 
templates such as porous alumina and porous polymeric materials, nanopillars 
of V 2 O 5  and LiMn 2 O 4  have been successfully grown on metal substrates as the 
current collectors  [6] . The mesostructured materials have additional advantages 
over the conventional electrode - active materials, to accommodate relatively large 
volumetric changes during charging/discharging cycles, thus improving the 
overall power - rate performance of the resulting batteries. 

 Organic molecule - based electrode - active materials are more advantageous than 
inorganic materials in terms of their potential capability for the molecule - based 
 “ bottom - up ”  fabrication of mesostructures (Figure  9.2 b), in addition to their inher-
ent fl exibility, safety, and accessibility from unlimited resources  [12] . The organic 
polymers most typically examined for batteries are conducting polymers such as 
polyacetylene, polyaniline, polypyrrole, polythiophene, and polyphenylene  [13 – 17] . 
Sulfur and redox polymerization electrodes have also been reported as electroactive 
materials  [13] . However, the low doping levels in conducting polymers result in a 
small theoretical capacity. Moreover, the charging/discharging processes have 
often been impeded by the slow kinetics of electrode reactions  [13] . Another group 
of molecules investigated for charge storage is a series of redox polymers with 
nonconjugated backbones and redox centers localized in pendant groups, such as 
tetrathiafulvalene  [18] , ferrocene  [19, 20] , and carbazole  [21, 22] . In this case, the 
redox centers, rather than the polymer backbones, govern the redox behaviors. 
Conductivity arises when these redox centers can exchange charge, through for 
example electron hopping between the redox isolated sites within the polymers 
(Figure  9.3 ).   

 It has been found recently that organic robust radicals are potentially useful as 
the redox centers due to their rapid one - electron - redox reactions  [23, 24] . Moreover, 
excellent fi lm - forming properties of the organic radical polymers by simple wet 
processes allow various mesoscale fabrication such as homogeneous layers with 
precisely controlled thicknesses and ordered mesostructures supported on carbon 
fi ber matrices. This aim of this chapter is to provide a concise overview of recent 

     Figure 9.3     Charge propagation within redox polymer layers, 
swollen in electrolyte solutions, by an electron self - exchange 
(hopping) mechanism.  
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approaches to fabricate mesoscale electrode - active materials, with emphasis placed 
on the organic polymers for the radical polymer battery  [25] , which is characterized 
by an excellent rate performance and capability of fabricating fl exible, paper - like, 
and (semi)transparent rechargeable energy - storage devices.  

  9.2 
 Mesoscale Fabrication of Inorganic Electrode - Active Materials 

 The top - down fabrication of inorganic electrode - active materials has been moti-
vated by the possibility of producing a fi lm - like, bendable lithium - ion battery, 
which depends in turn on the development of soft electrode - active materials such 
as those composed of nanoparticles and nanocoatings of metal oxides for the 
cathodes, and lithium foil or nanocarbon materials for the anodes  [1, 26] . The 
top - down fabrication has also been driven by the recent challenge to maximize 
transport rates by employing mesostructured inorganic - based materials. The elec-
trode reaction of inorganic - based materials is often rate - determined by the slow 
kinetics of ion intercalation and migration that accompany lattice transformation 
 [6] . The power - rate properties have been improved by employing the top - down 
strategy so as to produce a large surface area and suitable path length for the mass 
transfer processes  [27] . Recent interesting approaches have included the virus -
 enabled synthesis and assembly of cobalt oxide nanowires (Figure  9.4 ). This has 
been accomplished by incorporating gold - binding peptides into a fi lament coat to 

     Figure 9.4     Virus - enabled synthesis of Au - Co 3 O 4  nanowire and 
self - assembly strategy to form an ordered monolayer of Co 3 O 4  
nanowires  [28] .  
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form mesoscale gold – cobalt oxide hybrid wires that improve battery capacity as a 
new cathode - active material  [28] . Indeed, engineered electrode mesostructures to 
enhance electrode kinetics have been a target of intense research, including those 
based on the electrochemically assisted template growth of Cu nanorods onto a 
current collector, followed by electrochemical plating of Fe 3 O 4  to form the ordered 
structure at a mesoscale level  [27] . The signifi cant effect of the mesoscopic size on 
transport rates and fl exibility has been demonstrated recently by Li - ion batteries 
made from nanocomposite papers  [26, 29] . These are obtained by infi ltrating 
cellulose into  carbon nanotube s ( CNT s) grown on a silicon substrate and impreg-
nated with the electrolyte, allowing the combination of the cathode (the nanotubes) 
and the separator (the cellulose) in a single unit  [26] .    

  9.3 
 Bottom - Up Strategy for Organic Electrode Fabrication 

  9.3.1 
 Conjugated Polymers for Electrode - Active Materials 

 Research into organic electrode - active materials was prompted by the discovery of 
the electric conductivity of doped polyacetylene, which in turn led to the explora-
tion of organic batteries by employing the redox capacity of polyacetylene. This 
was based on the reversible  p  - type and  n  - type doping/de - doping processes for the 
cathode and the anode, respectively, as the principal electrode reactions  [30] . Elec-
trically conducting polymers such as polyaniline, polypyrrole, polythiophene, and 
their related derivatives, have been similarly examined as electrode - active materi-
als, based on their reversible electrochemical doping behaviors. The limitations of 
conducting polymers are based on their insuffi cient doping levels, the resulting 
low redox capacities, and the chemical instability of the doped states that frequently 
lead to the self - discharge and degradation of the rechargeable properties of the 
resulting batteries. 

 Another concept of using conjugated polymers for batteries is to explore a 
charge – storage confi guration in which the electrolyte layer is sandwiched by thin 
layers of even less conductive polymers incorporating redox - active groups, with a 
view to increasing the overall redox capacity. In this case, the polymer backbones 
provide a matrix and/or a conducting path to interconnect innumerable redox sites 
for the hopping of electrons by a self - exchange mechanism, and this results in the 
storage and transport of charge in a homogeneous solid. Along with this concept, 
polythiophene - based conjugated polymers bearing redox sites such as tetrathiaful-
valene derivatives  [31]  and polypyrrole coupled with redox - active dopants such as 
indigo carmine derivatives  [32 – 35] , have been recently designed. However, the 
chemical bond cleavage and the formation that are often accompanied by the redox 
reaction of these closed - shell molecules are frequently electrochemically irrevers-
ible or nonreversible, and hence are unfavorable for application as electrode - active 
materials. Simple methods to fabricate mesostructures by the bottom - up strategies 
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have been also awaited, in order to bring out the performance of the organic 
polymers.  

  9.3.2 
 Mesoscale Organic Radical Polymer Electrodes 

 A new concept, applicable to the mesostructure fabrication, has been proposed for 
the organic electrode - active materials, based on the suffi ciently large redox capacity 
of aliphatic redox polymers    –    that is, organic polymers densely populated with 
pendant redox - isolated sites. The principal fi nding to permit the use of the non-
conjugated redox polymers is the capability of organic robust radicals, or open -
 shell molecules, to allow fully reversible, one - electron redox reactions featuring 
fast electrode kinetics and reactant recyclability. While the chemically inert organic 
radicals constitute an important and extensively studied group of functional mate-
rials, such as organic ferromagnets  [36 – 39] , metal - free redox mediators for syn-
thetic applications  [40 – 44] , and electron and hole transport materials for organic 
devices  [45, 46] , the idea of using them as electroactive materials for rechargeable 
batteries has never been proposed, except in our recent reports  [47 – 52]  and those 
from other groups  [53 – 64] . Hence, we have focused on organic radicals stabilized 
thermodynamically by an effective delocalization of the unpaired electron and/or 
kinetically by bulky substituents to employ them as the redox centers. Radical 
groups such as the NO - centered nitroxides, N - centered triarylaminium cation 
radicals, and diphenylpicrylhydrazyl derivatives, O - centered phenoxyls and 
galvinoxyls, and C - centered trityls and phenalenyls, are typically examined as the 
pendant group of the radical polymers (Scheme  9.1 ).   

 These radicals are persistent at ambient temperatures under air and are 
characterized by a rapid and reversible one - electron - electrode reactions, typically 
with heterogeneous electron - transfer rate constants of  k  0    =   10  − 1    cm   s  − 1  in the 

     Scheme 9.1     Chemical structures of organic robust radicals in the radical polymers.  
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case of 2,2,6,6 -  tetramethylpiperidine - 1 - oxyl  ( TEMPO ) derivatives  [23, 24] . A variety 
of polymer backbones have been employed to bind the radicals, such as 
poly(methacrylate)s, polystyrene derivatives, poly(vinyl ether)s, polyethers, and 
poly(norbornene)s. The unpaired electron density of the polymers, as determined 
by  superconducting quantum interference device  ( SQUID ) measurements, has 
revealed the presence of radicals substantially per repeating unit. Theoretical redox 
capacities based on the formula mass of the repeating unit are in the range of 50 
to 150   mAh   g  − 1 . 

 For mesoscale electrode fabrication, the radical polymers are conveniently 
placed on the surface of an electrode or a current collector by a solution - based 
wet process such as the spin - coating method. The contact stylus profi le near a 
scratched edge provides a layer thickness under dry conditions in the range of 10 
to 10 3    nm, according to the concentration of the polymer in the mother liquor and 
the spinning velocity, and has revealed a fl at surface with a roughness of less than 
several nanometers. The polymer backbones are suitably modifi ed by photo -
 crosslinking, for example, thus, to be swollen but not to be dissolved in the elec-
trolyte solutions, as typically shown for the TEMPO - substituted polynorbornene  1  
in Scheme  9.2   [47] .   

 The capability of forming stable fi lms by the crosslinking method has allowed 
a novel design of a mesostructure fabrication processes, in which the polymer is 
coated on the surface of conducting mesoscale matrices as the support. The  scan-
ning electron microscopy  ( SEM ) image of the resulting electrode surface, prepared 
on a Au  quartz crystal microbalance  ( QCM ) assembly for simultaneous electro-
chemical and resonant frequency - based gravimetric analysis ( vide infra ), demon-
strates the ordered  three - dimensional  ( 3 - D ) structure successfully fabricated on 
the mesoscale (Figure  9.5 ) and which is suitable for ion transport throughout the 
polymer layer.   

 The unpaired electron density of the radical polymers amounts to a number 
of several molar in the bulk of the swollen polymer equilibrated in electrolyte 

     Scheme 9.2     Photo - crosslinking of the TEMPO - substituted 
polynorbornene  1  to form a polymer layer of  2 , which is 
insoluble but swellable in electrolyte solutions. The spin 
density by SQUID measurements amounts to 10 21  spin per 
gram of  2 , indicating that most of the radicals survive during 
the photo - crosslinking reaction.  
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     Figure 9.5     Scanning electron microscopy image of the 
photo - crosslinked polymer  2 /carbon composite electrode 
coated on the surface of a QCM electrode assembly.  

solutions. Under these conditions, charge propagation within the polymer layer is 
suffi ciently fast, leading to high - density charge storage, because the redox sites are 
so populated that the electron self - exchange reaction goes to completion within a 
fi nite distance of the polymer layer attached to the carbon fi ber. The concentration 
gradient - driven charge propagation is accomplished by the electron self - exchange 
reaction. The apparent diffusion coeffi cient,  D , of the charge produced at the 
surface of the electrode is determined by the bimolecular rate constant,  k  ex , for the 
self - exchange reaction. Thus, when the sites are immobilized in the layer, allowing 
only diffusional collision of the neighboring sites to undergo an electron self -
 exchange reaction, this process involves an electron - hopping mechanism with a 
diffusion coeffi cient formulated by  D    =    k  ex   δ   2  C  * /6, where  k  ex  is the bimolecular rate 
constant,   δ   is the site distance, and  C  *  is the site concentration in the polymer 
layer  [65, 66] . The electron self - exchange reaction is suffi ciently fast for diffusion -
 limited outer - sphere redox reactions, resulting in the effi cient transfer of charge 
produced at the surface of the electrode (Figure  9.6 ).   

 The electrochemical behavior of the radical polymer layers attached to an elec-
trode have revealed an effi cient charge propagation process with diffusion coeffi -
cients in the order of 10  − 8  to 10  − 10    cm 2    s  − 1 . The electrolytes examined are typically 
tetrabutylammonium or the lithium salts of perchlorate or hexafl uorophosphate, 
dissolved in conventional organic solvents such as CH 3 CN and propylene carbon-
ate. The cyclic voltammogram obtained for the electrode (as in Figure  9.5 ), with a 
suffi cient crosslinking density of 11%, persists without change for several days of 
continued charging/discharging cycling in CH 3 CN, in which the layer appears 
completely insoluble (Figure  9.7 ). Wave shapes with a peak - to - peak separation of 
 Δ  E  p    =   ca. 200   mV suggest some contribution from diffusion across the thick layer 
(Figure  9.7 b). In the QCM response, the resonant frequency decreases during the 
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     Figure 9.6     Electrode and chemical reactions related to the 
charge transfer in radical redox polymers.  

     Figure 9.7     (a) QCM response and (b) cyclic 
voltammogram obtained for the photo -
 crosslinked polymer  2 /carbon composite 
electrode coated on the surface of a QCM 
electrode assembly. The Au electrode surface 
area  A  was 0.196   cm 2 . The content of  2  in the 

composite electrode was 10 wt%. The 
crosslinking density was 11%. The electrolyte 
was a solution of 0.1   mol   l  − 1  
tetrabutylammonium hexafl uorophosphate in 
CH 3 CN. Scan rate   =   20   mV   s  − 1 .  

oxidation and attains its original value after the reduction, indicating reversibility 
to the mass change (Figure  9.7 a). The galvanostatic  E – t  curves show a plateau 
region, which agrees with the formal potential. The amount of charge consumed 
during the potential scan and the constant - current electrolysis both coincide well 
with the formula weight - based redox capacity, which reveal that almost all of the 
sites in the layer undergo the redox reaction.   
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 The redox process of the polymer layer is accompanied by the rapid injection 
and rejection of solvated counterions that compensate the charges produced by 
the redox reaction. Electroneutrality requires that the removal of each electron 
from the polymer layer results in the insertion of one electrolyte anion into the 
layer and/or the Donnan exclusion of the electrolyte cation. The mass change,  Δ  m , 
associated with the redox reaction is obtained from the resonant frequency change 
 Δ  f  in Figure  9.7 a using the Sauerbrey equation ( Δ  f    =    − C f  Δ  m ), where the sensitive 
factor C f  is 0.183   Hz   cm 2    ng  − 1  for the QCM assembly employed in this study. The 
redox capacity  Q  is determined from the area under the waves in Figure  9.7 b. The 
mass change relative to the redox capacity ( Δ  mF / Q     ∼    71   g   mol  − 1 ) is smaller than 
the formula mass of the   PF6

−  anion, indicating the slight contribution from the 
nonpermselective incorporation of the electrolyte cation during the mass transfer 
process. 

 Nitroxide radicals are potentially reducible to aminoxy anions by a one - 
electron - transfer process, which corresponds to the  n  - type doping of the neutral 
radical polymer (Scheme  9.3 ).   

 Attempts have been made to synthesize the  n  - dopable polymers and to use them 
as the anode - active material, with a view to employing only nitroxide radicals at 
both electrodes  [48] . It has been demonstrated that suitable  electron - withdrawing 
group s ( EWG )s such as trifl uoromethyl and cyano substituents, bound proximally 
to the NO redox center (Scheme  9.4 a), shift the  n  - doping potential positively up 
to approximately  − 0.8   V. Acylnitroxides (Scheme  9.4 b) are also potentially useful 
as the anode material. The nitroxide radical polymer can thus be switched from 
the  p  - type material for use in cathodes to the  n  - type anode - active material, by 
tuning the substituent effect.   

     Scheme 9.3     Redox couples related to nitroxide radicals.  

     Scheme 9.4      n  - Type nitroxide polymers.  
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 The radical polymers act as both cathode -  and anode - active materials, because 
of their capability to tune the redox potentials by the bottom - up strategy based on 
the molecular design. A couple of polymers, different in redox potentials, are used 
as the electroactive materials in the organic radical battery. The charging process 
corresponds to the oxidation of the radical to the cation at the cathode, and the 
reduction of the radical to the anion at the anode (Figure  9.8 ). The electromotive 
force is close to the potential gap between the two redox couples, which typically 
amounts to 0.5 – 1.5   V. The radical polymers are reversibly converted to the corre-
sponding polyelectrolytes during the charging process. The rapid electrode reac-
tion of the radicals and the effi cient charge propagation within the polymer layer 
lead to a high rate performance, allowing rapid charging and large discharge 
currents without any substantial loss of output voltage. The amorphous radical 
polymers also allow the fabrication of fl exible, thin - fi lm devices. A curious feature 
is the capability of forming a  “ see - through ”  battery, due to the absence of signifi -
cant chromophores in the radical polymer. Here, use could also be made of the 
slight color changes accompanied by radical redox reactions as an indicator of the 
charging level.   

 Efforts have also been directed towards further increasing the theoretical redox 
capacity of the radical polymer. For this purpose, radical polymers with even 
smaller formula masses per repeating unit have been designed (Scheme  9.5 ). The 
dinitroxide - functionalized polystyrene in Scheme  9.5  with a theoretical capacity of 
193   mAh   g  − 1  has been typically characterized by a notably high radical density of 
4.3    ×    10 21  unpaired electrons per gram, which leads to the high capacity charging/
discharging characteristics of the polymer membrane.     

     Figure 9.8     Charging (left) and discharging (right) processes of the organic radical battery.  

     Scheme 9.5     Typical radical polymers designed for high redox capacity.  
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  9.4 
 Conclusions 

 Radical polymers have been identifi ed as a new class of redox polymers, which are 
characterized by a fast kinetics of electrode reactions. The suitably designed 
polymer backbone allows effi cient swelling in conventional electrolyte solutions, 
which in turn enables an effi cient charge propagation by a site - hopping mecha-
nism within the mesostructured polymer layer. The use of radical polymers as 
electroactive materials leads to the fi rst fabrication of organic electrode - active 
materials ordered in a mesoscale. The organic radical batteries have several advan-
tages over the Li - ion batteries, such as higher safety, adoptability to wet fabrication 
processes, easy disposability, and capability of fabrication from less - limited 
resources. While organic batteries have an intrinsically lower volumetric energy 
density, this limitation can surely be overcome in the near future so that they can 
be designed to be compatible with, and installable in, a wide variety of electronic 
equipment.  
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  10.1 
 Introduction 

 Catalysis by nanoscale materials is a rapidly growing fi eld which involves the use 
of nanoparticles as catalysts for a variety of organic and inorganic reactions. 
Although the application of nanoscale catalysts has a long history in industry, 
the ability to engineer catalysts on the nanoscale and to explore the related phe-
nomena in a controlled manner has evolved considerably in recent years. Numer-
ous reviews have been published during the past decade on both heterogeneous 
catalysis in which nanoparticles are supported on solid surfaces (e.g., silica, 
alumina, MgO) and  “ soluble heterogeneous ”  or  “ quasi - homogeneous ”  catalysis 
with colloidal nanoparticles  [1 – 8] . 

 The catalytic performances of nanoparticles can be fi nely tuned either by their 
composition, which mediates electronic structure, or by their shape, which deter-
mines surface atomic arrangement and coordination. Beyond the exciting poten-
tial for tailoring catalysts, nanostructured materials introduce additional challenges 
to catalyst design. Being small, and with surface atoms of different unsaturated 
valencies, nanoparticles of specifi c shape are more liable to change their shape in 
the harsh medium of chemical reactions; this in turn raises concerns about dura-
bility, what the true active species is, and what approaches can be taken to control 
this phenomena. The surface reconstruction and/or dissolution of active atoms 
on corners or edges by one or more of the reactants, or even by the solvent, is an 
additional concern that requires attention. Despite these challenges, several types 
of chemical reaction have been catalyzed using transition metal nanomaterials, 
including crosscouplings, electron transfers, hydrogenations, fuel cell electroca-
talysis and oxidations. In this chapter, attention will be focused on oxidation reac-
tions, with particular emphasis on the Group 11 metals of the Periodic Table, 
namely silver, gold, and copper. 

 The Group 11 metals have a long history for their uses in jewelry, ornaments 
and as  “ coinage metals, ”  as well being particularly interesting on the nanoscale 
for the colors they display as a function of size. However, as research has 



 334  10 Oxidation Catalysis by Nanoscale Gold, Silver, and Copper

progressed with regards to both size -  and shape - related chemical reactivities, 
the rich chemistry of this group of metals is emerging, and particularly their 
application as catalysts. Gold, in its bulk state, has long been thought to be far less 
catalytically active than other transition metals, such as silver, platinum, and pal-
ladium. However, many research groups  [9 – 11]  have reported pioneering studies 
to indicate that gold could catalyze hydrogenation, hydrogen exchange, hydroc-
racking, and carbon monoxide oxidation reactions. These initial fi ndings have 
inspired numerous investigations into the nature of ultrafi ne gold particles dis-
persed on supports, using a wide variety of approaches  [12, 13] . 

 For many years, the chemistry of silver and gold was believed to be more similar 
than is now known to be the case. Silver (Ag) is the best conductor among these 
metals, and so silver nanoparticles facilitate more electron transfer than do gold 
(Au) nanoparticles. Silver has a reduction potential of +0.79   V (versus NHE) for 
an Ag I  (aqueous)/Ag metal  system, but for an Ag I  (aqueous)/Ag atom  system it is 
 − 1.80   V (versus NHE). Among the many different metal nanoparticles under 
investigation, silver nanoparticles are emerging as one of the most intensively 
studied, largely because of the broad range of applications that they exhibit. These 
properties include shape -  and size - dependent optical, electronic, and chemical 
properties, and present many possibilities with respect to technological applica-
tions. Currently, copper (Cu) is one of the most widely used materials worldwide, 
being of major signifi cance in all industries, especially in the electrical sector due 
to its low cost. Moreover, Cu continues to gain importance on the basis of it being 
an essential component in future nanodevices due to its excellent conductivity, its 
good biocompatability, and its  surface - enhanced Raman scattering  ( SERS ) activity. 
Further, copper nanoparticles smaller than 50   nm in size are also considered 
 “ superhard ”  materials, as they do not exhibit the same malleability and ductility 
as bulk copper.  

  10.2 
 Preparations 

 There are two general paradigms for the preparation of nanoscale materials, 
namely  “ top down ”  and  “ bottom up ” . Those preparations characterized by the 
breaking down of larger starting materials are classifi ed as  “ top down, ”  while those 
which are built up from atomic or molecular starting materials are termed  “ bottom 
up. ”  Chemical procedures such as alcohol reduction  [14 – 16] , hydrogen reduction 
 [17 – 19] , and sodium borohydride reduction  [20 – 22]  have in the past been recog-
nized as the most common methods for synthesizing colloidal metal nanoparti-
cles. Other reduction methods such as electrochemical  [23, 24] , photochemical 
 [25 – 27] , and sonochemical  [28, 29]  have also been used, but to a smaller extent. 
Many different stabilizers have been used as capping agents for the synthesis of 
colloidal metal nanocatalysts, including polymers  [30, 31] , dendrimers  [32, 33] , 
block copolymer micelles  [31, 34] , and surfactants  [35, 36] . Supported metal nano-
catalysts have been prepared by the adsorption of colloidal metal nanocatalysts 
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onto supports  [37 – 39] , and/or by grafting the nanoparticles onto the support  [40] . 
Supported metal nanocatalysts can also be fabricated lithographically, using 
electron beam lithography  [41, 42] . 

  10.2.1 
 Silver Nanocatalysts 

 By using the above - described methods, silver materials with zero - , one - , or two -
 dimensional nanostructures, including monodisperse nanoparticles, nanowires, 
nanodisks, nanoprisms, nanoplates, and nanocubes, have each been prepared and 
are recognized as having great potential for applications in optics, catalysis, and 
other fi elds  [43 – 47] .  

  10.2.2 
 Copper Nanocatalysts 

 Copper nanoparticles have been synthesized and characterized by different 
methods. Notably, chemical reduction, pulsed laser ablation, radiolytic reduction, 
and the reduction of copper ions using supercritical fl uids have been developed 
to synthesize spherical and different - shaped nanoparticles  [48 – 50] . Stability and 
reactivity are the two important factors that impede the use and development of 
metal clusters. In contrast to noble metals, such as Ag and Au, pure metallic 
copper particles usually cannot be obtained via the reduction of simple copper 
salts (e.g., copper chloride or copper sulfate) in aqueous solution, because the 
reduction tends to stop at the Cu 2 O stage due to the presence of a large number 
of oxygenous water molecules. However, this problem can be overcome by the 
addition of other reagents carrying functional groups that can form complexes 
with copper ions, or by using soluble surfactants as capping agents to prepare 
copper particles in aqueous solution. Although zero - valent copper forms initially 
in the solvent, ultimately it can be transformed relatively easily into oxides, in 
solvents with high dipole moments and under ambient conditions. The use of 
reverse micelles as microreactors and protecting shells has also helped to over-
come some of these complications. Likewise, electrolytic techniques have been 
used to synthesize a variety of transition metal colloids of either decahedral or 
isohedral shape, by controlling the electrode potential. The extreme air - sensitivity 
of copper nanoparticles requires that care be taken during such preparation in 
order to avoid oxidation.  

  10.2.3 
 Gold Nanocatalysts 

 Beyond preparing nanoscale materials in the form of colloids, considerable effort 
has been expended in the preparation of supported heterogeneous catalysts, and 
in particular the nature of the support and the process to immobilize an active 
metal on the support (mostly metal oxides and active carbon). The use of gold 
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nanocatalysts is cited as an example here when introducing different methods for 
preparing nanocatalysts. 

 Due to the lower melting point of gold, and its poor affi nity for metal oxides, it 
is diffi cult to prepare stable gold catalysts that are well dispersed on metal oxides. 
The typical impregnation methods that are widely used to prepare supported Pd 
or Pt catalysts are ineffective in the case of gold, because the presence of chloride 
ions can cause a signifi cant enhancement in the coagulation of gold particles 
during the calcination of HAuCl 4 . 

 Haruta has summarized the methods used to prepare supported gold catalysts 
(Table  10.1   ), and categorized them into four groups  [51] : 

   •      The fi rst group includes coprecipitation  [54] , amorphous alloying  [55] , and 
cosputtering  [56] . These procedures generally consist of two steps: (i) the 
preparation of well - mixed gold/metal oxide precursors; and (ii) transformation 
of the gold precursor into gold particles, normally by calcinations in air above 
550   K. Well - mixed precursors and high - temperature calcination are equally 

 Table 10.1     Preparation techniques for nanoparticulate gold catalysts  [51]  . 

   Categories     Preparation techniques     Support materials     Reference(s)  

  Preparation of mixed 
precursors of Au and 
the metal component 
of supports  

  Coprecipitation 
(hydroxides or 
carbonates) (CP)  

  Be(OH) 2 , TiO 2 , 
Mn 2 O 3 , Fe 2 O 3 , Co 3 O 4 , 
NiO, ZnO, In 2 O 3 , 
SnO 2   

   [52 – 54]   

  Amorphous alloy 
(metals) (AA)  

  ZrO 2      [55]   

  Cosputtering (oxides) in 
the presence of O 2  (CS)  

  Co 3 O 4      [56]   

  Strong interaction of 
Au precursors with 
support materials  

  Deposition – precipitation 
(HAuCl 4  in aqueous 
solution) (DP)  

  Mg(OH) 2 , Al 2 O 3 , 
TiO 2 , Fe 2 O 3 , Co 3 O 4 , 
NiO, ZnO, ZrO 2 , 
CeO 2 , Ti - SiO 2   

   [57]   

  Liquid - phase grafting 
(organogold complex in 
organic solvents) (LG)  

  TiO 2 , MnOx, Fe 2 O 3      [58, 59]   

  Gas - phase grafting 
(organogold complex) 
(GG)  

  All types, including 
SiO 2 , Al 2 O 3  - SiO 2 , and 
activated carbon  

   [60, 61]   

  Mixing colloidal Au 
with support materials  

  Colloid mixing (CM)    TiO 2 , activated carbon     [13]   

  Model catalysts using 
single crystal supports  

  Vacuum deposition (at 
low temperature) (VD)  

  Defects are the sites 
for deposition, MgO, 
SiO 2 , TiO 2   

   [62 – 64]   
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important to ensure a strong contact between the Au particles and the crystalline 
metal oxides.  

   •      The strategy for the second group is based on the concept of depositing or 
adsorbing Au compounds onto metal oxide surfaces. Among the three methods 
referred to here,  deposition – precipitation  ( DP ) is widely used to produce active 
Au catalysts. By controlling the pH and concentration of the HAuCl 4  solution, 
the deposition of Au(OH) 3  can be controlled on the surfaces of the support metal 
oxides so as to prevent precipitation in the liquid phase. Aggregation of the gold 
nanoparticles, induced by chloride ions, can be prevented by washing the gold 
compound before drying, and this represents one of the main reasons for the 
high activity of these catalysts. The primary limitation here is that DP can only 
be applied to metal oxides with an isoelectric point  > 5. Although previously it 
was shown that Au(OH) 3  could not be deposited on SiO 2  and active carbon, 
recent studies have found that this constraint may be overcome by correct 
surface modifi cation  [65] .  

   •      In the third group, the procedure involves the direct immobilization of Au 
colloids on modifi ed metal oxide surfaces. In theory, this method could be 
applied to all metal oxides, and the catalysts prepared would normally have a 
good gold particle size distribution. However, there is often a relatively poor 
contact between the gold particles and the support.  

   •      In the fourth group, vacuum deposition is considered to be an important method 
for preparing model catalysts that play a critical role when studying reaction 
mechanisms, and especially the active sites of the supported gold catalysts. Au 
anion clusters can be deposited with homogeneous dispersion at relatively low 
temperatures  [62, 64]  on single crystals of MgO and TiO 2  (rutile). Surface defects 
or specifi c surface cages have been suggested as possible sites for stabilizing the 
Au clusters  [62, 63] .      

  10.3 
 Selective Oxidation of Carbon Monoxide ( CO ) 

  10.3.1 
 Gold Catalysts 

 During the 1980s, Haruta  et al .  [66]  found that gold nanoparticles, when supported 
on  α  - Fe 2 O 3 , were highly active in the oxidation of CO, and especially at very 
low temperatures, although this surprisingly high activity was not replicated 
by other metals (Figure  10.1 ). In a later series of investigations conducted by the 
same group  [52] , Au/TiO 2  was found to be an equally effective catalyst, and this 
in turn led to extensive studies of gold nanocatalysts supported on a variety of 
metal oxides.   
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     Figure 10.1     CO conversion over various 
catalysts as a function of temperature. Curve 
1, Au/ α  - Fe 2 O 3  (Au/Fe   =   1/19, coprecipitation, 
400    ° C); Curve 2, 0.5   wt% Pd/ γ  - Al 2 O 3  
(impregnation, 300    ° C); Curve 3, fi ne Au 
powder; Curve 4, Co 3 O 4  (carbonate, 400    ° C); 

Curve 5, NiO (hydrate, 200    ° C); Curve 6, 
 α  - Fe 2 O 3  (hydrate, 400    ° C); Curve 7, 5   wt% 
Au/ α  - Fe 2 O 3  (impregnation, 200    ° C); Curve 8, 
5   wt% Au/ γ  - Al 2 O 3  (impregnation, 200    ° C). 
 Reproduced with permission from Ref.  [66] ; 
 ©  1987, Chemical Society of Japan, Tokyo.   

 Owing to the possible applications of polymer electrolyte fuel cells to automo-
biles and also to residential electricity - heat delivery systems, the low - temperature 
water - gas - shift reaction continues to attract renewed interest. When compared to 
commercial catalysts that are based on Ni or Cu and operated at 900   K or 600   K, 
respectively, supported Au catalysts appear to have a clear operational advantage 
in that they function at temperatures as low as 473   K  [67] . During the course of 
investigating the hydrogenation of CO 2  over supported Au catalysts, it was found 
that Au/TiO 2  was selective towards the formation of CO, in that the reverse water -
 gas - shift reaction could be conducted at a temperature as low as 473   K  [67] . Later, 
Au/TiO 2  was confi rmed also to be active for the water - gas - shift reaction  [68] . 

 The oxidation of CO is a typical reaction for which Au catalysts are extraordinar-
ily active at room temperature, and indeed are much more active than other noble 
metal catalysts at temperatures below 400   K. One focal point of recent studies has 
been the elaboration of the mechanism for CO oxidation  [69, 70] . Although the 
available data on this topic are vast    –    and occasionally contradictory    –    several pieces 
of information were identifi ed that were critical to developing an understanding 
of the mechanism. For example, active catalysts always contain metallic Au parti-
cles which produce a CO absorption band at 2112   cm  − 1 , whereas oxidic Au species 
that produce a CO absorption band at 2151   cm  − 1  are not responsible for steady -
 state, high catalytic activity  [71] . However, as the smooth surfaces of metallic Au 
do not adsorb CO at room temperature  [72] , this indicates that CO is adsorbed 
only on steps, edges, and corner sites. As a consequence, the smaller metallic Au 
particles are preferable  [73] . 

 A theoretical calculation  [74]  has been used to explain why the smooth surface 
of Au is noble in the dissociative adsorption of hydrogen. However, when Au is 
deposited as nanoparticles on metal oxides by means of coprecipitation and DP 
techniques, it exhibits a surprisingly high catalytic activity for CO oxidation at a 
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     Figure 10.2     High - resolution transmission 
electron microscopy images of the 2.8% Au/
CeO 2  sample. (a) The white lines correspond 
to the (202) Ce 6 O11 (3.3    Å ) and the (200) 
CeO 2  (2.7    Å ) lattice spacing; (b) A hexagonal 

faceted (111) Au crystal is indicated. 
 Reproduced with permission from Ref.  [75] ; 
 ©  2005, WILEY - VCH Verlag GmbH & Co. 
KGaA, Weinheim.   

temperature as low as 200   K  [12, 52] . During the 1990s, this fi nding led to many 
research groups conducting extensive investigations into the catalysis of Au. 

 One remarkable study among many was conducted by Corma and coworkers  [75] , 
who showed that gold nanoparticles supported on nanocrystalline CeO 2 , in conjunc-
tion with the DP method, proved to be a very active catalyst for CO oxidation (Figure 
 10.2 ). Indeed, the catalysts were found to be an order of magnitude more active for 
CO oxidation than comparable catalysts prepared using a non - nanocrystalline 
support. The Au/CeO 2  catalyst also showed excellent selectivity for CO oxidation in 
the presence of H 2  at 60    ° C (close to the operating temperature of fuel cell), where 
the selectivity of normal Au active catalysts would be negatively affected  [76] .   

 Most gold catalysts which have been reported as active for CO oxidation were 
prepared using the DP method, which provides catalysts with a strong interaction 
between the gold and the metal oxide matrix. However, a major drawback of this 
method is that it cannot be used to deposit gold at metal oxides with an  isoelectric 
point  ( IEP )  < 5, such as SiO 2 . Subsequently, Sheng Dai and coworkers  [65]  success-
fully deposited gold at the surface of mesoporous SiO 2  by using the DP method 
following a sol – gel surface modifi cation with TiO 2 . The results showed the gold 
nanoparticles (0.8 – 1.0   nm) in the mesopores to be highly active in terms of CO 
oxidation (Figure  10.3 ).   

 Today, whilst it is widely recognized that these supported gold nanocatalysts 
show a high activity in the low - temperature oxidation of CO, many questions 
remain unanswered concerning the relatively simple reaction of CO oxidation. The 
most notable of these are  “ What is the reaction mechanism? ” , and  “ What is the 
nature of the active site? ”  
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     Figure 10.3     (a) Scheme of preparation of 
gold/mesoporous material catalysts; (b) 
Z - contrast TEM image of ultrasmall gold 
nanoparticles on ordered mesoporous 

materials. The bright spots (0.8 – 1.0   nm) 
correspond to gold nanoparticles.  Reproduced 
with permission from Ref.  [65] ;  ©  2004, ACS 
Publications, Washington.   

 A substantial proportion of the research into CO oxidation catalyzed by sup-
ported gold has been motivated by the goal of identifying those catalyst properties 
which affect the activity. In this respect, two early classes of observation were 
important in determining the approaches used recently to investigate supported 
gold catalysts: (i) that various preparation routes lead to catalysts with different 
activities  [52, 77] ; and (ii) that catalysts consisting of gold supported on reducible 
metal oxides (e.g., Fe 2 O 3 , CeO 2 , TiO 2 ) are typically more active than those 
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supported on nonreducible metal oxides (e.g.,  γ  - Al 2 O 3 , MgO, SiO 2 ). Such observa-
tions led to a wide acceptance of the inferences that the preparation method 
infl uenced activity  [12] , and that the support played a role in the catalysis. 

 Bond and Thompson  [77] , in their review of the literature which extended to 
the year 2000, and in an attempt to reconcile some apparently contradictory 
hypotheses, proposed a mechanism for CO oxidation that was catalyzed by 
supported gold (Scheme  10.1 ). The proposed active site consisted of nanoparticles 
incorporating both zero - valent and cationic gold, with the latter positioned at 
the metal – support interface. The suggestion by Bond and Thompson of the pres-
ence of cationic gold was based on observations by various authors of  ν CO infrared 
(IR) bands that were characteristic of CO bonded to cationic gold. However, 
evidence was lacking not only of any such species in working catalysts, but also 
of the suggestion that cationic gold was a  “ glue ”  which held the nanoclusters 
to the support.   

 In 2002, Haruta  [78]  presented a review of the literature and proposed, on 
the basis of measurements of the kinetics of CO oxidation catalyzed by supported 
gold, that there were three temperature regions, each with different kinetics and 
activation energies of the CO oxidation reaction. Haruta suggested that, at tem-
peratures below 200   K, the reaction catalyzed by Au/TiO 2  took place at the surfaces 
of small gold nanoparticles dispersed on the support, but at temperatures above 
300   K the reaction occurred at gold atoms at the perimeter sites of the supported 
gold nanoparticles.  

     Scheme 10.1     Schematic representation of an active site and 
possible reaction mechanism for CO oxidation catalyzed by 
supported gold.   Reproduced with permission from Ref.  [77] ; 
 ©  2000, World Gold Council, London.  
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  10.3.2 
 Silver Catalysts 

 Silver catalysts also have a relatively high activity for the selective oxidation of 
CO at low temperatures. A silver catalyst was deactivated remarkably following 
pretreatment in H 2  at high temperatures, but could be reactivated by treatment in 
oxygen at similarly high temperatures. Interestingly, these changes in activities 
were mostly reversible. The structures of the silver particles were seen to experi-
ence massive changes during the course of various pretreatments, and the exist-
ence of subsurface oxygen resulting from an oxygen treatment at high temperatures 
was shown to be crucial for high selectivity and activity in CO selective oxidation 
 [79, 80] . As CO oxidation is generally claimed to be a structure - sensitive reaction, 
restructuring of the silver particles is likely to exert an infl uence on the activity of 
the catalyst. Yang and Aoyama  [81, 82]  studied the thermal stability of uniform 
silver clusters supported on oxidized silicon or aluminum surfaces in both oxidiz-
ing and reducing atmospheres, and found the thermal stability of the silver 
clusters to be signifi cantly lowered under oxidizing conditions. Moreover, heating 
above 350    ° C under oxidizing condition could induce a migration of the 
silver clusters. 

 Size selectivity in catalysis was reported for propylene partial oxidation and low -
 temperature CO - oxidation, with Ag nanoparticles of  < 5   nm diameter being shown 
to have equal activity as the Au nanoparticles. In contrast, for ethylene epoxidation 
only those Ag particles  > 30   nm could catalyze the reaction  [83] . Recently, much 
attention has been focused on the use of spherical or undetermined - shape nano-
particles for catalyzing reactions. Very few studies have been undertaken in which 
catalysis was conducted with nanoparticles of known shapes  [84] , for example, 
using truncated octahedral Pt nanoparticles to catalyze the electron - transfer reac-
tion, and cubic Pt nanoparticles in the decomposition of the oxalate capping agent. 
The formation of different oxygen species, depending on the Ag particle size sput-
tered on the  highly ordered pyrolytic graphite  ( HOPG ) surface, resulted in a vari-
ation in catalytic activity of CO oxidation using oxygen under ( ultra - high vacuum ) 
 UHV  conditions revealed CO oxidation to be sensitive towards the size of particle 
 [85] . The oxygen uptake of a smaller Ag nanoparticle was seen to be signifi cantly 
higher than that of a larger particle and a bulk - like Ag which enhanced the reactiv-
ity of CO oxidation.  

  10.3.3 
 Gold – Silver Alloy Catalysts 

 The recent progress in polymer electrolyte membrane fuel cells has particularly 
motivated the search for a highly effi cient catalyst for CO selective oxidation at low 
temperatures. Thus, combinations of metals in the forms of alloys, core – shell and 
 “ decorated ”  surfaces (Pt, Pd, Rh, Ru, Au, Ag, Cu, Co, Fe, In, Ga) with different 
supports, such as zeolite, Al 2 O 3 , SiO 2 , and activated carbon, have produced active 
catalysts for the CO reaction. One such alternative catalyst, namely gold – silver 
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     Figure 10.4     CO conversion over reaction temperatures at 
various molar ratios of Au   :   Ag.  � , ratio 3   :   1;  � , ratio 1   :   1;  � , 
ratio 1   :   0;  � , ratio 0   :   1.  Reproduced with permission from 
Ref.  [88] ;  ©  2005, ACS Publications, Washington.   

alloy nanoparticles deposited on MCM - 41, demonstrated an exceptionally high 
catalytic activity which was comparable to the most active catalysts (Figure  10.4 ) 
such as Au/TiO 2  and Au/Fe 2 O 3   [86, 87] . The alloying of Au and Ag showed a strong 
synergistic effect in promoting the low - temperature oxidation of CO  [88] . The alloy 
catalyst activation was shown to depend on the composition (the Ag ratio was 
crucial), the aluminum content in the support, and the pretreatment conditions.    

  10.3.4 
 Copper Catalysts 

 Copper nanoparticles are also active for the selective oxidation of CO. The majority 
of studies with copper particles have been performed with fi nely dispersed copper 
on various supports, and have demonstrated high catalytic activities for CO oxida-
tion. Likewise, CuO mixed with ZnO or with CeO 2  have also shown promise as 
catalysts. The results of a recent  density functional theory  ( DFT ) study showed that 
gold and copper had a lower barrier for CO oxidation than for H 2  oxidation. 

 Ceria has a promoting effect on the activity of the Au/Al 2 O 3  catalyst in CO oxida-
tion  [89] . The addition of Li 2 O and/or CeOx to copper, silver, and gold catalysts of 
3   nm size on  γ  - Al 2 O 3  for the preferential oxidation of CO in a hydrogen atmosphere 
 [90] , have shown signifi cant changes in the conversion. The nanoscale metal par-
ticles or metal complexes in polymer matrices show quite interesting chemical 
and catalytic reactivity towards a variety of small gas molecules under relatively 
mild conditions that differ from those of the corresponding free transition metal 
complexes, or from those in inorganic oxide - supported systems. The incorporation 
of copper nanoparticles into cellulose acetate, and the subsequent oxidation of 
small gas molecules (e.g., CO, H 2 , D 2 , O 2 , NO, and olefi ns) over a temperature 
range of 25 to 160    ° C, has also been examined  [91] . Nanoparticles of various sizes 
prepared by different routes and hosted in the channels of SBA - 15, exhibited a 



 344  10 Oxidation Catalysis by Nanoscale Gold, Silver, and Copper

     Figure 10.5     CO conversions versus reaction temperature over 
Cu/SBA - 15 (post grafted) calcined at 500    ° C and reduced at 
different temperatures.  Reproduced with permission from 
Ref.  [92] ;  ©  2006, Elsevier B.V., Amsterdam.   

high catalytic activity for CO oxidation, with complete conversion at 190    ° C 
(Figure  10.5 )  [92] . Such high catalytic activity was mainly infl uenced by the size 
and dispersion of the Cu particles.     

  10.4 
 Epoxidation Reactions 

  10.4.1 
 Gold Catalysts 

 Since the fi rst recognition by Hayashi  [93]  that Au supported on TiO 2  could 
catalyze the epoxidation of propylene in the gas phase containing O 2  and H 2 , the 
catalytic properties of Au/TiO 2  and related systems have attracted interest not only 
from the chemical industries but also from academia. Today,  propylene oxide  ( PO ) 
is recognized as one of the world ’ s most important bulk chemicals, and is used 
in the production of polyurethane and polyols. The current industrial processes 
utilize two - staged chemical reactions, using either Cl 2  or organic peroxides to yield 
the byproducts stoichiometrically. 

 From both environmental and economic points of view, the direct synthesis of 
PO by using molecular oxygen has long been a major academic challenge, although 
supported noble metal catalysts such as Ag/carbonates and/or titanates, Pd/TS - 1, 
Pd – Pt/TS - 1  [94 – 96] , and Au/TiO 2  (Figure  10.6 )  [93, 97] , have each been reported 
to be active in this process.   

 In 1998, using the DP technique, Haruta and coworkers  [97]  produced nanoscale 
gold catalysts that showed a high activity towards CO oxidation, based on the 
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     Figure 10.6     (a) Transmission electron microscopy image of 
the Au/TiO 2  contact interface; (b) A schematic representation 
of the interface.  Reproduced with permission from Ref.  [97] ; 
 ©  1998, VSP, Leiden.   

strong contact with the support at highly dispersed isolated tetrahedral Ti 4+  sites. 
Moreover, this catalyst also provided a very high PO selectivity ( > 99%) in a gas 
phase containing O 2  and H 2 , at ambient pressure. The same group also demon-
strated the formation of PO over an Au - based catalyst to be a typical structure -
 sensitive reaction  [97] , with the selective production of PO being catalyzed only 
by hemispherical Au particles of a suitable size (2   nm    <    diameter Au nanoparti-
cle    <    10   nm). In more recent investigations, these authors also showed an organi-
cally modifi ed mesoporous titanosilicate to be an effi cient support  [98] , providing 
a reasonably effi cient H 2  consumption, high yields, and PO selectivities in 
excess of 90%  [99] . 

 These studies initiated a growing research interest from both industry and 
academia  [100 – 103] , with one of the more remarkable investigations being con-
ducted by Hutchings and coworkers  [102] . This group used catalytic amounts of 
peroxides to initiate the oxidation of alkenes with O 2 , and making it unnecessary 
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to sacrifi ce H 2  in order to activate the O 2 . Here, Au/graphite was found to be very 
active in catalyzing the expoxidation of cyclohexene, styrene,  cis  - stilbene, and cyclo -
 octene, even in a solvent - free system. Although the selectivity could be increased 
by using the correct solvent (e.g., toluene), the environment - friendly expoxidation 
in solvent - free systems would be much more attractive to the chemical industry 
and is certain to become another hot topic of research in the near future.  

  10.4.2 
 Silver Catalysts 

 Silver is considered to be an almost uniquely effective catalyst for heterogeneous 
epoxidation reactions, and the mechanism of the epoxidation of ethylene with 
oxygen over a silver catalyst has been the subject of extensive investigation  [104 –
 111] . However, despite such numerous studies and its wide use, a number 
of questions remain unanswered regarding this catalytic system, including:  “ How 
do the supports and promoters affect the reaction? ” ;  “ What is the mechanism 
of the primary and secondary reactions? ” ; and  “ What relationship exists between 
the electron and structure factors? ”  The interaction of oxygen with metal surfaces 
has been suggested as one of the most important elementary steps in heterogeneous 
catalysis, and several reviews of oxygen adsorption, active oxygen species, promoter 
effects and reaction mechanisms on silver catalysts have been produced  [112] . The 
oxygen species on silver were found to play a key role in ethylene epoxidation, and 
extensive studies have been performed to establish details of the interaction of 
oxygen with silver surfaces, namely whether the chemisorbed oxygen is atomic or 
molecular  [113] . Details of surface molecular, surface atomic, subsurface atomic, 
and bulk atomic oxygen species have each been reported in the literature. 

 Signifi cant efforts to improve selectivity have included the use of different silver 
precursors, of different preparation techniques, and of different promoters. Such 
information is gathered following the continuous addition of a chlorine - containing 
hydrocarbon species to the gaseous reactants as a moderator, which also acts to 
depress the overall reaction rates. Campbell reported that small amounts of pro-
moters (e.g., Cl) would increase the ethylene oxide selectivity  [114, 115] . For an 
industrial oxidation of ethylene, alkali metal ions are an important additive when 
using a silver catalyst, and alkali or alkaline earth promoters (e.g., cesium) can 
provide further substantial improvements  [116 – 118] . Campbell  [116]  reported the 
role of a cesium promoter in silver catalysts for the selective oxidation of ethylene. 
The oxidation of ethylene in solution, catalyzed by polymer - protected silver col-
loids, and the promotion effect by alkali metal ions on colloidal silver catalysts, 
have also been studied  [119] . Colloidal dispersions of silver nanoclusters, when 
protected by poly(sodium acrylate), caused increases in the rate of oxidation, the 
reaction temperature and also the catalytic activity following the addition of Cs(I) 
and Re(VII) ions  [120] . 

 The infl uence of silver nanoparticle size on catalytic activity is due not only to an 
enhanced surface area but also to particular electronic properties, which differ from 
those of bulk silver. The effect of silver particle size on the reaction rate is a well -



 10.5 Selective Oxidation of Hydrocarbons  347

 known property of supported silver catalysts  [121, 122] . For example, when monitor-
ing the distribution of Ag supported on alumina, silver particles of 30 – 70    Å  on 
alumina or silica showed higher activities. Previously, small silver clusters had been 
shown to be the most effective, probably due to the electronic and other properties 
of silver (atomic environment, electron work function, electric conductance, etc.), 
and differed considerably from bulk silver in this respect. Although the majority of 
studies have used bulk silver samples, uncertainty remains as to the nature of the 
active sites for ethylene epoxidation on a commercial catalyst. Enlargement of the 
silver particles has been found to decrease the amount of subsurface oxygen, and 
result in the appearance of nucleophilic oxygen. These fi ndings have been used to 
provide a possible explanation for the size effect in ethylene epoxidation over Ag/
Al 2 O 3  catalysts (Figure  10.7 )  [123 – 126] . The kinetic study and shape - controlled cata-
lytic epoxidation of olefi ns by these nanoparticles on several supports such as  α  -
 Al 2 O 3 , CaCO 3  and spherical particles of TiO 2  (all obtained using the St ö ber method) 
were investigated for a non - allylic olefi n (e.g., styrene) and for an allylic olefi n (e.g., 
propene), using molecular oxygen and N 2 O as oxidants.   

 Silver supported on titania was found to be active for propene epoxidation using 
hydrogen/oxygen mixtures at 50    ° C  [127, 128] . The direct aerobic oxidation of 
various alkenes catalyzed by H 5 PV 2 Mo 10 O 40  polyoxometalate - stabilized silver nano-
particles supported on Al 2 O 3  showed a higher selectivity towards epoxide in the 
liquid phase  [129] . Styrene represents a useful alkene model for studying the reac-
tion mechanism of terminal alkene epoxidation; the size and morphology of the 
nanoparticles was reported to affect the catalytic behavior of silver catalysts sup-
ported on  α  - Al 2 O 3  and MgO, in the selective oxidation of styrene in the gas phase 
 [130 – 134] . The epoxidation of styrene to its oxide by molecular oxygen was studied 
using a Cs - loaded silver nanowire catalyst, and resulted in the desired product with 
greater selectivity.   

  10.5 
 Selective Oxidation of Hydrocarbons 

 The selective oxidation of alkanes with molecular oxygen represents a major chal-
lenge  [135, 136] , as the production of the more valuable oxidized products relative 
to the low cost of the raw materials is of economic interest. The chemical inertness 
of hydrocarbons makes the activation of C – H bonds especially diffi cult, and usually 
requires dramatic reaction conditions such as high temperature and pressure. The 
oxidation of cyclohexane is of special interest industrially, because the process 
produces KA - oil as an intermediate; this is a mixture of cyclohexanone and 
cyclohexanol that is important in the petroleum chemical industry. KA - oil is used 
for the production of adipic acid and  ε  - caprolactam, which are key materials in the 
respective manufacture of 6,6 - nylon and 6 - nylon  [137] . 

 Modern industrial methods typically require both high pressure and tempera-
ture when using a soluble cobalt catalyst. A high selectivity for cyclohexanone 
and cyclohexanol can only be achieved at a low conversion, as these products are 
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     Figure 10.7     (a) Conversion of ethylene; (b) 
Selectivity and conversion of Ag on  γ  - Al 2 O 3  
with catalysts prepared by different methods: 
A, precipitation; B, modifi ed precipitation; C, 

water – alcohol; D, microemulsion silver 
loading (7.5 – 8.6%).  Reproduced with 
permission from Ref.  [126] ;  ©  2003, Elsevier 
B.V., Amsterdam.   
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substantially more reactive than the cyclohexane reactant. Thus, under mild condi-
tions it is diffi cult to achieve, simultaneously, a high conversion and selectivity. 

 Whilst it is desirable to identify a good catalyst in order to activate the reaction 
between oxygen and cyclohexane, the technology by which cyclohexane is oxidized 
by O 2  to produce KA - oil has not yet been improved  [138] . In an effort to reduce 
the use of environmentally harmful elements, heterogeneous catalysts prepared 
by immobilizing Mn III , Co III , Cr III  and Fe III  ions on metal oxides have been 
developed for the oxidation of cyclohexane  [139 – 141] , although these systems were 
subsequently found to suffer from leaching under the reaction conditions used. 
Mesoporous materials were reported as effi cient support materials because in 
the pores, cyclohexane is oxidized more readily than cyclohexanol, such that the 
selectivity is enhanced. 

  10.5.1 
 Gold Catalysts 

 Zhao and coworkers were the fi rst to apply gold nanoparticles for this application, 
and reported that a supported gold catalyst could activate cyclohexane at 150    ° C, 
with selectivities in the region of 90%  [142, 143] . Under similar reaction condi-
tions, Kake Zhu and coworkers found that gold nanoparticles immobilized by a 
variety of methods in the channels of SBA - 15 showed a good performance in cata-
lyzing the aerobic oxidation of cyclohexane in a solvent - free system (Figure  10.8 ) 
 [144] , with the highest conversion being reported as 32%. In order to enhance 
selectivity, the aerobic oxidation of cyclohexane was performed below 100    ° C and 
catalyzed by supported Au, Pt, and Pd catalysts  [145] . Although, the selectivity for 
cylohexanone and cyclohexanol was found to decline rapidly with the enhanced 
conversion and longer reaction times, the gold catalysts provided an identical 
performance to the Pt and Pd catalysts.    

     Figure 10.8     Representative transmission electron microscopy 
images. (a) Au – APS/SBA - 15; (b, c) Au – SH/SBA - 15 at low 
(b) and high (c) magnifi cation.  Reproduced with permission 
from Ref.  [144] ;  ©  2005, Springer, Netherlands.   
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  10.5.2 
 Silver Catalysts 

 Silver catalysts have also found use in hydrocarbon oxidation reactions. Since 
the granting of the fi rst patent in 1931 for the manufacture of ethylene oxide with 
an Ag catalyst  [146] , the industrial production of ethylene oxide by direct oxidation 
in gas phase has become widely used, with ethylene being converted into ethylene 
glycol or a variety of other derivatives. In fact, the selective oxidation of ethylene 
over a supported material represents one of the few uses of silver as an industrially 
important catalyst, whilst also providing fundamental interests in the surface 
sciences  [112, 147] . 

 Silver has, however, rarely been considered as a catalyst for the selective oxida-
tion of saturated hydrocarbons. Yet, nanoscale silver supported on MCM - 41 for 
the liquid - phase oxidation of cyclohexane was found to be an effective catalyst 
in the absence of a solvent  [148] , with a higher turnover number and improved 
selectivity compared to other support systems of Ag/TS - 1 and Ag/Al 2 O 3 .  

  10.5.3 
 Copper Catalysts 

 Copper nanoparticles supported on natural zeolites of different structure and 
origin have been utilized for the complete oxidation of hydrocarbons over a tem-
perature range of 170 to 250    ° C. Although a complete conversion was reported, 
this was shown to depend on the Si/Al ratio of the zeolite matrix and the different 
nanospecies of copper present  [149] .   

  10.6 
 Oxidation of Alcohols and Aldehydes 

 The oxidations of alcohols and polyols are important processes in industrial chem-
istry, and it is not surprising that a signifi cant effort is currently being expended 
within the scientifi c community to improve present - day technologies, and in par-
ticular to create processes that are more  “ green. ”  The objective of these research 
investigations has been the development of a catalytic system that would compete 
against a stoichiometric approach involving concentrated and toxic oxidizing 
agents. Supported platinum and palladium catalysts are well known as effective 
catalysts for the oxidation of polyols under acidic or basic conditions. Yet, sup-
ported gold nanoparticles were also found to be very effective for the oxidation of 
alcohols, including diols, in the presence of a base  [150 – 157] . These catalysts could 
also be used in the oxidation of sugars, glucose, and sorbitol  [158, 159] . When 
using dioxygen as the oxidant, Carrettin  et al . reported a 100% selectivity for the 
oxidation of glycerol to glycerate, this being catalyzed by an Au catalyst supported 
on graphite under relatively mild conditions, and with yields approaching 60% 
 [160 – 162] . In these studies the presence of a base was also found to be essential 
for both activity and selectivity. 
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  10.6.1 
 Gold Catalysts 

 It has been commonly observed that the oxidation of alcohols catalyzed by 
supported gold catalysts show better performances under basic conditions in terms 
of high selectivities and reasonable activities, although the mechanism behind this 
chemistry remains unclear. Another interesting observation is that the types of 
support used for the gold catalysts, which have important roles in the oxidation of 
CO and epoxidation, appear to have little effect in the oxidation of alcohols. In fact 
Rossi and coworkers  [163] , when monitoring the oxidation of glucose to gluconic 
acid, found that unsupported colloidal AU particles were equally active as Au nano-
particles supported on active carbon, under the same conditions. A subsequent 
study extended the application of colloidal gold catalysts to the oxidation of 1,2 - diols 
 [164, 165] . The disadvantage of an unsupported colloidal gold catalyst is its poor 
long - term performance compared to a supported gold nanocatalyst, due to prob-
lems of aggregation. Recently, gold nanoclusters stabilized by polymers  [166]  
showed good activity in the aerobic oxidation of benzyl alcohol in aqueous media. 
However, Corma and coworkers  [167, 168]  proposed that the support of Au/CeO 2  
catalysts could help to stabilize a reactive peroxy intermediate from O 2 , and thus 
could enhance the activities of gold catalysts in the selective oxidation of alcohols 
to aldehydes/ketones, and of aldehydes to acids. One further interesting point here 
was that the gold catalysts functioned well in solvent - free systems without any 
additional base, a point which differed considerably from earlier fi ndings. 

 One of the most signifi cant advances in the fi eld of alcohol oxidation, provided 
by the group of Hutchings  [169] , indicated that an Au/Pt alloy supported on TiO 2  
was a highly active catalyst for the oxidation of benzyl alcohol, cinnamyl alcohol, 
and vanillyl alcohol. In particular, for the oxidation of benzyl alcohol, the perform-
ance of the Au - Pd/TiO 2  catalyst was remarkably superior to that of Au/TiO 2  and 
Pd /TiO 2  in terms of both conversion and selectivity (Figure  10.9 ).    

  10.6.2 
 Silver Catalysts 

 The silver - catalyzed partial oxidation of methanol to formaldehyde, which is an 
industrially important chemical transformation of alcohols to carbonyls in the gas 
phase, and is signifi cant in the synthesis of drugs, vitamins, fragrances, and many 
complex syntheses, was fi rst employed on an industrial scale by BASF AG in 1905 
 [170, 171] . Since that time, several silver - based catalysts, including bulk and sup-
ported systems, have been developed for the oxidation of alcohols. The main 
problems encountered problems with bulk silver are low catalytic activities at low 
temperatures, or the products of cracking and/or overoxidation at higher reaction 
temperatures. Various attempts have been made to improve the catalytic perform-
ance of silver - based catalysts, either by adding additives to the bulk silver catalysts 
or by dispersing the silver particles on supports  [172 – 175] . Supported silver would 
be expected to enhance the dispersion and stability of silver, and thus also enhance 
its catalytic activity at relatively low temperatures. The design of a catalyst combin-
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     Figure 10.9     (a) Benzyl alcohol conversion and 
selectivity in benzaldehyde with the reaction 
time at 373   K and 0.1   MPa  p O 2 . Squares 
indicate Au/TiO 2 ; circles indicate Pd/TiO 2 ; 
triangles indicate Au – Pd/TiO 2 . Solid symbols 
indicate conversion, open symbols indicate 
selectivity; (b) Au – Pd/TiO 2  - catalyzed reactions 

at 363   K, 0.1   MPa  p O 2 , for cinnamyl alcohol 
(squares) and vanillyl alcohol (circles). Solid 
symbols indicate conversion, open symbols 
indicate selectivity to the corresponding 
aldehydes.  Reproduced with permission from 
Ref.  [169] ;  ©  2005, RSC Publishing, 
Cambridge.   

ing the advantages of both bulk silver catalysts (conventional electrolytic silver) 
and supported silver catalysts, with better performance, remains a major research 
challenge in the area of alcohol catalytic oxidation  [176] . 

 Supported platinum and palladium nanoparticles are generally acknowledged 
as effective catalysts for the oxidation of polyols  [177] .  In situ  electrolytic nanosil-
ver/zeolite fi lm/copper grid catalysts have shown higher catalytic oxidation proper-
ties towards mono, di, and other types of alcohols, and with higher selectivities 
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 [176, 178] . The silver nanoparticles, when generated  in situ , highly dispersed on 
the zeolite fi lm and then precoated on a copper grid, demonstrated excellent activi-
ties towards polyhydric alcohol at low temperature. Such performance effectively 
avoids the problems of both overoxidation and C – C bond cracking at high tem-
peratures, or mild oxidation at low temperatures (as in the case of the practical 
electrolytic silver catalyst). Au – Ag alloy clusters (size range 1.6 – 2.2   nm) with 
various Ag contents (5 – 30%) and prepared using a coreduction method in the 
presence of poly( N  - vinyl - 2 - pyrrolidone), were investigated in the aerobic oxidation 
of  p  - hydroxybenzyl alcohol as a model reaction to understand the effect of Ag on 
the catalytic activity of Au clusters  [179] . The rate constants per unit surface area 
for the Au – Ag:PVP clusters with a small Ag content ( < 10%) were larger than those 
of monometallic Au:PVP clusters of comparable size. Spherical nanoparticles 
anchored on the external walls of a multiwalled carbon nanotube (Ag/MWNT) 
composite electrode exhibited a high catalytic activity for the electro - oxidation of 
methanol  [180] .   

  10.7 
 Direct Synthesis of Hydrogen Peroxide 

 As noted above, there has been much recent interest in the design of new hetero-
geneous catalysts for selective oxidation under ambient conditions, and these typi-
cally use hydrogen peroxide as the oxidant  [96] . At present, hydrogen peroxide is 
produced by the sequential hydrogenation and oxidation of alkyl anthraquinone, 
with the annual global production approximating 1.9    ×    10 6  tons. However, a 
number of problems are associated with the anthraquinone route, including the 
cost of the quinone solvent system and a periodic need to replace the anthraqui-
none because of hydrogenation. In view of this, considerable interest has been 
expressed in the direct manufacture of hydrogen peroxide from the catalyzed reac-
tion of hydrogen and oxygen. At present, a degree of success has been achieved 
using Pd as a catalyst, especially when halides are used as promoters. Typically, 
dilute solutions of hydrogen peroxide are produced, with earlier studies indicating 
that the Pd catalyst could be combined with an oxidation catalyst, TS - 1, such that 
the hydrogen peroxide produced could be used  in situ . To date, however, no com-
mercial process exists for the direct manufacture of hydrogen peroxide. Hutchings 
and coworkers were the fi rst to show that Au/Al 2 O 3  catalysts were effective for the 
direct reaction, and thus far the best catalysts identifi ed have been Pt – Au alloy 
supported catalysts (Table  10.2 ); these showed a better performance than pure Pd 
or Au catalysts  [181, 182] . The suggestion was made that the enhanced activity 
observed by the addition of Pd to Au was due to an enhanced activation of hydro-
gen. However, if too much Pd was added, the decomposition activity of the hydro-
gen peroxide was also enhanced, such that the rate declined.   

 Subsequently, Ishihara  et al .  [183]  have shown that Au/SiO 2  and Au – Pd/SiO 2  
catalysts are also effective for this reaction at only 10    ° C. In recent studies, Hutch-
ings and coworkers have shown that the selectivity for H 2  utilization could be 
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 Table 10.2     Formation of  H  2  O  2  from the reaction of  H  2 / O  2  over  A  u  and  P  d  catalysts  [182]  . 

   Catalyst     Solvent   a        Temperature 
( ° C)  

   Pressure 
(MPa)  

   O 2 /H 2  
 (molar ratio)  

   H 2 O 2  
 mmol   g (catalyst)  − 1    h  − 1   

  Au/Al 2 O 3     CH 3 OH    2    3.7    1.2    1530  

  Au   :   Pd (1   :   1)/
Al 2 O 3   

  CH 3 OH    2    3.7    1.2    4460  

  Pd/Al 2 O 3     CH 3 OH    2    3.7    1.2    370  

  Au/ZnO    scCO 2     35    9.2    1.0    9  

  Au   :   Pd (1   :   3)/
ZnO  

  scCO 2     35    9.2    1.1    7  

  Au   :   Pd (1   :   1)/
ZnO  

  scCO 2     35    9.2    0.8    12  

  Au   :   Pd (3   :   1)/
ZnO  

  scCO 2     35    9.2    0.9    8  

  Pd/ZnO    scCO 2     35    9.2    1.3    0  

    a    scCO 2    =   supercritical CO 2 .   

signifi cantly enhanced when Fe 2 O 3  and TiO 2  were used as supports  [184, 185] . 
Indeed, with short reaction times the selectivity may exceed 95% for the reaction 
of dilute H 2 /O 2  mixtures (1   :   1; 5 vol%) diluted with CO 2  (95 vol%). Very high rates 
of reaction were observed with noncalcined Au – Pd/TiO 2  catalysts, but these proved 
to be unstable as they lost both Au and Pd during the reaction and could not be 
successfully reused. However, if the catalysts were calcined at 400    ° C prior to use, 
very stable reusable materials were obtained. Detailed structural investigations of 
these active stable catalysts, using  X - ray photoelectron spectroscopy  ( XPS ) and 
 transmission electron microscopy  ( TEM ), showed that the catalysts have a core –
 shell structure with a gold - rich core and a palladium - rich shell. It was concluded 
that the Au was acting as an electronic promotor for the Pd - rich surface of the 
Au – Pd nanocrystals.  

  10.8 
 Conclusions 

 Although the catalytic processes described in this chapter have provided a good 
overview of the oxidation catalysis properties of Group 11 metals, this is a far from 
comprehensive survey of the fi eld. However, this group of metals has provided 
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the basis for some of the most interesting size -  and shape - dependent catalytic 
phenomena on the nanoscale. Whilst copper and silver have shown interesting 
and employable properties, the chemistry exhibited by gold on the nanoscale has 
truly sparked a whole subfi eld of research that has regularly yielded exciting and 
unexpected results. As the research groups continue to unravel the chemistry of 
these nanomaterials, it is likely that revolutionary technologies will follow.  
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  11.1 
 Introduction 

 Self - assembling systems are invaluable sources of novel materials with diverse 
architectures, morphologies, physical and chemical properties, as well as potential 
applications  [1 – 9] . The relative simplicity of some preparative procedures, and the 
precision with which thermodynamic and kinetic factors operate to produce such 
materials, make self - assembly an intensely studied phenomenon  [4, 7] . The major 
aim of the present author ’ s research has been the preparation of novel multi - metal 
materials that could: (i) effi ciently immobilize toxic metals from the environment 
 [10] ; (ii) trap and transport metal ions in human and animal bodies for diagnostic, 
imaging, or therapeutic benefi ts  [11] ; or (iii) simply act as dispersion media for 
metal ions in the effi cient synthesis of multicomponent metal oxides with interest-
ing properties, such as the superconducting oxides, YBa 2 Cu 3 O 7   [12] . These studies 
have covered self - assembling coordination compounds of multiple metal ions of 
the 3d - , 4f - , some p - , and nearly all of the s - block series  [10 – 21] . This chapter 
provides a review of the synthesis of multinuclear self - assembling compounds 
facilitated by crown ethers, their structures, electronic behavior, and their ther-
mally activated mechanical properties  [10 – 21] . 

 Interest in these compounds was inspired by the potential of crown ether 
chelates to bind metal ions such as M + , M 2+ , and M 3+ , the charge of which can then 
be counterbalanced by, among others, negatively charged, metalloanions such as 
[CuX 4 ] 2 −   and [Cu 2 X 6 ] 2 −   to produce mixed - metal compounds for the preparation of 
superconducting ceramic oxides such as YBa 2 Cu 3 O 7  and their derivatives  [10] . For 
thallium - based superconducting ceramic oxide systems, the toxicity of thallium 
and ensuing environmental health concerns were important considerations  [10] . 
Thus, as thallium - based superconducting ceramics demonstrated a superior 
potential based on a higher transition temperature ( T  c ) (e.g.,  T  c    =   120 – 125   K and 
100 – 105   K for Tl 2 Ba 2 Ca 2 Cu 3 O 10  and Tl 2 Ba 2 CaCu 2 O 8 , respectively)  [22]  compared to 
90   K for YBa 2 Cu 3 O 7 )  [23] , self - assembling systems that could immobilize large 
amounts of toxic thallium ions achieved greater signifi cance. 
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     Scheme 11.1     Crown ethers used in these studies.  

 In this chapter, a review is provided of the studies conducted on the syntheses 
of metal - rich  Cubic F23  supramolecular complexes [(A(18 - Crown - 6)) 4 (MX 4 )]
[BX 4 ] 2     ·     n H 2 O, where A is a monovalent metal or   NH4

+  ion; M is a divalent metal 
ion (normally of 3d element); B is a trivalent metal ion (Tl 3+  or Fe 3+ ); and X is a 
halogen (Cl or Br). The 18 - crown - 6 chelate (Scheme  11.1 ) in these and other com-
plexes exhibits a thermally activated rotation conformation reorientation motion, 
which is of interest as a trigger for luminescence and magnetic on/off switching 
and mechanical nanodevices. The effectiveness of Mn 2+  to serve as an effi cient 
probe for a variety of coordination environments was also successfully explored, 
and the results are reported.    

  11.2 
 Preparation of Key Compounds 

 The general preparation of the [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O series has been 
reported previously  [10 – 21] . The procedure involves a simple refl uxing of chelate 
18C6 in alcoholic solutions containing the corresponding quantities of metal salts 
(e.g., RbBr, MnBr 2 , and TlBr 3  when the complex (Rb(18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O 
is desired), and then evaporating off the excess solvent to deposit the crystalline 
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     Scheme 11.2     Pertinent reactions leading to supramolecular 
systems: [(Tl(18 - Crown - 6)) 4 (CuCl 4 )] [TlCl 4 ] 2     ·     n H 2 O. The solvent 
shells are removed, and reactions occur in air.  

materials. For the complex (Tl(18C6)) 4 (MX 4 )] [TlX 4 ] 2     ·     n H 2 O, auto - oxidation of Tl +  
to Tl 3+  or auto - reduction of Tl 3+  to Tl +  occurs in the refl uxing mixture when the 
reaction vessels are open to the atmosphere (Scheme  11.2 ).   

 Hence, there is no need for both Tl 3+  and Tl +  to be added into the reaction 
mixture. If Fe 3+  and Tl +  are used, no auto - oxidation of Tl +  is observed. Overall, 
compounds [(A(18C6)) 4  - (MX 4 )] [BX 4 ] 2     ·     n H 2 O with A   =   Tl, Na, K, Rb, NH 4 , BaX 
(X   =   halide or OH); M   =   Mn, Fe, Co, Ni, Cu, Zn, and B   =   Tl or Fe have been 
prepared. Similar results were recently obtained by another group, which demon-
strated that for M 2+    =   Fe 2+  reducing conditions are required; otherwise, oxidation 
to Fe 3+  occurs and the cubic compounds are not formed  [24] . The crown ethers 
used in the study are shown in Scheme  11.1 . 

 Changing the crown from 18C6 to DA18C6 or HM18C6 resulted in the forma-
tion of compounds similar to those of [(Rb(18Crown) 4 (MnX 4 )] [TlX 4 ] 2     ·     n H 2 O, while 
DB18C6, 15C5 and 12C4 failed to produce the cubic series. However, the reaction 
of NaBr, 15C5, and TlBr 3  in the presence or absence of [MX 4 ] 2 −   anions yielded an 
elegant self - assembling compound [(Na(15C5)) 4 Br] [TlBr 4 ] 3  in which the Br  −   anion 
played the role of concentrating [Na(Crown)] +  cations in a manner similar to that 
of tetrahedral [MX 4 ] 2 −   anions [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O.  

  11.3 
 Structure of the  [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2       ·       n H 2 O  Complexes 

 The structure of compounds of the [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O is  Cubic F23 , 
with the [A(16C6)] +  cation perched on the triangular surfaces of the [MX 4 ] 2 −   anions, 
as shown in Figure  11.1  for one of the four such links. While the structures 
remained  Cubic F23  throughout the series [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O, there 
were subtle differences in the orientation of the 18C6 in some cases, which are 
temperature - dependent. For instance, for the compound [(Tl(18C6)) 4 (CuBr 4 )] 
[TlBr 4 ] 2     ·     n H 2 O, the room temperature structure is similar to that of the Mn 2+  
analogue, but when it is cooled to 115   K a switch in the O and C positions was 
found to have occurred (Figure  11.1 ). The structures of many compounds were 
studied, and the switch from the low - temperature form (that of [(Tl(18C6)) 4 (CuBr 4 )] 
[TlBr 4 ] 2  at 115   K) to the high - temperature form (that of [(Tl(18C6)) 4 (CuBr 4 )] [TlBr 4 ] 2  
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     Figure 11.1     Partial structures of the [(Tl(18 - Crown - 6)) 4 (MX 4 )] 2+  
supramolecular cations, showing the two orientations. 
(a)  T    =   115   K, M   =   Cu, X   =   Br; (b) Room temperature, M   =   Mn, 
X   =   Cl. The difference is in the 30    °  rotation for 18C6 ligand 
resulting in carbon and oxygen switching positions (compare 
the positions marked by the arrows).  Adopted from Ref.  [15] .   

at room temperature) was found to depend on several factors, including the 
nature of the halide, the presence or absence of crystal water, and the temperature 
(Table  11.1 )  [16] .     

 The extended cubic structure of members of the [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O 
was recently  [24]  analyzed in detail (Figure  11.2 a); the study revealed an M 2+  
nucleus trapped in a tetrahedron of four X  −   anions; the resultant [MX 4 ] 2 −   is coor-
dinated on each of its four triangular faces by [A(18C6)] +  cations with resulting 
[(A(18C6)) 4 (MX 4 )] 2+  cations secured inside a cavity made up of a cyclic adamantane -
 like network of ten [TX 4 ]  −   anions constituting six - member rings in chair conforma-
tions, as shown in Figure  11.2 b  [24] .    

  11.4 
 Structure of the  [(Na(15C5)) 4 Br] [TlBr 4 ] 3   Complex 

 Like the [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O, the elegant structure of the [(Na(15C5)) 4 Br] 
[TlBr 4 ] 3  complex reveals that it is stabilized by multiple complexation networks, as 
shown in Figure  11.3   [18] .    

  11.5 
 Spectroscopy of the  Cubic  F 23   [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O  

 The  Cubic F23  structure [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O requires additional 
support because it requires the [MX 4 ] 2 −   anion, including the [CuX 4 ] 2 −  , which is 
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 Table 11.1     18 - Crown - 6 orientations for structures of 
[( A (18 - Crown - 6)) 4 ( MX  4 )][ TlX  4 ] 2 . The crown orientation is seen 
to depend on many factors. 

   A     M     X      T  (K)     Orientation  

  Tl    Cu    Br    295    HT  
  Tl    Mn    Cl    295    HT  
  Tl    Cu    Cl    295    HT  
  K    Fe    Cl    293    HT  
  Tl    Cu    Br    115    LT  
  Tl    Cu    Cl (with 0.25 H 2 O)    297    LT  
  K    Mn    Br    295    LT  
  K    Zn    Br    297    LT  

     Figure 11.2     (a) The partial extended structure of 
[(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O members; (b) The network of 
ten [TX 4 ]  −   anions in an adamantine - type arrangement  [24] .  

highly susceptible to Jahn – Teller distortion  [25 – 27] , to occupy a 23T site of perfect 
T d  symmetry  [10] . We thus sought to determine whether the A, M, and B sites 
were of the indicated oxidation states and coordination geometries by spectro-
scopic means to complement the X - ray structural evidence. The presence of mixed 
valence thallium centers in [(Tl(18C6)) 4 (MCl 4 )] [TlCl 4 ] 2     ·     n H 2 O was established 
using solid - state  nuclear magnetic resonance  ( NMR ) of  205 Tl (Figure  11.4 ), which 
showed Tl 3+  with chemical shifts of approximately 2900 ppm relative to Tl(NO 3 ), 
while that of Tl +  occurred at  − 782   ppm and  − 117   ppm for the paramagnetic 
[(Tl(18C6)) 4 (CuCl 4 )] [TlCl 4 ] 2     ·     n H 2 O and diamagnetic [(Tl(18C6)) 4 (ZnCl 4 )] 
[TlCl 4 ] 2     ·     n H 2 O compounds, respectively. The larger chemical shift and broader 
resonance of Tl +  in [(Tl(18 - Crown - 6)) 4 (CuCl 4 )] [TlCl 4 ] 2     ·     n H 2 O, relative to that of 
[(Tl(18 - Crown - 6)) 4 (ZnCl 4 )] [TlCl 4 ] 2 , being indicative of the cation ’ s proximity to the 
paramagnetic Cu 2+  center.   
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     Figure 11.3     An elegant structure of [(Na - Crown - 5)) 4 Br] [TlX 4 ] 3 . 
(a) The cation [(Na - Crown - 5)) 4 Br] 3+ ; (b) Upper: the cation in a 
network of [TIBr4]  −   anions. Lower: one layer of stacking 
egg - tray networks of [TIBr4]  −   anions and their [(Na - Crown -
 5)) 4 Br] 3+  guest, shown as a partially shaded ball.  

     Figure 11.4     Solid - state  205 Th NMR spectra for some members 
of the [(A(18C6)) 4 (MCl 4 )] [BCl 4 ] 2     ·     n H 2 O series, showing the 
presence of the thallium(I) (Tl + ) and thallium(III) (Tl 3+ ) 
sites  [10] .  
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 While the structural details of the copper complexes [(A(18C6)) 4 (MX 4 )] 
[BX 4 ] 2     ·     n H 2 O, M   =   Cu, were similar to those of M   =   Co, Mn, Fe, Ni and Zn, 
it was necessary to determine whether the 23T site is really  T  d  or is an average 
of various geometries at room temperature. The deep - blue Co 2+  cubic compound 
[(Tl(18C6)) 4 (CoCl 4 )] [TlCl 4 ] 2     ·     n H 2 O is consistent with Co 2+  being in a  T  d  
environment. 

 The manganese (II) emission from the [(A(18C6)) 4 (MnCl 4 )] [TlCl 4 ] 2     ·     n H 2 O 
(A   =   Tl or Rb) compounds peaked at about 535   nm, as is typical of the tetrahedral 
[MnCl 4 ] 2 −   anions  [14] ; the corresponding excitation spectra were also characteristic 
of  T  d  [MnCl 4 ] 2 −   anions (Figure  11.5  for A   =   Rb). The excitation spectrum 
of [MnCl 4 ] 2 −   emission in [(Rb(18C6)) 4 (MnCl 4 )] [TlCl 4 ] 2     ·     n H 2 O (Figure  11.5 a) is 
attributed to electronic transitions from the  6 A 1  ground state to accessible higher -
 energy quartets derived from the crystal fi eld splitting of  4 G,  4 D,  4 P, and  4 F levels. 
Emission spectra from compounds with Cu 2+  and Fe 3+  were also typical of 
 4 T 1 ( 4 G)    →     6 A 1  emission for [MnCl 4 ] 2 −   ions. However, the inner - fi lter due to charge 
transfer bands of Cu 2+  and Fe 3+  led to signifi cant changes on the excitation spectra 
(Figure  11.5 ).   

 Thus, as required by  Cubic F23  symmetry, the 23T site occupied by the [MX 4 ] 2 −   
anions in crystalline [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O compounds is indeed 
of  T  d  character. However, the Cu 2+  charge transfer bands exhibited by the 
[(A(18C6)) 4 (CuCl 4 )] [TlCl 4 ] 2     ·     n H 2 O compounds at 27   000 to 30   000   cm  − 1  ( 2 E    ←     2 B 2 ) 
and 21   000 to 23   000   cm  − 1  ( 2 A 2     ←     2 B 2  and  2 E    ←     2 B 2 ) are in regions generally expected 
of D 2d  [CuCl 4 ] 2 −    [10] . This ion may be distorted, but this requires additional proof.  

     Figure 11.5     Emission and excitation spectra of 
[(Rb(18C6)) 4 (MnCl 4 ) 1 –    x  (CuCl 4 )  x  ] [(TlCl 4 ) 1 –    y  (FeCl 4 )  y  ] 2     ·     n H 2 O. 
Spectrum a:  x    =   0,  y    =   0; spectrum b:  x    =   0.056,  y    =   0; 
spectrum c:  x    =   0,  y     >    0)  [14] .  
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  11.6 
Unusual Luminescence Spectroscopy of Some Cubic  [(A(18C6)) 4 (MnX 4 )] 
[TlCl 4 ] 2     ·     n H 2 O  Compounds

 Whereas, the spectral profi les of [(A(18C6)) 4 (MnCl 4 )] [TlCl 4 ] 2     ·     n H 2 O (A   =   Tl or Rb) 
compounds (Figure  11.5 ) were typical of Mn 2+  in  T  d  environments, the spectra of 
several other [(A(18C6)) 4 (MnX 4 )] [TlX 4 ] 2     ·     n H 2 O compounds exhibited very interest-
ing dynamics and features that depended on the nature of the halide X  −   and the 
large cation A. The spectra of the [(A(18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O compounds 
with A   =   K and Rb (Figure  11.6 ) show the excitation spectra being similar. However, 
the emission spectrum of rubidium (A   =   Rb) features a green emission peaking 
at 535   nm, as is normal for Mn 2+  in  T  d  environments, while the potassium (A   =   K) 
compound exhibits an unusual orange emission peaking at 575   nm, with the 
normal green emission being too weak to observe.   

 The emission spectra indeed do depend on the nature of the A cation, as shown 
in Figure  11.7 , where a progressive spectral shift from the 535   nm to 575   nm emis-
sion is observed as the concentration of K +  ions (x) increases from 0 (pure Rb 
complex) to 1 (pure K complex).   

 Most interestingly, the ammonium compound [(NH 4 (18C6)) 4 (MnCl 4 )] 
[TlCl 4 ] 2     ·     n H 2 O, which features temperature - independent spectra, shows both 
emissions. The normal emission for Mn 2+  in  T  d  environments is seen at room 
temperature, while the strange orange emission dominates at 77   K (Figure  11.8 a).   

 The emission from the bromide complex [(NH 4 (18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O 
was normal, but the excitation spectrum featured an unusual broad absorption at 
330   nm that was attributed to defects  [21] . This led to the conclusion that the 

     Figure 11.6     Emission and excitation spectra of 
[(A(18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O (A   =   K or Rb)  [16] .  
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     Figure 11.7     Dependence of emission spectra of [(Rb 1 –    x  K  x  
(18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O on the molar fraction 
of K  [16] .  

     Figure 11.8     (a) The unusual emission 
behavior of the [(NH 4 (18C6)) 4 (MnBr 4 )] 
[TlBr 4 ] 2     ·     n H 2 O complex  [16] ; (b) Compared to 
[(NH 4 (18C6)) 2 (MnBr 4 )] (spectrum a), the 
inner - fi lter effect of defect sites on the 

excitation spectral profi le of  [21] : spectrum 
b   =   (Rb(HM18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O; 
spectrum c   =   [(K(18C6)) 4 (MnBr 4 )] 
[TlBr 4 ] 2     ·     n H 2 O; spectrum 
d   =   [(Ba(HM18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O.  
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strange orange emission and broad UV absorptions were associated with defect 
sites. The electronic states of defect sites yielding orange emission are capable of 
quenching the normal [MnX 4 ] 2 −   green emission, especially at 77   K. At room tem-
perature, back energy transfer from the defect site to the normal Mn 2+  seems to 
be dominant in the case of the [(NH 4 (18C6)) 4 (MnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O compound. 
Indeed, these defect sites were traced through a variety of compounds of [MnX 4 ] 2 −   
where their ability to act as inner - fi lters for [MnBr 4 ] 2 −   UV absorptions is evident 
(Figure  11.8 a).  

  11.7 
 Luminescence Decay Dynamics and 18 C 6 Rotations 

 The above temperature - dependent structural and luminescence behavior prompted 
the study of the temperature evolution of luminescence decay dynamics of the 
[(A(18C6)) 4 (MnX 4 )] [BX 4 ] 2     ·     n H 2 O compounds. As these fascinating decay dynam-
ics have been investigated and reported in detail elsewhere  [14, 16, 21] , at this point 
only the main aspects of our observations and conclusions will be presented. 

 The luminescence decay rates of [(A(18C6)) 4 (MnX 4 )] [BX 4 ] 2     ·     n H 2 O compounds 
are infl uenced by the nature of the halogen X and metal A for spin – orbit coupling 
reasons, and also the nature of defect sites, their proximity to the Mn 2+  site, and 
the effi ciency with which they interact with the emitting  4 T 1 ( 4 G)    →     6 A 1  process of 
Mn 2+ . Whilst the decay rates change with the composition of the manganese(II) 
compound, the general features are a temperature - independent component up to 
approximately 200   K, followed by a rapid decay which involves energy migration 
over the Mn 2+  sublattice. The Arrhenius plots (Figure  11.9 ) show biphasic emis-
sion quenching processes, with activation energies of 8 – 14   kJ   mol  − 1  at the start of 
the emission quenching, followed by a more rapid quenching process with a 
thermal barrier of 30 – 50   kJ   mol  − 1   [14, 16, 21] .   

     Figure 11.9     Arrhenius plots (ln  k  t  versus 1/ T ) for 
170    <     T     <    300   K for [(NH 4 (18C6)) 4 (MnCl 4 )] - [TlCl 4 ] 2     ·     n H 2 O. 
Normal [MnCl 4 ] 2+  emission monitored at 510   nm: plots 
b   =   8   kJ   mol  − 1 ) and e   =   35   kJ   mol  − 1 . Unusual emission 
monitored at 590   nm: plot a   =   7   kJ   mol  − 1 ; plot c   =   8   kJ   mol  − 1 ; 
plot d   =   29   kJ   mol  − 1 .  E  (kJ   mol  − 1 )    ≈    0.155  T  c  (where 
 T  c    =   transition temperature, i.e.,  ≈ 210   K from the above 
luminescence studies).  



 11.8 Conclusions  375

 The thermal barrier of 9 – 14   kJ   mol  − 1  was attributed to the energy required to 
bridge the gap between the Stokes shifted exciton - donating  4 T 1 ( 4 G) state of [MnX 4 ] 2 −   
anions and the energy - accepting  4 T 1 ( 4 G) levels of the [MnX 4 ] 2 −   neighbors, this 
being a key requirement for the energy migration process over the [MnCl 4 ] 2+  sub-
lattice. The difference between the absorption and emission energies was about 
1060   cm  − 1  (or 12.7   kJ   mol  − 1 ), which was in good agreement with the measured 
thermal barriers of 9 – 14   kJ   mol  − 1 . The higher thermal barrier of 30 – 50   kJ   mol  − 1  was 
attributed to the energy required for the onset of the 18C6 rotation – conformation 
reorientation. These reorientation motions can generate a dynamic electric fi eld 
at the Mn 2+  centers, thereby enhancing the electronic transition involved in the 
energy transfer process from Mn 2+  to defect sites. The measured thermal barriers 
of 30 – 50   kJ   mol  − 1  were in good agreement with the Waugh – Fedin approximation 
for hindered solid - state orientations within the assumptions made in deriving the 
relationship  [16, 25] . 

 The  cross - polarization - magic angle spinning  ( CP - MAS )  13 C NMR spectrum 
of the [(K(18C6)) 4 (ZnBr 4 )] [TlBr 4 ] 2     ·     n H 2 O compound showed one  – CH 2  –  resonance 
instead of the pair expected to result from the differential shielding of the up - 
and - down  – CH 2  –  functionalities of 18C6 in D 3d  symmetry  [16] . The single reso-
nance is consistent with  – CH 2  –  positions being equilibrated by the rotation – 
conformational reorientation of the 18C6 ring. 

 This conclusion is supported by a large body of solid - state NMR data on the 
compounds of 18C6 and other crown ether ligands in a variety of compounds, and 
is consistent with the merry - go - round 18C6 motion proposed by Buchanan, Rat-
cliff  et al.   [26]  and supported by Dye  et al.   [27] , to account for unusual solid - state 
NMR behavior. Recent detailed magnetic susceptibility, solid - state NMR and heat 
capacity measurements on 18C6 sandwich complexes of cesium, [(18C6)Cs(18C6)
Cs(18C6)] +  with magnetic [Ni(dmit 2 )]  −   identifi ed 18C6 in these compounds as a 
rotor (Figure  11.10 ), the onset motion of which has infl uence on the physical 
characteristics of the compounds, including the magnetic behavior of the 
[Ni(dmit 2 )]  −   anion  [28, 29]  (Figure  11.9 ).    

  11.8 
 Conclusions 

 The [(A(18C6)) 4 (MX 4 )] [BX 4 ] 2     ·     n H 2 O supramolecular systems have the interesting 
properties of concentrating and immobilizing toxic metal ions such as thallium(I/
III), and are accessible via a relatively simple synthetic procedure. The 
[(A(18C6)) 4 (MnX 4 )] [BX 4 ] 2     ·     n H 2 O compounds hold a total of six thallium ions    –    four 
as [Tl(18C6)] +  and two as [TlX 4 ]  −  . The structural, luminescence, and CP - MAS  13 C 
NMR spectroscopic evidence for 18C6 mechanical activity in the [(A(18C6)) 4 (MnX 4 )] 
[BX 4 ] 2     ·     n H 2 O compounds is compelling. Indeed, when taken together with pub-
lished reports on heat capacity, magnetic susceptibility and NMR evidence for such 
mechanical activity in a variety of crown ether compounds, the possibility of devel-
oping potentially useful nanodevices becomes of major interest. For example, the 
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     Figure 11.10     (a) Solid - state  1 H NMR, (b) heat capacity, 
(c) magnetic susceptibility, and (d) crystal structural 
parameters of compounds of [(18C6)Cs(18C6)Cs(18C6)] +  with 
magnetic [Ni(dmit 2 )]  −   anions, showing behavioral changes at 
approximately 150 – 200   K in all cases  [28] .  

changes in physical behavior associated with the onset of rotation – conformation 
reorientation motion could be used in the form of switches. Indeed, new oppor-
tunities for fabricating mechanical nanodevices in which the 18C6 chelate per-
forms useful work as it rotates with  – CH 2  –  and  – O –  moieties fl ipping up and down 
can be envisaged. In this regard, it is noteworthy that the behavior of compounds 
of HM18C6 and 18C6 were similar, as studying the behavior of other substituted 
18C6 molecules is important in the search for nanodevices based on the 18C6 
motion. 

 The remarkable sensitivity of Mn 2+  emission in detecting molecular motion 
within its environments is also of great interest. It is possible that the defect 
sites which dominated the emission behavior of [(A(18C6)) 4 (MnX 4 )] [BX 4 ] 2     ·     n H 2 O 
compounds were of manganese(II), in unusual coordination environments. The 
sensitivity of Mn 2+  to changing coordination and supramolecular environments 
was convincingly demonstrated by comparing the luminescence spectroscopy 
(Figure  11.11 ) and decay dynamics of compounds featuring Mn 2+  in coordination 
numbers 4, 6, 7, and 8. The potential of Mn 2+  as a luminescence probe for 
structural and supramolecular environmental deserves further development.    
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     Figure 11.11     Manganese(II) luminescence spectroscopy as a structural probe  [19] .  
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  12.1 
 Introduction 

 Responsive  “ smart ”  materials are certainly one of the most intriguing research 
areas in modern polymer science and technology, as molecularly designed materi-
als based on macromolecules offer unique opportunities in this connection. 
Indeed, macromolecules are able to transmit and amplify small signals through 
involvement of the whole chain, conferring to the material a change in properties 
of various level and type. We can learn from Nature how these effects may be 
obtained according to two distinct routes, based either on the covalent bonding of 
highly responsive molecular species to the chains, or on the nanodispersion of 
such responsive species within the polymer bulk. In the latter case, those materials 
based on macromolecules may also affect the behavior of guest low - molecular -
 weight molecules or noble metal assemblies. In addition to the molecular features 
of both host and guest, the supramolecular arrangement of the guest can be 
modulated by external events on the host material. These effects can be identifi ed 
and conveniently used when easily detected and fi eld - sensitive species are present 
in the low - molecular - weight component. In this chapter, we review those investi-
gations conducted not only in our laboratory but also by others, that have provided 
clear examples of the concepts which drive the original idea. In particular, we 
report our data relating to the effects of external stimuli (i.e., mechanical stretching 
such as polymer drawing, temperature, and pressure) on the optical properties 
(absorption and emission) of (nano)composite materials. The (nano)dispersion of 
active dyes and metal nanoparticles (guest) in inert polymers (host) will then be 
presented as an example of the effect of the macromolecular environment on 
respectively the dye or metal atom aggregates (metal nanoparticles), in terms of 
induced optical properties.  
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  12.2 
 Organic Chromophores as the Dispersed Phase 

  12.2.1 
 Nature of the Organic Dye 

 Highly sensitive optical techniques based on the luminescence of conjugated 
aromatic molecular additives dispersed at low concentration (e.g., in Scheme  12.2 , 
less than 1 – 2   wt%) into the amorphous phase of thermoplastic polymers have been 
successfully applied to the detection of thermal and mechanical solicitations on 
plastic fi lms. In fact, a growing interest was devoted to the optical characteristics 
of macromolecules due to the sensitive response of the photophysical techniques 
for the study of the dynamic physical properties of macromolecules (i.e., energy 
transfer, polarization, and trapping phenomena). For example, when luminescent 
dyes are incorporated into polymers as thermodynamically stable micro - /nano-
sized aggregates of a few molecules, emission characteristics are observed which 
derive mainly from the fl uorescence of interacting chromophores through  π  –  π  
stacking interactions among the planar aromatic backbones. Interactions between 
the excited state of an aromatic molecule and the ground state of the same mol-
ecule actually give rise to the excimer (excited dimer) formation, which represent 
a powerful diagnostic tool for interacting chromophores (Scheme  12.1 )  [1 – 3] .   

 For small molecules separations ( r   <  4    Å ), with interactions between ground - 
state and excited - state molecules, an attractive potential may be obtained due 
to the confi gurational interaction between resonance and exciton – resonance 
states. According to Scheme  12.1 , fl uorescence from the excimer state will 
thus be unstructured and at a lower energy than the corresponding monomer 
emission  [2] . 

     Scheme 12.1     Energy diagram for excimer formation. 
M   =   molecule in the ground state; M *    =   molecule in the 
excited state; r   =   distance between molecules.  
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 Comparisons between the signal intensities of monomeric fl uorescence (defi ned 
as the contribution of an isolated chromophore covalently attached to the polymer 
chain or dispersed herein) and the excimer contribution are used very effi ciently 
to obtain accurate information not only on polymer structure and conformation 
 [4 – 9]  but also on mixing at the molecular level in polymer blends  [9 – 16] . Excimer 
formation in polymer solutions is widely considered to be a diffusion - controlled 
process, and is infl uenced by a variety of factors including the solvent, the chromo-
phore microstructure, and the macromolecular conformation  [2, 17, 18] . In con-
trast, in polymer fi lms the formation of aggregates or excimers (static excimers) 
arises from the structural constraints of the polymer chains. In this case, the static 
excimers react very sensitively to chromophore aggregation and, as might be 
expected, also to any variations in the spatial distribution and alignment of 
molecules within the local environment  [19 – 23] .  

  12.2.2 
 Polymeric Indicators to Mechanical Stress 

  12.2.2.1   Oligo(  p   - Phenylene Vinylene) as Luminescent Dyes 
 Recently, the possibility of applying the formation of excimers inside polymer 
matrices, in order to prepare polymers with  “ built - in ”  stress – strain deformation 
sensors, has been effectively demonstrated  [24 – 27] . Weder  et al.  reported that small 
amounts (0.01 – 3   wt%) of excimer - forming oligo( p  - phenylene vinylene) synthetic 
chromophores (Scheme  12.2 ,  3 ) dispersed into a ductile host polymer matrix (e.g., 
 linear low - density polyethylene ,  LLDPE ) as very small (nano)aggregates of dyes 
may be produced either by guest diffusion or by processing the components in 
the melt. The authors demonstrated that the phase behavior of the LLDPE/dye 
blends depended strictly on the supramolecular structure of the dye, which may 
be easily tuned as a function of the processing conditions and chromophore con-
centration. On applying a mechanical deformation of the fi lm, a shear - induced 
mixing between the two phases promoted the break up of the dye ’ s supramolecular 

     Scheme 12.2     Examples of excimer - forming dyes:  1 , stilbene; 
 2 , perylene;  3 , cyano - oligo( p  - phenylene vinylene);  4 , 
anthracene diimide derivatives. R   =   alkyl groups, Ar   =   aryl 
groups; Ph   =   Phenyl.  
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structure, and led to a mixing of the two components (polymer and dye) and a 
change in the material ’ s emission properties, from orange - red excimers to the 
molecularly dissolved green monomers of the dye (Figure  12.1 )  [26, 27] .   

 According to Weder  et al.   [28] , the extent of the color change observed upon 
deformation, and thus the ability of the polymer host to break up the dye aggre-
gates, is infl uenced primarily by three parameters: dye aggregate size; polymer 
crystallinity; and strain rate. The nucleation rate of dye aggregates, and conse-
quently the size of the aggregates, can be controlled via the structure of the groups 
attached to the dye. That is, long aliphatic alkyl groups lead to much higher nuclea-
tion rates, which in turn promotes the formation of small aggregates. Most impor-
tantly, the mechanically induced dispersion of the excimer - forming sensor 
molecules upon deformation is considered to be related to the plastic deformation 
process of the  polyethylene  ( PE ) crystallites, and thus increases with increasing 
polymer crystallinity. 

 In order to determine whether the sensing scheme could be exploited also for 
elastomers (which change their luminescent color reversibly as a function of the 
applied strain), Weder  et al.  recently investigated different polyurethanes that 
comprised  cyano - oligo( p  - phenylene vinylene) s ( cyano - OPV s) as built - in deforma-
tion sensors  [29] . The covalent integration of cyano - OPVs into the backbone of the 
polyurethane led to materials in which large - scale phase separation of the dye was 
prevented, while the formation of a large population of (presumably very small) 
ground - state dye aggregates was still allowed. Consequently, these polymers 

     Figure 12.1     Emission spectra of a 0.20   wt% linear low - density 
polyethylene/1,4 - bis( α  - cyano - 4 - methoxystyryl) - 2,5 -
 dimethoxybenzene (inset) blend as a function of draw ratio, 
and image of the same blend after orientation (inset, draw 
ratio   =   500%,  λ  exc.    =   365   nm).  Adapted with permission from 
Ref.  [27] ;  ©  2003, American Chemical Society.   
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displayed a predominantly excimer emission in the unstretched state, and exhib-
ited a pronounced fl uorescence color change upon deformation. The optical 
change appeared mostly reversible, and refl ected the stress – strain behavior of the 
polymeric material (Figure  12.2 ).   

 Recently, properly substituted cyano - OPVs were also discovered as a new class 
of piezochromic material  [30] . Liquid - crystalline cyano - OPV dyes showed emission 
properties which could be switched reversibly and repeatedly from monomer to 
excimer fl uorescence upon compression or quenching of the compounds from a 
nematic state. In particular, if the powder was either briefl y compressed (1   min at 
1500 p.s.i. in an IR pellet press) or ground using a mortar and pestle, then a sig-
nifi cant bathochromic shift ( ≥ 50   nm) occurred and the emission band was seen 
to broaden. Once compressed, the  “ excimer form ”  (turquoise emission) was found 
to be stable for months if stored under ambient conditions. Rapid heating 
(ca. 3   min) of the compressed material to 130    ° C fully restored the original 
 “ monomer ”  form (green emission).  

  12.2.2.2   Bis(Benzoxazolyl) Stilbene as a Luminescent Dye 
 A similar approach to the preparation of stress – strain polymeric indicators was 
reported by Pucci  et al. , who developed  polypropylene  ( PP ) fi lms that contained 
different concentrations of the food - grade, luminescent dye  bis(benzoxazolyl)
stilbene  ( BBS ) (Scheme  12.2 ,  1 )  [31] . Notably, it was clear that the emission 

     Figure 12.2     Ratio of monomer to excimer emission,  I  M / I  E  
(circles, measured at 540 and 650   nm), and tensile stress 
(solid line) for a covalented incorporation of cyano - oligo( p  -
 phenylene vinylene)s in polyurethane under a triangular strain 
cycle between 100% and 500% at a frequency of 0.0125   Hz. 
 Reproduced with permission from Ref.  [29] ;  ©  2006, 
American Chemical Society.   
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characteristics of the PP fi lms depended on the BBS concentration and the polymer 
deformation. A well - defi ned excimer band was observed with more than 0.2   wt% 
of BBS, and this conferred to the fi lm a green luminescence. During drawing 
(130    ° C), the PP reorganization caused a break in the BBS excimer - type arrange-
ment, leading to a prevalent blue emission of the single molecules.   

 In a subsequent phase, the same formulation was obtained by continuous com-
pounding of the components mixture in a co - rotating, twin - screw extruder with a 
screw diameter of 24   mm and a  length - to - diameter  ( L/D ) ratio of 40  [32] . The fi lms 
obtained through off - line melt - compression molding confi rmed the optical respon-
sive properties demonstrated by laboratory - scale, batch - compounded materials 
(Figure  12.3 ).   

 Intelligent fi lms from thermoplastic materials, based on excimer luminescence 
and responsiveness to mechanical stress, were also obtained through the disper-
sion (melt - processing) of moderate amounts (0.02 – 0.2   wt%) of BBS into a thermo-
plastic, aliphatic, biodegradable polyester [ poly(1,4 - butylene succinate) ,  PBS ] 
(Figure  12.4 )  [33] .   

 As reported for PP blends, the PBS morphology reorganization occurred during 
the drawing process, thus breaking the BBS excimer - type arrangement and leading 
to a prevalence of blue emission for the single molecules.  

  12.2.2.3   Perylene Derivatives as Luminescent Dyes 
 Very recently, analogous thermoplastic fi lms sensitive to mechanical stress were 
prepared by using a different luminescent probe based on the perylene core 
(Scheme  12.2 ,  2 )  [34] . Perylene dyes containing different peripheral alkyl chains 
were synthesized and effi ciently dispersed at low loadings (from 0.01 to 0.1   wt%) 
into LLDPE by processing in the melt. Both perylene bisimides were found to 
generate supramolecular aggregates promoted by  π  –  π  intermolecular interactions 
between the conjugated planar structure of the dyes, as indicated by spectroscopic 
investigations on heptane solutions or dispersions into the LLDPE polymer matrix. 
The occurrence of this phenomenon effectively changed the emission of the dyes 
from yellow - green (noninteracting dyes) to red (interacting dyes). In particular, 

     Figure 12.3     Partially stretched linear low - density polyethylene 
rods prepared in a corotating twin screw extruder (THERMO, 
Polylab) at a fi xed barrel temperature of 180    ° C for fi rst zone 
and 200    ° C for the following zones, and with screw speed fi xed 
at 50 r.p.m. with increasing (from top to bottom) amounts of 
BBS (from 0.2 to 0.5   wt%), examined under UV light.  
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the data (provided by optical experiments and by quantum - mechanical calcula-
tions) acquired for dispersion of the dyes into the polymer matrix, revealed that 
the optical properties and responsiveness to mechanical stimuli were heavily 
dependent on the compactness of the perylene aggregates provided by the different 
molecular structures of the dyes.     

  12.2.3 
 Polymeric Indicators to Thermal Stress 

  12.2.3.1   Oligo(  p   - Phenylene Vinylene) as Luminescent Dyes 
 Another sensing mechanism may be produced, in contrast, by mixing the cyano -
 OPVs dyes (or other suitable excimer - forming dyes) with a macromolecular system 
characterized by a glass transition temperature ( T  g ) which is above the operating 
temperature. Hence, molecularly mixed, glassy composites can readily be pro-
duced via melt processing and rapid quenching of the melts. In this case, the 
sensor dyes were kinetically trapped inside the glassy amorphous phase of the host 
polymers, namely  poly(methyl methacrylate)  ( PMMA ) and  poly(bisphenyl A car-
bonate)  ( PC ), with the formation of thermodynamically stable excimers occurring 
just after annealing above  T  g   [24] . Subjecting blends of suffi ciently high dye con-
centrations to temperatures above their  T  g  - values (130    ° C for PMMA, 150    ° C for 
PC) led to permanent and signifi cant changes in the materials ’  emission spectra, 

     Figure 12.4     Fluorescence emission spectra 
( λ  exc.    =   277   nm) of 0.1   wt% poly(1,4 - butylene 
succinate)/bis(benzoxazolyl)stilbene fi lm 
(PBSBBS - 0.1), before (0%) and after 
solid - state drawing (from 30 to 70% 
elongation). The spectra are normalized to 

the intensity of the isolated BBS molecules 
peak (430   nm). Inset: digital image of the 
uniaxially oriented PBSBBS fi lm containing the 
0.1   wt% of BBS molecules, recorded under 
excitation at 366   nm (50% elongation).  
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due to phase separation of the polymer and the excimer - forming dye. This effect 
appears to bear signifi cant potential for technological applications, including the 
use of dye/polymer blends as  time - temperature indicator s ( TTI s). In fact, kinetic 
experiments performed as a function of time, temperature and dye concentration, 
resulted in some well - fi tted, monoexponential growth functions. In particular, 
plotting the rate of aggregation against the inverse of the annealing temperature 
indicated the presence of a linear, Arrhenius - type behavior, which suggested that 
an aggregation of the dye molecules might be predicted when dispersed into a 
polymer fi lm. Moreover, the derived thermodynamic parameters could easily be 
determined via luminescence experiments. 

 Recently, additional data have been acquired by using semicrystalline 
[ poly(ethylene terephthalate) ;  PET ] and poly(alkyl methacrylate)  - based matrices 
 [25, 35] . Homogeneous blends can be produced by conventional melt - processing 
protocols that are concluded with a quenching step, with the materials thus pre-
pared displaying emission spectra characteristic of the dyes ’  monomer emission. 
For example, annealing above the  T  g  - value of the polyester (80    ° C) led to the forma-
tion of excimers and caused signifi cant changes in the materials ’  emission char-
acteristics. The aggregation processes in the semicrystalline PET/cyano - OPVs 
blends investigated appeared to be well - described by single - exponential transfor-
mation kinetics, while the fl uorescence color of these materials was characteristic 
of their thermal history (Figure  12.5 ).   

 In particular, cyano - OPV dyes with a longer, rigid conjugated core showed 
slower aggregation rates due to their limited mobility within the polymer 
matrix  [35] . 

 An extreme, yet intriguing, application of the multifunctional chromogenic 
cyano - OPV dyes was recently reported by Weder  et al.   [36] . The group reported the 
preparation and characterization of a new  shape memory polymer  ( SMP ) with 
built - in temperature - sensing capabilities, by incorporating a cyano - OPV dye into 
a semi - crystalline crosslinked poly(cyclo - octene) (PC ’ O) by guest diffusion. SMPs 
have the ability to memorize a permanent shape, and so can be manipulated and 
fi xed to a temporary shape under specifi c conditions of temperature and stress, 

     Figure 12.5     Images of initially quenched blends fi lms of 
0.9   wt% poly(ethylene terephthalate)/cyano - oligo( p  - phenylene 
vinylene) upon annealing for the time and at the temperature 
indicated ( λ  exc.    =   365   nm).  Reproduced with permission from 
Ref.  [25] ;  ©  2006, American Chemical Society.   
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yet subsequently relax to the original, stress - free state upon application of an 
external stimulus  [37] . Weder ’ s group described a new SMP/dye system in which 
a built - in sensor provided additional functionality. The material was based on a 
chromogenic sensor dye that provided a simple and clear signal indicating if the 
set/release temperature had been reached. The dye concentration was chosen to 
allow dye aggregation upon drying, which resulted in the formation of excimers. 
Exposure of these phase - separated blends to temperatures above the melting point 
( T  m    =   47 – 48    ° C) of the polymer led to dissolution of the dye molecules, yielding a 
pronounced change in their optical characteristics. 

 Briefl y, the permanent rod - shaped PCO/dye blend was heated to 80    ° C, deformed 
to a temporary shape (spiral), and fi xed by cooling to room temperature. The spiral 
was slowly immersed into a silicon oil bath (ca. 75    ° C), allowing recovery of the 
rod shape which was fl anked by a color change from orange to yellow - green 
(Figure  12.6 ).    

  12.2.3.2   Bis(Benzoxazolyl) Stilbene as Luminescent Dye 
 Polymeric fi lm sensors that were based on excimer luminescence and responsive 
to temperature stress were also obtained through the dispersion of moderate 
amounts (0.02 – 0.2   wt%) of the food - grade dye BBS into the thermoplastic aliphatic 
biodegradable polyester, PBS, by melt - mixing  [33] . Analogous to the cyano - OPVs 
polymer blends, rapid quenching at 0    ° C of the PBS - BBS mixtures from the melt 
promoted the very fi ne molecular dispersion of BBS dyes that were kinetically 

     Figure 12.6     Image of the recovery from temporary shape 
(spiral, orange emission) to the permanent shape (rod, green 
emission) for a crosslinked poly(cyclo - octene)/cyano - oligo( p  -
 phenylene vinylene) blend. The sample was immersed in 
silicon oil at  ∼ 75    ° C (under illumination at 365   nm)  [36] . 
 Reproduced with permission of the Royal Society of 
Chemistry.   
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trapped within the PBS matrix, thus avoiding the formation of excimers. The 
luminescent behavior of PBS - BBS - quenched fi lms was thermally controlled, with 
BBS aggregation tendencies and emission color changes proportional to the 
increasing annealing temperature (from 50 to 80    ° C). The thermal stress applied 
to fi lms led to the generation of thermodynamically stable aggregates among BBS 
dyes, promoting the color change of the material from blue (emission at 435   nm) 
to green (emission at 490   nm) (Figure  12.7 ).   

 The molecular dispersion of BBS dyes into quenched PBS fi lms should allow a 
prompt optical response to thermal stimuli, that was faster with respect to the 
isolated dyes incorporated into a glassy amorphous polymer matrix. In the case of 
PMMA, this occurred at a lower annealing temperature due to the  T  g  value ( − 34    ° C) 
of the PBS supporting matrix.  

  12.2.3.3   Anthracene Triaryl Amine - Terminated Diimide as Luminescent Dye 
 Another example of thermochromic fl exible materials based on polyethylene was 
recently reported  [38]  in which the authors described the synthesis and incorpora-
tion into PE of a novel anthracene triaryl, amine - terminated diimide fl uorescent 
sensor (Scheme  12.2 ,  4 ). When incorporated into the polymer (0.1   wt%, by melt -
 mixing), the fi lms showed an emission at approximately 620   nm which was pro-
gressively red - shifted by increasing the annealing temperature to 543   nm (green 
color) at 150    ° C. Although it is likely that room - temperature emission from the 
anthracene diimide - doped PE was due to the formation of molecular aggregates, 

     Figure 12.7     Fluorescence emission spectra ( λ  exc.    =   277   nm) of 
initially quenched 0.05   wt% poly(1,4 - butylene succinate)/
bis(benzoxazolyl)stilbene fi lm, and its color evolution as a 
function of the annealing time at 65    ° C. Inset: The same fi lms, 
with images recorded under irradiation at 366   nm for specifi ed 
times (h).  
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this mechanism cannot fully explain the material ’ s thermochromic behavior in 
these fi lms. The authors suggested that heating at 150    ° C led to disruption of the 
dye aggregates, while the highly viscous medium of the polymer hampered full 
conjugation of the molecule, thus providing the same green emission.      

  12.3 
 Metal Nanostructures as the Dispersed Phase 

  12.3.1 
 Optical Properties of Metal Nanoassemblies 

 Today, nanoscience represents one of the most rapidly growing research areas, 
allowing the manipulation of matter at the nanoscale and allowing the controlled 
fabrication of such systems and devices. Engineered nanoparticles offer potential 
applications in many areas benefi cial for humankind, including sensors, medical 
imaging, drug delivery systems, sunscreens, cosmetics, and many others  [39 – 41] . 
Ever since the birth of nanotechnology, it has been clear that the optical properties 
of nanostructured metal particles depend heavily not only on their dimensions but 
also their shape  [42, 43] . The absorption of visible light by metal nanoparticles was 
attributed to the induction of a collective oscillation of the free conduction elec-
trons, promoted by their interaction with electromagnetic fi eld. Indeed, when the 
wavelength of an incident radiation is comparable with the mean free path of the 
conduction electrons of a metal particle, the electric component of the electromag-
netic incident fi eld induces a polarization of the conduction electrons, giving rise 
to surface plasmon absorption  [43, 44] . 

 In particular, noble metal nanoparticles or semi - conducting nanocrystals embed-
ded in bulk polymer matrices demonstrate enhanced optical (absorption, lumines-
cence, and nonlinearity)  [42, 43, 45 – 51]  and magnetic properties  [52] , due to the 
stabilizing effects of size and aggregation provided by the macromolecular support. 
When dispersed into polymers in a nonaggregated form, however, those metal 
nanoparticles with very small diameters (a few nanometers) will allow the prepara-
tion of materials with much - reduced light scattering properties for applications as 
optical fi lters, linear polarizers, and optical sensors  [53, 54] . 

 For example, clusters of noble metals such as gold, silver, or copper, assume a 
real and natural color due to the absorption of visible light at the  surface plasmon 
resonance  ( SPR ) frequency. The application of composites based on polymeric 
materials and containing noble metal nanoparticles depends strictly on an ability 
to control and to modulate their size, shape, and extent of aggregation. As described 
by the Drude – Lorentz – Sommerfeld theory  [42, 43] , a decrease in metal particle 
size leads to a broadening of the absorption band, a decrease in the maximum 
intensity, and often also to a hypsochromic (blue) shift of the peak. These effects 
may also depend on cluster topology and packing  [44, 55] . 

 In addition, the anisotropic orientation of dipoles in nanoparticles by a 
uniaxially oriented host polymer matrix leads to the generation of two different 
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excitation modes: (i) with photons polarized along the aggregation direction, 
leading to a bathochromic (red) shift of the SPR; or (ii) with photons polarized 
orthogonally to the aggregation direction, resulting in a hypsochromic (blue) shift 
(Figure  12.8 )  [53] .   

 The most common procedure for obtaining a dispersion of  metal nanoparticle s 
( MNP s) in a polymer matrix is to prepare a colloidal solution of stabilized MNPs, 
to mix this with the desired polymer in a mutual solvent, and then to cast a 
fi lm by evaporation from the solution  [53] . In contrast, few examples have been 
reported demonstrating the dispersion of preformed MNPs in a polymer matrix 
by melt - mixing at high temperature  [56, 57] . 

 Usually, a water - soluble metal salt is moved into an organic solvent by 
using tetra - alkylammonium bromide as phase - transfer agent, followed by 
successive reduction with sodium borohydride in the presence of an alkylthiol as 
surface stabilizer to prevent coalescence of the growing nanoparticles  [58, 59] . 
In addition to thiols, a number of different surface stabilizers have been used, 
including amines  [60] ,  poly(vinyl pyrrolidone)  ( PVP )  [61] , and sodium poly(acrylate) 
 [62] . By using the above - described colloid chemistry technique, MNPs have 
been dispersed in  ultra - high molecular - weight polyethylene  ( UHMWPE )  [11, 
45] ,  high - density polyethylene  ( HDPE )  [57] ,  poly(vinyl alcohol)  ( PVA )  [53, 63, 
64] ,  poly(dimethylsiloxane)  ( PDMS )  [65, 66] , and poly(styrene -  b  - ethylene/
propylene)  [67] . 

 An alternative approach for preparing nanocomposites containing metal 
nanoparticles involves an  in situ  formation of nanoparticles directly within the 

     Figure 12.8     Infl uence of the polarization direction of light on 
the surface plasmon resonance (SPR) band of uniaxially 
oriented polymer fi lm containing gold nanoparticles. The 
polarization direction was either parallel (0 ° ) or perpendicular 
(90 ° ) to the drawing axis.  
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polymer matrix  [63, 68 – 80] . This process is relatively straightforward and requires 
simply a reduction of the metal ions precursors by either a photochemical or 
a thermally induced process. However, in contrast to nanoparticles prepared 
via colloid chemistry, controlling the size distribution of these  in situ  - prepared 
particles is often more diffi cult due to infl uential factors such as the polymer 
matrix composition, and the time and energy density of the photo -  or thermo -
 irradiation process.  

  12.3.2 
 Nanocomposite - Based Indicators to Mechanical Stress 

  12.3.2.1   The Use of Metal Nanoparticles 
 Nanoparticle dispersions in a polymer matrix can be rendered macroscopically 
anisotropic, a feature that has allowed their use in nonlinear optical devices and 
linear absorbing polarizers, for example, in display applications  [11, 45, 53, 57, 
81 – 83] . Highly dichroic noble metal nanoparticles are effi ciently obtained after 
mechanical drawing of the polymer matrix. The uniaxial orientation of the mac-
romolecular fi bers promotes the anisotropic distribution of both the crystalline 
and amorphous phases, which then determines the alignment of the metal parti-
cles along the direction of drawing  [53, 84] . 

 Examples of this include PVA and HDPE fi lm composites with alkyl thiol - coated 
gold and silver particles which, once uniaxially oriented by stretching, present 
angular dependencies of the absorption intensity and the color of the transmitted 
light  [53]  (Figure  12.9 ).   

     Figure 12.9     UV - visible spectra of drawn nanocomposites 
comprising high - density polyethylene and gold nanoparticles, 
taken in linearly polarized light at different angles between the 
polarization direction of the incident light and the drawing 
direction  [53] .  Reproduced with permission of John Wiley & 
Sons, Ltd.   
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 The absorption of photons is dominated by the excitation of surface plasmons 
in the metal particles and their aggregates  [42, 43] . For example, drawn polyethyl-
ene/silver nanocomposites exhibited a strongly polarization - dependent color. Yet, 
the color of the light transmitted through the oriented nanocomposite shifted from 
red to yellow when the angle between the polarization axis of an interposed polar-
izer and the drawing direction of the fi lm was varied from 0 °  to 90 °   [57] . 

 Moreover, the optical response of metal nanoparticles can be strongly enhanced 
through the introduction of photoactive organic molecules, possibly combined 
with control of the nanoparticle dimensions  [85] . The presence of direct electronic 
interactions between metal and metal - bound chromophores is of particular inter-
est, because it could allow for a fi ne modulation of the optical properties by induc-
ing an energy transfer from the excited state of the chromophore to the SPR of 
the metal  [86, 87] . 

 For example, the dispersion of gold nanoparticles and gold - binding chromo-
phores in a stretched polymer matrix of PE produces nanocomposites with unusual 
and anisotropic optical properties  [45] . Strongly dichroic, terthiophene - based 
chromophores, which previously had been used in anisotropic PE dispersions for 
the preparation of linear polarizers  [88] , were modifi ed with a thiol group and used 
for the preparation of gold nanoparticles. These authors demonstrated that the 
electronic systems of the chromophores were coupled with the gold nanoparticles, 
and that the polarization of the absorbed radiation could be preserved during 
energy transfer between a chromophore and a metal particle. 

 An interesting method for the production of dichroic nanocomposites with 
a reversible optical response to mechanical stress has been recently reported 
 [65, 66] . Here, Caseri  et al.   [65]  based their studies on the difference in the trans-
mitted color of gold and silver elastomeric nanocomposites in dry and in swollen 
samples, based on the change in interparticle distances which resulted from the 
swelling process. Caseri ’ s group showed that a given dry gold – polymer nanocom-
posite could adopt not only one but several colors, and that these colors could be 
switched through swelling processes, including reversible and irreversible dich-
roic – monochroic color transitions. A lightly crosslinked rubber such as PDMS was 
selected as the supporting polymer matrix, as it can take up large quantities of 
solvent without dissolution, and might also afford reversible dichroic effects upon 
deformation. The oriented PDMS composite fi lms appeared blue – gray with light 
polarized parallel to the drawing axis, and red with light in a perpendicular orienta-
tion; the dichroism was preserved upon removing the strain. Swelling (with 
toluene) of the dichroic oriented fi lms caused the specimens to become pink, 
indicating that the individual particles in the linear assemblies had disconnected 
and turned blue and nondichroic following evaporation of the toluene. 

 Recently, nanocomposites based on PVA and poly [ethylene -  co  - vinyl alcohol] 
polymers and nanostructured gold have been effi ciently prepared using a UV 
photoreduction process  [89] . In this case, the polymer matrix based on vinyl 
alcohol repeating units, acted both as a coreducing agent, as a protective agent 
against particle agglomeration, and as a macroscopic support. The very rapid 
process provided dispersed gold nanoparticles with average diameters ranging 



 12.3 Metal Nanostructures as the Dispersed Phase  393

from 3 to 20   nm, depending on the host polymer matrix and the irradiation time. 
Uniaxial drawing of the Au/polymer composites promoted anisotropic packing of 
the embedded gold nanoparticles along the stretching direction of the fi lm, and 
this resulted in a shift of the SPR of gold well above 30 – 40   nm (83   nm maximum), 
thus producing a well - defi ned polarization - dependent color change from blue to 
purple  [89] . The optical responsiveness to mechanical stimuli appeared similar 
to that reported previously by Smith  et al.  for optically anisotropic polyethylene –
 gold nanocomposites obtained by introducing preformed and annealed alkyl - thiol -
 protected gold nanoparticles into polyethylene  [81] . The UV photogeneration of 
gold nanoparticles directly into a polymer fi lm precursor represents an easier, 
faster, and highly competitive technique for the preparation of optically responsive 
nanocomposites to mechanical stimuli, however. 

 Among the large number of hybrid organic – inorganic systems investigated, 
those nanocomposites based on PVA and silver have attracted great interest 
because of their specifi c optical, catalytic, electronic, magnetic, and antimicrobial 
properties  [64, 68, 76, 90 – 97] . Recent developments have been focused in this 
direction in order to optimize the preparation Ag/PVA nanostructured fi lms by 
using alternative  “  in situ  ”  methods such as sun - (UV)  [76, 98, 99]  or thermally 
promoted reduction processes  [100] . 

 These simple and very rapid methods provide dispersed Ag nanoparticles 
( < 4   wt%) with average diameters that range from 15 to 150   nm, depending on the 
type of preparation  [101] . Thermal annealing and UV irradiation in fact form 
the basis for these very effi cient methodologies, because they take advantage of 
the formation of a complex between the PVA matrix, while silver nitrate  [102] : Ag +  
ions can easily be chelated by the hydroxyl groups of the polymer and then reduced 
directly in the host matrix (Scheme  12.3 ).   

     Scheme 12.3     Thermally promoted formation of silver nanoparticles within the PVA matrix.  
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 Ag(0) formation was progressively followed using both UV - visible and Fourier 
transform - infrared (FT - IR) spectroscopies, monitoring the evolution of the SPR of 
silver (ca. 430   nm) and the carbonyl absorption band of PVA (ca. 1720   cm  − 1 ), 
respectively  [101] . 

 After uniaxial orientation, the Ag/PVA nanocomposites showed a pronounced 
dichroic behavior, based on the anisotropic distribution of the silver assemblies 
along the stretching direction. In uniaxially oriented samples, the light absorption 
was seen to depend heavily on the angle between the polarization direction of 
the incident light and the orientation of the particles embedded onto the host 
polymeric matrix. Simply by observing oriented samples through a linear polar-
izer, it is possible to observe that the color of the fi lms depends markedly on the 
relative orientation between the polarizer and the drawing direction of the fi lm 
(Figure  12.10 ).   

 The maximum shifts measured for the oriented fi lms were more than 100   nm, 
while the spectra showed a well - defi ned isosbestic point, thus confi rming the 
existence of two different populations of absorbing nanoparticles  [89] . Interest-
ingly, the shift in wavelength of the silver SPR band also occurred at moderate 
drawings (draw ratio  ≥ 2). The nanocomposite fi lms thus produced were highly 
optically responsive to mechanical stimuli as uniaxial deformations. 

 Analogously, thermochromic fi lms based on silver/polystyrene nanocomposites 
have been reported, these being prepared by the thermal annealing of silver 
dodecylmercaptide/polystyrene blends at approximately 200    ° C  [103 – 105] . It was 
shown that alkanethiolates of transition metals dissolved in polymers would 

     Figure 12.10     UV - visible spectra of oriented sun - promoted 
Ag/PVA nanocomposite fi lms as a function of the angle 
between the polarization of light and the drawing direction of 
the fi lm. The insets show images of the same fi lms under 
polarized light.  
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undergo thermolysis reactions at moderately low temperatures (120 – 200    ° C), pro-
ducing polymer - embedded metal or metal sulfi de clusters. The rapid and revers-
ible color switch (from dark brown to light yellow) that was observed when exposing 
the nanocomposite fi lms at approximately 80    ° C was attributed to a change in the 
surface - plasmon absorption of silver nanoparticles that follows the variation of 
inter - particle distances due to polymer matrix expansion  [104] .  

  12.3.2.2   The Use of Metal Nanorods 
 During the past few years, there has been an increasing interest towards the optical 
properties of elongated nanostructures, as  nanorods  or  nanowires , mainly because 
their absorption spectrum is characterized by a longitudinal and a transverse 
SPR, rather than the single resonance, as observed for spherical nanoparticles 
 [40, 106 – 109] . In other words, despite spherical particles having the greatest 
symmetry, they have only one plasmon resonance (all modes are degenerate). 
However, by extending a particle in one dimension, a second, lower - energy 
resonance band in the longitudinal direction (longitudinal mode) becomes 
apparent, while the original plasmon resonance (transversal mode) remains 
unaffected. In general, the number of SPR peaks will increase as the particle 
symmetry decreases. 

 In general, those  one - dimensional  ( 1 - D ) structures that range in size from a few 
hundreds of nanometers to several micrometers, or which have a high aspect ratio 
(the ratio between the longest and shortest structure axes), are referred to as 
nanowires, and smaller more elongated structures as nanorods. 

 In the past, many techniques have been developed for the preparation of 1 - D 
nanostructures, and in order to understand this basic growth process it will fi rst 
be necessary to consider the spontaneous growth process  [110] . In a previous 
report  [44]  silver nanorods were prepared via a seed - mediated process and, depend-
ing on the surfactant (capping material) used, it was possible to produce shapes 
other than spheres during seed - mediated growth. Several theories  [111]  have cen-
tered on a preferential adsorption of the surfactant to certain crystal facets on seed 
particles; in other words, the surfactant binds to the surface radially, but not axially. 
Unfortunately, however, this behavior blocks crystal growth on these surfaces, 
such that the particle can grow only in the axial direction. 

 As reported by the present authors ’  group and elsewhere  [109, 112, 113] , in order 
to produce nanocomposite - containing metal nanostructures which are anisotropic 
and thus potentially more sensitive and responsive to any mechanical stimuli 
applied to the polymer matrix, silver nanorods were mixed with an aqueous solu-
tion of PVA, such that a homogeneous fi lm was obtained after solvent 
evaporation. 

 Following uniaxial stretching, the elongated silver nanostructures (mostly nano-
rods, but mixed with other spherical assemblies generated during solution casting 
as a consequence of particle coalescence) that were embedded into the polymer 
matrix assumed the direction of the drawing, as indicated using  transmission 
electron microscopy  ( TEM ) (Figure  12.11 ). These dispersed nanorods had diam-
eters between 30 and 35   nm, and a length  < 180   nm.   
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 As expected, the oriented nanocomposite fi lms showed a strong dichroism when 
irradiated with a linearly polarized light (Figure  12.12 ). Changing the relative 
orientation between the stretching direction of the fi lm and the polarization vector 
of the incident light induced a suppression of the longitudinal SPR at 640   nm in 
favor of the transversal SPR at 420   nm. The two isosbestic points, placed at 327 

     Figure 12.11     Bright - fi eld TEM image of PVA - oriented fi lm 
containing silver nanostructures  [114] .  

     Figure 12.12     UV - visible spectra of oriented Ag nanorods/PVA 
fi lm as a function of the angle between the light polarization 
and the drawing direction  [114] .  
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and 550   nm, were originated by the two independent optical modes (transversal 
and longitudinal) that characterized the optical absorption of silver nanorods. The 
large, reversible variation ( ∼ 220   nm) in wavelength of the two absorption maxima 
was also fl anked by an increase in a red component placed at 500   nm and coupled 
with a strong decreasing of the blue contribution located at 640   nm. Accordingly, 
the fi lm changed its color under linearly polarized light from blue (parallel con-
fi guration, 0 ° ) to brown - red (perpendicular confi guration, 90 ° ), with only a moder-
ate drawing (draw ratio  ≥ 2) (Figure  12.13 ).   

 Another recently reported and highly interesting example concerned the applica-
tion of gold nanorods to polymers  [115] . This group described the generation of 
 gold nanorod  ( GNR ) –  elastin - like polypeptide  ( ELP ) nanoassemblies, the optical 
responses of which could be manipulated based on their exposure to  near - infrared  
( NIR ) light. Cysteine - containing ELPs were actually self - assembled on GNRs 
mediated by gold – thiol bonds, which led to the generation of GNR – ELP nanoassem-
blies. Exposure of these assemblies to NIR light at 720   nm resulted in a heating 
of the GNRs due to SPR (directed in the NIR region of the absorption spectrum 
at 710 and 820   nm). Subsequent heat transfer from the GNRs led to an increase 
in the temperature of the self - assembled ELP above its  T  g  - value (i.e., 33 – 34    ° C), 
which in turn led to a phase transition and aggregation of the GNR – ELP assem-
blies and a clear change in the optical density of the system. Based on these fi nd-
ings, it was suggested that polypeptides might be interfaced with GNRs to produce 
optically responsive nanoasssemblies for sensing and drug delivery applications.    

  12.4 
 Conclusions 

 The information provided in this chapter provides a clear demonstration of the 
potential offered by controlling the dispersion of luminescent aromatic molecules 
and noble metal nanoaggregates into a wide range of polymer matrices, down to 
the nanometer scale. Whilst most of the polymers have been characterized by their 
excellent thermomechanical properties, a lack of any particular optical response 
was apparent wavelengths above 200   nm. In contrast, the addition of very small 

     Figure 12.13     Images of oriented Ag nanorods/PVA fi lm with 
polarization direction of the incident light parallel (blue, 0 ° ) 
and perpendicular (brown - red, 90 ° ) to the drawing 
direction  [114] .  
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( < 4   wt%) amounts of correctly selected active dyes or noble metal (nano)assemblies 
allowed the production of fl exible or rigid polymeric thin fi lms which demon-
strated remarkable optical responses towards external stimuli. Luminescent, exci-
mer - forming dyes have been described as a new class of optical indicators for many 
thermoplastic and elastomeric polymer matrices for mechanical and thermal uses. 
However, the greater the interaction and asymmetry of the metal nanostructures, 
the higher is the dichroic response of the SPR following mechanical stimulation 
of the nanocomposite fi lm. Thus, these hybrid materials may be regarded as 
extremely important for future advanced applications, including the possibility of 
inducing a nanophase organization through external stresses.  
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   13.1 
 Introduction 

 Polymer – phyllosilicate nanocomposites, which are characterized by the presence 
of fi llers that are less than 100   nm in at least one dimension, have been the subject 
of many reviews and reports during the past decade  [1, 2] . The excellent balance 
between performance and fi ller content (2 – 5% by weight of phyllosilicates is suf-
fi cient to provide clear improvements in properties) makes these composites espe-
cially interesting as innovative materials for a variety of applications. Such 
improvements, which include high moduli, increased strength and heat resist-
ance, and decreased gas permeability and fl ammability, can be ascribed to a fun-
damental feature of polymer nanocomposites, namely that the small size of the 
fi llers leads to a dramatic increase in interfacial area when compared to traditional 
composites  [3] . 

 Many studies have been initiated by considering conventional petrochemical -
 derived polymer matrices, such as polyolefi ns, polyamides, and polyesters. Typi-
cally, the preparation methods underwent intense examination, the aim being to 
correlate the structure and morphology of these new nanostructured materials 
with their ultimate properties. 

 Today, the development of renewable polymeric materials with excellent proper-
ties forms the subject of active research interest worldwide  [4] , with aliphatic poly-
esters being among the most promising materials for the production of 
high - performance, environment - friendly, biodegradable plastics  [5] . The need to 
optimize their properties, in order that in time they can replace present - day com-
modities, requires the assessment of new, selective, effi cient, and sustainable 
preparation methods. Hence, a comparative review of the preparation methods for 
both commodities and renewable polyester - based materials should allow compari-
sons to be made of these two classes of material in terms of their potential and 
future opportunities. 
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  13.1.1 
 Structure of Phyllosilicates 

  Phyllosilicates   [6]  are an essential constituent of argillaceous sedimentary rocks 
and of some low - grade metamorphic rocks. The group includes micas, clays, and 
serpentine, which are soft minerals with a variable, but generally low, density. 
Minerals belonging to the phyllosilicate group are characterized by their possess-
ing layers of [SiO 4 ] 4 −   tetrahedra linked together to form a fl at sheet. Rings of tet-
rahedra are linked by shared oxygens to other rings in a  two - dimensional  ( 2 - D ) 
plane that produces a sheet - like structure. Typically, the sheets are then connected 
to each other by layers of cations, together with water or other low molecules 
devoid of any electrical charge. In some substrates, the sheets are rolled into tubes 
that produce fi bers, as in asbestos serpentine. The silicon   :   oxygen ratio is generally 
1   :   2.5, because only one oxygen is bonded exclusively to the silicon, while the other 
three oxygens are half - shared (1.5) with other silicons. 

  13.1.1.1   Clays 
 In the case of polymeric composites  [7] , the most important subcategory is that of 
 clays   [8] , including  kaolinite ,  montmorillonite/smectite ,  illite  (mica) and  chlorite  
subgroups (Table  13.1 ). The clay minerals form part of a general, but important, 
group that contain a high percentage of water trapped between the silicate sheets. 
Most clays are chemically and structurally analogous to other phyllosilicates, but 
contain varying amounts of water and so allow more substitution of their cations. 
Clay minerals tend to form microscopic to submicroscopic crystals, with the per-
centage of water changing as a function of the humidity change. In the presence 
of water, clays become plastic and can be molded and formed. The expansion of 
clay is due to a progressive inclusion of water between the stacked silicate layers. 
Clays are usually mixed not only with other clays but also with microscopic crystals 
of carbonates, feldspars, micas, and quartz.   

 In the case of polymer nanocomposites, the most important fi llers belong to 
the group of smectites. The term  “ smectite ”  is used to describe a family of 
expansible 2   :   1 phyllosilicate minerals. Specifi c minerals included in the smectite 
family  [9]  include pyrophyllite, talc, vermiculite, sauconite, saponite, nontronite, 
montmorillonite, and several less common species. Smectites  [10]  consist of a 
single octahedral sheet sandwiched between two tetrahedral sheets, with the 
octahedral sheet sharing the apical oxygens of the tetrahedral sheet. The octahe-
dral sheet may be either dioctahedral or trioctahedral. Some minerals of the 
smectite groups are neutral (e.g., kaolinite, pyrophillite, talc), but others are 
characterized by negatively charged layers. The charge arises from substitutions 
in either the octahedral sheet (typically from the substitution of low - charge species 
such as Mg 2+ , Fe 2+ , or Mn 2+  for Al 3+  in dioctahedral species), or in the tetrahedral 
sheet (where Al 3+  or occasionally Fe 3+  substitutes for Si 4+ ), thus producing one 
negative charge for each such substitution. The charge, which usually expressed 
as a charge/unit formula, is fundamental to correlate the type of mineral with 
its fi nal use (Table  13.2 ).   
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 Table 13.1     Groups, formula, structural description and specifi c minerals of the clay group. 

        Group     Formula     Description     Mineral(s)  

  Clays    Kaolinite    Al 2 Si 2 O 5 (OH) 4     Silicate sheets (Si 2 O 5 ) 
bonded to aluminum 
oxide/hydroxide layers 
(Al 2 (OH) 4 )  

  Kaolinite  
  Dickite  

  Nacrite  

  Smectite    (Ca, Na, H)(Al, Mg, 
Fe, Zn) 2 (Si, 
Al) 4 O 10 (OH) 2     –     x H 2 O  

   S ilicate layers sandwiching 
a  g ibbsite [Al 2 (OH) 4 ] (or 
brucite [Mg 2 (OH) 4 ]) layer in 
between, in an  s - g - s  
stacking sequence. Variable 
amounts of water 
molecules lie between the 
 s - g - s  sandwiches  

  Pyrophyllite  

   Talc   

  Vermiculite  

  Sauconite  

  Saponite  

  Nontronite  

   Montmorillonite   

  Illite (Mica)    (K, H)Al 2 (Si, 
Al) 4 O 10 (OH) 2     –     x H 2 O  

   S ilicate layers sandwiching 
a  g ibbsite - like layer in 
between, in an  s - g - s  
stacking sequence. The 
variable amounts of water 
molecules would lie 
between the  s - g - s  
sandwiches as well as the 
potassium ions  

  Biotite  

  Lepidolite  

  Muscovite  

  Paragonite  

  Phlogopite  

  Zinnwaldite  

  Chlorite    X 4 – 6 Y 4 O 10 (OH, O) 8    a        S ilicate layers sandwiching 
a  b rucite or brucite - like 
layer in between, in an 
 s - b - s  stacking sequence 
similar to the above groups. 
There is an extra weakly 
bonded brucite layer in 
between the  s - b - s  
sandwiches. This gives the 
structure an  s - b - s b s - b - s b  
sequence. The variable 
amounts of water 
molecules would lie 
between the  s - b - s  
sandwiches and the brucite 
layers  

  Amesite  

  Baileychlore clinochlore  

  Cookeite corundophilite  

  Daphnite  

  Delessite  

  Gonyerite  

  Nimite  

  Odinite  

  Orthochamosite penninite  

  Pannantite  

  Rhipidolite (prochlore)  

  Sudoite  

  Thuringite  

  etc.  

    a  The X represents either aluminum, iron, lithium, magnesium, manganese, nickel, zinc or, rarely, chromium. 
The Y represents either aluminum, silicon, boron, or iron but mostly aluminum and silicon.   
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   Montmorillonite   ( MMT ) a member of the smectite group, is commonly used in 
polymer – clay nanomaterials. The layered structure of MMT (Figure  13.1 ) consists 
of two silica tetrahedral (corner - shared) sheets fused to one (edge - shared) octahe-
dral sheet of alumina (aluminosilicate) or magnesia (magnesium silicate). The 
lateral dimensions of these layers vary from 100   nm to a few microns, and about 
1   nm in thickness, depending on the particular silicate. Due to an isomorphic 
substitution of alumina into the silicate layers (Al 3+  for Si 4+ ) or magnesium for 
aluminum (Mg 2+  for Al 3+ ), each unit cell has a negative charge of between 0.5 and 
1.3. The layers are held together with a layer of charge - compensating cations, such 
as Li + , Na + , K + , and Ca 2+ ; the charge - compensating cations help the intercalation 
and surface modifi cation of clays, which is required to disperse clays at the 

 Table 13.2     Charge/unit formula for different phyllosilicates minerals. 

        Mineral species     Interlayer cations     Charge/unit formula  

  Kaolinite - serpentine    Kaolinite, Halloysite     –     0.0  

  Pyrophillite - talc    Antigorite, Chrysotile     –     0.0  

  Smectite    Montmorillonite, 
Beidelite, Nontronite, 
Saponite, Hectorite  

  Na, Ca    0.25 – 0.6  

  Vermiculite    Dioctahedral - vermiculite    Mg    0.6 – 0.9  

  Trioctahedral - Vermiculite  

  Mica    Muscovite, Biotite, 
Phlogopite  

  K    1.0  

     Figure 13.1     Structure of montmorillonite clay.  
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 Table 13.3     Structure and physical characterization of two organoclays. 

   Organic moiety     CEC 
(mEq kg  − 1 )  

   Moisture 
content (wt%)  

   Loss on 
ignition  

   Basal Spacing 
(nm)  

  HDTM 

 
    Hexadecyltrimethylammoniumbromide  

  0.91    1.13    29.98    1.9  

  SMB 

 
    Stearyldimethylbenzylammoniumchloride  

  0.91    1.05    34.19    2.5  

nanoscale into polymers. The  cation - exchange capacity  ( CEC ), which is indicative 
of the intercalation capacity, is defi ned as the number of exchangeable interlayer 
cations, and has units of mEq 100   g  − 1 . Typically, MMT has a CEC ranging from 
approximately 75 to 115   mEq 100   g  − 1   [11] .   

 Other clays are  saponite , a synthetic material that closely resembles MMT, and 
 hectrite , which is a magnesium silicate (CEC 55   mEq 100   g  − 1 ) and its synthetic 
equivalent,  Laponite ®  . Typically, sheets of Laponite are 25 – 30   nm wide, whereas 
MMT has sheets that are approximately 200   nm in width. 

 The dispersion of a hydrophilic nanofi ller into a hydrophobic polymer matrix 
requires a preliminary modifi cation of the clay to render it more organophilic. 
Consequently, a treatment is often carried out with suitable chemicals to replace 
the inorganic exchange ions in the galleries between the layers with alkylammo-
nium surfactants or other organic cations. Clays treated in this way are referred 
to as  “ organoclays ” . The number of onium ions that can be packed into the gal-
leries depends on the charge density of the clay and the CEC. In fact, at lower 
charge densities the surfactants pack in monolayers while, as the charge increases, 
bilayers and trilayers can be formed with different orientations of packed alkyl 
chains. The intercalation of organophilic cations into the layers can be followed 
using  X - ray diffraction  ( XRD ) analysis, with the distance between a plane in the 
unit layer and the corresponding plane in the next unit layer being defi ned as the 
 “ basal plane spacing ”  d 001 , often known as the  “ interlayer distance ” . When a sur-
factant replaces sodium in the galleries, an increase in interlayer distance can be 
observed. The organic moiety used for preparing organoclays depends on the host 
polymer to be used as a matrix for the nanocomposites. Both, the structural and 
physical characteristics of two common ammonium salts (hexadecyltrimethylam-
monium bromide and stearyldimethylbenzylammonium chloride) are reported in 
Table  13.3   [7] .   
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 The aim of the ion exchange process is to enlarge the interlayer distance so as 
to promote the accommodation of monomers or polymers, thus affording an 
organophilic surface and improving wetting between the clays and polymers.   

  13.1.2 
 Morphology of Composites 

 Polymer – clay composites based on layered silicates can be classifi ed into three 
types, depending on the extent of separation of the silicate layers  [12] , namely 
conventional microcomposites, intercalated nanocomposites, and exfoliated nano-
composites (these are shown schematically in Figure  13.2 ). If the polymer does 
not enter the galleries, the d 001  of the clay will remain unchanged, in agreement 
with the achievement of a microcomposite. If an organic species enters the galler-
ies and causes an increase in d 001 , but the clay layers remain stacked, then the 
composite is considered  “ intercalated. ”  However, if the clay layers are completely 
pushed apart to create a disordered array, the composite is termed  “ exfoliated. ”  
Usually, a composite for which d 001     >    10   nm (a spacing that cannot be determined 
by conventional XRD analysis) is designated as exfoliated. Recently, Sinha Ray 
 et al .  [13]  defi ned another type of nanocomposite within the set of  “ intercalated 
nanocomposites ”  that they termed intercalated - and - fl occulated nanocomposites, 
and which contained aggregates of intercalated silicate layers due to the hydroxy-
lated edge – edge interaction of the silicate layers. In fact, most intercalated tactoids 
include both single stacks and several connected stacks of clay layers, such that 
the distinction between fl occulation and intercalation will rest on an electron 
microscopic analysis of the structure. Moreover, the  “ fl occulation ”  could be attrib-
uted to the long molecular chains that intercalate into two or more clay galleries 
and play a bridging role. Electron microscopy studies have often shown that 
most nanocomposites are both intercalated and exfoliated, but this cannot be 
readily deduced from XRD measurements. This situation may occur because the 
preparation method has not allowed suffi cient time for adsorption and penetration 

     Figure 13.2     Classifi cation of morphologies for polymer – clay composites.  
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of the galleries to be completed, or because the dispersive mixing has been less 
effective and that, if more time were available, the polymer – clay system might 
develop either fully intercalated or exfoliated structures. The extent of clay disper-
sion in polymer is dependent on the intrinsic properties of the polymer and clay, 
including the aspect ratio of the clay platelets, the volume fraction of the clay, the 
nature/structure of polymer, the interactions between the polymer, clay and clay 
modifi er, and the processing conditions used. Fully exfoliated polymer – clay nano-
composites are, in theory, only found for volume fractions of clay less than 3%, 
as calculated by considering the small size of clay platelets  [14] .   

 Three principal methods are available to determine the exfoliated fraction: 

   •      Quantitative XRD, using a strong and independent refl ection from an internal 
standard, can potentially be used to track the decrease in the ratio d 001  for the clay 
to the standard peak as exfoliation proceeds.  

   •      A method based on NMR, which was recently established  [15] .  

   •       Transmission electron microscopy  ( TEM ) provides an indication, but is diffi cult 
to use for precise measurement unless very thin specimens are prepared, a large 
number of images are captured, and quantitative microscopy coupled with 
stereology is used.    

 Recently, Luo  et al .  [16]  developed a statistical TEM image analysis methodology 
to evaluate the dispersion parameters D 0.1 , based on measurement of the free - path 
spacing distance between the single clay sheets. Drummy  et al .  [17]  reported a 
morphological characterization of layered silicate nanocomposites by using both 
electron tomography and  small - angle X - ray scattering  ( SAXS ). The latter method 
has the advantage of providing complementary results with respect to the electron 
tomography. In fact, it can be used to probe materials with subnanometer resolu-
tion while at the same time sampling a large number of nanoparticles, thus pro-
viding more than adequate statistics. 

  Rheological testing   [18]  might also be developed to measure the degree of exfolia-
tion, but at present this is only used for semi - quantitative analysis. Hence, the 
morphological characterization of layered silicate nanocomposites requires the use 
of different techniques in order to achieve a relevance not only in the  three -
 dimensional  ( 3 - D ) representation of the nanometer - scale part of the sample, but 
also regarding the average distribution of platelets in the systems. 

 The characterization of layered silicate polymer blends is complicated by the 
need to study both the phase and fi ller distribution. In miscible systems, such as 
 poly(methyl methacrylate)  ( PMMA )/ poly(ethylene oxide)  ( PEO )  [19, 20] , the mor-
phological analysis can be carried out as in a general polymeric matrix. However, 
in immiscible systems, such as  poly(propylene)  ( PP )/ poly(styrene)  ( PS ), both XRD 
patterns and TEM observations have shown that the silicate layers were either 
intercalated or exfoliated, depending on their interactions with the polymer pair, 
and were located at the interface between the two polymers  [21] . In this case, the 
compatibilizing action of an organically modifi ed layered silicate resulted in a 
decrease in the interfacial tension and particle size, and in a remarkable increase 
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in the mechanical properties of the modifi ed immiscible blends. A similar result 
was obtained by Fang  et al .  [22] , who investigated the morphology of nanocom-
posites based on 80/20 and 20/80 (w/w)  poly( ε  - caprolactone)  ( PCL )/PEO immis-
cible blends and organophilic layered silicates prepared by melt extrusion. From 
the TEM analysis, it was observed that the exfoliated silicate platelets were located 
preferentially at the interface between the two blend phases. However, when the 
blend - based nanocomposites were prepared via a two - step process, in which the 
silicates were fi rst premixed with the PEO component or with the PCL component, 
the silicate layers migrated from the PEO phase or PCL phase to the interface. The 
emulsifying capability of layered silicates in immiscible blends depends on the 
structure and physical properties of the couple of polymer components. In fact, in 
PP/ poly(amide)  ( PA ) blends  [23] , it was shown, using electron microscopy, that in 
all cases the inorganic fi ller was enriched in the PA phase, and this resulted in a 
phase coarsening in comparison with the unfi lled PP/PA blend. In contrast, in 
blends of a poly(vinylidene fl uoride)/nylon - 6 (PVDF/PA6) 30   :   70 melt compounded 
with various organoclays either directly or sequentially  [24] , the nanocomposite 
with the best mechanical properties was characterized by a good dispersion of 
particles throughout the matrix (PA6) and at the PVDF/PA6 interface. The authors 
ascribed this good result to a suppression of the coalescence of PVDF domains. 
Moreover, the crystallization of the PVDF domains was suppressed, ultimately 
creating a blend nanocomposite that was stiffer, stronger, and tougher than the 
blend without nanoparticles. 

 In agreement with the latter results, organoclay strongly infl uences the dynamic 
evolution of phase morphology, both in partially miscible and immiscible blends. 
A partially miscible blend was examined by investigating the  poly(vinyl methyl 
ether)  ( PVME )/ poly(styrene)  ( PS )  [25]  demixing in the presence of organically 
modifi ed Laponite. The phase separation of these near - critical blends proceeds by 
a spinodal decomposition, even with added nanoparticles. However, the presence 
of nanoparticles slowed the phase - separation kinetics. In immiscible systems, 
such as  poly(ethylene ) ( PE )/PA6 blends, the presence of an organoclay, preferen-
tially distributed in the polyamide phase, effectively stabilized a co - continuous 
phase morphology  [26]  which persisted for more than 500   s. The authors explained 
this experimental evidence by suggesting that the co - continuous morphology 
could evolve to a phase - separated morphology in the timescale of their experi-
ments, as the organoclay framework would radically slow down the melt state 
dynamics of the percolating network formed during the melt processing. 

 The presence of a compatibilizer [e.g., ethylene – propylene random copolymers 
(EPM), functionalized with maleic anhydride (EPM - g - MAH), or maleic anhydride -
 functionalized PP (PP - g - MAH)] in PP/PA6 blends containing organoclay, improves 
the phase morphology of the blends and promotes the formation of exfoliated 
nanocomposites, with the nanoplatelets preferentially distributed in the polyamide 
phase  [27, 28] . In particular,  atomic force microscopy  ( AFM ) studies  [29]  carried 
out after selective chemical or physical etching of PP - g - MAH compatibilized PA6/
PP/organoclay polished sample surface, showed that the organoclay was embed-
ded in the PA6 - g - PP phase of the PA6/PP blends compatibilized with PP - g - MAH. 
The preferential location of the clay in the PA6 - g - PP phase was attributed to pos-



 13.2 Polyolefi n-Based Nanocomposites  411

sible chemical interactions between the PA6 and the organic surfactant of the clay. 
The use of a proper organoclay, modifi ed with the reactive (glycidoxypropyl)tri-
methoxy silane, in  poly(lactic acid)  ( PLA )/ poly(butylene succinate)  ( PBS ) blends 
 [30] , allowed an exfoliated blend to be obtain contemporarily, and improved the 
phase adhesion between the two polymers. The authors ascribed this result to the 
formation of a grafted hybrid in the interphase region, based on the reaction of a 
glycidyl unit with the terminal hydroxyl or carboxylic groups of the polyesters. 

 In general, the phase morphology development and the compatibilization of 
nanofi lled blends requires more studies to be conducted, in order to create a 
rational scheme concerning the effect of nanoscaled interactions, physical fea-
tures, and rheological properties on fi ller and phase distribution, with the aim of 
modulating the fi nal properties of the composites.  

  13.1.3 
 Properties of Composites 

 The dispersion of phyllosilicates into polymer or blends at nanometer scale allows 
improvements to be made to the properties of the polymer matrix  [31] . In 
particular: 

   •      the barrier properties to gases are enhanced  [32] , not only when an exfoliated 
morphology is obtained  [33] , but also in an intercalated morphology  [34] . In fact, 
the results of fi tting of experimental data with proper models showed that the 
chain confi nement enhanced the barrier properties of the intercalated 
nanocomposites  [35] .  

   •      Flame retardancy is improved, based on the dispersion of nanoclays, such that 
char formation is favored on the burning surface  [36, 37] .  

   •      Stiffness is improved, with an increase in tensile modulus frequently being 
observed in phyllosilicate – polymer nanocomposites  [21] .  

   •      Thermal stability, as degradation temperature, determined via  thermogravimetric 
analysis  ( TGA ), shows an increase of at least 7 – 8    ° C when an exfoliated 
nanocomposite is tested  [38] .    

 Other properties of nanocomposites are currently the object of much research, 
and in some cases    –    an example is that of thermal behavior  [39, 40]     –    these inves-
tigations have begun to establish new properties that might be exploited such that 
the nanocomposites can be used for a variety of industrial applications.   

  13.2 
 Polyolefi n - Based Nanocomposites 

 The  polyolefi n s ( PO s) represent one of the most widely used classes of thermo-
plastic materials, as they offer a unique combination of high thermomechanical 
properties and good environmental compatibility, at low cost. 
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 Currently, a huge effort is being devoted to extend the fi eld of application for 
POs and to satisfy their market demand, the latter point being based on these 
materials having specifi c and advanced properties, and being adaptable to the 
environment and, ideally, recyclable. In particular, the preparation of PO nano-
composites by the addition of very small amounts of layered silicate loadings is a 
very common approach that provides drastic improvements in the elasticity 
modulus, strength and heat resistance of the materials, as well as a substantial 
decrease in their gas permeability, when compared to either virgin POs or con-
ventional microcomposites  [41 – 49] . 

 Attempts have been made to prepare either intercalated and exfoliated nano-
composites, through different routes, and extensive studies have been conducted 
to promote an understanding of the fundamental aspects associated with the clay 
dispersion, the resultant physical properties, and the inter - relationship between 
both. Indeed, the properties of polymer – clay nanocomposites depend largely on 
the synergistic effect of nanoscale structure and interactions occurring between 
the clay and polymer. 

 The achievement of a desired level of clay dispersion into the polymer, and 
interaction between the phases, involves numerous chemical and technological 
implications. Generally, the chemical modifi cation of one or both system phases 
is necessary. For this, the hydrophilic clay is often changed to hydrophobic either 
by the cation exchange or grafting of alkoxysilanes, by exploiting the cation -
 exchange capability in one case and the reactivity of silanol groups present on the 
edges of the clay platelets in the other case. Typically, a compatibilizer    –    that is, a 
functionalized PO or copolymer    –    is added to assist in this situation. At present, it 
is not completely clear which conditions lead to exfoliated layers and which cause 
only the intercalation of polymer chains into the gallery spacing of the stacked 
silicate layers. However, what does appear well established is that the interface is 
not only fundamental for the adhesion between the two phases and stabilization 
of the attained morphology, but also plays a major role in the bulk properties, due 
to its large extension  [39] . 

 Clearly, the ability to predict and control the morphology of nanocomposites 
would be of major interest, by virtue of the strict connection between structural 
control and the fi nal properties of the nanocomposite  [49, 50] . Consequently, the 
main objective of this section is to review the concepts and methods relating to 
the optimization of layered silicate dispersion in PO matrices by melt intercalation, 
notably with regard to the use of a compatibilizer and identifi cation of the pre-
ferred process conditions. 

  13.2.1 
 Overview of the Preparation Methods 

 Two major synthetic strategies are generally followed for preparing PO/layered 
silicates nanocomposites: (i) polymer intercalation (including melt intercalation 
 [51 – 56]  and solution intercalation methods  [57] ); and (ii)  in situ  intercalative 
polymerization  [58 – 62] . 
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 The  in situ  intercalative polymerization method, which is based on the thermo-
mechanical forces generated during the process of olefi n polymerization inside 
the interlayers of the silicate, and the energy released during the polymerization, 
is reported to promote silicate layer dispersion and exfoliation in the nonpolar PO 
matrix. However, a very poor interaction between the polar silicate layers and the 
hydrophobic PO matrix makes the nanocomposite structure thermodynamically 
instable. In fact, it has been demonstrated that melting processes of this type of 
nanocomposite material cause agglomeration of the silicate layers and collapse of 
the nanocomposite structure. Even the more recently developed  polymerization 
fi lling technique , which consists of attaching the polymerization catalyst to the 
surface and into the interlayers of the silicate and polymerizing the olefi n  in situ , 
although favoring exfoliated structures does not allow thermodynamically stable 
nanocomposites to be prepared  [63] . The method which should be adopted for 
stabilizing the morphology is to copolymerize the olefi n with a functionalized 
comonomer, thus improving the necessary interaction with the clay. However, 
many challenges remain for the catalytic polymerization of polar monomers with 
both traditional Ziegler – Natta and metallocene catalysts, due mainly to the catalyst 
deactivation. 

 For  solution intercalation , the enthalpy of dispersion of the silicate layers in solu-
tion must balance the entropy loss of the solvent molecules which intercalate into 
the silicate layers  [64] . Moreover, this method is poorly sustainable because it 
requires a large amount of organic solvent to ensure a good clay dispersion. 

  Melt intercalation  is the most commonly applied process for preparing PO 
nanocomposites, because it is sustainable, versatile, and inexpensive. This meth-
odology is limited by the low interaction enthalpy between the nonpolar PO 
chains and the polar silicate layers. In fact, when using polymer chain intercala-
tion between the silicate layers, an effective and stable morphology is achieved 
only if the interaction enthalpy balances the entropy loss of the polymer chains 
confi ned within the silicate interlayers. However, it has been recognized that 
the entropy loss due to such polymer confi nement is only partially compensated 
by the entropy gain associated with the increased conformational freedom of 
the surfactant tails as the interlayer distance increases with polymer intercalation 
 [65, 66] , whereas favorable enthalpic interactions are critical for determining the 
nanocomposite structure  [67] . Hence, even if a good dispersion of the clay can 
be achieved simply by applying strong shear forces during the process, the 
structure will be unstable and reagglomeration of the particles may occur quite 
rapidly if an effective interaction between the polymer and clay surface is not 
ensured  [44] . 

 It is somewhat evident that the PO hydrophobicity makes it almost impossible 
to obtain intercalation without chemical modifi cation of the clay or polymer, or 
both. In order to overcome the above - described thermodynamic obstacles, and to 
promote the interaction between the hydrophobic PO and the polar silicate layers, 
the general approach is to use either: (i)  organophilic layered silicate s ( OLS s), 
obtained via cation exchange; or (ii) polymer compatibilizers (i.e., functionalized 
polyolefi ns). 
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 Whilst the dispersal of layered silicates in polar polymers is relatively straight-
forward, the achievement of comparable results with hydrophobic POs remains a 
challenge. Favorable interactions at the inorganic/organic interface are necessary 
in order to separate the clay monolayers and to successively grant cohesion forces 
between the exfoliated layers and polymer chains, thus achieving a stable 
nanostructure.  

  13.2.2 
 Organophilic Clay and Compatibilizer: Interactions with the Polyolefi n Matrix 

 Two main methods can be applied for clay modifi cation: (i) to replace the metallic 
cations that were originally present on the clay surface with large organic cations; 
and (ii) to graft alkoxysilanes onto the clay by exploiting the reactivity of the silanol 
groups  [64] . 

 The fi rst of these methods has been widely applied, using several types of cation 
(mostly dialkyldimethyl -  or alkyltrimethyl - ammonium cations). The introduction 
of quaternary ammonium salts with long alkyl chains between the layers (as dis-
cussed above) allows the interlamellar space to be expanded, reduces the interac-
tion among the silicate sheets, and also facilitates the diffusion and accommodation 
of the polymeric matrix. In contrast, the grafting of alkoxysilanes has been used 
only rarely with layered silicates, due to the small number of reactive - edge silanols 
present. Moreover, it has been shown recently, by using a combination of mor-
phological analysis and multinuclear solid - state  nuclear magnetic resonance  
( NMR ) experiments  [68] , that the modifi cation of a synthetic Laponite with a com-
bination of organic ammonium cations and alkoxysilanes will result in a disor-
dered arrangement of the clay platelets (which favors interplatelet interactions). 
This effect was due to self - condensation occurring among clay silanols at the 
platelet edges, thus limiting dispersion into the polymer matrix. 

 Several reports have described the use of OLSs modifi ed with alkylammonium 
surfactants of different nature and length for the preparation of PO/OLS nano-
composites  [52, 69] . In particular, the effect of factors such as the length and 
number of alkyl groups of the cationic surfactant was investigated. It became 
apparent that the equilibrium structure of the polymer/OLS depended on the 
nature of the polymer, on the charge density of the layered silicate, and also on 
the chain length and structure of the cationic surfactant. Balazs  et al .  [70, 71]  
showed that an increase in surfactant length improved the separation of the layers 
by allowing the polymer to adopt more conformational degrees of freedom. Both, 
exfoliated and intercalated PE/OLS nanocomposites were obtained when the 
number of methylene units in the alkylammonium chain exceeded 16  [72] , whereas 
it was reported that an excessive density of tethered chains would prevent the 
formation of intercalated structures. The dispersion level was found to depend 
strictly on the amount of OLS; in particular, it was shown that the morphology of 
the PO/OLS systems could be shifted from disordered exfoliated to predominantly 
intercalated by varying the OLS content from 6 to 36   wt%  [73] . Finally, from a 
thermodynamic point of view, OLSs modifi ed with alkylammonium salts were 
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shown to be adequate in offering a surplus enthalpy for promoting OLS dispersion 
into a nonpolar matrix, as did a PO. In fact, the surfactant/silicate interactions 
were more favorable compared to those of PO/silicates. Hence, the synthetic 
approach was directed towards reducing the enthalpic interactions between the 
clay and surfactant by using semi - fl uorinated surfactants  [52]  as clay modifi ers. 
Although, in the case of PP/OLS composites this approach led to a signifi cant 
improvement in miscibility, this type of surfactant was seen to be much too expen-
sive for use in the mass production of PO nanocomposites. 

 A more general approach for improving the compatibility of a PO with OLS was 
to introduce into the system a compatibilizer as the coupling agent. In general, 
the compatibilizer was a functionalized PO, such as a  maleic anhydride  ( MAH ) or 
maleate ester - grafted PO, an oligomeric - functionalized PO, or an ammonium -
 terminated or OH - terminated PO, as well as a suitable block or random copolymer 
(Table  13.4 ). These types of polymer or oligomer refl ected some of the theoretical 
calculations carried out to probe the interactions between polymers and clay 
sheets, and were used substantially to design the ideal compatibilizer  [70, 71] . It 
became clear that for the simple penetration of polymer chains into the clay gallery, 
the compatibilizer should contain a fragment which would be highly attracted by 
the clay surface. In addition, it should incorporate a longer fragment that was not 
attracted by the sheets, but rather would attempt to gain entropy by pushing the 
layers apart. Subsequently, when the layers had separated, the surfaces would be 
sterically hindered from coming into close contact. In this way the compatibilizer 
could be seen to behave as a steric stabilizer for the PO/OLS colloidal suspension. 
Thus, the role of the compatibilizer is not only to favor a layered silicate dispersion 
and to enhance the polarity of the polymer matrix, but also to stabilize the fi nal 
morphology. The strong interactions between the compatibilizer and clay are not 
only fundamental for the dispersion step, but also for maintaining the 
morphology.   

 Initial attempts to improve the interactions between nonpolar PO and layered 
silicates were carried out by melt - mixing the polymer and clay with modifi ed oli-
gomers, so as to mediate the polarity  [51, 55 – 57, 74] . Usuki  et al .  [55]  were fi rst to 
report the preparation of PP/layered silicate nanocomposites using a functional 
oligomer (PP – OH) with polar telechelic  – OH groups as compatibilizer. In this 
approach, PP – OH was intercalated between the layers of an OLS, after which the 
PP – OH/OLS was melt - mixed with PP to obtain nanocomposites with an interca-
lated structure. Another typical example to be reported was that of PP/layered sili-
cate nanocomposites; these were prepared by Toyota, using PP oligomers modifi ed 
with approximately 10   wt% of MAH groups  [51, 56]  and clays exchanged with 
stearyl ammonium cations.  Wide - angle X - ray diffraction  ( WAXD ) analyses and 
TEM observations established the intercalated structure for all of these nanocom-
posites. Here, the driving force of the intercalation was considered to have origi-
nated from the interaction between the MAH group and the oxygen groups of the 
silicate, through the formation of hydrogen bonding (Figure  13.3 ).   

 In general, the compatibilizer is a polymer in which the functional groups are 
distributed randomly along the backbone, or functionalized at the chain end. Both, 
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 Table 13.4     Some examples of compatibilizers for the preparation of  PO / OLS  nanocomposites. 

   Types of compatibilizer for 
PO/OLS systems  

   Examples     Main characteristics     Reference(s)  

  End - functionalized 
oligomers (i.e., OH - ; 
MAH -  terminated)  

  OH end - functionalized PP oligomer    M w  (by GPC) 20   000; OH value 54   mg KOH   g  − 1      [52, 56, 58]   

  MAH end - functionalized PP oligomer    M w  (by GPC) 12   000 – 30   000. Acid value 
7 – 52   mg   KOH   g  − 1   

   [52, 56, 58]   

  MAH end - functionalized PE oligomer    M n  5700. Acid value; weight fraction of polar 
comonomer 0.01). This PE - g - MA has a low 
anhydride content so that, on average, there is 
one anhydride moiety per two molecules. It can 
be considered as an end - functionalized PE 
oligomer.  

   [64]   

  End - functionalized 
polymers (i.e., NH 3  - , OH - , 
COOH -  terminated)  

  Linear end - functionalized polyethylene with 
dimethyl ammonium chloride end groups  

  Narrow molecular weight distribution     [74, 75]   

  Polyethylene with multiple quaternized amine 
groups along the polymer chain 

     

  Narrow molecular weight distribution     [75]   
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   Types of compatibilizer for 
PO/OLS systems  

   Examples     Main characteristics     Reference(s)  

  Block copolymers    Poly(ethylene - block - methacrylic acid) 

     

  Narrow molecular weight distribution     [75]   

  Poly(ethylene - block - ethylene glycol) 

     

  Mn (575 mol   g  − 1 ); 0.20 molar fraction of polar 
comonomer; PE - b - PEG is a block - copolymer, the 
chains of which contain 33 methylene groups 
and 2.6 ethylene oxide units per molecule on 
average  

   [64]   

  Poly(propylene -  block  - methyl methacrylate) 

     

  M w  around 200   000; molar fraction of MMA 
units 1 or 5  

   [52]   

      Styrene -  b  - ethylene/butylenes -  b  - styrene block 
copolymer  

  A triblock copolymer based on hydrogenated 
polybutadiene (10   wt% ethyl branches, 
M n    =   37   000   g   mol  − 1 ) central block and 
polystyrene (30   wt%, M n    =   7000   g   mol  − 1 )  

   [76]   

Table 13.4 Continued.
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   Types of compatibilizer for 
PO/OLS systems  

   Examples     Main characteristics     Reference(s)  

  Random copolymers    Poly(ethylene -  co  - vinyl alcohol) 

     

  0.69 weight fraction of polar comonomer     [64, 76]   

  Poly(ethylene -  co  - methacrylic acid)    M n  68   000; 0.11 weight fraction of polar 
comonomer.  

   [64]   

  PP - r - (PP - OH)  x   

    

 PP - r - (PP - MA)  x   

     

  These copolymers derive from a random 
polypropylene copolymer which contains 1 
mol%  p  - methylstyrene comonomer. 
 Mw around 200   000; molar fraction of polar 
units 0.5  

   [52]   

Table 13.4 Continued.
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   Types of compatibilizer for 
PO/OLS systems  

   Examples     Main characteristics     Reference(s)  

  Randomly functionalized 
polyolefi ns  

  Maleic anhydride (MAH)  - functionalized 
polyolefi ns 

     

  Functionalization degree ranging between 0.1 
and 2% by mol  

   [32, 48, 51 – 55, 72, 
77 – 82]   

  Diethyl maleate (DEM) - functionalized polyolefi ns 

     

  Functionalization degree ranging between 0.1 
and 2% by mol  

   [32, 79 – 81, 83 – 85]   

  Maleic anhydride (MAH) and Butyl furanyl 
propenoate (BFA) - functionalized polypropylene 

     

  Functionalized polypropylene having high 
molecular weight  

   [86 – 89]   

Table 13.4 Continued.



 420  13 Nanocomposites Based on Phyllosilicates

     Figure 13.3     Schematic representation of the dispersion 
process of the organo layered silicate (OLS) in the 
poly(propylene) (PP) matrix with the aid of a maleic anhydride 
functionalized PP oligomers.  Reproduced with permission 
from Ref.  [51] ;  ©  1997, American Chemical Society.   
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simulation studies and experimental results  [74, 90, 91]  produced evidence that 
end - functionalized polymers    –    unlike more functionalized polymer systems    –    
assumed a special confi guration on the clay surface which allowed complete 
exfoliation of the clay. In particular, in the case of the PP/OLS nanocomposites, 
it was shown that by using an ammonium group - terminated PP (PP - NH 3  + ) as 
compatibilizer, the terminal hydrophilic NH 3  +  groups would be attached by cation 
exchange on the inorganic surfaces, while the hydrophobic high - molecular - weight 
PP tails would aid exfoliation of the structure, though this would be maintained 
even after further mixing with undiluted PP  [74] . In contrast, side chain - function-
alized PPs or PP block copolymers were seen to form multiple contacts with each 
of the clay surfaces, which resulted not only in the polymer chains being aligned 
parallel to the clay surfaces, but also consecutive clay platelets being bridged, thus 
promoting the production of intercalated structures. This bridging effect was 
established, for example, by using side chain - functionalized polyolefi ns character-
ized by large ( > 2   wt%) amounts of grafted polar groups  [74, 90, 91] . 

 Without doubt, however, the most popular compatibilizers are POs functional-
ized with MAH by free radical processes. PP functionalized with MAH (PP - g -
 MAH) was shown to intercalate into the inter - galleries of OLS, much like the 
analogous oligomers  [77] . In fact, a WAXD analysis of the PP/OLS nanocompos-
ites revealed an absence of any peaks representing dispersed OLS in the PP - g -
 MAH matrix; hence, in this case also, the strong hydrogen bonds between the 
MAH - grafted groups and the polar clay surface promoted dispersion of the layers. 
Similar results were obtained for PE – PP rubber (EPM)/OLS nanocomposites 
which had been prepared by melt blending EPM - g - MAH and OLS modifi ed with 
C18 alkyl ammonium chains, in a twin - screw extruder  [78] . Confi rmation of the 
intense interactions between the functional groups of the compatibilizer and the 
lamellae of OLS was obtained from experiments with nanocomposites that had 
been prepared by blending an EPM functionalized with  diethylmaleate  ( DEM ) 
(with 1   mol% grafted functional groups) with increasing amounts (up to 20   wt%) 
of OLS. The use of a functionalized, rather than virgin, EPM allowed (in the case 
of 5   wt% OLS nanocomposites) the shift to be made from an intercalated morphol-
ogy to an almost completely exfoliated morphology  [83]  (Figure  13.4 ).   

 It was hypothesized that the hydrogen bonds between the  – OH groups present 
on the OLS surface and the carbonyl groups of the functionalized EPM allowed 
both optimization and stabilization of the clay dispersion (Figure  13.5 ). Most 
likely, the compatibilizer was placed between the polar silicate layers and con-
temporarily mixed with the nonpolar polymer chains, thus creating a concentra-
tion gradient suitable for providing an exfoliated morphology and avoiding phase 
separation.   

 The strong interactions between the OLS and the EPM - g - DEM were confi rmed 
by extracting the nanocomposites with hot toluene; a signifi cant proportion of 
the rubber proved to be insoluble (up to 55   wt% for 15 – 20   wt% OLS), and the 
amount of nonextractable polymer was increased by raising the OLS loading  [32, 
84] . The occurrence of strong polymer/clay interactions was also proved by com-
paring the  infrared  ( IR ) spectra of the composite and residue (Figure  13.6 ). The 
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     Figure 13.4     Transmission electron microscopy images 
of (a) ethylene propylene rubber (EPM)/organo - layered silicate 
(OLS) and (b) EPM functionalized with diethyl maleate 
(EPM - g - DEM)/OLS 5   wt% nanocomposites.  Reproduced with 
permission from Ref.  [84] ;  ©  2005, John Wiley & Sons, Ltd.   

     Figure 13.5     Effect of organophilic and polar interactions on 
the morphologies of ethylene – propylene rubber (EPM) and 
EPM functionalized with diethyl maleate (EPM - g - DEM)/
organo - layered silicate (OLS) composites.  

C = O stretching band of the carbonyl ester group of the EPM - g - DEM, when 
retained in the toluene - extracted residue, was signifi cantly broad and was shifted 
to lower wavenumbers compared to neat EPM - g - DEM. Moreover, the shoulder at 
approximately 1715   cm  − 1  suggested a hydrogen - bond interaction between the EPM 
functional groups and the silicate surface  [85] .   
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     Figure 13.6     Attenuated total refl ectance (ATR) 
spectra of ethylene – propylene rubber 
functionalized with diethyl maleate (EPM - g -
 DEM) and residue to toluene extraction of a 
PE - g - DEM/organo - layered silicate (OLS) 

nanocomposite 10   wt% OLS. Note the 
enlargement of the C = O stretching region. 
 Reproduced with permission from Ref.  [84] ; 
 ©  2008, Elsevier Ltd.   

 Evidence of the strong interaction between the EPM - g - DEM and the layered sili-
cate was also provided with  differential scanning calorimetry  ( DSC ) and dielectric 
relaxation analyses. Initially, the insoluble toluene fraction was seen to have a glass 
transition temperature ( T  g ) which was appreciably higher than that of the original 
composite. Furthermore, the dielectric relaxation analysis of nanocomposites indi-
cated a reduction in both the dielectric strength and  α  - relaxation frequency as the 
temperature was increased (Figure  13.7 ). As the dipolar relaxing units are the side 
DEM grafted groups, this phenomenon was explained by considering a partial 
immobilization of such groups on the silicate surface, as consequence of the 
nanoconfi nement of polymer chains. The  α  - relaxation was shown to disappear 
for the residue to the toluene extraction, while the cooperative dynamics of the 
dipolar groups of EPM - g - DEM were strongly reduced as they were interacting with 
the layers.   

 The amount of unextractable polymer, the existence of which confi rms the 
polymer/OLS interactions, and can be related to an adsorbed/interacting 
confi ned polymeric fraction, was correlated (using a rough geometric model) to 
the volume occupied by trapped and intercalated macromolecules (Figure  13.8   ). 
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This comparison between experimental and theoretical data provided evidence of 
the existence of different interaction levels between the polymer and the organo-
philic clay, which together caused the formation of an unextractable polymer, 
namely: 

   •      polymer – surfactant interactions  
   •      polymer – clay surface chemical and physical interactions  
   •      intercalated polymer – bulk polymer interactions.    

 By applying this model, the PO/OLS nanocomposite can be considered as a system 
containing at least two phases: (i) the polymer matrix, which does not truly interact 
with the layers ’  surface (and thus is extractable with the same  T  g  of pristine PO); 
and (ii) a nanostructured phase containing polymer chains that strongly interact 

     Figure 13.7     Dielectric loss spectra of 
nanocomposite organo - layered silicate (OLS) 
20   wt% (closed symbols) and its residue to 
solvent extraction (open symbols) above the 
glass transition temperature. The same 

symbol type corresponds to the same 
measurement temperature.  Reproduced with 
permission from Ref.  [84] ;  ©  2008, Elsevier 
Ltd.   

     Figure 13.8     Schematic model of polymer confi nement. 
 Reproduced with permission from Ref.  [84] ;  ©  2008, 
Elsevier Ltd.   
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and are  “ confi ned ”  (and thus are not extractable, with a higher  T  g  than pristine 
PO and the starting composite). Here, the Gordon – Taylor equation was employed 
to calculate the amounts of both polymer phases by considering the  T  g  of the 
polymer in the nanocomposite (as determined by the  T  g  of the free polymer), and 
of the confi ned polymer. This analysis provided results which, in terms of their 
behavior, were in agreement with experimental data. 

 Interestingly, it was demonstrated that the unextractable polymer was respon-
sible for reductions in the oxygen permeability of LDPE and EPM/OLS nano-
composites prepared by using functionalized matrices  [85] . In fact, by assuming 
a negligible oxygen permeability through the polymer phase adsorbed onto 
the surface or trapped inside the galleries of the OLS, these experimental 
data were fi nely correlated with the theoretical data predicted from mathemati-
cal models. 

 Besides the nature of the functional groups, it was also clear that the amount 
of functional groups grafted onto the PO could infl uence the fi nal morphology of 
the PO/OLS nanocomposite. In fact, the hydrophilicity of the compatibilizer was 
seen to increase with the grafting level of MAH, thus improving the level of inter-
action between the polymer and the clay. In the case of the most common PO - g -
 MAH compatibilizers, the level of grafting ranged typically between 0.1 and 2   wt% 
 [50, 85, 92, 93] . In the case of MAH - functionalized PO, there was seen to be a limit 
value for the grafting level (ca. 0.1   wt%), for achieving a good improvement in 
morphology. In the case of both PE and PP/OLS nanocomposites, if the grafting 
level was higher than this limit value, a shift or even a disappearance of the basal 
refl ection peak of the OLS on the XRD diffraction pattern could be observed  [51, 
72, 77, 78, 92] . 

 In general, because of the low grafting percentage of polar groups onto the 
common commercial compatibilizers, a large amount of functionalized polymer 
is added to the polyolefi n matrix in order to achieve the necessary polarity and 
hence compatibility with the organoclay. Besides the  degree of functionalization  
( DF ), the molecular weight and structure of the compatibilizer, as well as its melt 
viscosity and rheological properties, are responsible for the composite fi nal mor-
phology  [93, 94] . The best results are generally obtained by using a compatibilizer 
for which the rheological properties are similar to those of the matrix; otherwise, 
the miscibility between the two polymers might be compromised and the intercala-
tion/exfoliation process inhibited. A typical example is that of PP, for which a high 
amount of compatibilizer is required to obtain an increase in the OLS basal 
spacing, but this may cause a deterioration in the properties of the nanocomposite 
due to the low molecular weight of the commonly used PP - g - MAH samples. 
Unfortunately, functionalized PPs with high molecular weights are yet not avail-
able commercially. The conventional radical functionalization process with perox-
ide and MAH in the case of PP causes a dramatic decrease in the molecular weight 
of the polymer, leading to severe damage of its rheological and mechanical proper-
ties. Notably, PP is very sensitive to degradation reactions when treated with 
peroxides above its melting temperature, even in the presence of commonly used 
maleate functionalizing agents  [79 – 81, 94] . 
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 Consequently, conventional PP - g - MAH compatibilizers will in general have a 
low DF and molecular weight. The problem of obtaining appropriately functional-
ized PP can be overcome by a new radical functionalization approach involving 
the use of a furan derivative (BFA). This is added as coagent during the radical 
functionalization of PP with MAH, which can yield a wide range of PP - g - MAH 
samples with different DFs and molecular weights, by controlling the macroradical 
formation and content  [86, 87] . These new functionalized PP samples were recently 
tested in the preparation of PP/OLS nanocomposites, both as a matrix or as a 
compatibilizer of the system, the aim being to study the effects of both polarity 
and chain structure/architecture on clay dispersion and the ultimate properties of 
the corresponding nanocomposites. The results showed that PP - g - MAH with a 
low molecular weight and a high DF ( > 2   mol%) had an excellent ability to disperse 
clay at the nanometric level, especially when used as the matrix of the correspond-
ing nanocomposite. Those samples characterized by a high DF value ( > 2   mol%) 
and a branched structure/architecture produced nanocomposites with a lower 
degree of exfoliation. However, those nanocomposites with a composition of 
90/5/5 PP/compatibilizer (the functionalized PP)/organomodifi ed layered silicate, 
where the sample contained the compatibilizer characterized by a high DF; pre-
pared using a grafting procedure to avoid PP degradation reactions) provided the 
best performance in terms of morphological and thermomechanical properties. 
These results not only confi rmed the important role of the DF, but also highlighted 
the fact that the control of molecular weight and structure/architecture during 
functionalization ensures a good compatibility of the compatibilizer with the PP 
matrix, which in turn has a positive effect on the ultimate properties of the PP/
OLS. In particular, elongation at break point (which usually are poor for similar 
systems) reached values in excess of 500%, with an excellent reproducibility  [88] .  

  13.2.3 
 The One - Step Process 

 In addition to a correctly selected OLS and compatibilizer, it is also necessary to 
utilize an effective mixing protocol (e.g., processing parameters such as mean 
residence time, screw speed, etc.) capable of promoting both high shear stress and 
shear rate, in order to assist the OLS dispersion into a PO matrix  [82, 95] . It has 
been shown that the residence time and kneading force applied during extrusion 
can have a direct effect on the extent of the layered silicate exfoliation  [96] . In the 
case of LDPE/OLS nanocomposites, a correct balance between dispersive and 
distributive actions, by fi ne - tuning the screw profi le, allowed an optimal nanocom-
posite morphology  [82] . A good dispersion of clay layers was assessed by preparing 
a master - batch PE - g - MAH/OLS, which highlighted the importance of the shear 
stress for dispersing, intercalating, and exfoliating lamellae when the correct inter-
face interactions have been provided. A further improvement in dispersion degree 
was observed during a second processing step, as the melt viscosity of the two 
polymer components was accurately selected with the aim of improving their 
compatibility. 
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 Besides the machine parameters, the method selected for feeding the 
extruder    –    and therefore also the order of addition for components    –    can infl uence 
the morphology of the fi nal material. In most reports, the best stack delamination 
was observed when a master batch between the functionalized PO (compatibilizer) 
and a large proportion of clay (10 – 50   wt%) was fi rst prepared, followed by dilution 
in the nonpolar PO matrix (master batch process). The advantage of this method, 
compared to a direct melt blending of all ingredients together, is that it facilitates 
the intercalation of the polar polymer chains between the clay stacks, thus obtain-
ing a form of pre - intercalated material. 

 One rarely discussed aspect is the possibility of obtaining, in a single step, both 
functionalization of the PO and nanocomposite formation. Such a method would 
be especially interesting because its successful application would not only avoid 
selecting the compatibilizer but also save a preparative step. In fact, as noted above, 
selection of the best compatibilizer may require special care, as this must be suf-
fi ciently polar to allow interaction with the clay, but not so hydrophilic as to favor 
phase separations. Not least, it should have similar rheological properties as the 
matrix, in order to avoid any deterioration of the composite ’ s ultimate mechanical 
properties. 

 Consequently, two different synthetic approaches were very recently compared 
for the preparation of EPM and PP OLS nanocomposites  [89]  (Figure  13.9   ): 

   •      The fi rst approach is a classical procedure where the dispersion of OLS is 
achieved by using, as the compatibilizer of the system or as a matrix, a previously 
functionalized PO bearing carboxylate groups on the backbone (two - step 
process, Method 1). This method involves a fi rst step when the functionalized 
PO is prepared. Frequently, the traditional approach for the preparation of 
functionalized PO is by free radical grafting of polar unsaturated molecules.  

   •      The second process is carried out by contemporaneously performing the 
functionalization of the PO (by using maleic anhydride and/or diethylmaleate 
and a peroxide as radical initiator) and the dispersion of the fi ller (one - step 
process, Methods 2 and 3).    

 The results obtained using the two - step process (Method 1) indicated that, by using 
the functionalized PO as matrix, only a fraction of the polar groups on the poly-
olefi n macromolecules would be effective in establishing a bonding with the sili-
cate surface. In order to facilitate the functionalized polymer – clay interactions, it 
seems convenient to perform the functionalization during mixing of the PO with 
the clay. In this way, the small polar molecules could more easily penetrate the 
clay channel, with grafting to the organic macromolecules occurring successively. 
Comparative experiments were also carried out according to the one - step proce-
dure, following two different routes    –    Methods 2 and 3 (see Figure  13.9 ). 

 In Method 2, the functionalizing reagents and  organically modifi ed montmo-
rillonite  ( OMMT ) were premixed and added contemporarily to the molten polymer 
in a Brabender mixer, such that functionalization and intercalation/exfoliation 
could occur simultaneously. In Method 3, the functionalizing reagents (initiator, 
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     Figure 13.9     Different methods of preparation for compatibilized PO/OLS nanocomposites.  
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DEM and, occasionally, MAH) were added to the molten polymer, with the OMMT 
being added after a few minutes. In the former case, the operating conditions the 
aim essentially was fi rst to have intercalation of the monomer, followed by grafting 
to the macromolecules. In the latter case, the procedure was essentially similar to 
the two - step method (Method 1), although for kinetic reasons there was a degree 
of overlapping within the time scale between the grafting of DEM to PO, and 
intercalation. 

 The results obtained indicated that, in terms of the role played by the differ-
ent parameters (including the polyolefi n chemical structure), the process was 
very complex. In the case of the random ethylene/propylene copolymer (EPM), 
the simultaneous addition of a functionalizing reagent and OMMT to the molten 
polymer (Method 2) was the most effective approach, even if an optimal ratio 
between the DF and clay basal spacing enlargement appeared to exist. In the 
case of PP, however, the application of Method 2 did not provide the same 
results, with a better dispersion being obtained via Method 3. Indeed, the polymer 
functionalization was seen to be favored, and degradation controlled, by the 
presence of clay. However, the best polymer chain intercalation was obtained 
when degradation was signifi cant during the functionalization process of PP, 
indicating that a reduction in molecular weight which favored intercalation 
would probably be more effective than the presence of a larger amount of 
grafted polar groups.   

  13.3 
 Poly(Ethylene Terephthalate) - Based Nanocomposites 

  Poly(ethylene terephthalate)  ( PET ), which is one of the most diffused polymers, is 
used in a wide variety of applications, notably the packaging and textile industries. 
The need to improve the stiffness, surface properties and/or gas barrier properties 
of PET has led to a plethora of investigations, in both academia and industry, into 
PET - based nanocomposites. Within this area, those nanocomposites which contain 
phyllosilicates are considered superior for providing improved gas barrier proper-
ties, due mainly to the strong effect of confi nement as the result of a high 
surface   :   volume ratio (i.e., reducing chain mobility and permeability  [35] ), as well 
as to the enhancement of tortuosity  [97]  of the path required for small molecules 
to permeate through a polymer fi lm due to the presence of silicate lamellae. Flame 
retardancy and gas barrier functions are much - required properties in the area of 
textiles, the main aim being to develop fabrics with fl ame self - extinguishing prop-
erties  [98] . Consequently, many research groups have recently investigated PET/
phyllosilicate nanocomposites in an attempt to provide solutions to these impor-
tant technological problems  [99 – 102] . 

 One especially important fi eld of application is that of recycling post - consumer 
PET  [103] . The recovery of PET from post - consumer packaging products (e.g., 
beverage bottles) allows fl akes to be obtained which have purity levels suitable for 
reprocessing. Unfortunately, in many countries (e.g., Italy) the recovered material 
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cannot be recycled via a bottle - to - bottle approach, as legislation decrees that post -
 consumer polymers cannot remain in contact with food. Consequently, there is a 
need to develop new materials based on post - consumer PET fl akes, in order to 
achieve an effective recycling. At present, blending these fl akes with other poly-
mers, especially rubber  [104 – 111] , to achieve toughened blends, and/or adding 
fi llers  [112] , represent the most frequently investigated strategies for producing 
materials with added value by utilizing post - consumer fl akes. This fi nal point is 
especially important because, if recycling cannot be used to provide materials that 
perform similarly to commonly used plastic materials, then landfi lling or energy 
recovery using plastic wastes will become inevitable. Nanofi llers    –    and in particular 
phyllosilicate - based nanocomposites    –    may well provide the means of modulating 
the mechanical, thermal, and fl ame - retardancy properties of post - consumer PET, 
thus broadening its fi eld of application. 

 Today, both technological and environmental driving forces continue to attract 
the attention of scientifi c research towards PET – phyllosilicate nanocomposites. 

  13.3.1 
  In Situ  Polymerization 

 The preparation of PET/MMT nanocomposites by  in situ  polymerization has 
been the object of several investigations. In particular, Hwang  et al .  [113]  reported 
the preparation of PET nanocomposites containing pristine and organically modi-
fi ed MMT by  in situ  polymerization, since this technique has been shown to 
produce a homogeneous dispersion of MMT particles in the polymer matrix. 
The polymerization of PET was carried out through polycondensation  [114, 115] . 
In an esterifi cation tube, ethylene glycol and sodium or organically modifi ed 
MMT and a catalyst of transesterifi cation (zinc acetate) were subjected to ultra-
sonication before the ester interchange reaction was initiated. Dimethyl tereph-
thalate was then added to the ethylene glycol slurry to obtain a homogeneously 
dispersed system. The mixture was then heated to 210    ° C to initiate esterifi cation 
between the silicate layers in the clay. The ester exchange reaction was carried 
out for 3   h while continuously removing methanol. Finally, polycondensation 
was performed at reduced pressure, at temperatures between 180 and 285    ° C, 
by adding antimony (III) oxide catalyst as polycondensation catalyst. 

 The degree of exfoliation was determined by TEM measurements at 20   nm 
resolution; these showed a clear separation between the silicate layers of the 
clay, enhancing differences between the composites prepared using either 
sodium - MMT or OMMT which had been modifi ed with dimethyl, benzyl, 
hydrogenated tallow, quaternary ammonium. The TEM images revealed the 
presence in 1% MMT composites of uniformly oriented sodium - MMT particles 
with complete layer stacks containing an average of 66 silicate sheets per 
particle, whereas particles in PET/OMMT were largely exfoliated, with a larger 
proportion of intercalated PET, as evidenced by signifi cantly smaller particles 
composed of only four to fi ve randomly oriented silicate sheets.  Scanning 
electron microscopy  ( SEM ) images of the nanocomposites confi rmed that the 
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organophilic modifi er had signifi cantly improved the compatibility between 
PET and MMT. 

 DSC analyses showed that the crystallization temperature of PET/sodium - MMT 
during cooling gradually increased, while the degree of supercooling decreased 
with clay loading. This suggested that the sodium - MMT had acted as a nucleating 
agent and accelerated the crystallization rate of the PET matrix. In subsequent 
heating runs, the nanocomposites exhibited two melting peaks compared to pure 
PET. The lower melting temperature peak was attributable to the melting of 
imperfect crystals, which formed as a result of the nucleation effect of sodium -
 MMT during the cooling run. The higher melting temperature peak corresponded 
to melting of the melt - reorganized crystal. 

 DSC curves obtained for the PET/organophilic MMT exhibited an increase in 
the crystallization peak intensity during the cooling run at 0.5   wt% loading. This 
peak decreased with increasing clay content, although it maintained a higher 
intensity than that of neat PET. This indicated that the nucleating effect of organo-
philic MMT was lower than that of sodium - MMT. This may be attributable to 
interference by the alkyl groups on the organophilic MMT surfaces with secondary 
nucleation and diffusion of PET molecules, resulting in a decrease in the DSC 
crystallization peak. 

 The dispersion of rigid, exfoliated MMT layers served to enhance the macroscale 
stiffness of the composite material. Elongation at break values was drastically 
decreased due to increased stiffness and the formation of microvoids around the 
clay particles during tensile testing. The main factor contributing to the enhance-
ment of mechanical properties in PET/clay nanocomposites was not the quantity 
of clay, but rather the degree of dispersion and exfoliation of the clay in the PET 
matrix. 

 A very similar  in situ  polymerization procedure was adopted by Chang and Mun 
 [100] , who prepared PET nanocomposites by using dodecyltriphenylphosphonium -
 modifi ed MMT as a reinforcing fi ller in the fabrication of PET hybrid fi bers. The 
group studied the properties of the composites obtained, for organoclay contents 
ranging from 0 to 5   wt%, by applying different draw ratios. The modifi ed MMT 
displayed well - dispersed individual clay layers in the PET matrix, although some 
particles appeared to be agglomerated at size levels greater than approximately 
10   nm. 

 Ke  et al .  [116]  also reported the properties of PET/MMT nanocomposites pre-
pared by  in situ  polymerization of PET onto organophilic - modifi ed MMT. The 
refi ned clay, reduced to particles of 40    μ m average diameter, was made into a 
slurry, and formed a solution with an intercalated reagent, which reacted directly 
with PET monomers in an autoclave  [117, 118] . Although, this preparation method 
led mainly to intercalated nanocomposites, a similar nucleating effect with respect 
to the report of Chang and Munn was observed. 

 An alternative  in situ  polymerization method was provided by Lee  et al .  [118] , 
who successfully polymerized  ethylene terephthalate cyclic oligomer s ( ETCO s) to 
form a high - molecular - weight PET in the presence of OMMT by employing the 
advantages of the low viscosity of cyclic oligomers and lack of chemical emissions 
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during polymerization (Figure  13.10 ). Here, the OMMT was prepared via the 
cation exchange of sodium - MMT with  N , N , N  - trimethyl octadecylammonium 
bromide.   

 The application of  ring - opening polymerization  ( ROP ) is usually hindered by 
the limited effi ciencies for synthesizing and isolating cyclic oligomers. Therefore, 
various types of preparative methods have recently been developed. The present 
authors followed the direct reaction of acid chlorides with glycols in dilute solution, 
which provides high yields of ETCs  [119] . Subsequently, ETC, OMMT and Ti(O -
 1 - C 3 H 7 ) 4  were dissolved in dichloromethane and the solution maintained at room 
temperature for 12   h. The oligomers, OMMT and Ti(O - 1 - C3H7)4, dissolved in 
dichloromethane, were maintained at room temperature for 12   h; the solvent was 

     Figure 13.10     Schematic representation of nanocomposites 
formation by ring - opening reaction of cyclic oligomers 
in - between silicate layers.  Reproduced with permission from 
Ref.  [118] ;  ©  2005, Elsevier Ltd.   
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     Figure 13.11     Schematic illustration of the preparation of 
exfoliated PET nanocomposites excluding organic modifi er by 
means of the solvent – nonsolvent system.  Reproduced with 
permission from Ref.  [120] ;  ©  2008, John Wiley & Sons, Ltd.   

then removed, dried under reduced pressure and polymerized in a high - vacuum 
system at temperatures ranging from 240 to 310    ° C. 

 Due to their low molecular weight and low viscosity, the ETCs are successfully 
intercalated into the clay galleries, as evidenced by XRD analyses which showed a 
down - shift of the basal plane peak of layered silicate, in good agreement with the 
results of TEM investigations. The successive ROP of ETCs in - between silicate 
layers yielded a PET matrix of high molecular weight, along with high disruption 
of the layered silicate structure and a homogeneous dispersion of the latter in the 
matrix. However, the coexistence of exfoliation and intercalation states of silicate 
layers was revealed by morphological investigations. Interestingly, the highest 
investigated polymerization temperature provided the nanocomposite with the 
PET having the greatest molecular weight (11   000   mol   g  − 1 ).  

  13.3.2 
 Intercalation in Solution 

 To date, only one report has been made  [120]  detailing the preparation of PET/
phyllosilicate nanocomposites in solution. Exfoliated PET - layered silicate nano-
composites excluding and including organic modifi ers were obtained by solution 
methods in chloroform/ trifl uoroacetic acid  ( TFA ) mixtures, with and without 
solvent – nonsolvent systems, respectively. For this, the PET/OLS/chloroform/
TFA solution was added dropwise to the cold methanol to obtain PET nanocom-
posites excluding an organic modifi er; the precipitated materials were then col-
lected by fi ltration and dried in a vacuum oven (Figure  13.11 ). In contrast, the PET 
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nanocomposite including an organic modifi er was prepared by removing both 
solvents from the prepared PET/OLS/chloroform/TFA solution.   

 Based on wide - angle X - ray diffraction (WAXRD) and high - resolution TEM anal-
yses, both types of composite were found to have an exfoliated structure that was 
attributed to a suffi cient dispersion of silicate in prepared solvents, regardless of 
the sample preparation method. 

 The DSC results indicated that both types of nanocomposite had higher degrees 
of crystallinity and shorter crystallization half - times than neat PET, since the dis-
persed silicate layers had acted as nucleating agents in both situations. However, 
those nanocomposites prepared with the organic modifi er exhibited a lower degree 
of crystallinity and a longer half - time of crystallization than those without an 
organic modifi er. This difference in crystallization behavior between the two nano-
composites was ascribed to the organic modifi er, which may have acted as an 
inhibitor of crystallization.  

  13.3.3 
 Intercalation in the Melt 

 The most frequently reported method of intercalation has been within the melt, 
mainly because it is signifi cantly more economical and simpler than other 
methods, and is also compatible with existing processes. In fact, melt processing 
allows nanocomposites to be formulated directly using ordinary compounding 
devices such as extruders or mixers, without the need to involve resin production. 
Consequently, nanocomposite production can be shifted downstream, providing 
end - use manufacturers with many degrees of freedom with regards to their fi nal 
product specifi cations. Notably, melt processing is also environmentally friendly, 
as no solvents are required. It also enhances the specifi city of intercalation of the 
polymer, by eliminating any competing host – solvent and polymer – solvent 
interactions. 

 One topic which has been widely investigated is the infl uence of an organo-
philic modifi cation of nanoclay on the morphology of composites. Pegoretti  et 
al .  [121]  compared the effect of a nonmodifi ed natural MMT clay (Cloisite - Na+) 
and an ion - exchanged clay modifi ed with quaternary ammonium salt (Cloisite 
25A) (Table  13.5 , row h) in a recycled PET matrix. The Cloisite 25A is a MMT 
modifi ed with dimethyl, hydrogenated tallow, 2 - ethylhexyl quaternary ammonium 
cations. Following preparation of the composites in an injection - molding 
machine, subsequent TEM images of the composite fracture surfaces indicated 
that the particles of Cloisite 25A were much better dispersed in the recycled PET 
matrix than those of Cloisite - Na+. Moreover,  wide - angle X - ray scattering  ( WAXS ) 
measurements indicated the intercalation of recycled PET between the silicate 
layers (lamellae) of the clay. In addition, improvements in mechanical properties 
were more evident in Cloisite 25A nanocomposites than in those containing 
Cloisite - Na+. More recently, the effects of different modifi ed commercial MMTs 
on the morphology of PET composites prepared in a twin - screw extruder were 
investigated  [122] . In particular, within a scale of increasing hydrophobicity of 
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 Table 13.5     Montmorillonites used for the preparation of polyesters/MMT nanocomposites by intercalation in the melt.  

             Formula of the cation     Commercial name     Reference(s)  

  (a)    Sodium montmorillonite    Na +     Cloisite Na +      [122 – 124]   

  (b)    Methyl, tallow, bis - 2 - hydroxyethyl, 
quaternary ammonium 
montmorillonite  

     
T is Tallow ( ∼ 65% C18;   ∼ 30% C16;  ∼ 5% C14)  

  Cloisite 
 30 B  

   [123, 125]   

  (c)    1 - [2 - (2 - hydroxy - 3 - phenoxy - propoxy) -
 ethyl] - 2.3 - dimethyl - 3H - imidazolium 
montmorillonite  

      

   –      [126]   

  (d)    1,2 - dimethyl - 3 - N - hexadecyl 
imidazolium montmorillonite  

      

   –      [124]   

  (e)    1,3 - Dioctadecyl imidazolium  

      

   –      [127]   
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             Formula of the cation     Commercial name     Reference(s)  

  (f)    Hexadecyl pyridinium 
montmorillonite  

      

   –      [127]   

  (g)    Dimethyl, benzyl, hydrogenated 
tallow, quaternary ammonium 
montmorillonite  

     
HT   =   hydrogenated tallow  

  Cloisite 10A 
 Dellite 43B  

   [123]   

  (h)    Dimethyl, dehydrogenated tallow, 
2 - ethylhexyl quaternary ammonium 
montmorillonite  

      

  Cloisite 25A     [122, 125]   

  (i)    Dimethyl, dehydrogenated tallow, 
quaternary ammonium 
montmorillonite  

      

  Cloisite 20A (0.95   mg   g  − 1  
clay)  
 Cloisite 15A (1.25   mg   g  − 1  
clay) 
 Cloisite 6A 
 (1.4   mg   g  − 1  clay) 
 Dellite 72T  

   [127]  
  [123, 125]  
  [125]   

  (l)    Tributyl hexadecyl phosphonium 
montmorillonite  

      

   –      [127]   

Table 13.5 Continued.
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the cation, sodium - MMT, methyl, tallow, bis - 2 - hydroxyethyl, quaternary ammo-
nium - MMT (Cloisite 30B) (Table  13.5 , row b), dimethyl, benzyl, hydrogenated 
tallow, quaternary ammonium - MMT (Cloisite 10A) (Table  13.5 , row g) and dime-
thyl, dehydrogenated tallow, quaternary ammonium - MMT (Cloisite 15A) (Table 
 13.5 , row i) were compared.   

 As revealed by both TEM and WAXD characterization, the shear in the extruder 
favored the exfoliation process, which resulted in both intercalated and exfoliated 
morphologies. PET nanocomposites obtained by using clay with polar modifi ers 
showed intercalated and exfoliated morphologies, whereas tactoids were obtained 
when only apolar modifi ers were present. The polymer – clay interactions and the 
extrusion conditions were suffi cient to break the organized arrangement of the 
natural MMT, so as to disperse it in the polymer matrix. The organic modifi er also 
appeared to sustain the exfoliated clay sheets fl at since, in its absence, the intramo-
lecular interactions were stronger and the platelets tended to roll due to their high 
fl exibility. A comparison of these two reports  [121, 122]  showed contradictory 
results, however. As the recycled and virgin PET had practically identical structural 
characteristics (although the recycled form usually had a lower viscosity in the 
melt), the comparison mainly highlighted the strong effect of shear stresses on 
the morphology. In fact, the stronger shear stresses developed in the twin - screw 
extruder were most likely suffi cient to achieve an exfoliated/intercalated structure, 
without using an organophilic modifi er. In the study of Pegoretti  et al .  [121] , the 
lower shear stresses of the injection - molding machine produced the opposite 
result, as in these conditions the main driving forces were the interactions of the 
hydrophobic chains with the polymer matrix, which were capable of producing a 
primary disaggregation of the fi ller. 

 The strong effects of processing conditions and rheological properties on mor-
phology were also reported by Krakalik  et al .  [123] , who prepared composites in a 
co - rotating, twin - screw, microextruder by adding to recycled PET 5% (by weight) 
of different modifi ed MMTs (Cloisite 6A, 15A, 20A, 25A, and 30B) (Table  13.5 ). 
Subsequently, these authors observed the partial exfoliation of Cloisite 25A, 30B, 
and 10A, which was in good agreement with the results observed by both Pegoretti 
 et al .  [121]  and Calcagno  et al .  [122] . 

 Davis  et al .  [125]  investigated the effects of melt - processing conditions on the 
quality of PET/MMT nanocomposites prepared in a mini twin - screw extruder 
at 285    ° C, and identifi ed the need to use a highly stable ammonium salt in 
modifi ed MMT. In fact, the use  N , N  - dimethyl -  N , N  - dioctadecylammonium - MMT 
led to the production of black PET nanocomposites as a result of ammonium 
salt degradation under the processing conditions. The most dispersed, exfoliated 
PET nanocomposite was achieved by melt - mixing at 21 radians per second for 
2   min in a nitrogen atmosphere, after drying the polymer at 120    ° C, and the 
clay at 150    ° C. Alternative mixing conditions, longer residence times, and higher 
screw speeds resulted in poorer - quality nanocomposites. The alternative use of 
a hexadecyl imidazolium salt, which resulted in an intercalated/exfoliated mor-
phology, allowed improvements in stability, as the imidazolium salt (which has 
a decomposition temperature of 350    ° C) is stable under the conditions of 
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processing. The subject of modifi ed MMT stability was recently investigated by 
Kim  et al .  [124] , who synthesized an imidazolinium salt with an aromatic group 
and an hydroxyl group (Table  13.5 , row c), which was more stable than a 
quaternary ammonium salt. Such treatment was found to provide a similar 
dispersion with respect to Cloisite 15A and 30B, but with the advantage of a 
higher thermal stability. 

 More recently, Stoeffl er  et al .  [126]  used the surfactants alkyl phosphonium 
(Table  13.5 , row l), alkyl pyridinium (Table  13.5 , row f) and dialkyl imidazolium 
(Table  13.5 , row e) as intercalating agents for the preparation of highly thermally 
stable organophilic MMTs, and compared these to commercial Cloisite 20A (Table 
 13.5 , row i) from the point of view of thermal stability. Although the thermal 
stability of the former materials was improved with respect to the latter, a mass 
spectrometric analysis of the volatile products showed the evolution of chlorometh-
ane from Cloisite 20A above 200    ° C, of pyridine from pyridinium - MMT above 
250    ° C, and of tributyl phosphine and/or tributyl phosphine oxide from phospho-
nium - MMT above 250    ° C. Based on the toxicity of volatile products, the use of 
imidazolium or phosphonium derivatives proved unsatisfactory. Rather, the most 
interesting result obtained was the exfoliation of native sodium - MMT via the 
establishment of proper extrusion conditions  [122] . 

 In only one report  [127]  was the possibility considered of using a proper com-
patibilizer, namely a polyester ionomer (Figure  13.12 ), to improve the compatibil-
ity between an OMMT (Cloisite 20A) and PET. Here, the polyester ionomer was 
effi cient in promoting intercalation (or intercalation/exfoliation if the ionomer/
OMMT ratio was  ≥ 3) of the OMMT in the PET matrix. Moreover, in terms of rheo-
logical behavior, the higher the fi ller content and/or the degree of intercalation/
exfoliation of the OMMT, the more the nanocomposite behaved as a solid. With 
regards to rheological behavior, the higher the content of fi ller and/or degree of 
intercalation/exfoliation of the OMMT, the more the nanocomposite behaved as 
a solid because of the percolated structure formed by the OMMT layers, and the 
more the storage and loss modulus,  G  ′  and  G  ″ , became independent of the fre-
quency at low frequencies.     

     Figure 13.12     Structure of the polyester ionomer (PETi) used by Vidotti  et al .  [127] . (x   =   0.13).  
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  13.4 
 Poly(Lactide) ( PLA ) - Based Nanocomposites 

 Today, the development of renewable polymeric materials with excellent proper-
ties forms the subject of much active research interest worldwide  [4] . Aliphatic 
polyesters are among the most promising materials for the production of high -
 performance, environment - friendly, biodegradable plastics  [128] . Among these 
materials, PLA is a renewable and biodegradable polyester, the thermomechanical 
and gas - barrier properties of which prevent the replacement of traditional poly-
mers in many areas of application. Consequently, innovative methods must be 
developed to modulate the properties of PLA, such as blending  [129] , plasticization 
 [130] , and the preparation of nanocomposites  [131] . 

  13.4.1 
 Overview of Preparation Methods 

  13.4.1.1    In Situ  Polymerization 
 The preparation of some biodegradable polyesters, including PLA and PCL, is 
often achieved via ROP from corresponding lactones  [132, 133] . In particular, the 
synthesis of PLA can be carried out starting either from the cyclic dimer, the lactide 
(3,6 - dimethyl - 1,4 - dioxane - 2,5 - dione) by ROP, or by the condensation polymeriza-
tion of lactic acid or its derivatives. 

 In terms of molecular weight control, the living ROP of lactide yields a linear 
relationship between monomer conversion and molecular weight and PLA with a 
narrow  polydispersity index  ( PDI ; defi ned as the ratio between the weight average 
and number average molecular weights, M w /M n ). In contrast, the step - growth 
condensation polymerization limits the practically accessible range of molecular 
weights, and leads to a PDI of 2. 

 The benefi ts of ROP in conjunction with a  “ living ”  method have enabled the 
controlled synthesis of block, graft, and star polymers  [134] , and this had led to 
the present consensus that living ROP represents a powerful and versatile method 
of addition – polymerization. In particular, coordination – insertion polymerization 
has been used extensively for the preparation of aliphatic polyesters with well -
 defi ned structure and architecture. The most widely used initiators include various 
aluminum and tin alkoxides and carboxylates. The covalent metal alkoxides or 
carboxylates with vacant d - orbitals react as coordination initiators by interacting 
with the oxygen of carbonyl group of the ester. These initiators are capable of 
producing stereoregular polymers of narrow molecular weight distribution and 
controlled molecular mass, with well - defi ned end groups. 

 Both, Kubies  et al .  [135]  and Lepoittevin  et al .  [136, 137]  studied the ROP of   ε  -
 caprolactone  (  ε  - CL ) onto modifi ed MMTs. PCL - grafted layered silicate nanohy-
brids were thus prepared according to a controlled coordination – insertion 
mechanism. For this purpose, MMT was previously modifi ed by an exchange of 
the constitutive Na cations by ammonium cations bearing one hydroxy function 
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((2 - hydroxyethyl)dimethylhexadecylammonium), or simply trimethylhexadecylam-
monium  [136] . In a successive study  [137] , Cloisite 30 B (Table  13.5 , row b), modi-
fi ed with methyl, tallow, bis - 2 - hydroxyethyl, quaternary ammonium, was also 
employed. 

 The modifi ed MMT was then treated with aluminum or tin (II or IV) com-
pounds [AlEt 3 , Bu 2 Sn(OMe) 2  and Sn(2 - ethylhexanoate) 2 ] to obtain the respective 
alkoxides, all of which are known to initiate the controlled polymerization of  ε  - CL, 
by creating initiating species onto the MMT layers. The grafting of PCL onto the 
MMT was achieved in the presence of  ε  - CL (Figure  13.13 ).   

 After polymerization, the molar mass of PCL, as determined by  size - exclusion 
chromatography  ( SEC ) after a reverse ion - exchange reaction with LiCl in  tetrahy-
drofuran  ( THF ), was found to decrease with the increasing content of hydroxy 
groups available at the clay surface. Indeed, the molar masses were 56   000, 47   000 
and 28   000 for OH - deprived organomodifi ed clay and clay containing 50 and 100% 
monohydroxylated ammonium cations, respectively. This observation suggests, at 
least qualitatively, that polymerization is initiated by the surface - anchored hydroxy 
groups activated in Sn(II) alkoxides by reaction with Sn(2 - ethylexanoate) 2 . In the 
absence of hydroxylated ammonium cations, polymerization is initiated by resid-
ual protic impurities (water, silanol, etc.). Polymerization initiation on the clay 
surface and PCL growth in a  “ grafting - from ”  manner each have strong effects on 
the morphology of the PCL/layered silicate nanocomposites, such that intercalated 
or exfoliated morphologies were obtained. However, extensive exfoliation occurred 
only when the silicate sheets were surface - modifi ed with more than 25   wt% mono-
hydroxylated ammonium  [136] . Below this value, partially intercalated/partially 
exfoliated structures were found to coexist, and an intercalated structure was 
obtained, starting from sodium - MMT. 

 A good correlation was obtained between morphology and thermal stability, as 
the composites prepared with the clay that had been modifi ed with hydroxyl 
groups were more stable than those deprived of them. Moreover, these composites 
were more stable than those containing sodium - MMT. 

 More recently, Chrissafi s  et al .  [138]  prepared PCL nanocomposites by following 
a similar approach, but used Ti(OBu) 4  as the coordination – insertion catalyst. 
Moreover, they performed ROPs not only onto sodium - MMT and Cloisite 20A 
(Table  13.5 , row i), but also onto mica and fumed silica. In agreement with the 
above fi ndings, there was also a decrease in the molecular weight of PCL obtained, 
compared to the pure material prepared in the absence of fi llers. However, the 
mechanical properties (tensile strength at break, elastic modulus, elongation at 
break) of the nanocomposites were similar, or even slightly improved, compared 
to those of the pure PCL. 

 It appears that only two reports have been made concerning the synthesis of 
PLA using this method. For example, Paul  et al .  [139]  synthesized PLA/layered 
aluminosilicate nanocomposites by ROP, using two different types of OMMT 
(Cloisite 30B and Cloisite 25A; see Table  13.5 , rows b and h) for the preparation 
of nanocomposites. In a typical synthetic procedure, the clay was thoroughly dried 
and placed in the polymerization vial. The lactide solution in dried THF was then 
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     Figure 13.13     Scheme of the synthesis of PCL nanocomposites 
through  in situ  ROP onto montmorillonite modifi ed with 
ammonium salt with hydroxyl groups.  Reproduced with 
permission from Ref.  [137] ;  ©  2002, American Chemical 
Society.   

transferred to the vial under nitrogen, and the solvent eliminated under reduced 
pressure. The polymerizations were conducted in bulk at 120    ° C for 48   h, after 1   h 
of clay swelling in the monomer melt. When Cloisite 30B was used, the polymeri-
zation was coinitiated by AlEt 3 , while Sn(2 - ethylexanoate) 2  was used to catalyze the 
polymerization of lactide in the presence of Cloisite 25A. The clay Cloisite 30B led 
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to a fully exfoliated structure, whereas Cloisite 25A - based nanocomposites exhib-
ited an intercalated morphology. 

 In the Cloisite 30B nanocomposites, the growing polymer chains were directly 
 “ grafted ”  onto the clay surface through the hydroxyl - functionalized ammonium 
cations, yielding exfoliated nanocomposites with an enhanced thermal stability. 
Notably, with increasing clay content the thermal stability was improved, with a 
maximum effect at a clay loading of 5   wt%. With a further increase of fi ller content, 
a decrease in thermal stability was observed    –    an effect explained by the relative 
extent of exfoliation as a function of the amount of organophilic MMT. Nonethe-
less, a decrease in PLA molecular weight was observed compared to that synthe-
sized in the absence of fi ller. 

 A similar result was obtained more recently by Lee  [140] , who modifi ed the clay 
surface (Cloisite 30B, Table  13.5  row b) by grafting low - molecular - weight PLA 
chains (M n  9400 – 21   600) through the  in situ  polymerization approach, following a 
preliminary activation of the hydroxyl sites with Sn(2 - ethylexanoate) 2 . The com-
posite obtained was then melt - blended with a high - molecular - weight PLA matrix. 
This novel clay/PLA nanocomposite showed a high shear - thinning behavior when 
the molecular weight of the grafted PLA was higher than the critical molecular 
weight of chain entanglement. 

 Today, the scientifi c investigations in this fi eld are ongoing, with the  in situ  
polymerization process clearly warranting further investigation. In particular, the 
ROP of lactide onto clay or organoclay may represent a promising approach for 
obtaining nanostructured PLA/layered silicate composites, allowing excellent 
control of the structural features of those materials prepared.  

  13.4.1.2   Intercalation in Solution 
 Recently, several studies have focused on the preparation of PLA - layered silicate 
nanocomposites using intercalation from solution. Initially, Ogata  et al .  [141]  dis-
solved the polymer in hot chloroform in the presence of OMMT, but observed that 
only microcomposites were formed. Marras  et al.   [142]  adopted a similar method 
but, in contrast, obtained intercalated/exfoliated structures. The differences in 
experimental procedure here consisted of sonication of the organophilic MMT 
in chloroform, and of the solution containing both organophilic MMT and PLA. 
In the latter report, an increase in the d 001  distance was cited as a function of 
the organophilic MMT modifi cation, expressed as percentage of the CEC, when 
investigated over the range of 0 to 250%. The degree of organophilic modifi cation 
was controlled by an ion - exchange reaction, using controlled amounts of 
hexadecylamine. 

 Krikorian and Pochan  [143]  prepared PLA nanocomposites using  dichlorometh-
ane  ( DCM ) as the polymer solvent and as the organophilic MMT dispersion 
medium (Cloisite 30B, 25A and 15A; Table  13.5 , rows b, h, and i). These 
authors obtained intercalated or exfoliated nanocomposites, depending on the 
type of organophilic MMT used. Exfoliated nanocomposites were formed by 
using Cloisite 30B; that is, when hydroxyl groups were present in the organic 
modifi er of the clay, due to the favorable enthalpic interaction between the 
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hydroxyl groups and the C – O bonds in the PLA backbone. Cloisite 25A, which 
showed the higher starting basal interlamellar distance, gave a d 001  distance in 
the nanocomposites lower than Cloisite 30B. Hence, the starting basal interla-
mellar distance, which infl uences the capability of the organophilic MMT to be 
dispersed in a polyolefi nic matrix, is a key factor but is less important in PLA -
 based nanocomposites. 

 Chang  et al .  [144]  reported the preparation of PLA - based nanocomposites with 
different types of OMMT via solution intercalation using   N , N  - dimethylacetamide  
( DMA ). The preparation method allowed the production of intercalated/exfoliated 
nanocomposites, providing material with an improved stiffness and barrier to 
oxygen compared to pure PLA.  

  13.4.1.3   Intercalation in the Melt 
 To date, intercalation in the melt has attracted more attention that other intercala-
tion processes, with different aspects being considered by various research groups 
with regards to melt blending. These include: the effects of different organophilic 
modifi ers on morphology; the effects of the processing conditions; and the pos-
sibility of optimizing the processing and/or properties via blending or 
plasticization. 

  Effect of Different Organophilic Modifi ers     Di  et al .  [145]  mixed two different orga-
nophilic MMTs (Cloisite 30B, Table  13.5 , row b; and Cloisite 93A) in a PLA matrix 
by using an internal mixer. Cloisite 93A contains dimethyl - dihydrogenated tallow 
ammonium as modifi er. It was observed that only the Cloisite 30B gave exfoliated 
nanocomposites, which was in good agreement with results obtained by Krikorian 
and Pochan  [143]  for nanocomposites obtained in solution. When Feijo  et al .  [146]  
compared two commercial organophilic MMTs, namely Dellite 43B (Table  13.5 , 
row g) and Dellite 72T (Table  13.5 , row i), the former material interacted more 
strongly with PLA, as confi rmed by the better dispersion of the organoclay in the 
PLA matrix when compared to the neat PLA/Dellite 72T composites, which 
showed aggregates of only micrometric dimensions. Moreover, the PLA/Del-
lite43B nanocomposite exhibited a slightly higher thermal stability. Hence, replace-
ment in the modifi er of a long alkyl chain (hydrogenated tallow) with an aromatic 
ring renders the modifi er more suitable for creating interactions between a modi-
fi ed nanofi ller and the PLA polymer matrix. This result could, however, be ascribed 
to the higher polarity of the Dellite 43B ammonium salt.  

  Effect of Processing Conditions     Pluta  [147]  investigated the processing of PLA and 
phyllosilicates by preparing, in a discontinuous laboratory mixer, nanocomposites 
containing 3% by weight of Cloisite 30B. In particular, the blending time (6.5, 10, 
20, and 30   min) and rotor rate (50 and 100 r.p.m.) were varied in order to establish 
their effects on the morphology and properties of the nanocomposites. Molecular 
weight changes of the PLA matrices induced by melt compounding were deter-
mined using SEC. Whilst the molecular weight was marginally reduced by increas-
ing the blending time, the level of dispersion of the fi ller into the matrix was 
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improved by increasing the blending time, as revealed by WAXD and TEM 
characterization. 

 The behavior of PLA during melt processing depends on many factors, includ-
ing the grade of PLA used, the processing conditions applied (temperature, rota-
tion speed, residence time, atmosphere, drying effi ciency of the components), and 
the presence of additives and their chemical nature. Although pure PLA degrades 
slightly during blending, it was noticed that the degradation of PLA was enhanced 
by the presence of the nanofi ller. This suggested important roles for both the 
shearing forces during compounding and the interaction of PLA with hydroxy 
groups of the organomodifi er in determining the degradation of the PLA matrix. 
Moreover, the change in rotation speed adopted during nanocomposite prepara-
tion, from 50 to 100 r.p.m., caused a decrease in molecular weight but had no 
effect on the material ’ s morphology and/or properties. It was also found that an 
increase in the degree of dispersion of the silicate layers led to a pronounced 
modifi cation of the physical properties of the nanocomposites, via an increase in 
thermal stability, as revealed by TGA. 

 The rheological properties of the nanocomposites, as determined during a 
dynamic frequency sweep, appeared to be very sensitive to the nanostructure 
evolution. On investigating the rheological behavior of PLA during melt blending 
with Cloisite 30B, the apparent viscosity ( η  * ) of the unfi lled PLA was unchanged 
at low frequencies (indicating a Newtonian behavior), but this was followed by a 
shear - thinning response at a higher - frequency region. The  η  *  of the nanocompos-
ites showed that, the higher the shear - thinning effect, the better the organoclay 
dispersion in the PLA matrix. These observed trends allowed an identifi cation of 
the concentration of organoclay capable of providing a non - negligible interaction 
between nanoplatelets, based on rheology experiments. Similar results were 
obtained by Gu  et al .  [148] , who explained the same trend as a function of the 
organophilic MMT content, by considering the formation of a  “ percolating 
network ”  resulting from reciprocity among the strongly related sheet particles. 
Because of this  “ percolating network, ”  the values of entanglement molecular 
weight (M e ), as calculated from master curves, were lower than that of pure PLA. 

 During such processing, Lewitus  et al .  [149]  investigated the preparation and 
dilution of different types of masterbatch. The study results indicated the possibil-
ity of preparing PLA/Cloisite 25A nanocomposites via the preliminary preparation 
of a masterbatch which contained 20% by weight of the nanofi ller and PLA. In 
particular, the most suitable PLA was that with the same grade as the fi nal 
composite.  

  Control of Processability and Properties by Blending and Plasticization     The addition 
of a reactive compatibilizer (e.g., an ethylene copolymer functionalized with maleic 
anhydride) during preparation in a discontinuous mixer of PLA/organophilic 
MMT nanocomposites was monitored by Pluta  et al .  [150] . When polylactide - based 
systems composed of an organoclay (Cloisite 30B; 3 – 10   wt%)   and/or the compati-
bilizer were investigated, X - ray investigations revealed an exfoliated nanostructure 
in a 3   wt% - nanocomposite. The degree of exfoliation of the organoclay was notice-
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ably enhanced by compatibilization, due to the combined interactions of the 
organoclay surfactant with the PLA chains and the MAH groups of the compati-
bilizer. In the 10   wt% - nanocomposite, mixed (i.e., intercalated and exfoliated) 
nanostructures were detected due to the high concentration of the fi ller. Both, the 
rheological and mechanical properties suggested that a type of silicate network 
had been formed. 

 Sinha Ray  et al .  [151]  noted that, although high - molecular - weight PCL was 
immiscible with PLA, oligomeric PCL was highly miscible (as indicated by a shift 
in  T  g ). Consequently, the group used such an  α , ω  - hydroxy - terminated oligomeric 
PCL (0.2 – 3   wt%) as compatibilizer when preparing PLA/octadecylammonium -
 modifi ed MMT nanocomposites. The incorporation of a compatibilizer into the 
system led to a better parallel stacking of the silicate layers, and also to a much 
stronger fl occulation as a result of the hydroxylated edge – edge interaction of the 
silicate layers. Owing to interaction between the clay particles and the PLA matrix 
with oligomeric PCL, the disk – disk interaction was considered to play an impor-
tant role in determining the stability of the clay particles, and hence any enhance-
ment of the mechanical properties of such nanocomposites. These systems, which 
were the fi rst successful intercalated - type PLA/layered silicate nanocomposites, 
exhibited remarkable improvements in the materials properties of both solid and 
melt states when compared to the matrix without clay. 

 Shortly thereafter, Kubies  et al .  [152]  prepared PCL - layered silicate nanocompos-
ite masterbatches by the ROP of  ε  - CL in the presence of the OMMT, Cloisite 30B. 
The masterbatch MB30 (28   wt% MMT, PCL with M w    =   1800) had an intercalated 
structure, while MB8 (7.5   wt% MMT, PCL with M w    =   7500) was exfoliated. Subse-
quently, high - molecular - weight PLLA nanocomposites containing 0.5 – 2.5   wt% 
MMT were obtained by the melt - blending of PLLA (M w    =   4.5    ×    10 5    Da) with PCL 
masterbatches or Cloisite 30B. The MMT particles in PLLA/Cloisite 30B and 
PLLA/MB30 nanocomposites were intercalated. In contrast to expectation, the 
exfoliated silicate layers of MB8 were not transferred into the PLLA matrix of the 
PLLA/MB8 nanocomposites. Due to a low miscibility of PCL and PLLA, MMT 
remained in the phase - separated masterbatch domains. The stress – strain charac-
teristics of PLLA nanocomposites (i.e., Young ’ s modulus), yield stress and yield 
strain, were decreased with increasing MMT concentration, associated with an 
increase in the PCL content (up to 35.4   wt% in PLLA/MB8). The expected stiffen-
ing effect of the MMT was low, due to a low aspect ratio of its particles, and was 
obscured by both the plastifying effect of PCL and the low PLLA crystallinity. 
Interestingly, in contrast to the neat PLLA, ductility was enhanced in all PLLA/
Cloisite 30B materials, and also in the PLLA/masterbatch nanocomposites with 
low MMT concentrations. 

 As reported Sinha Ray  et al .  [151] , the miscibility of PCL with the PLA matrix 
plays a crucial role in its possible use as a compatibilizer. However, Yu  et al .  [153]  
more recently prepared PLA/PCL 90/10 blends containing different amounts 
(1 – 10   wt%) of organophilic MMTs modifi ed with bis - (2 - hydroxyethyl) - methyl -
 (hydrogenated tallow alkyl) ammonium cations, by using a counter - rotating, dis-
continuous mixer. The silicate layers of the clay were intercalated and distributed 
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randomly in the matrix. The addition of organophilic MMT to the PLLA/PCL blend 
led to a signifi cant improvement in the tensile properties and dynamic mechanical 
properties of the nanocomposites. In contrast, the layered silicate caused a clear 
improvement in the thermal stability of the PLLA/PCL blends when the organo-
philic MMT content was less than 5   wt%. SEM images confi rmed that the addition 
of OMMT could reduce the size of the phase - separated particles, causing the mate-
rial to become more uniform. 

 Interestingly, it has been suggested that OMMT might play the role of a com-
patibilizer, and a similar reduction in particle size in phase - separated blends was 
reported for a triblock PLA - PCL - PLA copolymer used as a compatibilizer in similar 
blend systems  [154] . These authors ascribed this phenomenon to the intercalation 
of polymer molecules in OMMT, which increases the viscosity ratio and results in 
the retardation of coalescence of the dispersed phase - separated particles and an 
enhanced compatibility as a result of the intercalation of both PLLA and PCL 
molecules into the same OMMT gallery. 

 Hence, the possible use of a second polymeric phase as a compatibilizer should 
focus on the miscibility or compatibility between the two polymeric phases, in 
order to predict the morphology, as this depends not only on the level of dispersion 
of the lamellae in the polymeric matrix, but also on the phase distribution, which 
in turn infl uences the preferential distribution and orientation of the lamellae. 

 Recently, much interest has been expressed regarding not only the plasticization 
of PLA  [130, 155, 156] , but also the possible addition of a plasticizer to PLA/layered 
silicate nanocomposites. This subject is particularly attractive because it might 
allow a balance to be achieved between the mechanical and gas - barrier properties, 
since plasticization will in general provide an improved ductility but reduce the 
gas - barrier effects. In contrast, adding a nanofi ller would improve the stiffness 
and gas - barrier properties of the PLA. Hence, the plasticization of PLA nanocom-
posites might provide a more ductile material, without either decreasing and/
or improving its gas - barrier properties. Plasticized PLA - based nanocomposites 
were prepared by Paul  et al .  [157]  by melt - blending the matrix with 20   wt% 
 poly(ethyleneglycol)  ( PEG ; number average molecular weight 1000) and different 
amounts of MMT, with or without organomodifi cation. For this, four different 
(organo)clays were dispersed within the plasticized PLA matrix, after which the 
infl uence of the interlayer cations on the composite ’ s morphological and thermal 
properties was studied while maintaining a constant level of inorganic material 
(3   wt% layered aluminosilicate). 

 Each of the MMTs studied, including the unmodifi ed sodium - MMT, led to the 
formation of intercalated nanocomposites, Usually, melt - blending polymer matri-
ces with sodium MMT results in the formation of a microcomposite, as most of 
the polymers are too highly hydrophobic to migrate into the hydrated Na +  inter-
layer space. However, Vaia  et al .  [158]  have reported on the intercalation of PEG 
between the aluminosilicate layers of an unmodifi ed sodium - MMT that led to an 
increase in the interlayer distance which was similar to that observed by Paul 
 et al .  [157] . Clearly, in the presence of sodium - MMT, the PEG 1000 is able to 
intercalate preferentially with the interlayer spacing of the clay. This selective PEG 
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intercalation was further confi rmed by an inability to form a nanocomposite by 
melt - blending nonplasticized PLA with sodium - MMT. 

 At a constant fi ller level it appears that, among all the clays studied (Cloisite 
Na+, Cloisite 30B, Cloisite 20A, and Cloisite 15A; see Table  13.5 , rows a, b, and i, 
respectively), the MMT that had been organomodifi ed with bis - (2 - hydroxyethyl) -
 methyl - (hydrogenated tallow alkyl) ammonium cations (Cloisite 30B) brought 
about a greater effect in terms of improvements in dispersion level and thermal 
stability of the plasticized nanocomposites, and this was in good agreement with 
previous reports of PLA/MMT nanocomposites. It was noted, however, by using 
WAXS and DSC analyses, that there existed a real competition between PEG 1000 
and PLA for intercalation into the interlayer spacing of the clay. 

 As also noted by Pluta  et al .  [159] , who investigated the same system, SEC 
revealed a decrease in the molecular weight of the PLA matrix. This was more 
consistent at higher fi ller contents, but essentially independent of the type of 
organophilic modifi cation of the MMT. 

 Thellen  et al .  [160]  investigated the infl uence of MMT - layered silicate on plasti-
cized PLA blown fi lms. Here, the plasticized PLA MMT - layered silicate nanocom-
posites were compounded and blown fi lm - processed, using a co - rotating, 
twin - screw extruder. The PLA was mixed with 10   wt% acetyltriethyl citrate ester as 
plasticizer and 5   wt% of an OMMT, at various screw speeds. Both, WAXD and 
TEM investigations showed that the compounded pellets and the blown - fi lm PLA/
OLS nanocomposites had intercalated. The effects of the processing screw speed 
on the barrier, thermal, mechanical, and biodegradation properties of the nano-
composites were also considered, and compared to the neat polymer. The nano-
composite fi lms showed a 48% improvement in oxygen barrier, and a 50% 
improvement in water vapor barrier, when compared to PLA. A subsequent TGA 
revealed an overall 9    ° C increase in the decomposition temperature for all of the 
nanocomposites. A DSC analysis indicated that neither the glass transition, cold 
crystallization, nor melting point temperature was signifi cantly infl uenced by the 
presence of MMT. The mechanical properties of the nanocomposites indicated a 
20% increase in the Young ’ s modulus, but that the ultimate elongation of the 
nanocomposites had not been sacrifi ced compared to the neat samples. Hence, 
the use of both plasticizers and nanofi llers in a PLA matrix might effectively serve 
as a successful strategy for providing materials with modulated properties.     

  13.5 
 Conclusions 

 In this chapter we have compared the schemes used to prepare polymer/layered 
silicate nanocomposites from three classes of material, namely polyolefi ns, PET 
and PLA, and have reviewed certain interesting similarities and differences among 
these materials. 

 With regards to similarities, analogous synthetic approaches were described for 
the preparation of nanocomposites, with all three cases    –     in situ  polymerization, 
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intercalation from solution, and intercalation in the melt    –    being investigated. For 
polyolefi ns,  in situ  polymerization appears less successful and less sustainable, 
with synthesis via catalytic polymerization perhaps proving to be a drawback, 
notably due to poor interactions between the inorganic fi ller and the polymeric 
matrix. To overcome this problem, the synthesis should include polyolefi ns 
bearing polar groups capable of interacting with the silicate layers. Many chal-
lenges remain, however. The catalytic polymerization of polar monomers with 
both traditional Ziegler – Natta and metallocene catalysts is not feasible, due mainly 
to catalyst deactivation, while the polymerization of polyesters via ROP onto 
layered silicates represents an interesting strategy for developing highly compati-
bilized organic – inorganic hybrid systems. The hydroxyl groups, whether typical of 
phyllosilicates or purposefully added via modifi cation with hydroxyethyl functional 
ammonium salts, serve as initiating sites for the polymerization of lactide, or 
various lactones. Most importantly, polymerizations must be strictly controlled, 
with the length of the grafted chains being longer than the critical molecular 
weight of any chain entanglements. 

 Today, the number of reports describing the preparation of polyolefi n - based 
nanocomposites exceeds that on the preparation of PET and PLA nanocomposites, 
essentially because preparing nanocomposites from polyolefi ns is much more 
diffi cult due to intrinsic incompatibilities between the polar matrix and the highly 
polar fi ller. Whilst for polyolefi n - based nanocomposites, extensive data have been 
acquired by using apolar organophilic layered silicates, in the case of PET, exfoli-
ated silicate nanocomposites were acquired via an extrusion process which utilized 
a nonmodifi ed sodium - MMT. 

 It seems that the best structure for a modifi cation agent depends on the 
polarity of the polymeric matrix. In the case of polyolefi ns, ammonium salts 
with long aliphatic chains can permit optimization of the dispersion level. For 
PLA, the methyl, hydrogenated tallow, bis(hydroxyethyl) ammonium salt seems 
to be the best dispersing agent for clay, whereas for PET, sodium - MMT, hydro-
genated tallow, bis(hydroxyethyl) ammonium - MMT and dimethyl, hydrogenated 
tallow, benzyl ammonium - MMT, are each capable of providing exfoliated 
morphologies. 

 Another crucial point here is the need to use a compatibilizer. When preparing 
polyolefi n/layered silicate nanocomposites, the addition of a compatibilizer is 
paramount, yet for PLA and PET nanocomposites the inclusion of a compatibilizer 
is rare. Thus, the polarity of a polymer matrix seems to be the main driving force 
of the preparation strategy, as summarized in Figure  13.14 .   

 In general, the preparation of polymer/layered silicate nanocomposites requires 
parallel investigations concerning compatibilizers and processing aids. For poly-
olefi n - based nanocomposites, the challenge resides in setting up and understand-
ing the role of reactive compatibilizers to control and/or tailor the morphologies 
responsible for the improved material properties. But, for PET the main objective 
is    –    and will continue to be    –    the optimization of thermal stability, as organophilic 
modifi ers are typically unstable at PET processing temperatures. Undoubtedly, 
improvements in the thermal stability and fl ame self - extinguishing properties of 
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PET will become technological necessities, notably in the development of new 
fi bers and the preparation of nanocomposites. Meanwhile, PET recycling and the 
need to improve the properties of post - consumer materials remain major chal-
lenges for PET/layered silicate nanocomposites. 

 For PLA, and for biodegradable polyesters in general, new processing aids    –    devel-
oped from renewable resources    –  should be selected when preparing nanocom-
posites. Whilst the criteria of nanocomposite preparation are substantially similar 
to those for petrochemical polymers, the (preferential) need to use naturally 
derived compounds and polymers will surely lead to innovative methods of pro-
duction. In particular, replacing commonly used commercial modifi ers (ammo-
nium salts) with cations that are not only more sustainable but also biodegradable 
should prove interesting. In attempts to develop new materials with modulated 
properties, melt - blending with biodegradable and/or renewable polymers, or 
perhaps the addition of highly sustainable plasticizers, should allow for the crea-
tion of innovative materials that are highly tunable in terms of their mechanical, 
thermal, gas - barrier, and biodegradation properties. Clearly, the behavior of 
nanolayers in a complex multiphase system will remain the object of increasing 
research attention for years to come.  
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Advanced Nanomaterials. Edited by Kurt E. Geckeler and Hiroyuki Nishide
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31794-3

       Nanotechnology has found an incredible resonance and a vast number of applica-
tions in many areas during the past two decades. The resulting deep paradigm 
shift has opened up new horizons in materials science, and has led to exciting 
new developments. Fundamentally, nanotechnology is dependent on the existence 
or the supply of new nanomaterials that form the prerequisite for any further 
progress in this new and interdisciplinary area of science and technology. Evi-
dently, nanomaterials feature specifi c properties that are characteristic of this class 
of materials, and which are based on surface and quantum effects. 

 Clearly, the control of composition, size, shape, and morphology of nanomateri-
als is an essential cornerstone for the development and application of nanomateri-
als and nanoscale devices. The complex functions of nanomaterials in devices and 
systems require further advancement in the preparation and modifi cation of nano-
materials. Such advanced nanomaterials have attracted tremendous interest 
during recent years, and will form the basis for further progress in this area. Thus, 
the major classes of novel materials are described in the twenty - eight chapters of 
this two - volume monograph. 

 The initializing concept of this book was developed at the  3rd IUPAC Interna-
tional Symposium on Macro -  and Supramolecular Architectures and Materials (MAM -
 06): Practical Nanochemistry and Novel Approaches , held in in Tokyo, Japan, 2006, 
within the framework of the biannual MAM symposium series. This monograph 
provides a detailed account of the present status of nanomaterials, and highlights 
the recent developments made by leading research groups. A compilation of state -
 of - the - art review chapters, written by over sixty contributors and well - known 
experts in their fi eld from all over the world, covers the novel and important 
aspects of these materials, and their applications. 

 The different classes of advanced nanomaterials, such as block copolymer 
systems including block copolymer nanofi bers and nanotubes, smart nanoassem-
blies of block copolymers for drug and gene delivery, aligned and ordered 
block copolymers, helical polymer - based supramolecular fi lms, as well as novel 
composite materials based on gold nanoparticles and carbon nanotubes, are 
covered in the book. Other topics include the synthesis of inorganic nanotubes, 
metal nanoparticle - attached electrodes, radical polymers in organic polymer 
batteries, oxidation catalysis by nanoscale gold, silver, copper, self - assembling 

 Preface
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nanoclusters, optically responsive polymer nanocomposites, renewable thermo-
plastic matrices based on phyllosilicate nanocomposites, amphiphilic polymer –
 clay intercalation and applications, the synthesis and catalysis of mesoporous 
alumina, and nanoceramics for medical applications. 

 In addition, this book highlights the recent progress in the research and applica-
tions of structural ceramics, the ecological toxicology of engineered carbon 
nanoparticles, carbon nanotubes as adsorbents for the removal of surface water 
contaminants, molecular imprinting with nanomaterials, near - fi eld Raman 
imaging of nanostructures and devices, fullerene - rich nanostructures, nanoparti-
cle - cored dendrimers and hyperbranched polymers, as well as the interactions 
of carbon nanotubes with biomolecules. The book is completed with a series of 
chapters featuring concepts in self - assembly, nanostructured organogels via 
molecular self - assembly, the self - assembly of linear polypeptide - based block copol-
ymers, and information - guided self - assembly by structural DNA nanotechnology. 

 The variety of topics covered in this book make it an interesting and valuable 
reference source for those professionals engaged in the fundamental and applied 
research of nanotechnology. Thus, scientists, students, postdoctoral fellows, 
engineers, and industrial researchers, who are working in the fi elds of nanomateri-
als and nanotechnology at the interface of materials science, chemistry, physics, 
polymer science, engineering, and biosciences, would all benefi t from this 
monograph. 

 The advanced nanomaterials presented in this book are expected to result in 
commercial applications in many areas. As the science and technology of nano-
materials is still in its infancy, further research will be required not only to develop 
this new area of materials science, but also to explore the utilization of these novel 
materials. All new developments impart risks, and here also it is important to 
evaluate the risks and benefi ts associated with the introduction of such materials 
into the biosphere and ecosphere. 

 On behalf of all contributors to we thank the publishers and authors on behalf 
of all contributors for granting copyright permissions to use their illustrations in 
this book. It is also very much appreciated that the authors devoted their time and 
efforts to contribute to this monograph. Last, but not least, the major prerequisite 
for the success of this comprehensive book project was the cooperation, support, 
and understanding of our families, which is greatly acknowledged.

    The Editors        
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  14.1 
 Introduction 

 During recent years, organic – inorganic hybrid materials have attracted a great deal 
of research interest due to their promising industrial applications  [1 – 3] . The suc-
cessful development of Nylon - 6/ montmorillonite  ( MMT ) nanocomposites by 
the Toyota research group  [4, 5] , refl ects the importance of utilizing mineral clays 
for improving polymer properties  [6 – 8] , including fi re retardation and gas barrier. 
One of the crucial issues for preparing these advanced polymers is to overcome 
the problem of incompatibility between the hydrophilic smectite - clays and hydro-
phobic polymers. Organic modifi cation is the common method to convert 
the hydrophilic clay into an organophile  [9 – 13] . Fine dispersion of the silicate 
particles in polymer matrices was then achieved for a variety of hydrophobic nano-
composites including polypropylene  [14] ,  polystyrene  ( PS )  [15] , polyurethane  [16] , 
polyester  [17] , epoxy  [18 – 20] , and polyimide  [21] . 

 In the past, many reviews have been devoted to the subject of clay nanocompos-
ites  [1 – 5, 21 – 25] . Signifi cant progress in polymer engineering and the limitations 
of polymer compatibility to the nanoscale clays in intercalated and exfoliated forms 
are already well reviewed. Recent research developments on utilizing the layered 
silicate clays have also diversifi ed into the areas of biotechnology  [26] , such as the 
use of anionic clays for gene therapy. Actually, recent advances in biomedical 
applications involve different types of nanomaterial, which can be generally clas-
sifi ed into three categories according to their geometric dimensions: spherical 
(e.g., silver and titanium oxide particles)  [27, 28] ; fi bril - shape (e.g., carbon nano-
tube)  [29] ; and sheet - like (e.g., natural and synthetic clays) nanomaterials. With at 
least one dimension that falls into the nanometer scale, all of these inorganic 
materials possess a high - aspect ratio surface area relative to their weight. For the 
sheet - like clays, each thin layer platelet with a thickness of approximately 1   nm 
(almost at the molecular level) and the lateral dimension of approximately 50   nm 
to several micrometers provides an extremely large specifi c surface ( > 500   m 2    g  − 1 ). 
Hence, the primary structure of the thin - layer clays is unique with respect to its 
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geometric shape as well as surface ionic charge, which could be important 
when interacting with biological materials such as proteins, nucleic acids, and 
microorganisms. 

 In this chapter, we review the synthetic aspects of organic modifi cations of 
smectite clays, with particular attention being paid to reports on the uses of various 
intercalation agents for the polymer – clay composite applications, without empha-
sizing their composite performance. Recent efforts on using high - molecular -
 weight poly(oxyalkylene) - diamines to tailor the layered - silicate spacing is 
particularly addressed  [30 – 33] . The reaction profi le of the intercalation via ion 
exchange by different equivalents of organic salt to clay exchange capacity, as well 
as the unconventional mechanisms involving metal - ion chelation and hydrogen 
bonding, are also reviewed. With the incorporation of hydrophobic amine - salts, 
the resulting organoclays may exhibit unusual colloidal properties  [34, 35]  as well 
as an ability to self - assemble into rigid - rod nanoarrays  [36 – 38] . Furthermore, the 
method of exfoliating the layered - silicate clays into random platelets has been 
recently reported  [39 – 41] . This process involved the use of polymeric amines via 
zigzag conformation or phase inversion mechanisms for the platelet randomiza-
tion. The tailored organoclays are found to be suitable for embedding biomaterials 
such as protein  [42, 43] . The aim of this chapter is to summarize the literature 
activities in clay utilization, with emphasis placed on the organic modifi cations 
and the emerging research in the areas of biomedical applications.  

  14.2 
 Chemical Structures of Clays and Organic - Salt Modifi cations 

  14.2.1 
 Natural Clays and Synthetic Layered - Double - Hydroxide ( LDH ) 

 Smectic clays are naturally abundant, with a well - characterized lamellar structure 
of multiple inorganic plates, a high surface area, and ionic charges on the surface 
 [9 – 11] . The phyllosilicate clays of the 2   :   1 type, or smectites such as MMT, ben-
tonite, saponite, and hectorite, are conventionally utilized as catalysts  [44 – 46] , 
adsorbents  [47, 48] , metal - chelating agents  [49] , fi llers for polymer composites 
 [1, 3, 21] , and so on. The generic structure is composed of multiple layers of 
silicate/aluminum oxide, for example, with layers of two tetrahedron sheets sand-
wiching an edge - shared octahedral sheet  [21] . Counter metal ions populate the 
composition with variation in isomorphic substitution of silicon or aluminum by 
divalent metal ions such as Mg 2+ , Ca 2+ , or Fe 2+ . These ionic charges are potentially 
exchangeable through further ionic exchange with alkali metal ions such as Na +  
or Li + , as well as with organic ions. Although these layered silicates are hydrophilic 
and swell in water, they often exist as aggregates in micrometer sizes from their 
primary stack units. In the case of MMT, the primary stack structure possesses 
multiple aluminosilicate plates of irregular polygonal shapes at average dimension 
of ca. 100   nm    ×    100   nm    ×    1   nm for individual platelets  [50] . For the ionic - exchange 
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reaction, the divalent counter - cations in most natural clays could be exchanged 
into different ions, including Na + , Cu 2+ , Zn 2+ , Mg 2+ , Ca 2+  and an acidifi ed H +  form 
 [51] . The replacement priority for these cations are: Al 3+     >    Ca 2+     >    Mg 2+     >    K +    =     
NH4

+    >    Na +   [46, 52] . According to this exchange order, organic quaternary ammo-
nium salts can replace Na +  ions, but not with divalent cations in Mg 2+  - MMT and 
Ca 2+  - MMT. Therefore, for most natural clays, the sodium ion exchange is neces-
sary to facilitate the subsequent organic ion intercalation. 

  Synthetic fl uorine mica , which structurally is similar to sodium tetrasilicic 
micas, is prepared from the Na 2 SiF 6  treatment of talc at high temperature  [53, 54] . 
The synthetic mica (Na +  - Mica) is water - dispersible and generally used as an inor-
ganic thickener. This synthetic fl uorinated mica has an average dimension of 
300 – 1000   nm in 80 – 100   nm for MMT. Another class of synthetic clays,  layered -
 double - hydroxide d ( LDH s), can be prepared from the coprecipitation of inorganic 
salts. The chemical structure is described as [Mg 6 Al 2 (OH) 16 ]CO 3  · 4H 2 O] in the 
example of magnesium/aluminum hydroxides. Various metal hydroxides, includ-
ing Ni, Cu, or Zn for divalent and Al, Cr, Fe, V, or Ga for trivalent metal ions, and 
anions such as   CO3

2−, Cl  −  ,   SO4
2− ,   NO3

− , or other various organic anions, have been 
reported  [55 – 58] . These LDHs are classifi ed as anionic clays that can be organically 
modifi ed through an anionic - exchange reaction, using substances such as carboxy-
lic acids, anionic polymers, organic phosphoric acids, and so on  [58] . These syn-
thetic clays may have various applications, including heterogeneous catalysts, 
optical materials, biomimetic catalysts, separation agents, and DNA reservoirs 
 [59 – 63] . Recently, Mg – Al LDHs were incorporated with  poly(oxypropylene) - 
bis - amindocarboxylic acid salt s ( POP - acid ) to result in a wide basal spacing of 
92    Å   [64] . This wide spacing, as well as the introduction of a hydrophobic POP 
backbone, may open up new applications for this class of anionic clays.  

  14.2.2 
 Low - Molecular - Weight Intercalating Agents and  X  - Ray Diffraction   d   - Spacing 

 The common strategy for utilizing smectite clays is to alter their inherent 
hydrophilic nature so that they become hydrophobic and organically compatible 
with polymers. For the synthesis of polymer – clay nanocomposites, organic oniums 
such as alkyl ammonium salts  [22]  are commonly used to intercalate the layered 
minerals. The resultant organoclays are then suitable for the consequent process 
of melt - blending with polymers and  in situ  polymerization. For example, sodium 
montmorillonite (Na +  - MMT), consisting of sodium ions on the silicate surface 
( ≡ Si – O  −  Na + ), can be intercalated with organic onium salts. The quaternary alkyl 
ammonium (R 4 N + X  −  ) or alkyl phosphonium (R 4 P + X  −  ) salts are the common inter-
calating agents because of their commercial availability. The incorporation of 
organic intercalating agents also resulted in a silicate gallery expansion. For 
example, the C 18  - alkyl quaternary salts may intercalate Na +  - MMT, causing a layer 
space expansion to 20 − 30    Å  basal spacing from the pristine 12    Å  clay gallery. It is 
noteworthy that the same organic quaternary salt may not exchange with natural 
clays with divalent counter ions such as M 2+  - MMT  [65]  (where M 2+    =   Mg 2+  or Ca 2+ ). 
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 A large number of intercalating agents for modifying the cationic smectite clays 
have been described, and it is possible to classify these according to their chemical 
structures and organic functionalities (see Table  14.1 ). Low - molecular - weight alkyl 
ammonium and phosphonium salts are the common intercalating agents, and 
normally these may result in a widening of the basal spacing in the range of 13 
to 50    Å . Thermally stable and reactive surfactant types of imidazolium salts (with 
C 12 , C 16  and C 18  alkyl groups) were reported for the preparation of polystyrene/
MMT nanocomposites  [93] . The general idea here is that the presence of alkyl 
imidazolium may contribute to the thermal stability of the composites. Other 
reactive cationic surfactants, such as vinylbenzyl dimethyldodecyl ammonium 
chloride and surfactants with 2 - methacryloyl functionalities, have been reported 
for  poly(methylmethacrylate)  ( PMMA ) and PS – clay nanocomposites. The purpose 
of introducing a reactive functionality to the intercalating agent is to facilitate not 
only a layer exfoliation but also fi ne dispersion in the polymer matrices.     

  14.3 
 Poly(Oxyalkylene) - Polyamine Salts as Intercalating Agents, 
and Their Reaction Profi les 

  14.3.1 
 Poly(Oxyalkylene) - Polyamine Salts as Intercalating Agents 

 The uses of poly(oxyalkylene) - amines of M w  2000 − 4000   g   mol  − 1  for the intercalation 
of Na +  - MMT to prepare organoclays with a large  d  spacing was reported in 2001 
 [30] .  Poly(oxyalkylene) - diamine s ( POA - diamine s) are commercially available poly-
ether amines that are produced from the amination of polyols such as polyethylene 
glycols, polypropylene glycols, and their mixed poly(oxyethylene - oxypropylene)  [99, 
100] . Both, hydrophobic and hydrophilic types of POA - diamines,  poly(oxypropylene) -
 amine s ( POP - amine s) and  poly(oxyethylene) - amine s ( POEamine s), respectively, 
are available. By using the hydrophobic POP - diamines of 230, 400, 2000, and 
4000   g   mol  − 1 , Na +  - MMT was intercalated into organoclays at varied  X - ray diffraction  
( XRD ) basal spacings (15.0, 19.4, 58.0, and 92.0    Å , respectively). The lamellar 
expansion was found to be proportionally correlated with the POP molecular 
weights, through the POP tethering with silicate surfaces or the ionic - exchange 
reaction of the quaternary ammonium ions. Within the silicate confi nement, 
the POP backbones may aggregate through a hydrophobic phase separation 
and consequently stretch out the basal spacing of the silicate interlayer gallery 
(Figure  14.1 ).   

 In contrast, the hydrophilic  POE - diamine of M w  2000   g   mol  − 1    ( POE2000 ) resulted 
in a spacing of 19.4    Å . The conclusion has been drawn that the intercalating agent 
requires a hydrophobic nature in order to expand the ionically charged platelets. 
The hydrophilic POE backbones or the  – (CH 2 CH 2 O)  x   –  structure, resulted in 
the organics associating tightly with the silicate surface. Only the hydrophobic 
POP backbone  – (CH 2 CH(CH 3 )O)  x   –  has shown an ability to generate a new 
 “ supporting ”  phase for widening the gallery space. 
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 Table 14.1     Representatives of the various intercalating agents described in the literature. 

   Functionality     Intercalating agent     Clay     XRD ( Å )     Reference(s)  

  POA - diamine 
salt  

  Poly(oxypropylene) - diamine (2000  M  w ), 
 Poly(oxypropylene) - diamine (POP -
 amines, 4000  M  w ), 
 Poly(oxypropylene) - diamine (POP -
 amines, 5000  M  w )  

  Li +  -
 fl uorohectorite, 
Na +  - MMT, 
Na +  - Mica  

  46 – 92     [12, 30, 35]   

  Polymeric 
amine  

  Amine - terminated PS surfactants, 
 Amine - terminated butadiene 
acrylonitrile copolymers  

  Na +  - MMT    10 – 155     [66 – 68]   

  Alkyl - amine 
salt  

  1 - Hexadecylamine and octadecylamine    Na +  - MMT    16 – 37     [69 – 76]   

  Amino acid    6 - Aminohexanoic acid, 
 12 - Aminododecainoic acid  

  Na +  - MMT    17 – 49     [12, 77]   

  Acid    C 18  carboxylic acids and other acids, 
 2 - Acrylamido - 2 - methyl - 1 -
 propanesulfonic acid  

  Mg 2+  -  or 
Ca 2+  - MMT, 
Na +  - MMT  

  35, 
Exfoliation  

   [65, 78 – 80]   

  Ammonium 
salt  

  Hexadecyltrimethylammonium 
bromide, 
 Dioctadecyldimethyl ammonium 
bromide, 
 Vinylbenzyldimethyldodecylammonium 
chloride, 
 Dialkyldimethylammonium salt from 
hydrogenated tallow  

  Na +  - MMT    19 – 40     [69, 70, 81 – 86]   

  Phosphonium 
salts  

  10 - [3,5 - bis(methoxycarbonyl)phenoxy]
decyltriphenylphosphonium bromide 
 Dodecyltriphenyl phosphonium 
bromide, 
 Hexadecyltributyl phosphonium 
bromide, 
 Tetraoctyl phosphonium bromide  

  Na +  - Mica, 
Li +  -
 fl uorohectorite, 
Na +  - MMT  

  24 – 32     [72, 87 – 92]   

  Imidazolium 
salt  

  1,2 -  Dimethyl - 3 - (benzyl ethyl isobutyl 
polyhedral oligomeric silsesquioxane)
imidazolium chloride  ( DMIPOSS ), 
 Dioctadecyl imidazolium, 
 1,2 - Dimethyl - 3 - hexadecyl imidazolium, 
 vinyl - alkyl - imidazolium (C 12 , C 16  and 
C 18 )  

  Na +  - MMT    36     [93 – 96]   

  Stibonium 
salt  

  Triphenylhexadecyl stibonium 
trifl uoromethyl sulfonate  

  Na +  - MMT    20     [97]   

  Poly(ethylene 
glycol)  

  PEG400 vs. POP - amine   a       Na +  - MMT    17.7     [98]   

    a    POP - amines: poly(oxyalkylene) - amines of M w  230 – 4000.   
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     Figure 14.1     Schematic representation of Na +  - MMT 
intercalation by hydrophilic and hydrophobic 
poly(oxyalkylene) - diamine salts of the same molecular 
weight  [31] .  

 It was noted that formation of the hydrophobic POP phase in the silicate gallery 
could be understood by estimating the theoretical length of the fully stretched POP 
backbone. Based on calculations of the bond lengths (1.54    Å  for C – C and 1.43    Å  
for C – O) and bond angles (109.6 °  and 112 ° , respectively), the theoretical length 
(77    Å ) for POP2000 was longer than the value of 58.0    Å  observed for those mole-
cules in confi nement. Apparently, the POPs were aggregated into hydrophobic 
phase but not fully extended at the molecular level, nor arranged in a tilting ori-
entation in the gallery confi nement.  

  14.3.2 
 Critical Conformational Change in Confi nement During the Intercalating Profi le  [31]  

 The intercalation profi le was studied by varying the equivalent ratios (from 0.2 to 
1.0) of POP2000 salt to the clay CEC (120   mEq   100   g  − 1 ). Critical intercalation points 
were apparent, as shown in Figure  14.2 , for the clay expansion with respect to the 
POP intercalants. Before the critical point, the basal spacing expansion was similar 
(19.0 − 20.2    Å ) and in the range of amine addition, from 0.2 to 0.8 CEC equivalent. 
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     Figure 14.2     Schematic representation of POP - diamine 
forming a hydrophobic phase in a clay gallery  [31] .  

     Figure 14.3     Critical points of poly(oxyalkylene) - diamine salts 
intercalating montmorillonite at different CEC ratios  [31] .  

At 0.8 CEC equivalent, the POP addition expanded the  d  spacing suddenly to 
58    Å  in the case of POP2000 intercalation.   

 The critical concentration for the basal spacing expansion is generalized 
for several hydrophobic polyether - amines, as summarized in Figure  14.3 . 
The POP4000 and  poly(oxybutylene)diamine of 2000   g   mol  − 1  M w    ( POB2000 ) 
showed a critical point for the intercalation (Figure  14.3 ,  �  and  � , respectively). 
The increases in basal spacing, from 20    Å  to 92    Å  for POP4000, and from 20    Å  to 
54    Å  for POB2000, were observed and attributed to the molecular length, 
POP4000    >    POP2000    >    POB2000. The existence of a critical concentration was 
explained by the POP hydrophobic phase generated in the layer gallery. For the 
POE - backbone amine salt, there was no change in the critical basal spacing.    
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  14.3.3 
 Correlation between  MMT    d   - Spacing and Intercalated Organics  [32, 33]  

 The basal spacing enlargement can only be achieved by a hydrophobic aggregation 
of the intercalating agents in the gallery. By taking in consideration the molecular 
end - to - end length in the confi nement, a linear correlation was found for the basal 
spacing expansion. As the incorporated organics occupy the same volume as the 
measured silicate spacing, the relationship between the interlayer spacing ( D ) and 
the organic weight fraction ( R  or w/w of POP - amine/MMT by weight) is expressed 
by the following equation  [32] :

   D R
A

t= ×
×

+1

ρ
    (14.1)  

where  A  is the surface area of MMT,  t  is the plate thickness, and   ρ   is the density 
of the intercalant in the gallery. The XRD measurement is a function of the organ-
ics occupied in the gallery, and the relationship of gallery distance, volume, and 
organic fraction is predictable.   

  14.4 
 Amphiphilic Copolymers as Intercalating Agents 

  14.4.1 
 Various Structures of the Amphiphilic Copolymers  [34, 40, 101, 102]  

 In order to tailor the hydrophobic nature for organoclays, several research groups 
have used amphiphilic copolymers as intercalating agents. For example, the copol-
ymers of POP - amine grafting on  poly(propylene)  ( PP )  [34, 40] , poly( styrene - 
ethylene/butadiene - styrene ) ( SEBS )  [101]  and poly( styrene - maleic anhydride ) 
( SMA )  [102]  copolymers were reported. These copolymers, which comprised mul-
tiple amines as the pendant groups, were comb - like in shape and amphiphilic in 
nature (Figure  14.4 ). The copolymers, after treating with HCl, were able to form 
stable emulsions in water and to intercalate with Na +  - MMT. The generation of an 
emulsion at 670   nm diameter for the amine - grafted PP copolymer at ambient 
temperature, and at 560   nm at 75    ° C in toluene/water, has also been reported  [34] . 
The fi ne emulsion rendered the copolymers able to intercalate with Na +  - MMT. The 
pendant quaternary ammonium ions of the copolymers may undergo an ionic -
 exchange reaction to afford the silicates of 19.5    Å  spacing. The layered silicate 
platelet gallery was widened and surrounded with hydrophobic copolymer back-
bones. The resultant silicate/copolymer hybrids resembled a single micelle struc-
ture containing a hydrophilic rigid silicate core and a hydrophobic organic corona. 
The hybrids were dispersible in toluene and were found to be approximately 
500   nm in size in the example of PP - POP2000/MMT.   
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     Figure 14.4     Chemical structures of POA - diamines and the grafted PP copolymers  [34, 40] .  

 The POA - diamine grafting onto SEBS -  g  - MA generated another class of comb -
 like and amphiphilic polyamines. The particular SEBS – POA copolymer, with an 
average of nine amine pendants, is capable of forming a fi ne emulsion and inter-
calating with Na +  - MMT to afford a wide range of XRD  d  spacing, from 17    Å  to 
52    Å . The high  d  spacing was due to SEBS backbone intercalation, while the POA 
intercalation could result in only a low spacing. Thus, it was concluded that two 
different intercalating modes were present, the conceptual description of which is 
shown in Figure  14.5 .   

 The amphiphilic properties of the copolymers can be better controlled by using 
poly( styrene -  co  - maleic anhydride s) ( SMA ) grafted with the POA - diamines. The 
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     Figure 14.5     Schematic representation of copolymer/clay 
hybrids in different forms of intercalation  [101] .  

copolymers with different ratios of styrene/MA monomers provided a wide range 
of hydrophobic properties. The SMA - POP copolymers generated the intercalated 
organoclays with 12.9    Å  to 78.0    Å  basal spacing. Two types of intercalation were 
also observed for the SMA - POP intercalation.  
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     Figure 14.6     Interfacial tensions of the hybrids prepared from 
MMT intercalation with POP -  or POE - grafted PP copolymers 
in toluene/water  [34] .  

  14.4.2 
 Colloidal Properties 

 The silicate – copolymer hybrids, intercalated with hydrophobic organics, are dis-
persible in toluene and exhibit a surfactant property  [34, 35, 101] . In Figure  14.6 , 
the hybrids can be seen to exhibit an ability to reduce the toluene/water interfacial 
tension, from 28   mN   m  − 1  to 5   mN   m  − 1 . The  critical micelle concentration  ( CMC ) or 
 critical aggregation concentration  ( CAC ) was estimated as 0.01   wt%, by extrapolat-
ing from the interfacial tension versus concentration curve.     

  14.5 
 New Intercalation Mechanism Other than the Ionic - Exchange Reaction 

  14.5.1 
 Amidoacid and Carboxylic Acid Chelating  [65, 103]  

 The conventional method of modifying Na +  - MMT requires the use of organic 
onium salts, such as ammonium and phosphonium salts, for the ionic - exchanging 
intercalation. The driving force for the organic incorporation is via the ionic 
exchange reaction, the replacement of ammonium salts (  − −NH Cl+

3 ) for sodium 
ions ( ≡ Si – O  −  Na + ). In the case of using poly(oxyalkylene) - amidoacids in the form 
of zwitterions as the intercalating agents, the intercalation of Na +  - MMT occurred 
 [103] . The mechanism via a chelating intermediate between the amidoacid and the 
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     Figure 14.7     Schematic representation of sodium ion chelation 
via an oxypropylene - amidoacid  [103] .  

counter sodium ion in the clay gallery was proposed. The chelating intermediate 
is supposedly stable due to the formation of a cyclic, seven - membered ring 
structure (Figure  14.7 ).   

 Another mechanism  [65]  was reported for metal chelating in the clay gallery. 
Different alkyl lengths of alkyl - carboxylic acids, CH 3 (CH 2 )  n  COOH, were allowed 
to intercalate into the clays that contained divalent metal counter ions. Convention-
ally, it was believed that the C 12 − 18  carboxylic acids [e.g., lauric acid ( n    =   10) and 
stearic acid ( n    =   16)] would be unable to incorporate into the silicate clays, such 
as the naturally occurring MMT. However, it was reported that the sodium or 
potassium salts of alkyl carboxylates could be incorporated into Na +  - MMT to afford 
a low organic embedment of 10 − 15   wt% organics, and an XRD basal spacing of 
15    Å . However, the same intercalating carboxylate salts in fact intercalated the 
divalent M 2+  - MMT (XRD   =   10.1    Å ) to achieve a wide spacing of up to 30 or 43    Å , 
in the example of the naturally occurring smectite silicates (K10), which comprised 
layered aluminosilicates and mostly divalent counter cations. The difference in 
intercalation between the M 2+  - MMT and Na +  - MMT was explained by the com-
plexes of divalent M 2+  with carboxylate ( – COO  −  ) and SiO  −   anions (Figure  14.8 ). 
Formation of the thermally stable complex served as the driving force for the 
organics to incorporate into the gallery.    

  14.5.2 
 Intercalation Involving Intermolecular Hydrogen Bonding  [104]  

 Besides the chelating mechanism, hydrogen bonding of the intercalated organics 
(structures shown in Scheme  14.1 ) may serve as additional forces for the interac-
tion, in similar fashion to the hydrophobic interaction described above. With the 
structure consisting of  – (CH 2 ) 8  –  and amide functionalities, the intercalating agents 
may be further accumulated in the clay gallery. In the examples of the layered 
aluminosilicates of Na +  synthetic mica and MMT, in both cases intercalation with 
the POP - amidoamine quaternary salts afforded an enlarged basal spacing of up to 
78    Å , with an organic embedment up to 70   wt% in the hybrids. The driving forces 
applied by the hydrogen bonding interaction were evidenced by using a stepwise 
intercalating method. Continuing addition of the POP - amidoamine salts after the 
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     Figure 14.8     Diagrammatic representation of a carboxylic acid 
salt complex through divalent cations on silicate K10  [65] .  

     Scheme 14.1     Representative structure of POP - amidoamines 
with hydrogen - bonding functionalities  [104] .  

CEC equivalent amount led to the generation of hybrids, while the basal spacing 
was increased from 58    Å  to 70 – 78    Å .     

  14.6 
 Self - Assembling Properties of Organoclays  [36, 37]  

 With the incorporation of hydrophobic POP, the MMT hybrids were amphiphilic 
in nature. For example, MMT/POP2000 at 58.0    Å  basal spacing and 63   wt% 
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     Figure 14.9     (a, b) Scanning electron microscopy images of 
the self - assembly of a POP - modifi ed clay  [36] .  

organics was dispersible in toluene, and exhibited an ability to lower the toluene/
water interfacial surface tension. The surfactant property was shown to depend on 
the hydrophobic – hydrophilic balance between the hydrophobic POP portion and 
the ionic character of the platelet. With varied amounts of organics in the clay, the 
amphiphilic nature of the hybrids can be tailored. Those hybrids with an organic 
content in the range of 22 to 63   wt%, and a corresponding  d  spacing of 19 – 58    Å , 
can easily be prepared. Among these hybrids, the POP/MMT hybrid with a bal-
anced hydrophobic – hydrophilic ratio (19    Å   d  spacing, 26   wt% organics) enabled 
self - assembly into rod - like microstructures which were up to 40    μ m in length  [36]  
(Figure  14.9 ). These unique self - assemblies were observed using  scanning elec-
tron microscopy  ( SEM ). The POP - modifi ed MMT hybrid was fi rst dispersed in a 
water/toluene mixture at a concentration of 1.0   wt%, and then subjected to evapo-
ration at 80    ° C before the SEM observations were made. The formation of rod - like 
arrays  [37]  was uniform, with individual rod dimensions ranging from 100 to 
800   nm in width, and from 2 to 10    μ m as the average length. The mechanism for 
the formation of lengthy rods was proposed to be a two - directional growth of 
horizontal and vertical self - alignment, as illustrated conceptually in Figure  14.10 . 
The correct balance between the POP hydrophobic aggregation and the silicate 
ionic charge attraction is important for forming orderly microstructures.    

  14.7 
 Exfoliation Mechanism and the Isolation of Random Silicate Platelets 

  14.7.1 
 Thermodynamically Favored Exfoliation of  Na +  - MMT  by the 
 PP  -  POP  Copolymers  [40]  

 The hybrids prepared from the intercalation of PP - POP2000 copolymers with Na +  -
 MMT at 19.5    Å   [34]  could be further exfoliated under the conditions of 120    ° C and 
500   p.s.i. N 2  in a closed system, such that the layered structure of Na +  - MMT was 
transformed into random platelets. The process required the copolymers to form 
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     Figure 14.10     Schematic representation of the self - assembling mechanism  [36] .  

a fi ne emulsion before interacting with the hydrophilic clays. Two types of inter-
calating hybrid may be involved, as shown conceptually in Figure  14.11 . Transfor-
mation of the initial copolymer/layered silicate hybrid into the exfoliation could 
be explained by the relative stability of the  water - in - oil  ( W/O ) and  oil - in - water  
( O/W ) hybrid structures. An inversion from the W/O to the O/W hybrid was 
favored thermodynamically such that, ultimately, exfoliation of the clay - layered 
structure would occur.    

  14.7.2 
 Zigzag Mechanism for Exfoliating  Na +  - MMT  

 An alternative mechanism of exfoliation was reported which used Mannich 
polyamines as the intercalating agents  [39] ; these were prepared from the reaction 
of  p  - cresol, formaldehyde, and POA - diamines. After being converted into the 
corresponding amine salts, the copolymers proved to be effective for exfoliating 
the layered silicates. Due to the presence of multiple amine sites in the polymer 
backbone for anchoring onto the silicate surface, a zigzag conformation of the 
copolymers within the confi nement was proposed as the exfoliation mechanism. 
This process is illustrated schematically in Figure  14.12 .     

  14.8 
 Isolation of the Randomized Silicate Platelets in Water  [41]  

 The process of exfoliation led to the next step of isolating random silicate platelets. 
As shown in Scheme  14.2 ), the layered Na +  - MMTs were exfoliated through 
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     Figure 14.11     Emulsion of the copolymers affecting Na +  - MMT 
intercalation and exfoliation  [40] .  

ionic - exchange reactions, while further Na +  exchange permitted recovery of the 
organic amines.   

 The nature of the material of the random silicate platelets was confi rmed by 
using XRD analysis,  transmission electron microscopy  ( TEM ), and  atomic force 
microscopy  ( AFM ). In particular, the material was shown to have a unique ionic 
character in water. Based on parameters of 1.2   mEq   g  − 1  CEC for Na +  - MMT and a 
surface area of 720   m 2    g  − 1 , the platelets were calculated to contain 20   000 ions per 
platelet, with an area per ion of 0.9 nm 2 , and with 4    ×    10 16  platelets per gram. The 
intensive charges rendered the silicate plates with a high affi nity for polar organics 
such as  poly(ethylene glycol)  ( PEG ) and water molecules. During measurement of 
the zeta potential (see Figure  14.13 ), a Na +  - MMT suspension in water demon-
strated a relatively constant charge character at  − 18   mV, over a pH range from 2 
to 11. However, the zeta potential of the exfoliated platelets showed an isoelectric 
point of pH 6.4, and varied from 21   mV to  − 25   mV over the pH range from 5 to 
8. It appeared that the platelet surface possessed different ionic potentials that 
were originally buried within the MMT layered structure.    
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     Figure 14.12     Schematic representation of silicate stack and 
exfoliation by the presence of polyamine salts  [39] .  

     Scheme 14.2     The scheme of stepwise intercalation, 
exfoliation, and isolation of random silicate platelets  [41] .  

  14.9 
 Emerging Applications in Biomedical Research 

 Both types of ionic clay, namely the anionic LDH and the cationic Na +  - MMT, have 
been recognized for their abilities to adsorb biomaterials  [105] , the key properties 
for this application being the high surface area, the ionic character, and the layered 
structure  [106 – 108] . Previously reported examples have used clays as the support 
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     Figure 14.13     Zeta potentials of montmorillonite ( � ) and 
exfoliated silicate platelets ( � ) at different pH values  [41] .  

for biomaterial adsorption  [109] , and DNA encapsulation for gene therapy  [26] . In 
general, the key elements in this area of research are to specify the functions of 
encapsulating large molecules within the layered confi nement. Earlier studies 
have revealed several examples of proteins complexing with naturally occurring 
clays, simply by their adsorption directly onto the clay surface  [110, 111] . Such 
adsorption between proteins and silicates is affected by the properties of the clay, 
the ionic charges and the type of species, as well as the size of the protein and its 
isoelectric properties  [111] . 

 Recent improvements in this area have focused on the stability of the biomate-
rial, the controlled release profi le, and targeting. Indeed, it has been reported 
that the incorporation of  bovine serum albumin  ( BSA ) into the layered spacing of 
MMT and synthetic fl uorinated mica is possible via a step - wise ionic exchange 
reaction  [42, 43] , as shown in Figure  14.14 . Specifi cally, the layer spacing of 
the synthetic mica was fi rst expanded with a POA - amine salt of 2000 or 4000 M w , 
from the pristine 12    Å  to the fi nal 93    Å , and this was followed by BSA incorpora-
tion. By comparison, the direct incorporation of BSA into a clay interlayer was 
found to be relatively diffi cult, particularly for those micas with a larger platelet 
size. This stepwise process was performed at a suitable pH (less than the isoelec-
tric point of 4.8 for BSA), at which point the protein structure was cationic 
(  − −+NH COOH3 ); this proved to be ideal for the ionic - exchange intercalation with 
the counter ions in the silicate galleries. The stepwise intercalation can be general-
ized for embedding large biomolecules into the clay layer confi nement. This 
synthetic methodology is considered to have practical applications, including bio-
sensing for target molecular detection  [112] , as well as interface modifi cation for 
drug delivery  [113, 114]  and tissue engineering  [62, 115] .    
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     Figure 14.14     Schematic representation of BSA intercalation 
into mica, via direct or step - wise processes  [42] .  

  14.10 
 Conclusions 

 The naturally abundant clays have been long recognized for their wide applications 
as catalysts, absorbents, metal - chelating agents, colloid stabilizers, and fi llers for 
polymer composites. Recent developments in nanocomposite designs have 
required the preparation of organophilic clays, which may then become compat-
ible with the ionic smectite clays. Since 2001, the present authors ’  group has 
explored tailoring of the basal spacing of the layered silicates, as well as the reac-
tion profi le and amphiphilic properties of these hybrids. By using a series of 
hydrophobic and hydrophilic POA - salts, it was possible to control the XRD basal 
spacing within the range of 20 – 92    Å  and, for the fi rst time, to observe a unique 
self - assembled morphology. During this time, the use of anionic LDH clays for a 
variety of applications, including gene therapy, has been suggested. With these 
spatially enlarged silicates, biomolecules such as proteins could be embedded in 
the clay gallery, which would retain its original size. It was also found that several 
comb - branched polyamines could randomize the layered structure into individual 
platelets. More recently, innovative families of polymer – clay hybrids have been 
identifi ed with new properties of interfacial tension activity, compatibility to hydro-
phobic materials, and intensive affi nity for biomacromolecules. It appears that the 
fundamental exploration of clay surface chemistry has in fact directed us towards 
a new horizon of biomedical research opportunities, including enzyme/drug 
encapsulation, wound surface anti - adhesives, and biosensors.  



 478  14 Amphiphilic Poly(Oxyalkylene)-Amines Interacting with Layered Clays

  References 

1     Giannelis ,  E.P.   ( 1996 )  Adv. Mater. ,  8 , 
 29  –  35 .  

2     Utracki ,  L.A.  ,   Sepehr ,  M.   and   Boccaleri , 
 E.   ( 2007 )  Polym. Adv. Technol. ,  18 ,  1  –  37 .  

3     Alexandre ,  M.   and   Dubois ,  P.   ( 2000 ) 
 Mater. Sci. Eng. ,  28 ,  1  –  63 .  

4     Okada ,  A.   and   Usuki ,  A.   ( 1995 )  Mater. 
Sci. Eng. C ,  3 ,  109  –  115 .  

5     Okada ,  A.   and   Usuki ,  A.   ( 2006 ) 
 Macromol. Mater. Eng. ,  291 ,  1449  –  1476 .  

6     Porter ,  D.  ,   Metcalfe ,  E.   and   Thomas , 
 M.J.K.   ( 2000 )  Fire Mater. ,  24 ,  45  –  52 .  

7     Wang ,  Z.   and   Pinnavaia ,  T.J.   ( 1998 ) 
 Chem. Mater. ,  10 ,  1820  –  1826 .  

8     Gilman ,  J.W.   ( 1999 )  Appl. Clay Sci. ,  15 , 
 31  –  49 .  

9     Theng ,  B.K.G.   ( 1974 )  The Chemistry of 
Clay - Organic Reactions ,  2nd edn ,  John 
Wiley & Sons, Inc. ,  New York .  

10     Van   Olphen ,  H.   ( 1977 )  An Introduction 
to Clay Colloid Chemistry ,  2nd edn ,  John 
Wiley & Sons, Inc. ,  New York .  

11     Theng ,  B.K.G.   ( 1979 )  Formation and 
Properties of Clay - Polymer Complexes , 
 Elsevier ,  New York .  

12     Triantafi llidis ,  C.S.  ,   LeBaron ,  P.C.   and 
  Pinnavaia ,  T.J.   ( 2002 )  Chem. Mater. ,  14 , 
 4088  –  4095 .  

13     Muzny ,  C.D.  ,   Butler ,  B.D.  ,   Hanley , 
 H.J.M.  ,   Tsvetkov ,  F.   and   Peiffer ,  D.G.   
( 1996 )  Mater. Lett. ,  28 ,  379  –  384 .  

14     Bohning ,  M.  ,   Goering ,  H.  ,   Fritz ,  A.  , 
  Brzezinka ,  K.W.  ,   Turky ,  G.  ,   Scholnhals , 
 A.   and   Schartel ,  B.   ( 2005 ) 
 Macromolecules ,  38 ,  2764  –  2774 .  

15     Robello ,  D.R.  ,   Yamaguchi ,  N.  ,   Blanton , 
 T.   and   Barnes ,  C.   ( 2004 )  J. Am. Chem. 
Soc. ,  126 ,  8118  –  8119 .  

16     Tien ,  Y.I.   and   Wei ,  K.H.   ( 2002 )  J. Appl. 
Polym. Sci. ,  86 ,  1741  –  1748 .  

17     Lepoittevin ,  B.  ,   Pantoustier ,  N.  , 
  Alexandre ,  M.  ,   Calberg ,  C.  ,   Jerome ,  R.   
and   Dubois ,  P.   ( 2002 )  J. Mater. Chem. , 
 12 ,  3528  –  3532 .  

18     Myskova ,  M.Z.  ,   Zelenka ,  J.  ,   Spacek ,  V.   
and   Socha ,  F.   ( 2003 )  Macromol. Symp. , 
 200 ,  291  –  296 .  

19     Wang ,  M.S.   and   Pinnavaia ,  T.J.   ( 1994 ) 
 Chem. Mater. ,  6 ,  468  –  474 .  

20     Lan ,  T.  ,   Kaviratna ,  P.D.   and   Pinnavaia , 
 T.J.   ( 1996 )  J. Phys. Chem. Sol. ,  57 , 
 1005  –  1010 .  

21     Ray ,  S.S.   and   Okamoto ,  M.   ( 2003 )  Prog. 
Polym. Sci. ,  28 ,  1539  –  1641 .  

22     LeBaron ,  P.C.  ,   Wang ,  Z.   and   Pinnavaia , 
 T.J.   ( 1999 )  Appl. Clay Sci. ,  15 ,  11  –  29 .  

23     Giannelis ,  E.P.   ( 1998 )  Appl. Organomet. 
Chem. ,  12 ,  675  –  680 .  

24     Zanetti ,  M.  ,   Lomakin ,  S.   and   Camino ,  G.   
( 2000 )  Macromol. Mater. Eng. ,  279 , 
 1  –  9 .  

25     Ishida ,  H.  ,   Campbell ,  S.   and   Blackwell , 
 J.   ( 2000 )  Chem. Mater. ,  12 ,  1260  –  1267 .  

26     Choy ,  J.H.  ,   Kwak ,  S.Y.  ,   Jeong ,  Y.J.   and 
  Park ,  J.S.   ( 2000 )  Angew. Chem. Int. Ed. 
Engl. ,  39 ,  4041  –  4045 .  

27     Yi ,  Y.  ,   Wang ,  Y.   and   Liu ,  H.   ( 2003 ) 
 Carbohyd. Polym. ,  53 ,  425  –  430 .  

28     Fu ,  G.  ,   Vary ,  P.S.   and   Lin ,  C.T.   ( 2005 ) 
 J. Phys. Chem. B ,  109 ,  8889  –  8898 .  

29     Gu ,  L.  ,   Elkin ,  T.  ,   Jiang ,  X.  ,   Li ,  H.  ,   Lin , 
 Y.  ,   Qu ,  L.  ,   Tzeng ,  T.R.J.  ,   Joseph ,  R.   and 
  Sun ,  Y.P.   ( 2005 )  Chem. Commun. , 
 874  –  876 .  

30     Lin ,  J.J.  ,   Cheng ,  I.J.  ,   Wang ,  R.   and   Lee , 
 R.J.   ( 2001 )  Macromolecules ,  34 , 
 8832  –  8834 .  

31     Lin ,  J.J.  ,   Cheng ,  I.J.   and   Chou ,  C.C.   
( 2003 )  Macromol. Rapid Commun. ,  24 , 
 492  –  495 .  

32     Chou ,  C.C.  ,   Shieu ,  F.S.   and   Lin ,  J.J.   
( 2003 )  Macromolecules ,  36 ,  2187  – 
 2189 .  

33     Chou ,  C.C.  ,   Chang ,  Y.C.  ,   Chiang ,  M.L.   
and   Lin ,  J.J.   ( 2004 )  Macromolecules ,  37 , 
 473  –  477 .  

34     Lin ,  J.J.  ,   Hsu ,  Y.C.   and   Chou ,  C.C.   
( 2003 )  Langmuir ,  19 ,  5184  –  5187 .  

35     Lin ,  J.J.   and   Chen ,  Y.M.   ( 2004 ) 
 Langmuir ,  20 ,  4261  –  4264 .  

36     Lin ,  J.J.  ,   Chou ,  C.C.   and   Lin ,  J.L.   ( 2004 ) 
 Macromol. Rapid Commun. ,  25 , 
 1109  –  1112 .  

37     Lin ,  J.J.  ,   Chu ,  C.C.  ,   Chou ,  C.C.   and 
  Shieu ,  F.S.   ( 2005 )  Adv. Mater. ,  17 , 
 301  –  304 .  

38     Lin ,  J.J.  ,   Chu ,  C.C.  ,   Chiang ,  M.L.   and 
  Tsai ,  W.C.   ( 2006 )  Adv. Mater. ,  18 , 
 3248  –  3252 .  

39     Chu ,  C.C.  ,   Chiang ,  M.L.  ,   Tsai ,  C.M.   and 
  Lin ,  J.J.   ( 2005 )  Macromolecules ,  38 , 
 6240  –  6243 .  

40     Chou ,  C.C.   and   Lin ,  J.J.   ( 2005 ) 
 Macromolecules ,  38 ,  230  –  233 .  



 References  479

41     Lin ,  J.J.  ,   Chu ,  C.C.  ,   Chiang ,  M.L.   and 
  Tsai ,  W.C.   ( 2006 )  J. Phys. Chem. B ,  110 , 
 18115  –  18120 .  

42     Lin ,  J.J.  ,   Wei ,  J.C.   and   Tsai ,  W.C.   ( 2007 ) 
 J. Phys. Chem. B ,  111 ,  10275  –  10280 .  

43     Lin ,  J.J.  ,   Wei ,  J.C.  ,   Juang ,  T.Y.   and 
  Tsai ,  W.C.   ( 2007 )  Langmuir ,  23 ,  1995  – 
 1999 .  

44     Cseri ,  T.  ,   Bekassy ,  S.  ,   Figueras ,  F.   and 
  Rizner ,  S.   ( 1995 )  J. Mol. Catal. A: Chem. , 
 98 ,  101  –  107 .  

45     Pinnavaia ,  T.J.   ( 1983 )  Science ,  220 , 
 365  –  371 .  

46     Ajjou ,  A.N.  ,   Harouna ,  D.  ,   Detellier ,  C.   
and   Alper ,  H.   ( 1997 )  J. Mol. Catal. A: 
Chem. ,  126 ,  55  –  60 .  

47     Celis ,  R.  ,   Hermosin ,  M.C.  ,   Carrizosa , 
 M.J.   and   Cornejo ,  J.   ( 2002 )  J. Agric. Food 
Chem. ,  50 ,  2324  –  2330 .  

48     Rawajfi h ,  Z.   and   Nsour ,  N.   ( 2006 ) 
 J. Colloid Interface Sci. ,  298 ,  39  –  49 .  

49     Kiraly ,  Z.  ,   Veisz ,  B.  ,   Mastalir ,  A.   and 
  Kofarago ,  G.   ( 2001 )  Langmuir ,  17 , 
 5381  –  5387 .  

50     Usuki ,  A.  ,   Hasegawa ,  N.  ,   Kadoura ,  H.   
and   Okamoto ,  T.   ( 2001 )  Nano. Lett. ,  1 , 
 271  –  272 .  

51     Sparks ,  D.L.   ( 2003 )  Environmental Soil 
Chemistry ,  John Wiley & Sons, Ltd .  

52     Wang ,  H.  ,   Zhao ,  T.  ,   Zhi ,  L.  ,   Yan ,  Y.   and 
  Yu ,  Y.   ( 2002 )  Macromol. Rapid Commun. , 
 23 ,  44  –  48 .  

53     Tateyama ,  H.  ,   Nishimura ,  S.  , 
  Tsunematsu ,  K.  ,   Jinnai ,  K.  ,   Adachi ,  Y.   
and   Kimura ,  M.   ( 1992 )  Clays Clay 
Miner. ,  40 ,  180  –  185 .  

54     Kodama ,  T.  ,   Higuchi ,  T.  ,   Shimizu ,  T.  , 
  Shimizu ,  K.  ,   Komarneni ,  S.  ,   Hoffbauer , 
 W.   and   Schneider ,  H.   ( 2001 )  J. Mater. 
Chem. ,  11 ,  2072  –  2077 .  

55     Rives ,  V.   and   Ulibarri ,  M.A.   ( 1999 ) 
 Coord. Chem. Rev. ,  181 ,  61  –  120 .  

56     Rives ,  V.   ( 2002 )  Mater. Chem. Phys. ,  75 , 
 19  –  25 .  

57     Khan ,  A.I.   and   O ’ Hare ,  D.   ( 2002 ) 
 J. Mater. Chem. ,  12 ,  3191  –  3198 .  

58     Aisawa ,  S.  ,   Takahashi ,  S.  ,   Ogasawara , 
 W.  ,   Umetsu ,  Y.   and   Narita ,  E.   ( 2001 ) 
 J. Solid State Chem. ,  162 ,  52  –  62 .  

59     Iyi ,  N.  ,   Kurachima ,  K.   and   Fujita ,  T.   
( 2002 )  Chem. Mater. ,  14 ,  583  –  589 .  

60     Choy ,  J.H.  ,   Kwak ,  S.Y.  ,   Park ,  J.S.  ,   Jeong , 
 Y.J.   and   Portier ,  J.   ( 1999 )  J. Am. Chem. 
Soc. ,  121 ,  1399  –  1400 .  

61     Leroux ,  F.   and   Besse ,  J.P.   ( 2001 )  Chem. 
Mater. ,  13 ,  3507  –  3515 .  

62     Sels ,  B.  ,   Vos ,  D.D.  ,   Buntinx ,  M.  ,   Pierard , 
 F.  ,   Mesmaeker ,  A.K.D.   and   Jacobs ,  P.   
( 1999 )  Nature ,  400 ,  855  –  857 .  

63     Whilton ,  N.T.  ,   Vickers ,  P.J.   and   Mann , 
 S.   ( 1997 )  J. Mater. Chem. ,  7 ,  1623  –  1629 .  

64     Lin ,  J.J.   and   Juang ,  T.Y.   ( 2004 )  Polymer , 
 45 ,  7887  –  7893 .  

65     Chou ,  C.C.  ,   Chiang ,  M.L.   and   Lin ,  J.J.   
( 2005 )  Macromol. Rapid Commun. ,  26 , 
 1841  –  1845 .  

66     Beyer ,  F.L.  ,   Tan ,  N.C.B.  ,   Dasgupta ,  A.   
and   Galvin ,  M.E.   ( 2002 )  Chem. Mater. , 
 14 ,  2983  –  2988 .  

67     Ha ,  Y.H.  ,   Kwon ,  Y.  ,   Breiner ,  T.  ,   Chan , 
 E.P.  ,   Tzianetopoulou ,  T.  ,   Cohen ,  R.E.  , 
  Boyce ,  M.C.   and   Thomas ,  E.L.   ( 2005 ) 
 Macromolecules ,  38 ,  5170  –  5179 .  

68     Kurian ,  M.  ,   Dasgupta ,  A.  ,   Galvin ,  M.E.  , 
  Ziegler ,  C.R.   and   Beyer ,  F.L.   ( 2006 ) 
 Macromolecules ,  39 ,  1864  –  1871 .  

69     Yang ,  Y.  ,   Zhu ,  Z.K.  ,   Yin ,  J.  ,   Wan ,  X.Y.   
and   Qi ,  Z.E.   ( 1999 )  Polymer ,  40 , 
 4407  –  4414 .  

70     Maiti ,  M.  ,   Bandyopadhyay ,  A.   and 
  Bhowmick ,  A.K.   ( 2006 )  J. Appl. Polym. 
Sci. ,  99 ,  1645  –  1656 .  

71     Subramani ,  S.  ,   Lee ,  J.Y.  ,   Choi ,  S.W.   and 
  Kim ,  J.H.   ( 2007 )  J. Polym. Sci. B: Polym. 
Phys. ,  45 ,  2747  –  2761 .  

72     Bourlinos ,  A.B.  ,   Jiang ,  D.D.   and 
  Giannelis ,  E.P.   ( 2004 )  Chem. Mater. ,  16 , 
 2404  –  2410 .  

73     Hotta ,  Y.  ,   Taniguchi ,  M.  ,   Inukai ,  K.   and 
  Yamagishi ,  A.   ( 1996 )  Langmuir ,  12 , 
 5195  –  5201 .  

74     Wang ,  K.  ,   Wang ,  L.  ,   Wu ,  J.  ,   Chen ,  L.   
and   He ,  C.   ( 2005 )  Langmuir ,  21 , 
 3613  –  3618 .  

75     Szabo ,  A.  ,   Gournis ,  D.  ,   Karakassides , 
 M.A.   and   Petridis ,  D.   ( 1998 )  Chem. 
Mater. ,  10 ,  639  –  645 .  

76     Hotta ,  Y.  ,   Inukai ,  K.  ,   Taniguchi ,  M.  , 
  Nakata ,  M.   and   Yamagishi ,  A.   ( 1997 ) 
 Langmuir ,  13 ,  6697  –  6703 .  

77     Byun ,  H.Y.  ,   Choi ,  M.H.   and   Chung ,  I.J.   
( 2001 )  Chem. Mater. ,  13 ,  4221  –  4226 .  

78     Beatty ,  A.M.  ,   Granger ,  K.E.   and 
  Simpson ,  A.E.   ( 2002 )  Chem. Eur. J. ,  8 , 
 3254  –  3259 .  

79     Malakul ,  P.  ,   Srinivasan ,  K.R.   and   Wang , 
 H.Y.   ( 1998 )  Ind. Eng. Chem. Res. ,  37 , 
 4296  –  4301 .  



 480  14 Amphiphilic Poly(Oxyalkylene)-Amines Interacting with Layered Clays

80     Choi ,  Y.S.  ,   Choi ,  M.H.  ,   Wang ,  K.H.  , 
  Kim ,  S.O.  ,   Kim ,  Y.K.   and   Chung ,  I.J.   
( 2001 )  Macromolecules ,  34 ,  88978  –  88985 .  

81     Mahadevaiah ,  N.  ,   Venkataramani ,  B.   and 
  Prakash ,  B.S.J.   ( 2007 )  Chem. Mater. ,  19 , 
 4606  –  4612 .  

82     Vaia ,  R.A.  ,   Teukolsky ,  R.K.   and 
  Giannelis ,  E.P.   ( 1994 )  Chem. Mater. ,  6 , 
 1017  –  1022 .  

83     Hotta ,  S.   and   Paul ,  D.R.   ( 2004 )  Polymer , 
 45 ,  7639  –  7654 .  

84     Zeng ,  C.   and   Lee ,  L.J.   ( 2001 ) 
 Macromolecules ,  34 ,  4098  –  4103 .  

85     Fu ,  X.   and   Qutubuddin ,  S.   ( 2001 ) 
 Polymer ,  42 ,  807  –  813 .  

86     Fu ,  X.   and   Qutubuddin ,  S.   ( 2000 )  Mater. 
Lett. ,  42 ,  12  –  15 .  

87     Imai ,  Y.  ,   Nishimura ,  S.  ,   Abe ,  E.  , 
  Tateyama ,  H.  ,   Abiko ,  A.  ,   Yamaguchi ,  A.  , 
  Aoyama ,  T.   and   Taguchi ,  H.   ( 2002 ) 
 Chem. Mater. ,  14 ,  477  –  479 .  

88     Chang ,  J.H.  ,   Jang ,  T.G.  ,   Ihn ,  K.J.  ,   Lee , 
 W.K.   and   Sur ,  G.S.   ( 2003 )  J. Appl. Polym. 
Sci. ,  90 ,  3208  –  3214 .  

89     Kim ,  M.H.  ,   Park ,  C.I.  ,   Choi ,  W.M.  ,   Lee , 
 J.W.  ,   Lim ,  J.G.  ,   Park ,  O.O.   and   Kim , 
 J.M.   ( 2004 )  J. Appl. Polym. Sci. ,  92 , 
 2144  –  2150 .  

90     Ijdo ,  W.L.   and   Pinnavaia ,  T.J.   ( 1999 ) 
 Chem. Mater. ,  11 ,  3227  –  3231 .  

91     Maiti ,  P.  ,   Yamada ,  K.  ,   Okamoto ,  M.  , 
  Ueda ,  K.   and   Okamoto ,  K.   ( 2002 )  Chem. 
Mater. ,  14 ,  4654  –  4661 .  

92     Xie ,  W.  ,   Xie ,  R.  ,   Pan ,  W.P.  ,   Hunter ,  D.  , 
  Koene ,  B.  ,   Tan ,  L.S.   and   Vaia ,  R.   ( 2002 ) 
 Chem. Mater. ,  14 ,  4837  –  4845 .  

93     Bottino ,  F.A.  ,   Fabbri ,  E.  ,   Fragala ,  I.L.  , 
  Malandrino ,  G.  ,   Orestano ,  A.  ,   Pilati ,  F.   
and   Pollicino ,  A.   ( 2003 )  Macromol. Rapid 
Commun. ,  24 ,  1079  –  1084 .  

94     Fox ,  D.M.  ,   Maupin ,  P.H.  ,   Harris ,  R.H.  
 Jr.  ,   Gilman ,  J.W.  ,   Eldred ,  D.V.  , 
  Katsoulis ,  D.  ,   Trulove ,  P.C.   and   DeLong  
 H.C.   ( 2007 )  Langmuir ,  23 ,  7707  –  7714 .  

95     Wang ,  Z.M.  ,   Chung ,  T.C.  ,   Gilman ,  J.W.   
and   Manias ,  E.   ( 2003 )  J. Polym. Sci., B: 
Polym. Phys. ,  41 ,  3173  –  3187 .  

96     Gilman ,  J.W.  ,   Awad ,  W.H.  ,   Davis ,  R.D.  , 
  Shields ,  J.  ,   Harris ,  R.H.   Jr.  ,   Davis ,  C.  , 
  Morgan ,  A.B.  ,   Sutto ,  T.E.  ,   Callahan ,  J.  , 
  Trulove ,  P.C.   and   DeLong .  H.C.   ( 2002 ) 
 Chem. Mater. ,  14 ,  3776  –  3785 .  

97     Wang ,  D.   and   Wilkie ,  C.A.   ( 2003 )  Polym. 
Degrad. Stab. ,  82 ,  309  –  315 .  

98     Greenwell ,  H.C.  ,   Harvey ,  M.J.  ,   Boulet , 
 P.  ,   Bowden ,  A.A.  ,   Coveney ,  P.V.   and 
  Whiting ,  A.   ( 2005 )  Macromolecules ,  38 , 
 6189  –  6200 .  

99     Moss ,  P.H.   ( 1964 ) Nickel - Copper -
 Chromia catalyst and the preparation 
thereof. US Patent  3, 152, 998 .  

100     Yeakey ,  E.L.   ( 1972 ) Process for preparing 
polyoxyalkylene polyamines. US Patent 
 3, 654, 370 .  

101     Chang ,  Y.C.  ,   Chou ,  C.C.   and   Lin ,  J.J.   
( 2005 )  Langmuir ,  21 ,  7023  –  7028 .  

102     Lin ,  J.J.  ,   Hsu ,  Y.C.   and   Wei ,  K.L.   ( 2007 ) 
 Macromolecules ,  40 ,  1579  –  1584 .  

103     Lin ,  J.J.  ,   Chang ,  Y.C.   and   Cheng ,  I.J.   
( 2004 )  Macromol. Rapid Commun. ,  25 , 
 508  –  512 .  

104     Lin ,  J.J.  ,   Chen ,  Y.M.   and   Yu ,  M.H.   
( 2007 )  Colloids Surf. A: Physicochem. Eng. 
Aspects ,  302 ,  162  –  167 .  

105     Shan ,  D.  ,   Yao ,  W.   and   Xue ,  H.   ( 2006 ) 
 Electroanalysis ,  18 ,  1485  –  1491 .  

106     Zhou ,  Y.  ,   Hu ,  N.  ,   Zeng ,  Y.   and   Rusling , 
 J.F.   ( 2002 )  Langmuir ,  18 ,  211  –  219 .  

107     Kelleher ,  B.P.  ,   Oppenheimer ,  S.F.  ,   Han , 
 F.X.  ,   Willeford ,  K.O.  ,   Simpson ,  M.J.  , 
  Simpson ,  A.J.   and   Kingery ,  W.L.   ( 2003 ) 
 Langmuir ,  19 ,  9411  –  9417 .  

108     Baron ,  M.H.  ,   Revault ,  M.  ,   Servagent -
 Noinville ,  S.  ,   Abadie ,  J.   and 
  Quiquampoix ,  H.   ( 1999 )  J. Colloid 
Interface Sci. ,  214 ,  319  –  332 .  

109     Naidja ,  A.  ,   Huang ,  P.M.   and   Bollag ,  J.M.   
( 1997 )  J. Mol. Catal. A: Chem. ,  115 , 
 305  –  316 .  

110     Causserand ,  C.  ,   Kara ,  Y.   and   Aimar ,  P.   
( 2001 )  J. Membr. Sci. ,  186 ,  165  –  181 .  

111     Cristofaro ,  A.D.   and   Violante ,  A.   ( 2001 ) 
 Appl. Clay Sci. ,  19 ,  59  –  67 .  

112     Lvov ,  Y.  ,   Ariga ,  K.  ,   Ichinose ,  I.   and 
  Kunitake ,  T.   ( 1995 )  J. Am. Chem. Soc. , 
 117 ,  6117  –  6123 .  

113     Liu ,  Y.L.  ,   Hsu ,  C.Y.  ,   Su ,  Y.H.   and   Lai , 
 J.Y.   ( 2005 )  Biomacromolecules ,  6 , 
 368  –  373 .  

114     Meziani ,  M.J.   and   Sun ,  Y.P.   ( 2003 ) 
 J. Am. Chem. Soc. ,  125 ,  8015  –  8018 .  

115     Wang ,  Q.  ,   Gao ,  Q.   and   Shi ,  J.   ( 2004 ) 
 J. Am. Chem. Soc. ,  126 ,  14346  –  14347 .   

                  
    



 Mesoporous Alumina: Synthesis, Characterization, 
and Catalysis  
  Tsunetake   Seki   and   Makoto   Onaka        

 

   481

Advanced Nanomaterials. Edited by Kurt E. Geckeler and Hiroyuki Nishide
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31794-3

15

  15.1 
 Introduction 

 The pore structure is one of the most important properties of heterogeneous 
catalysts that govern their activity, selectivity, and lifetime. Notably, not only the 
surface reactivity but also the mass transfer of reactants and products can be tuned 
by modifying the pore structure. Owing to the size of most reactant molecules 
capable of access to the internal surfaces, the values of pore diameter that are of 
most interest to catalyst chemists are the orders of nanometers, with a range of 
approximately 0 to 50   nm. By defi nition, the pores in this range are classifi ed into 
two groups:  “ micropore, ”  with a diameter  < 2   nm; and  “ mesopore, ”  with diameters 
in the range of 2 to 50   nm  [1] . Since the mid - twentieth century, a large family of 
aluminosilicates known as  zeolites  have been synthesized and used as catalysts 
with regularly arrayed micropores  [2] . On the other hand, the development of oxide 
frameworks with pore diameters within the mesoporous range lagged far behind, 
due to diffi culties in their synthesis. In fact, such ordered mesoporous materials 
were not created successfully until 1992, when a team at the Mobil Research and 
Development Corporation fi rst reported the successful synthesis of silica - based 
mesoporous molecular sieves (M41S) via a  liquid crystal template  ( LCT ) mecha-
nism, where the surfactant liquid crystal phases served as the organic templates 
 [3] . Since then, investigations to prepare organized mesoporous molecular sieves 
have been conducted not only for silica/aluminosilicate materials but also for 
oxides of Mg, Ti, Nb, Ta, and Al  [4, 5] . For this, the electrostatic interaction between 
positively charged surfactants ( S  + ) and negatively charged inorganic precursors 
( I    −  ), charge - reversed interactions ( S   −    I  + ), counterion - mediated interactions ( S   −    M  +  
 I    −   and  S  +   X    −    I  + ;  M  +    =   metal cation,  X    −     =   Cl  −  , Br  −  ), and neutral interactions ( S  0   I  0  
and  N  0   I  0 ;  N    =   nonionic organics) were used to assemble series of ordered 
mesopores  [6] . 

 Because of their high surface areas and strong adsorption abilities, aluminas 
with various morphologies have been widely used as catalysts and catalyst sup-
ports, both in the laboratory and in industry  [7] . It seems natural, therefore, that 
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catalyst chemists would be prompted to investigate the behavior of these newly 
synthesized aluminas with uniform mesopores in a variety of catalytic reactions. 
The most likely major advantage of using mesoporous aluminas in catalytic reac-
tions is that the regular mesoporous structures, which do not contain micropores, 
are free from the pore - plug problems caused by the formation of coke and other 
polymerized byproducts  [8] . These problems, which have often been observed in 
catalysis by conventional aluminas, include a decrease in the surface areas and a 
disturbance of the diffusion of reactants and products within the porous networks. 
One other advantage includes the modifi cation of surface reactivity by creating a 
uniform mesopore structure within the alumina. A warped bulk structure in 
mesoporous alumina may generate a unique surface reactivity (e.g., acidity and 
basicity) that is considerably different from that of normal alumina, and provides 
the opportunity to adjust the adsorption characteristics to optimum values by 
altering the mesopore sizes. 

 In this chapter, attention is focused on those aluminas with a regular mesopo-
rosity, together with details of their synthesis and examples of their uses in cata-
lytic reactions. In addition, a reference base of information up to early 2007 is 
included. Comparisons with conventional aluminas are frequently noted in order 
to emphasize the utility of mesoporous alumina as a catalytic material.  

  15.2 
 Synthesis of Mesoporous Alumina 

  15.2.1 
 Experimental Techniques 

  15.2.1.1   Synthesis 
 The initial stage of mesoporous alumina synthesis is the hydrolysis of aluminum 
precursors in the presence of a template (a structure - directing agent) in a solvent 
to afford a precipitate or gel material; this material is subsequently fi ltered out, 
washed, and dried to provide the as - made material. It should be noted that special 
care is required when using water for any purpose in these procedures, as this 
may lead to a serious structural collapse of the samples. It is recommended, there-
fore, that anhydrous ethanol or propanols be used in any washing processes  [9] . 
Moreover, when aluminum alkoxides are used as precursors, care must be taken 
when deciding on the amount of water required for the hydrolyses, as well as how 
the water should be contacted with the aluminum precursors, since the very rapid 
hydrolyses may proceed without being infl uenced by the template. 

 The as - made products are organic/inorganic biphase composite materials in 
which the assembly of a hydrophobic group of templates helps to create the cylin-
drical inorganic walls. The template group is, on the other hand, adsorbed onto 
the surface of the inorganic walls by various interactions, including electrically 
neutral and electrostatic interactions. The most reliable way of removing the 
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adsorbed templates is to burn off the organic phase by calcination in air; this also 
promotes dehydration of the inorganic wall, transforming the framework from 
aluminum hydroxide to aluminum oxide (alumina). An example of the apparatus 
suitable for the calcination of as - made samples is shown in Figure  15.1 . This 
fl ow system allows a choice of calcination atmosphere simply by changing the type 
of fl ow gas. A muffl e oven can also be used if the calcination steps are to be 
performed under air. The required temperature for burning off the adsorbed 
template molecules depends on the strength of the interaction between the mol-
ecules and the inorganic walls. Thus, whilst calcination can be carried out at lower 
temperatures for nonionic templates, any ionic templates that are strongly adsorbed 
onto the inorganic wall will require higher temperatures for their removal. It 
should be noted that increasing the calcination temperature will enhance removal 
of the templates, but also result in a structural collapse by sintering. Consequently, 
the use of templates that bond too strongly to the inorganic surface should be 
avoided. Some groups have experienced problems in removing the sulfate or 
sulfonate surfactants, whereby substantial amounts of sulfur and organic residues 
remained (even at calcination temperature) that caused the mesostructure to 
collapse  [5b, 10] .    

     Figure 15.1     Apparatus for calcination of the as - made samples 
with organic/inorganic biphase. Quartz - made glass should be 
used for the tubular vessel, due to its high thermal stability.  
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  15.2.1.2   Characterization 
 The structural properties of mesoporous alumina can be evaluated by N 2  
adsorption – desorption, powder  X - ray diffraction  ( XRD ),  transmission electron 
microscopy  ( TEM ),  scanning electron microscopy  ( SEM ), and  27 Al  magic 
angle spinning nuclear magnetic resonance  ( MAS - NMR ) spectroscopy. The N 2  
adsorption – desorption method represents a powerful tool for characterizing the 
shape of mesoporous alumina. In Figure  15.2  the type IV isotherm is shown  [11] , 
which is typically observed for aluminas with organized mesopores.   

 The large uptake in the lowest partial pressure ( P / P  0 ) region is caused by a 
monolayer coverage of the surface, followed by a steep increase in adsorbed 
volume in the  P / P  0  range of 0.4 – 0.8, which corresponds to the fi lling of the mes-
opores. In the latter  P / P  0  region, the adsorption isotherm usually does not conform 
to the desorption isotherm, giving rise to a  hysteresis loop  which may be accounted 
for by the presence of ink - bottle - like mesopores  [12] . A further increase in  P / P  0  
leads to no further adsorption, which is represented by a horizontal plateau in the 
isotherm. In contrast, an additional steep increase is observed by the multilayer 
adsorption for the low - quality samples containing larger mesopores (i.e., pore 
diameter  > 8   nm) and macropores. By applying the N 2  adsorption – desorption data 
to the appropriate theories, it is possible to obtain the values of surface area, pore 
diameter, and pore volume. The  Brunauer – Emmett – Teller  ( BET ) method has been 
used for calculation of the surface areas  [13] , whilst values of pore diameter and 
pore volume have been calculated using the  Barrett – Joyner – Halenda  ( BJH ) or 
 Dollimore – Heal  ( DH ) methods  [14, 15] . The Horv á th – Kawazoe model, which was 
employed in the characterization of M41S by Beck and coworkers  [3b] , is not 
recommended because the model can give overestimated pore sizes  [5a] .  Č ejka 
 et al ., on the other hand, attempted to calculate the surface area and mesopore 
volume by employing a comparison plot in which the adsorption isotherm  a ( P / P  0 ) 
of a mesoporous alumina sample was transformed to a function  a ( a  ref ) of the 
amount  a  ref  adsorbed on a nonporous reference solid (Degussa Aluminiumoxid 

     Figure 15.2     Type IV isotherm typically observed for mesoporous alumina.  
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C) at the same relative pressure  [16] . The values obtained agreed well with those 
determined with the BET and BJH methods. 

  Powder X - Ray Diffraction     Powder XRD provides information concerning the pore 
and framework structure. The recommendation is to use chromium as an X - ray 
source because of its longer wavelength compared to the more commonly used 
copper or cobalt  [9] . Aluminas with a regular mesoporous structure usually exhibit 
a single intense diffraction line at a low - angle region (2  θ     =   1 – 2 ° ) without further 
diffraction lines, indicating a hexagonal or cubic symmetry. The position of the 
line is shifted to a lower angle for samples with larger pore sizes, and also when 
the sintering of a sample is promoted by calcination at higher temperatures. It 
should be noted that the appearance of this single diffraction line is not suffi cient 
evidence for the presence of organized mesopores  [5n] . Other approaches, includ-
ing N 2  adsorption – desorption measurements and TEM imaging, are also indis-
pensable when discussing the quality of mesopores. The framework structure 
of a sample may be elucidated via the XRD pattern of the wide - angle region 
(2  θ     =   10 – 80 ° ). The detailed assignment of the XRD diffraction lines to the frame-
work structures was described by Yanagida  et al .  [17] .  

  Transmission Electron Microscopy ( TEM )     TEM enables a direct observation of the 
pore size and long - range channel order. In marked contrast to the long - range 
hexagonal arrangement of channels observed for MCM - 41  [3] , the mesoporous 
aluminas developed to date have exhibited a regular sponge -  or worm - like channel 
motif, without any discernible long - range order.  

    27 Al   MAS NMR  Spectroscopy     This procedure provides information regarding 
the coordination number of aluminum in mesoporous alumina. When using 
this method, six - , fi ve - , and four - coordinate aluminum centers produce a peak at 
  δ     =   ca. 0, 35, and 75, respectively, although in some cases the peak from the fi ve -
 coordinate form is invisible due to its low intensity. It is noteworthy that the ratio 
of four -  and six - coordinate Al estimated via the NMR spectrum of a sample may 
provide evidence that the framework has a   γ    - phase structure  [5i] .    

  15.2.2 
 Examples of Synthesis 

 An early review introducing the synthetic methods of mesoporous alumina was 
provided by  Č ejka, and included those reports made up until 2002  [9] .  Č ejka clas-
sifi ed the methods into three groups    –    namely neutral, anionic, and cationic syn-
thesis    –    according to the type of electric state of the surfactant, while others used 
the abbreviations,  S  (surfactant),  I  (inorganic precursors),  N  (nonionic organics), 
with their electric charges, +,  − , and 0, to express the synthetic pathways of mes-
ophases  [6] . Even though the electric charge of the surfactant is known, the detailed 
structure of the inorganic moiety that interacts with the surfactant has, in most 
cases, not been elucidated in published reports that describe mesoporous alumina 
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synthesis. For this reason, the synthetic methods are classifi ed here as four groups, 
focusing only on the electric charge of the surfactant side: (i) neutral surfactant 
templating; (ii) anionic surfactant templating; (iii) cationic surfactant templating; 
and (iv) nonsurfactant templating. An overview of the various syntheses of mes-
oporous alumina is provided in Table  15.1 .   

  15.2.2.1   Neutral Surfactant Templating 
 The synthesis of mesoporous alumina using electrically neutral surfactant tem-
plates was fi rst developed in 1996 by Bagshaw and Pinnavaia, who used 
 poly(ethylene oxide) s ( PEO s) or PEO/ poly(propylene oxide)  ( PPO ) copolymers as 
surfactant templates  [5a] . The former templates involve the use of Tergitol  ®   15 - S - 9 
with a formula of C 11 – 15 [PEO] 9 , while the latter templates involve Pluronic  ®   L64 
with a formula of [PEO] 13 [PPO] 30 [PEO] 13 . In the presence of the surfactant, an 
aluminum source of aluminum  sec  - butoxide was hydrolyzed in 2 - butanol solvent 
to give the as - synthesized surfactant – alumina mesophase. This was subsequently 
washed with ethanol, dried, and calcined at 500    ° C to afford the mesoporous alu-
minas (denoted MSU - X, where X   =   1 – 3 depending on the type of surfactant). The 
XRD refl ections of the MSU - X aluminas at 1 – 3 °  (of which the intensity became 
large after calcination) were broad, signifying a greater degree of structural disor-
der compared to the disordered MCM - 41, HMS, and MSU - X silicas (Figure  15.3 ).   

 Subsequent TEM images of the calcined MSU - X aluminas highlighted the 
regular wormlike channel motif in which the diameters of pores were more or 
less uniform (Figure  15.4 ). However, no discernible long - range order was observed, 
which was indicative of the randomness of packing of the channel system.   

 Characterization by N 2  adsorption – desorption measurements showed hyster-
eses in the isotherms of the MSU - X aluminas that had resulted from the conden-
sation of N 2  in the mesopores, and afforded pore diameters in the range of 2.4 to 
4.7   nm, as estimated by the BJH model and in agreement with values obtained 
from TEM images (Figure  15.5 ). It was found that, on the basis of the BJH pore -
 sizes and the  d  100  values, a larger surfactant tended to give a longer pore 
diameter.   

 The MSU - X aluminas were also characterized using  27 Al MAS NMR spectros-
copy, which provides information concerning the coordination environment of 
aluminum (Figure  15.6 ). Three peaks appeared for both the as - synthesized and 
calcined samples at   δ   0, 35, and 75, and these were attributed to the six - , fi ve - , and 
four - coordinate aluminum centers, respectively. However, the calcination 
increased the peak intensities at   δ   35 and 75 and decreased the intensity of the   δ   
0 peak through an enhancement of the dehydration and dehydroxylation.   

 In a succeeding study, the same group attempted to improve the thermal stabil-
ity of the MSU - X aluminas by doping with rare earth ions such as Ce 3+  and La 3+  
 [5c] . In this case, the hydrolysis for the surfactant – alumina mesophase formation 
was performed in the presence of the corresponding rare earth nitrate. A PEO -
 based surfactant of Tergitol  ®   15 - S - 12 was used for synthesis of the Ce 3+  - doped 
mesoporous alumina, while a PEO/PPO copolymer surfactant of Pluronic  ®   P65 
or P123 was employed for the La 3+  - doping. The isotherms, BJH pore - sizes, XRD 
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 Table 15.1     Overview of representative synthetic methods of mesoporous alumina. 

   Mesoporous 
alumina denotation  

   Aluminum source 
(solvent)  

   Template: name; formula   a        Surface area   b    
(m 2    g  − 1 )  

   Pore diameter   c    
(nm)  

   Pore volume 
(ml   g  − 1 )  

   Reference(s)  

  I. Neutral surfactant 
templating  

                        

     MSU - 1    Al[OCH(CH 3 )
CH 2 CH 3 ] 3  (2 - Butanol)  

  Tergitol  ®   15 - S - 9; 
 C 11 – 15 [PEO] 9   

  490    3.3    0.40     [5a, 5c]   

     MSU - 2    Al[OCH(CH 3 )
CH 2 CH 3 ] 3  (2 - Butanol)  

  Triton  ®   X - 114; 
 C 8 Ph[PEO] 8   

  460    3.3    0.35     [5a, 5c]   

     MSU - 3    Al[OCH(CH 3 )
CH 2 CH 3 ] 3  (2 - Butanol)  

  Pluronic  ®   L64; 
 [PEO] 13 [PPO] 30 [PEO] 13   

  430    2.4    0.21     [5a, 5c]   

     MSU -   γ      [Al 13 O 4 (OH) 24 (H 2 O) 12 ]
Cl 7  
 (Water)  

  Pluronic  ®   P84; 
 [PEO] 19 [PPO] 39 [PEO] 19   

  299    6.4    0.73     [5i]   

     MSU -   γ      Al[OCH(CH 3 )
CH 2 CH 3 ] 3  (2 - Butanol)  

  Pluronic  ®   P84; 
 [PEO] 19 [PPO] 39 [PEO] 19   

  306    9.0    1.15     [5i]   

     DL12    Al(NO 3 ) 3  
 (Water; pH   =   7.01)  

  Poly(ethylene glycol) 1540; 
 HO – (CH 2 CH 2  – O) 1540  – H  

  203    6.6    0.33     [5m]   

     DL54    Al 2 (SO 4 ) 3  
 (Water; pH   =   10.0)  

  Poly(ethylene glycol) 1540; 
 HO – (CH 2 CH 2  – O) 1540  – H  

  309    6.3    Not reported     [5m]   

  II. Anionic 
surfactant 
templating  

                        

     C A383     Al[OCH(CH 3 )
CH 2 CH 3 ] 3  
 (1 - Propanol)  

  Caproic acid; 
 C 5 H 11 COOH  

  530    2.1    0.31     [5b]   

     L A383     Al[OCH(CH 3 )
CH 2 CH 3 ] 3  
 (1 - Propanol)  

  Lauric acid; 
 C 11 H 23 COOH  

  710    1.9    0.41     [5b]   

     S A383     Al[OCH(CH 3 )
CH 2 CH 3 ] 3  
 (1 - Propanol)  

  Stearic acid; 
 C 17 H 35 COOH  

  700    2.1    0.41     [5b]   



 
488  

15 M
esoporous A

lum
ina: Synthesis, C

haracterization, and C
atalysis 

   Mesoporous 
alumina denotation  

   Aluminum source 
(solvent)  

   Template: name; formula   a        Surface area   b    
(m 2    g  − 1 )  

   Pore diameter   c    
(nm)  

   Pore volume 
(ml   g  − 1 )  

   Reference(s)  

  III. Cationic 
surfactant 
templating  

                        

     ICMUV - 1    Al[OCH(CH 3 )
CH 2 CH 3 ] 3  
 (Triethanolamine)  

  Cetyltrimethylammonium bromide; 
   CH CH N CH Br3 2 15 3 3( ) ( )+ −   

  250 – 340    3.3 – 6.0    Not reported     [5d]   

     I, II    Al 2 Cl(OH) 5   
 (Water)  

  1 - Methyl - 3 - octylimidazolium 
chloride; 
 
      

  262 – 269    3.8 – 3.9    0.25 – 0.26     [5n]   

  IV. Nonsurfactant 
templating  

                        

     Al - TUD - 1    Al[OCH(CH 3 ) 2 ] 3   
 (Ethanol and 
2 - propanol)  

  Tetra(ethylene glycol); 
 HO(CH 2 CH 2 O) 3 CH 2 CH 2 OH  

  528    4.0    0.63     [5j]   

     Al 2 O 3  - X 
    (X   =   1 – 3)  

  Al[OCH(CH 3 ) 2 ] 3  
 (Water; pH   =   4.5 – 5.5)  

  D - Glucose; 
 
      

  337 – 422    3.8 – 5.1    0.43 – 0.66     [5k]   

     ID 7    Boehmite sol  
 (Water)  

  Citric acid; 
 HOC(COOH)(CH 2 COOH) 2   

  320    4.1    0.44     [5l]   

    a    Abbreviations: PEO, poly(ethylene oxide); PPO, poly(propylene oxide).  
   b    Determined by the  Brunauer – Emmett – Teller  ( BET ) method.  
   c    Determined by the  Barrett – Joyner – Halender  ( BJH ) method.   

Table 15.1 Continued.
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     Figure 15.3     Powder X - ray diffraction patterns of the MSU - 3 
alumina prepared with a surfactant of Pluronic  ®   L64. The 
intensity  I  is in arbitrary units. Spectrum A represents the 
as - synthesized sample after air drying at room temperature 
for 16   h. Spectrum B represents the sample calcined at 500    ° C 
in air for 6   h.  Reprinted with permission from Ref.  [5a] .   

     Figure 15.4     Transmission electron microscopy image of the 
MSU - 1 alumina prepared with a surfactant of Tergitol  ®   15 - S - 9 
and calcined at 500    ° C. Scale bar   =   60   nm.  Reprinted with 
permission from Ref.  [5a] .   

basal spacings, and wormhole TEM images of the rare earth - stabilized MSU - X 
aluminas were equivalent to those observed for the pure MSU - X aluminas, which 
demonstrated that the incorporation of rare earth ions had not altered the original 
mesopore structures. However, the surface area after calcination at 500 or 600    ° C 
was 35% higher for the 5   mol% Ce 3+  - stabilized MSU - 1 alumina than for the pure 
MSU - 1 alumina. In addition, the 1   mol% La 3+  - stabilized mesostructures formed 
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     Figure 15.5     (a) N 2  adsorption – desorption isotherms for the 
MSU - 3 alumina prepared with a surfactant of Pluronic  ®   L64 
and calcined at 500    ° C in air for 4   h; (b) BJH pore - size 
distribution determined from the N 2  adsorption isotherm. 
 Reprinted with permission from Ref.  [5a] .   

     Figure 15.6      27 Al MAS NMR spectra of the MSU - 3 alumina 
prepared with a surfactant of Pluronic  ®   L64. Spectrum A 
represents the as - synthesized sample after air drying at room 
temperature for 16   h. Spectrum B represents the sample 
calcined at 500    ° C in air for 4   h. The chemical shifts are 
referenced to external [Al(H 2 O) 6 ] 3+ .  Reprinted with permission 
from Ref.  [5a] .   
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by the Pluronic surfactants also exhibited high surface areas after calcination 
at 500    ° C. The authors suggested that the incorporation of rare earth cations 
into the oxide framework took place during the assembly process of the mesostruc-
tures (but not during the calcination process), and that the site substitution of 
aluminum cations by rare earth cations reduces the lability of the oxide framework. 
These successes in increasing the thermal stability should greatly extend the 
potential applications of the MSU - X aluminas to catalytic reactions. Gonz á lez -
 Pe ñ a  et al . later reported that thermally stable mesoporous aluminas could also be 
obtained by adding dipropylamine during formation of the surfactant – alumina 
mesophase  [5f] . 

 The synthesis of   γ    - Al 2 O 3  with mesostructured forms (denoted MSU -   γ   ) was also 
accomplished with the neutral surfactants by the group led by Pinnavaia  [5i] . The 
key to synthesizing these mesostructured aluminas composed of   γ    - Al 2 O 3  walls was 
the formation of a mesostructured surfactant/boehmite precursor (denoted MSU -
 S/B). The MSU - S/B (the structure of which was elucidated by XRD) could be 
formed by the hydrolysis of [Al 13 O 4 (OH) 24 (H 2 O) 12 ]Cl 7 , AlCl 3 , or Al(O -  sec  - Bu) 3  in 
the presence of a PEO/PPO copolymer surfactant such as Pluoronic  ®   P84, P123, 
and L64 with a formula of [PEO] 19 [PPO] 39 [PEO] 19 , [PEO] 20 [PPO] 69 [PEO] 20 , and 
[PEO] 13 [PPO] 30 [PEO] 13 , respectively. Calcination of the MSU - S/B precursors at 
550    ° C afforded the MSU -   γ   aluminas, and their   γ    - Al 2 O 3  walls were well - character-
ized by XRD, TEM,  electron diffraction  ( ED ), and  27 Al MAS NMR analysis. On the 
other hand, the XRD patterns in the small - angle region, N 2  adsorption – desorption 
isotherms, and BJH pore - size distributions of the MSU -   γ   aluminas were those 
typically observed for mesoporous materials. A TEM image of the MSU -   γ   alumina 
obtained through the hydrolysis of Al(O -  sec  - Bu) 3  in 2 - butanol as solvent indicated 
that the nanoparticles were assembled into a scaffold - like array, whereas for those 
aluminas prepared from the Al 13  oligomer and AlCl 3  in aqueous media, parallel 
arrays were observed which gave a hierarchical, sheet - like morphology. The MSU -   γ   
alumina from the alkoxide had thicker and longer nanoparticles and a larger pore 
size and pore volume compared to those from the other aluminum sauces. The 
pore size of the MSU -   γ   aluminas was also correlated with the size of surfactant, 
indicative of the presence of the surfactant - induced assembly process of nanopar-
ticles during the synthesis. 

 Zhao  et al . investigated the effect of the addition of  poly(ethylene glycol)  ( PEG ) 
on the traditional precipitation synthesis using aluminum nitrate or sulfate and 
ammonium carbonate as an aluminum source and a precipitator, respectively 
 [5m] . PEG 1540 was fi rst mixed with an aqueous solution of aluminum nitrate or 
sulfate, followed by the slow addition of ammonium carbonate, an adjustment of 
the pH of the mixture using ammonia, and aging. Subsequent fi ltration, washing 
with water, and drying yielded the as - made material, which was calcined at 550    ° C 
in air to give the mesoporous alumina denoted DL12. A comparison of the 
TEM image of DL12 with that of the alumina synthesized in the absence of PEG 
showed that both materials exhibited a similar wormhole channel motif without 
any long - range order in their pore structure. The authors concluded that the PEG 
had not acted as a template in the synthesis process, and that the mesophase of 
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DL12 was formed by a self - assembly process of the inorganic precursor, which 
was more strongly affected by the ammonium carbonate precipitator. The main 
role of PEG as a surfactant in the synthesis was to create a slight enlargement of 
the mesopore size.  

  15.2.2.2   Anionic Surfactant Templating 
 The anionic surfactant templating mechanism involves the coordination of nega-
tively charged surfactant molecules with aluminum sites on freshly formed alu-
minum hydroxides, as well as cylindrical assemblies of the surfactant alkyl groups 
to form the corresponding mesophases. Anionic surfactants of types RCOO  −  , 
  R XSO3– −  (R   =   long alkyl chain; X   =   O, C 6 H 4 , CH 2 ), and   R OPO3– 2− are plausible 
candidates as structure - directing agents, although to date the successful synthesis 
(including complete removal of the surfactant) has only been achieved with car-
boxylic acid surfactants. 

 Vaudry and Davis, in 1996, reported that carboxylic acids with long alkyl chains 
could be used as templates for the alumina mesostructure assemblies  [5b] . The 
important parameters were the type of solvent, the synthesis temperature, and 
the thermal history of the as - made material (i.e., temperature and atmosphere 
for calcination), in addition to the type of alkyl group in the templates. Branched 
or normal carboxylic acids from C 3  to C 18  were found to afford mesophases, while 
suitable solvents were branched or normal alcohols, from C 1  to C 9 . The best 
mesoporous alumina (denoted L A383 ) was obtained by hydrolyzing aluminum  sec  -
 butoxide in 1 - propanol solvent under the infl uence of lauric acid (C 11 H 23 CO 2 H), 
followed by heating at 110    ° C in a glass jar under static conditions. The solid was 
then fi ltered, washed with ethanol, and dried at room temperature to give the as -
 synthesized material, which was subsequently calcined at 430    ° C to give the L A383  
alumina. An N 2  adsorption – desorption isotherm and a BJH pore - size distribution 
of this alumina are shown in Figure  15.7 .   

 The isotherm has no hysteresis loop and the distribution is centered at 1.9   nm. 
It was concluded, from the shape of distribution and the low - pressure hydrocarbon 
adsorption data (which showed that there was minimal difference between  n  -
 heptane uptake and neopentane uptake) that the mesoporous alumina L A383  pos-
sessed neither  “ zeolitic ”  micropores nor pores larger than 4.0   nm. Characterization 
of the L A383  alumina by XRD also showed a diffraction line in the small - angle 
region, which was attributed to the regular mesoporosity (Figure  15.8 ).   

 In addition, these fi gures show that the alumina is stable up to 800    ° C, even 
under an air/water atmosphere. The shift to a higher  d  - spacing was, however, 
striking for the calcination in the presence of water, and indicated that sintering 
had taken place with increasing Al – OH groups to collapse the mesoporous struc-
ture. The authors referred to a mechanism of the alumina mesophase formation, 
in which very small AlO(OH) clusters with coordinated carboxylate ligands were 
fi rst formed, followed by their rapid aggregation to produce the alumina mes-
ophase (Scheme  15.1 ).   

 It should be noted that the alkyl chain of coordinated carboxylate is not in the 
straight - form but rather in bent - form. This is because the observed  d  - spacing of 
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     Figure 15.7     (a) N 2  adsorption – desorption isotherm and 
(b) BJH pore - size distribution of the L A383  alumina calcined 
at 430    ° C for 1.5   h.  Reprinted with permission from Ref.  [5b] .   

the as - made material (2.9   nm) is much shorter than the sum of the estimated 
aggregate diameter, assuming a straight alkyl - chain model (3.1   nm) and the wall 
average width (ca. 1.0   nm). On the other hand, the diameter assuming a curved 
alkyl - chain model (1.9   nm) is equal to the  d  - spacing by adding the wall width. The 
minimal effect of surfactant size on pore diameter can be seen more clearly in the 
calcined samples (see Table  15.1 , II). The factor which controls the porous proper-
ties involving pore diameter is the extent of dehydration of the inorganic walls by 
calcination, which should also prevent pore - size control by the choice of surfactant 
size. Dehydration through calcination also drastically lowered the local order and 
symmetry of the aluminum, increasing the amount of four -  and fi ve - fold coordi-
nated aluminum at the expense of the six - fold type, as demonstrated by  27 Al MAS 
NMR studies (Figure  15.9 ; see Section  15.2.1.2  for the peak assignments).   

 The synthesis of mesoporous alumina using sulfate or sulfonate surfactants has 
been attempted by several groups, but has usually proved unsuccessful owing to 
the low thermal stability and diffi culties of surfactant removal. Vaudry and Davis 
added sodium dodecylbenzenesulfonate dissolved in formamide to an aqueous 
solution of hydrolyzed aluminum  sec  - butoxide, followed by aging of the mixture 
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     Figure 15.8     Variation of the X - ray diffraction patterns with 
increasing temperature under (a) an air/water atmosphere 
and (b) an air atmosphere.  Reprinted with permission from 
Ref.  [5b] .   

     Scheme 15.1     Mechanism of the mesophase formation as 
proposed by Vaudry and Davis  [5b] . The fi lled circles represent 
small clusters of AlO(OH), while the lines attached to the 
circles represent coordinated carboxylates.  

at 110    ° C for 2 days  [5b] . The resultant solid was fi ltered, washed with deionized 
water, and dried at room temperature. The as - made material thus obtained exhib-
ited a low thermal stability, losing the XRD line at a high  d  - spacing above a calci-
nation temperature of 510    ° C. In addition, the calcined solid still contained 
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     Figure 15.9      27 Al MAS NMR spectra of the as - made, 
dehydrated, and calcined solid L A383 .  Reprinted with 
permission from Ref.  [5b] .   

substantial amounts of sulfur components that might have reduced the stability 
to high - temperature treatment. The sulfonate surfactant also could not be removed 
from the as - synthesized material by extraction with HCl/ethanol, HCl/water, or 
AcOH/water solutions. 

 The use of sodium dodecyl sulfate as a surfactant template was reported by 
Yada and coworkers  [10] , who noted that an aluminum - based dodecyl sulfate 
mesophase possessing a hexagonal structure such as MCM - 41 could be synthe-
sized by the homogeneous precipitation method, using aluminum nitrate nonahy-
drate and urea as an aluminum source and a pH - controlling agent, respectively. 
The as - made solid obtained from the mixture, of which the components were 
Al   :   surfactant   :   urea   :   water (1   :   2   :   30   :   60), exhibited an XRD line at a high  d  - spacing 
even after calcination at 600    ° C, if it was heated up at a slow rate of 1    ° C min  − 1 . 
However, the content of sulfur impurities in the calcined sample was not reported, 
and thus the purity remained doubtful. In addition, the surface area    –    which was 
in the range 93 to 365   m 2    g  − 1  depending on the calcination conditions    –    was much 
smaller than that of the mesoporous alumina synthesized with carboxylic acid 
surfactants. 

 The above two examples indicate that sulfate and sulfonate surfactants are not 
appropriate as structure - directing agents if the aim is to obtain pure mesoporous 
alumina with a high thermal stability. However, this approach may open the pos-
sibility that sulfated mesoporous alumina, which is an important material in the 
chemistry of strong acid catalysis, could be synthesized via a one - step process by 
using sulfate or sulfonate surfactants.  

  15.2.2.3   Cationic Surfactant Templating 
 Cabrera  et al. , in 1999, fi rst reported mesoporous alumina (denoted ICMUV - 1) 
synthesized with a cationic surfactant template  [5d] . A mixture of aluminum 
 sec  - butoxide and triethanolamine was added to  cetyltrimethylammonium bromide  
( CTAB ) dissolved in water, followed by aging of the resultant solution. The aged 
solid was fi ltered, washed with ethanol, dried, and calcined at 500    ° C in air to give 
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     Figure 15.10     X - ray diffraction patterns of calcined ICMUV - 1 
aluminas synthesized with water/triethanolamine ratios of 7.4 
(pattern a,  d    =   6.9   nm), 22.1 (pattern b,  d    =   7.9   nm), and 44.5 
(pattern c,  d    =   9.5   nm).  Reprinted with permission from 
Ref.  [5d] .   

the ICMUV - 1 alumina. The pore diameter and surface area of the alumina was 
found to be tailored by changing the Al   :   water   :   triethanolamine molar ratio in the 
solution from 2   :   111   :   15 to 2   :   195   :   4, while the Al   :   surfactant ratio was held at 2   :   1 
for all the syntheses. Increasing the amount of water led to a monotonous increase 
in pore diameter, from 3.3 to 6.0   nm, whilst monotonously decreasing the surface 
area from 340 to 250   m 2    g  − 1 . The XRD patterns of some samples are shown in 
Figure  15.10 .   

 Each sample exhibited an XRD line with a high  d  - spacing that was attributed to 
the organized mesopore structures, and these peaks remained unaltered with 
increasing temperature up to 900    ° C, indicative of the high thermal stability of the 
mesoporous aluminas. The TEM images of ICMUV - 1 aluminas showed the worm-
hole - like channel motif, without any apparent order in the pore arrangement 
(Figure  15.11 ).   

 The increase in pore diameter with an increase in water   :   triethanolamine ratio 
can be clearly seen in the images. The ICMUV - 1 aluminas were also characterized 
using the N 2  adsorption – desorption method (Figure  15.12 ). The hysteresis loop in 
the isotherm indicates the presence of ink - bottle - type pores, while the volume at 
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     Figure 15.11     Transmission electron microscopy images of 
ICMUV - 1 aluminas showing the wormhole - like channel motif. 
The aluminas were synthesized with water/triethanolamine 
ratios of 7.4 (a), 22.1 (b), and 44.5 (c).  Reprinted with 
permission from Ref.  [5d] .   

     Figure 15.12     N 2  adsorption – desorption isotherms of 
ICMUV - 1 aluminas prepared with water   :   triethanolamine 
ratios of 7.4   :   1 (isotherm a) and 44.5   :   1 (isotherm b). The 
corresponding BJH pore - size distributions are shown in the 
inset.  Reprinted with permission from Ref.  [5d] .   
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the saturation vapor pressure demonstrates the absence of any macroporosity in 
the aluminas. It is interesting to note that the pore wall widths were approximately 
3.5   nm, regardless of the water   :   triethanolamine ratio. Unfortunately, the contents 
of nitrogen and bromide impurities in the calcined solids were not reported.   

 The authors suggested that formation of the (HOCH 2 CH 2 ) 3 N – Al[OCH(CH 3 )
CH 2 CH 3 ] 3  complex lowered the rate of hydrolysis, which allows the partially hydro-
lyzed inorganic moieties to be organized together with the surfactant molecules. 
In contrast, without triethanolamine, the hydrolysis of aluminum  sec  - butoxide 
proceeded too rapidly to be infl uenced by the surfactant, yielding the lamellar - type 
aluminum hydroxides. The fact that an increasing water   :   triethanolamine ratio 
increased the pore diameter should be attributed to a shift towards the formation 
of lamellar moieties. 

  Ž ilkov á  and  Č ejka applied 1 - methyl - 3 - octylimidazolium chloride to the synthesis 
of mesoporous alumina  [5n] . To an aqueous solution of aluminum chlorohydrate 
and the cationic surfactant was added ammonium hydroxide solution drop - wise, 
followed by stirring, hydrothermal treatment, fi ltration of the precipitate, and 
washing the recovered solid with ethanol. The as - synthesized sample thus obtained 
was calcined at 560    ° C with a temperature ramp of 1    ° C min  − 1  to give the mesopo-
rous alumina (denoted I – III, depending on the Al   :   surfactant molar ratio). The 
effect of modifying the Al   :   surfactant molar ratio on the structural parameters was 
investigated by comparing the results of N 2  adsorption – desorption of the calcined 
solids. The aluminas I and II prepared with a respective Al   :   surfactant ratio of 5.8 
and 3.3 exhibited similar values of surface area, mesopore volume, and pore diam-
eter, but increasing the ratio to 12.0 (alumina III) drastically decreased the surface 
area and increased the pore volume and pore diameter remarkably. The latter 
exhibited an N 2  adsorption – desorption isotherm that is typically observed for dis-
persed materials composed of small particles, and also showed a broad pore - size 
distribution without maximum, whereas a single XRD line at a low - angle region 
was observed for this alumina. Thus, the authors referred to the risk of judging 
the mesoporosity of materials based on XRD data alone. The aluminas I and II, 
on the other hand, exhibited not only the XRD lines but also the BJH pore - size 
distributions, with clear maxima centered at 3.8 and 3.9   nm, respectively. The XRD 
peaks at higher - angle regions indicated that alumina I was composed of   γ    - Al 2 O 3 . 
A wormhole framework structure was observed for the alumina I by TEM. The  S  +  
 X    −    I  +  - type interaction, which has been discussed in detail elsewhere  [6] , was pro-
posed for the alumina mesophase formation, where  S  + ,  X    −  , and  I  +  represent the 
  C H N12 23 2

+ , Cl  −  , and cationic aluminum species, respectively.  

  15.2.2.4   Nonsurfactant Templating 
 Shan  et al.  succeeded in synthesizing mesoporous alumina with a high thermal 
stability by utilizing tetraethylene glycol as a nonsurfactant template  [5j] . A con-
trolled amount of water was added stepwise to a mixture of aluminum iso propoxide 
and tetraethylene glycol dissolved in ethanol and 2 - propanol to produce a suspen-
sion, which was subsequently aged at room temperature and then dried in air at 
60 – 100    ° C. The solid gel thus obtained was heated at 120 – 190    ° C in an autoclave 
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and calcined at 600    ° C to afford the mesoporous alumina (denoted Al - TUD - 1). One 
of the most important parameters in the synthesis was the water   :   aluminum ratio. 
The wide - angle XRD patterns of the alumina prepared with an Al   :   H 2 O molar ratio 
of 1   :   10 – 20 indicated that the bulk structure of the alumina contained crystalline 
phases of   δ   -  or   θ   - Al 2 O 3 . Even though this alumina also gave an intensive diffraction 
line at about 1.0 ° , the corresponding TEM image did not show any regular 
mesopores in the alumina particles. On the other hand, decreasing the amount of 
water to an Al   :   H 2 O molar ratio of 1   :   2 afforded the amorphous alumina with a 
sponge -  or worm - like randomly three - dimensionally connected mesoporous 
network. The N 2  adsorption – desorption measurement of the latter alumina 
displayed the isotherm of type IV, with a hysteresis loop that indicated the 
presence of ink - bottle - like pores. In addition to the water content, the drying and 
heating conditions were also important, as they signifi cantly affected the surface 
area and pore size of the fi nal product. For instance, increasing the heating time 
of the solid gel resulted in a monotonous increase and decrease in pore size and 
surface area, respectively. Moreover, these two structural properties also could be 
tuned by changing the drying and heating temperature, although few examples 
were shown in the report and thus the tendencies remain unclear. The highlight 
of the Al - TUD - 1 mesoporous alumina is its high stability toward high - temperature 
treatment. The alumina synthesized under the optimal conditions possessed a 
high surface area of 528   m 2    g  − 1  after calcination at 600    ° C, and of 414   m 2    g  − 1  even 
after calcination at 700    ° C, indicating the high potential of this material for practical 
uses. 

 Xu  et al . synthesized mesoporous alumina in an aqueous medium using glucose 
as a structure - directing agent  [5k] . To an aqueous solution of aluminum isopro-
poxide and glucose was added diluted aqueous nitric acid to adjust the pH value. 
After removal of the water by evaporation, the resulting solid material was calcined 
at 600    ° C to give the mesoporous alumina (denoted Al 2 O 3  - X; X   =   1 – 3). The pH 
value of the starting solution had a major effect on the structural property of the 
resultant alumina. The best alumina, Al 2 O 3  - 2, was obtained when the solution pH 
was adjusted to 5.0, and showed a surface area, total pore volume, and BJH pore 
diameter of 422   m 2    g  − 1 , 0.66   cm 3    g  − 1 , and 5.1   nm, respectively. On the other hand, 
Al 2 O 3  - 1 and 3, which were obtained from solutions at pH 4.5 and 5.5, exhibited 
smaller values of these parameters. The N 2  adsorption – desorption isotherm of 
Al 2 O 3  - 2 was type IV, as typically observed for mesoporous materials; the isotherm 
contained a hysteresis loop, the shape of which was typical for ink - bottle - like pores. 
The most remarkable property of Al 2 O 3  - 2 was its high thermal stability, with a high 
surface area of 225   m 2    g  − 1  even after calcination at 800    ° C. Such excellent thermal 
stability and simple preparation method imply a high potential for this material 
as a catalyst. 

 Zhang and coworkers reported the use of hydroxy carboxylic acids as structure -
 directing agents  [5l] . Here, boehmite sol was fi rst prepared by peptizing a water –
 boehmite suspension with nitric acid. To this sol was added a hydroxy carboxylic 
acid, and the mixture was then stirred at 30    ° C. The resultant homogeneous 
mixture was dried and then calcined at 500    ° C in air to give the corresponding 
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mesoporous alumina (denoted ID 1 – 11). The textural properties of the mesopo-
rous alumina depended heavily on the content of hydroxy carboxylic acid and the 
drying temperature before calcination. When citric acid was used as a structure -
 directing agent, a citric acid   :   Al 3+  molar ratio in the range of 0.5 to 2.0, and a drying 
temperature of 100    ° C, were found to be the optimal synthesis conditions. The use 
of excess citric acid decreased the surface area and pore volume of the mesoporous 
alumina, and led to a deterioration of the intrinsic crystalline structure of boehmite 
in the as - synthesized material. This effect was caused by the formation of larger 
aggregates of free citric acid molecules, as well as the enhancement of dissolution 
of boehmite particulates by the increased acidity of the synthetic mixture. The 
drying temperature, on the other hand, affected the pore structure by altering the 
coordination interaction between the citric acid molecules and boehmite. Raising 
the drying temperature increased the amount of hydroxy carboxylic acids coordi-
nated with boehmite, but decreased the size of the aggregation of free hydroxy 
carboxylic acid molecules, owing to the decrease in free molecules. The size of the 
aggregation appeared to be crucial for the fi nal structure of pores. Thus, the N 2  
adsorption – desorption isotherm of the sample obtained by drying at 30    ° C indi-
cated the presence of larger mesopores, while that at 150    ° C was analogous to the 
type I isotherm that is characteristic of microporous materials. Only the mesopo-
rous alumina dried at 100    ° C gave the type IV isotherm with a hysteresis loop that 
indicated the presence of ink - bottle - type pores. Unfortunately, the XRD patterns 
in the low - angle region were not reported, which makes the quality of the aluminas 
ambiguous.    

  15.3 
 Mesoporous Alumina in Heterogeneous Catalysis 

 Mesoporous alumina is superior to conventional alumina in that it possesses a 
larger surface area and organized mesopores that are not easily plugged by coke 
and other high - molecular - weight byproducts. The ideal structural properties of 
mesoporous alumina, however, are not always crucial factors when determining 
catalytic performance; the surface reactivity such as acidity and basicity is, in most 
cases, much more important. The reactivity of mesoporous alumina surface 
should depend heavily on the synthetic method, including the fi nal calcination 
temperature, as is usually observed for most oxide catalysts. Unfortunately, most 
studies on mesoporous alumina have focused only on the synthesis and quality of 
mesoporous structure, and have not referred to the surface reactivity, which 
renders the potential for mesoporous alumina in catalysis ambiguous. At present, 
therefore, reliance must be placed on rather primitive trial - and - error methods to 
determine which mesoporous alumina is most suitable for the catalytic reaction 
under investigation. Nevertheless, continuous efforts are being made to utilize 
mesoporous alumina as a catalyst and catalyst support. In fact, the use of mesopo-
rous alumina has in some cases led to better results than with conventional 
alumina, a topic which is introduced in the following sections (see Table  15.2 ).   
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 Table 15.2     Survey of reactions catalyzed by mesoporous alumina and modifi ed mesoporous alumina. 

   Catalyst   a        Reaction equation     Conditions (Reactor type; 
solvent; reaction 
temperature; atmosphere)  

   Reference(s)  

  I. Base - catalyzed reactions              

     A. Tishchenko reaction  

         meso Al 2 O 3 ;   mesoAl O SO2 3 4
2−     

      
  Batch; scCO 2  (8   MPa); 40    ° C     [18]   

     B. Knoevenagel reaction  

         meso Al 2 O 3     
      

  Batch; scCO 2  (8   MPa); 40    ° C     [19]   

     C. Double - bond migration  

        Na/ meso Al 2 O 3     
      

  Batch; neat; 2    ° C;  in vacuo      [20]   

        Na/ meso Al 2 O 3     
      

  Batch; neat; rt;  in vacuo      [20]   
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  II. Epoxidation              

        Au/ meso Al 2 O 3     
      

  Batch; benzene; 82 – 83    ° C     [21]   

        
      

  
      

      

  Batch; CH 3 CN; 60    ° C     [22]   

  III. Hydrodechlorination              

        Ni/ meso Al 2 O 3     
      

  Continuous fl ow; 300    ° C     [23, 24]   

        Ni – Mg/ meso Al 2 O 3    b       
      

  Continuous fl ow; 300    ° C     [25]   

Catalysta Reaction equation Conditions (Reactor type; 
solvent; reaction 
temperature; atmosphere)

Reference(s)

Table 15.2 Continued.
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  IV. Hydrodesulfurization              

        MoS 2 / meso Al 2 O 3    b       
      

  Continuous fl ow; 
280 – 400    ° C; 1   MPa  

   [26]   

  V. Olefi n metathesis              

     A. Terminal hydrocarbon olefi ns  

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch;  n  - heptane;    –    1    ° C; N 2  
 Batch; neat; 40 or 60    ° C; Ar  

   [27 – 29]   

        MTO/ZnCl 2 // meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; neat; 25, 40, or 
60    ° C; Ar  

   [28 – 31]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; neat; 60    ° C; Ar     [28]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; dodecane; 40    ° C; N 2      [32]   

     B. Internal hydrocarbon olefi ns  

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch;  n  - heptane; 50    ° C; N 2      [27]   
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        MTO/ZnCl 2 // meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; neat; 25    ° C; Ar     [29]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; neat; 40    ° C; Ar     [29]   

     C. Terminal functionalized olefi ns  

        Re 2 O 7 / meso Al 2 O 3    +   Me 4 Sn    
      

  Batch; toluene or decane; 
25    ° C; Ar  

   [31]   

        MTO/ZnCl 2 // meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

Catalysta Reaction equation Conditions (Reactor type; 
solvent; reaction 
temperature; atmosphere)

Reference(s)

Table 15.2 Continued.
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        MTO/ZnCl 2 // meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

        MTO/ZnCl 2 // meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

        MTO/ZnCl 2 // meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; CH 2 Cl 2 ; rt; N 2      [30]   

     D.  Ring - opening metathesis polymerization  ( ROMP )  

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; toluene; 40    ° C; Ar     [29]   
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     E.  Ring - closing metathesis  ( RCM )  

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; neat or dodecane; 
40    ° C; Ar  

   [29]   

        Re 2 O 7 / meso Al 2 O 3    +   Me 4 Sn    
      

  Batch; toluene; 0 – 40    ° C; Ar     [31]   

     F. Polymerization of terminal dienes  

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; toluene; 25    ° C; Ar     [29]   

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; toluene; 40    ° C; Ar     [29]   

Catalysta Reaction equation Conditions (Reactor type; 
solvent; reaction 
temperature; atmosphere)

Reference(s)

Table 15.2 Continued.
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     G. Cross metathesis  

        Re 2 O 7 / meso Al 2 O 3     
      

  Batch; neat; 40    ° C; Ar     [29]   

        Re 2 O 7 / meso Al 2 O 3    +   Me 4 Sn    
      

  Batch; toluene; 40    ° C; Ar     [31]   

  VI. Oxidative dehydrogenation  

        V/ meso Al 2 O 3    c    
       Mo – V/ meso Al 2 O 3    c     

  
      

  Continuous fl ow; 520 –
 600    ° C; atmospheric 
pressure  

   [33, 34]   

  VII. Oxidative steam reforming of methanol  

        Pd – Zn/ meso Al 2 O 3    c       
      

  Continuous fl ow; 
100 – 400    ° C:  

   [35]   

    a     meso Al 2 O 3  represents mesoporous alumina.  
   b    Products were not reported.  
   c    Stoichiometries are not considered due to the complex reaction mechanism.  
  rt   =   room temperature.   
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  15.3.1 
 Base - Catalyzed Reactions 

 Thermally activated alumina has long been recognized as a solid base catalyst  [7b] . 
In fact, studies of the use of mesoporous alumina as a solid base catalyst were 
initiated by Seki and Onaka in their attempt to develop heterogeneous basic cataly-
sis in  supercritical CO 2   ( scCO 2  ). These authors found that mesoporous alumina 
synthesized in a similar manner to L A383  (see Table  15.1 , II) and activated at 500    ° C 
under vacuum (10  − 4  Torr) exhibited a strong base catalysis for the Tishchenko 
reaction, even in the Lewis acidic medium of scCO 2  (Table  15.2 , I, A)  [18] . In addi-
tion, the activity could be increased by introducing   SO4

2− ions into the alumina 
framework. Conventional   γ    - Al 2 O 3  and CaO, in contrast, showed quite low activities 
in scCO 2 , even though they were very active in benzene as solvent under nitrogen 
atmosphere. The phthalide  2  formation over the sulfated mesoporous alumina was 
accelerated remarkably by adding a small amount of  tetrahydrofuran  ( THF ) as a 
cosolvent, whereas the addition of acetic acid (or even much less - acidic methanol) 
led to a fatal deactivation of the catalyst due to strong poisoning. The former result 
was attributed to the improvement of solubility of phthalaldehyde  1  in scCO 2 , 
while the latter result suggested that the strong base sites on sulfated mesoporous 
alumina had promoted the reaction in scCO 2 . The  infrared  ( IR ) spectroscopy of 
adsorbed pyrrole implied that the average strength of base sites on sulfated mes-
oporous alumina was weaker than on conventional   γ    - Al 2 O 3 . However, the poison-
ing by methanol indicated that it still had a small number of strong base sites that 
functioned even in scCO 2 . It was concluded that the CO 2  molecules adsorbed onto 
the sulfated mesoporous alumina were less stable compared to those on conven-
tional   γ    - Al 2 O 3 , due to the weaker surface basicity of the former, and thus could 
offer the active strong base sites to  1  much more easily through the surface diffu-
sion, which in turn made a noticeable difference in activity. 

 In a subsequent study, the same authors reported that mesoporous alumina also 
exhibited a higher activity for the Knoevenagel reaction between benzaldehyde  3  
and ethyl cyanoacetate  4  compared to conventional   γ    - Al 2 O 3  in scCO 2  (Table  15.2 , 
I, B)  [19] . Although the surface area of the mesoporous alumina employed was 
2.7 - fold larger than that of conventional form, the numbers of active base sites 
on the aluminas were almost equal according to the results of  temperature - 
programmed desorption  ( TPD ) of CO 2 . This indicated that the density of active 
base sites was much smaller for mesoporous alumina than for conventional   γ    -
 Al 2 O 3 . The authors thus suggested that the surface diffusion of CO 2  took place 
smoothly on mesoporous alumina owing to the large vacancy around the sites, 
while the CO 2  molecules adsorbed on the active base sites of conventional   γ    - Al 2 O 3  
were jam - packed, thus retarding the surface diffusion with each other. As free 
active base sites should appear by moving the adsorbed CO 2 , it was concluded that 
the difference in facility of the surface diffusion of CO 2  accounted for the differ-
ence in activity between the two aluminas. In the same study, a careful examina-
tion was also made of the CO 2  - TPD in the high temperature range of 527 – 1000    ° C. 
The results implied that mesoporous alumina had a small number of very strong 
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base sites, the strength of which was even higher than that of the base sites on 
conventional   γ    - Al 2 O 3 . 

 The double - bond migration of olefi ns is a simple, but important, process in 
chemical industry. Although both acid and base catalysts can promote double -
 bond migrations, base catalysts are usually much more selective, especially when 
cyclic olefi ns are used as the starting compounds. In addition, increasing the 
surface basicity increases the reaction rate, allowing the migrations to be per-
formed even at a low reaction temperature (i.e., below zero region) by using 
superbase catalysts. Seki  et al . attempted to enhance the surface basicity of mes-
oporous alumina by blowing an alkaline metal vapor against the activated alumina 
surface to improve the catalytic performance for the double - bond migrations 
(Table  15.2 , I, C)  [20] . It was revealed, via XRD and N 2  adsorption – desorption 
analysis, that the sodium addition hardly collapsed the intrinsic mesoporosity and 
bulk structure of mesoporous alumina. Unfortunately, the double - bond migration 
of 2,3 - dimethyl - 1 - butene  6  proceeded more slowly over sodium - doped mesoporous 
alumina than over sodium - doped conventional   γ    - Al 2 O 3 , which should be brought 
about by the lower density of active strong base sites on mesoporous alumina 
compared to conventional alumina. Nonetheless, sodium - doped mesoporous 
alumina could selectively yield 2,3 - dimethyl - 2 - butene  7  at high yield (81%), even 
at a low reaction temperature (2    ° C), demonstrating that very strong base 
sites    –    including superbase sites    –    existed on the surface. The catalyst also pro-
moted the reaction of   α   - pinene  8  to give   β   - pinene  9  in excellent selectivities of 
93 – 96%, while the selectivity fell to 58% and 89% for parent mesoporous alumina 
and sodium - doped conventional   γ    - Al 2 O 3 , respectively.  

  15.3.2 
 Epoxidation 

 Yin and coworkers investigated the catalysis of gold nanoparticles supported on 
mesoporous alumina for the epoxidation of styrene  10  with  tert  - butyl hydroperox-
ide (Table  15.2 , II)  [21] . Three types of mesoporous alumina were synthesized via 
neutral surfactant templating (La 3+  - doped MSU - 3)  [5c] , cationic surfactant templat-
ing (ICMUV - 1; Table  15.1 , III)  [5d] , and an original method using chitosan as the 
structure - directing agent. In addition, commercially available   γ    - Al 2 O 3  was employed 
for comparative purposes. Gold nanoparticles were subsequently loaded onto the 
aluminas via a homogeneous deposition precipitation method using HAuCl 4  and 
urea as a gold source and precipitation agent, respectively. The as - made materials 
were reduced under an H 2 /He fl ow before being used for the reactions. Among 
the catalysts thus prepared, the Au loaded on ICMUV - 1 exhibited the highest 
catalytic performance, yielding styrene oxide  11  in 84.3% conversion and 69.0% 
selectivity. The major byproducts were benzaldehyde and phenyl acetaldehyde, 
which were given in 23.0% and 3.6% selectivity, respectively. Although the other 
catalysts yielded  11  in similar selectivities, they were inferior to Au/ICMUV - 1 in 
terms of conversion. In addition to the high activity, the Au/ICMUV - 1 catalyst 
exhibited a long lifetime and could be reused at least eight times, without losing 
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its high catalytic performance.  X - ray photoelectron spectroscopy  ( XPS ) measure-
ments revealed that the preparation method gave Au(0) particles without any 
trace of higher - oxidized species, regardless of the type of support alumina. On the 
other hand, the CO 2  - TPD profi les and isoelectric points of the alumina supports 
showed that the ICMUV - 1 alumina had the largest number of basic sites, which 
was advantageous for the formation and stabilization of smaller gold particles. 
The TEM image, in fact, showed that the size of gold particles on Au/ICMUV - 1 
was uniform and smaller ( < 4   nm) compared to those of other catalysts. The authors 
thus concluded that the presence of smaller gold particles with a uniform 
size accounted for the highest activity of Au/ICMUV - 1, because the active sites for 
the epoxidation were considered to be low - coordinated Au atoms existing at the 
corner and edge of the particles. It was also noteworthy that the pure ICMUV - 1 
alumina could catalyze the epoxidation, giving  11  in 50.3% conversion and 66.9% 
selectivity. 

 Chaube  et al . immobilized Mn –  and Co – salen complexes onto mesoporous 
alumina and applied them to the catalytic epoxidation of  10  and cyclohexene  12  
with  tert  - butyl hydroperoxide (Table  15.2 , II)  [22] . A synthetic method similar to 
that for the L A383  (Table  15.1 , II) was employed, but aluminum isopropoxide was 
used as an aluminum source. The mesoporous alumina thus obtained was fi rst 
treated with 3 - aminopropyltriethoxysilane to give the aminopropyl - modifi ed mes-
oporous alumina, which was subsequently reacted with the precursor complexes, 
(bis - salicyl aldehyde)M (M   =   Mn, Co), to give the target catalysts. The IR band 
assignable to the C = N bond then appeared, indicating that the bis - salicyl aldehyde 
ligand had been converted into the salen - type ligand. The change in ligand was 
also demonstrated by the shift of characteristic peaks in UV - visible spectrum. A 
single XRD line in the low - angle region appeared, even after immobilization of 
the (bis - salicyl aldehyde)Co complex. In addition, the N 2  adsorption – desorption 
isotherm of type IV was obtained for the immobilized Co – salen complex catalyst, 
as well as for the parent mesoporous alumina. Moreover, thermal analysis indi-
cated that the immobilized complexes decomposed at higher temperatures com-
pared to the precursor complexes, which implied that the stabilities had been 
enhanced by the immobilizations. Thus, the entrapment of complex moieties 
inside the mesopores was proposed. The immobilized complexes were fi rmly fi xed 
and did not dissolve into the solution during the reactions. In addition, the Mn 
catalyst was found to be used at least three times, without any signifi cant loss in 
activity and selectivity. Unfortunately, however, the yields of the desired  11  (14 –
 16%) and  13  (9 – 16%) were too low, rendering the potential of these catalysts for 
practical epoxide synthesis questionable.  

  15.3.3 
 Hydrodechlorination 

 Hydrodechlorination involves the cleavage of a C – Cl bond with H 2  under the infl u-
ence of a catalyst, to yield useful hydrocarbons from hazardous chlorinated alkanes. 
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Kim  et al . prepared nickel supported on mesoporous alumina and applied this to 
the hydrodechlorination of 1,2 - dichloropropane  14  to propene  15  (Table  15.2 , III) 
 [23] . The mesoporous alumina was synthesized using stearic acid as a surfactant, 
using what has been termed a  “ post - hydrolysis ”  method  [36] . The procedure was 
similar to that for the synthesis of S A383  alumina (Table  15.1 , II), except that the 
hydrolyzed solution was dried directly without thermal treatment to produce the 
as - synthesized material that was subsequently calcined at 450    ° C. Nickel was 
loaded onto the mesoporous alumina using two different methods. The fi rst 
method involved the vapor deposition of nickel acetylacetonate (denoted Ni - VD), 
followed by calcination, while the second method involved impregnation using an 
appropriate amount of aqueous solution of nickel nitrate (denoted Ni - IMP). Char-
acterization by XPS,  temperature - programmed reduction  ( TPR ), and  UV - diffuse 
refl ectance spectroscopy  ( UV - DRS ) revealed that the NiO species were dominant 
on the Ni – VD catalyst, whereas a large amount of Ni 2+  ions was incorporated into 
the nickel aluminate spinels for Ni – IMP. It was proposed that such spinels were 
formed through the impregnation step in which a mixed adsorption occurred 
between Ni 2+  ions of nickel nitrate and Al 3+  ions that once were dissolved into the 
aqueous solution from the alumina surface. Both of the catalysts promoted the 
hydrodechlorination of  14  in a continuous - fl ow fi xed - bed reactor, maintaining 
approximately 83% selectivity for at least 10   h. However, the conversion with 
Ni – VD was approximately twofold higher than that with Ni – IMP. The authors 
concluded that the NiO species could be reduced much more smoothly into active 
nickel metals compared to nickel aluminate species, as demonstrated by the TPR 
study, and thus Ni – VD exhibited a higher activity than Ni – IMP. The larger number 
of active nickel sites on Ni – VD was also clearly seen in the TPD measurement of 
1,2 - dichloropropane. Later, the same authors reported that the activity of Ni – IMP 
depended heavily on the molar ratio of surfactant/Al[OCH(CH 3 )CH 2 CH 3 ] 3  in the 
preparation of the mesoporous alumina support  [24] . It was observed that the 
amount of dissolved Al 3+  ions during the impregnation increased as the ratio 
increased, leading to the formation of a larger amount of unfavorable nickel alu-
minate species. In fact, the Ni – IMP prepared with a lower ratio tended to exhibit 
a higher activity for the hydrodechlorination of  14 . 

 More recently, Kim  et al.  prepared nickel -  and magnesium - containing mesopo-
rous alumina as a catalyst for the hydrodechlorination of  o  - dichlorobenzene  16  
(Table  15.2 , III)  [25] . Bimetallic nickel and magnesium stearate were used as 
structure - directing agents, as well as nickel and magnesium sources; these were 
fi rst dissolved in 2 - butanol with aluminum  sec  - butoxide, and the subsequent 
addition of water, drying, and calcination at 500    ° C yielded the catalyst. The 
bimetallic stearate was obtained by dissolving magnesium stearate and nickel 
nitrate in 2 - butanol, after which the pH was adjusted with HCl or NH 4 OH. The 
use of NH 4 OH resulted in the precipitation of a solid bimetallic stearate, which 
yielded the most active catalyst (denoted NiMg – NP). A TPR study clearly dem-
onstrated the presence of homogeneously mixed Ni metals on NiMg – NP that 
were the active sites for the hydrodechlorination, whereas on the catalyst 
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prepared via the HCl - treated surfactant (denoted NiMg – HS) there existed unde-
sirable nickel aluminate species, in addition to nickel metal aggregates. Another 
factor that rendered NiMg – NP most active was a favorable modifi cation of the 
electronic properties of Ni metals on NiMg – NP, caused by homogeneously mixed 
Mg. This was confi rmed by H 2  - TPD profi les which revealed that only NiMg – NP 
showed an intense desorption peak below 400    ° C; this indicated that the Mg 
species had weakened the interaction between Ni metal surface and hydrogen. 
The Mg species also played an important role in extending the lifetime of the 
catalyst through the reaction with HCl; here, HCl was trapped on a partially 
formed basic MgO surface, inhibiting the conversion of active Ni metals into 
NiCl 2 .  

  15.3.4 
 Hydrodesulfurization 

 Hydrodesulfurization is an industrially very important catalytic process for the 
removal of sulfur from natural gas and refi ned petroleum products. Such removal 
should lead to a reduction in SO 2  emissions from these fuels, and also extend the 
lifetime of the noble metal catalysts used in the subsequent reforming processes. 
Kalu ž a  et al.  employed the S A383  mesoporous alumina (Table  15.1 , II) as a support 
for an active MoS 2  species, although the calcination conditions were carefully 
modifi ed from those reported originally (Table  15.2 , IV)  [26] . The mesoporous 
alumina, when fi nally calcined at 450    ° C, was found to serve as the best support. 
MoO 3  as a precursor was loaded onto the alumina by two different methods. The 
fi rst method involved impregnation using an aqueous solution of (NH 4 ) 6 Mo 7 O 24 , 
followed by drying at 50    ° C under vacuum (denoted 30Mo/MA(CIM); 30   wt% 
MoO 3 ). The second method involved thermal spreading, where the mesoporous 
alumina was fi rst ground with an appropriate amount of MoO 3  in an agate mortar 
and subsequently calcined at 500    ° C in a stream of air (denoted 30Mo/MA(TSM); 
30   wt% MoO 3 ). In both cases, the loaded MoO 3  was converted into active MoS 2  
by treatment with an H 2 S/H 2  mixture at 400    ° C. The N 2  adsorption – desorption 
measurements revealed that the added MoO 3 , despite a very high loading, 
did not signifi cantly block the texture of the parent alumina support. The rate 
constant of 30Mo/MA(CIM), when normalized to weight for the hydrodesulfuriza-
tion of thiophene  17 , was almost twice as high as that of the commercial 
15   wt% MoO 3 /Al 2 O 3  catalyst, whereas the rate constants of the two catalysts nor-
malized to moles of Mo were almost equal. The authors concluded that the high 
surface area of mesoporous alumina was able to disperse a signifi cantly higher 
amount of Mo than the conventional alumina. Although, the activity of 30Mo/
MA(TSM) was inferior to that of 30Mo/MA(CIM), its rate constant (when normal-
ized to weight) was still approximately 1.5 - fold higher than that of the commercial 
catalyst, indicating that the high loading of MoO 3  could be realized also by thermal 
spreading. It should also be noted that 30Mo/MA(TSM) exhibited a long lifetime 
compared to the commercial catalyst for the hydrodesulfurization conducted at 
370    ° C.  
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  15.3.5 
 Olefi n Metathesis 

 Olefi n metathesis involves the mutual exchange of alkylidene fragments between 
two olefi n molecules by the action of metal catalysts. Its use in organic synthesis, 
particularly of polymers and pharmaceuticals with various functional groups, has 
been explosively expanded by the respective discoveries of Mo -  and Ru - based 
alkylidene complex catalysts by Schrock  [37a]  and Grubbs  [37b] , which led to these 
authors receiving the Nobel Prize in 2005. Heterogeneous olefi n metathesis cata-
lysts such as WO 3 /SiO 2 , MoO 3 /Al 2 O 3 , and Re 2 O 7 /Al 2 O 3 , on the other hand, have 
long been important in the petroleum industry for the manufacture of various 
olefi ns of pure hydrocarbons. 

 The use of mesoporous alumina in olefi n metathesis was fi rst attempted by 
Oikawa and Onaka (Table  15.2 , V)  [27] . These authors dispersed rhenium oxide, 
Re 2 O 7 , on the L A383  alumina (Table  15.1 , II, calcined fi nally at 600    ° C), using an 
impregnation method from the aqueous solution of NH 4 ReO 4 , with subsequent 
calcination at 600    ° C. Despite water being used as solvent, the loading did not 
signifi cantly alter the structural properties of the parent support. The catalyst 
(denoted Re 2 O 7 / meso  - Al 2 O 3 ) thus obtained was activated under vacuum at 500    ° C; 
this step was found to be crucial for achieving a high conversion and selectivity. 
Compared to the conventional, 7   wt% Re 2 O 7 /  γ    - Al 2 O 3  catalyst, 7   wt% Re 2 O 7 / meso  -
 Al 2 O 3  exhibited a higher conversion and selectivity for the metathesis of 1 - octene 
 18  to 7 - tetradecene  19  and ethylene  20  and of 7 - hexadecene  27  to 7 - tetradecene  19  
and 9 - octadecene  22 . In the case of the latter reaction, the lower conversion 
with a conventional catalyst was attributed to deactivation of the catalyst. The effect 
of changing the loading amount of Re 2 O 7  was investigated for the metathesis of 
 18 , and showed that 7   wt% Re 2 O 7 / meso  - Al 2 O 3  exhibited a higher conversion and 
selectivity than 3.5 and 15   wt% Re 2 O 7 / meso  - Al 2 O 3 . Characterization using  X - ray 
adsorption spectroscopy  ( XAS ) showed that rhenium oxide on both 7   wt% 
Re 2 O 7 / meso  - Al 2 O 3  and 7   wt% Re 2 O 7 /  γ    - Al 2 O 3  were in the same oxidation state, and 
had the same structure. It was also revealed that the ReO 4  species on the catalysts 
were greatly distorted from a regular tetrahedron by their fi xation onto the alumina 
surfaces. The authors proposed that mesoporous alumina could produce a larger 
amount of active Re ions in partially reduced states compared to the conventional 
alumina, and that the difference in the amount of Re sites caused the difference 
in activity. An active rhenium site model, as depicted in Figure  15.13 , was sug-
gested, in which a rhenium ion is electronically activated not only by the Re – O – Al 
bond derived from an acidic hydroxyl group of mesoporous alumina but also by 
the coordination of a Re = O moiety to an adjacent Lewis acid site of Al 3+ .   

 Balcar  et al.  employed the thermal spreading method to prepare rhenium oxide 
supported on mesoporous alumina (denoted Re/OMA)  [28] . In this method, 
mesoporous alumina was fi rst ground with NH 4 ReO 4  at room temperature, and 
then calcined at 550    ° C. Before use in a reaction, the catalyst was activated at 500    ° C 
in air. The rhenium oxide loading did not signifi cantly affect the pore size of the 
parent mesoporous alumina. In addition, the decrease in surface area caused by 
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     Figure 15.13     Oikawa – Onaka model of surface rhenium oxide 
species on mesoporous alumina.  Reprinted with permission 
from Ref.  [27b] .   

the loading was much smaller for mesoporous alumina than for conventional 
alumina; this was due to the absence of micropores in the former case that may 
easily be plugged by rhenium oxide species. In the 1 - decene  21  metathesis, the 
optimum Re loading was found to be between 9 and 15   wt%, and that the conver-
sion depended heavily on the pore size of the catalysts. The rhenium oxide on 
conventional alumina (denoted Re/ALCOA) that had micropores exhibited a much 
lower conversion compared to Re/OMA. In addition, higher conversions were 
observed with Re/OMA with larger mesopores. Although the mesoporous alumina 
supports with different pore sizes were prepared by different methods, and thus 
the surface chemical properties might also be more or less different, it is reason-
able to conclude that the pore size is the major factor that infl uences the conver-
sion. The authors suggested that the active Re sites in larger pores may be much 
more easily accessible for long - chain olefi n substrates, and that the larger pores 
were also favorable for product release from the mesoporous network. 

 The same group subsequently applied the Re/OMA catalysts to the metathesis 
of dienes and cycloalkenes to determine the effect of pore size on the 
product distributions  [29] . One example that clearly showed the effect was the 
metathesis of 1,7 - octadiene  55  to yield cyclohexene  12  and a small amount of 
1,7,13 - tetradecatriene. For this reaction, two types of mesoporous alumina - 
supported 9.3   wt% Re catalysts were tested; these were prepared using mesoporous 
aluminas with different pore diameters of 3.5   nm (denoted Re/OMA3.5) and 
6.5   nm (denoted Re/OMA6.5). The yield of 1,7,13 - tetradecatriene reached a 
maximum of approximately 5% in 25   min at 40    ° C over both catalysts, but began 
to decrease after 25   min over Re/OMA6.5, while remaining constant for 250   min 
with Re/OMA3.5. This indicated that the large mesopores of Re/OMA6.5 were 
suffi cient for the triene molecules to re - enter and react with the internal Re species 
to give  12 . Another example was seen in the reaction of 1,9 - decadiene  60  to the 
corresponding dimers, trimers, and tetramers ( 54 ,  n    =   2 – 4), which was carried out 
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in toluene solvent using the same catalysts. The formation of these compounds 
occurred much more rapidly with Re/OMA6.5 than with Re/OMA3.5. In addition, 
the fi nal amount of products was decreased in the order of dimers    >    trimers    >    
tetramers    >    oligomers over Re/OMA3.5, whereas the order was changed to 
tetramers    >    trimers    >    dimers    >    oligomers over Re/OMA6.5. It is also noteworthy 
that the fi nal conversion was higher for Re/OMA6.5 than for Re/OMA3.5. These 
results demonstrated that the larger mesopore of the Re/OMA6.5 was favorable 
for the reaction of larger - sized molecules. The authors stressed that the use of 
mesoporous alumina supports with different pore sizes provided the opportunity 
to tune the product distributions in olefi n metathesis by using a  “ molecular 
sieving ”  effect. 

 Quite recently, Balcar  et al . reported the metathesis of oxygen - containing termi-
nal olefi ns promoted by the Re/OMA catalysts and Me 4 Sn as cocatalyst  [31] . The 
main objective was, as in the former studies, to determine the effect of pore size 
on catalysis. The metathesis of  p  - allylanisole  33  at 25    ° C in decane solvent pro-
ceeded only when Me 4 Sn was present in the reaction mixture, and gave the cor-
responding product  34  in 100% selectivity, regardless of the pore size of the 
mesoporous catalysts. Conversion at the initial and fi nal stages of the reaction, on 
the other hand, was increased with as the pore size of the catalyst increased. It is 
also noteworthy that the conventional Re/ALCOA catalyst with micropores exhib-
ited almost no activity for the metathesis at 25    ° C in toluene solvent, whereas the 
conversions given by the Re/OMA catalysts under the same conditions exceeded 
80% in 5   h, indicating that the presence of organized mesopores (and particularly 
of larger mesopores) is crucial in order to achieve a high catalytic performance. 
This tendency was the same as observed in previous studies of nonfunctionalized 
1 - decene metathesis  [28] , and was also seen in the cross - metathesis between  33  
and  18 . The  ring - closing metathesis  ( RCM ) of diethyl diallylmalonate  56  was also 
tested with the Re/OMA – Me 4 Sn catalytic system. Under optimal conditions (i.e., 
a substrate   :   Re molar ratio of 40   :   1; reaction temperature 25    ° C), a conversion of 
over 75% and 100% selectivity to  57  were achieved in 2   h with the Re/OMA cata-
lysts, of which the parent supports had pore diameters of 4 – 7   nm. In contrast, a 
much lower conversion (ca. 50%) was observed for the Re/OMA prepared from 
the mesoporous alumina with a 3   nm pore diameter, again indicating the impor-
tance of larger mesopores also for this RCM reaction. It is of interest to note that 
 56  deactivated the Re/OMA catalysts more intensively than did  33 . Although the 
reason for this was not proposed, the present authors suggest that the strong 
interaction of the active Re sites with a polarized carbonyl group in  56  would 
inhibit the metathesis. 

 Aguado  et al . investigated the metathesis of 1 - hexene  25  over rhenium oxide 
supported on a commercially available alumina, and their original mesoporous 
alumina  [32] . The commercial material was the MSU - type alumina synthesized 
with nonionic polyethylene oxides (Table  15.1 , I), whereas the original alumina was 
prepared by the hydrolysis of aluminum isopropoxide in the presence of 
a cationic surfactant of CTAB at pH  ≈  1; the latter mixture was then heated at 80    ° C, 
dried at 110    ° C, and calcined at 550    ° C. Rhenium oxide was loaded onto the alumi-
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nas (using an impregnation method) from an aqueous solution of HReO 4 , followed 
by drying at 110    ° C, calcination under a dry air fl ow, and cooling to room tempera-
ture under a dry N 2  fl ow. The decrease in surface area after rhenium oxide loading 
was noticeable for the commercial mesoporous alumina (MSU), with the value 
changing from 317 to 187   m 2    g  − 1 . In contrast, a much smaller decrease, from 300 
to 274   m 2    g  − 1 , was observed for the original alumina (SGAL). The pore sizes, on 
the other hand, were enlarged from 5.3 to 7.4   nm and from 6.9 to 8.5   nm 
for MSU and SGAL, respectively. The activity order for the metathesis of  25  per-
formed at 40    ° C, Re 2 O 7 /MSU    >    Re 2 O 7 /SGAL  >>  Re 2 O 7 /  γ    - Al 2 O 3  (conventional), 
clearly demonstrated the superiority of mesoporous alumina as a support for 
rhenium oxide, where 9   wt% of Re 2 O 7  was loaded onto each alumina. Selectivity 
for the self - metathesis product  26  exceeded 99% for all of these catalysts. It is also 
noteworthy that rhenium leaching was not observed by  inductively coupled plasma  
( ICP ) analysis for all of the reactions. The effect of modifying the solvent and Re 2 O 7  
content in Re 2 O 7 /SGAL revealed dodecane to be the best solvent for the metathesis, 
and the optimum loading to be 6 – 10   wt%. The authors examined the surface acidity 
of the catalysts in detail. Subsequent  31 P MAS NMR spectroscopy using triethyl-
phosphine oxide as a probe molecule indicated that the intensity of the peak at 
approximately 80   ppm, which is attributed to the strongest Lewis acids sites, 
increased in the order of Re 2 O 7 /MSU    >    Re 2 O 7 /SGAL    >>    Re 2 O 7 /  γ    - Al 2 O 3 , which was 
also in good agreement with the activity order for the metathesis. The absence 
of Br ö nsted acid sites on the catalysts was confi rmed by the  diffuse refl ectance 
infrared Fourier transform  ( DRIFT ) spectra of adsorbed pyridine. The authors 
concluded that the metathesis activity was mainly governed by the surface Lewis 
acidity, and insisted that the importance of the interaction between the monomeric 
rhenium species and the Lewis acid Al 3+  sites on mesoporous alumina would gener-
ate active rhenium sites, as had been proposed by Oikawa  et al . (see Figure  15.13 ). 

 It seems that the major task in heterogeneous catalytic olefi n metathesis chem-
istry is to develop functional group - tolerant, highly active catalysts. As described 
above, Balcar  et al.  have reported that rhenium oxide, when supported on mesopo-
rous alumina and with Me 4 Sn as cocatalyst, will promote the metathesis of olefi ns 
containing oxygen atoms  [31] . Oikawa and coworkers, on the other hand, have 
developed methyltrioxorhenium (MTO, MeReO 3 ) doped on a ZnCl 2  - modifi ed mes-
oporous alumina as a functional group - tolerant, heterogeneous catalyst  [30] . The 
mesoporous alumina used was the L A383  alumina (Table  15.1 , II, calcined fi nally 
at 600    ° C), while ZnCl 2  was doped onto the alumina using an impregnation method 
from an ethanolic solution, followed by drying and calcination at 400    ° C. Subse-
quent characterization by N 2  adsorption – desorption showed that the ZnCl 2  - modi-
fi ed mesoporous alumina (denoted ZnCl 2 // meso  - Al 2 O 3 ) had regular mesopores 
with a relatively narrow pore - size distribution and a high surface area. The 
ZnCl 2 // meso  - Al 2 O 3  was suspended in CH 2 Cl 2 , and to the suspension was added a 
solution of MTO in CH 2 Cl 2  to yield the catalyst (denoted MTO/ZnCl 2 // meso  - Al 2 O 3 ). 
Typically, 3.0   wt% MTO was loaded and an Al/Zn ratio of 16 was chosen. Olefi ns 
with ester ( 35 ,  36 ,  39  –  41 ,  45 ), ketone ( 47 ), bromide ( 49 ), and chloride ( 50 ) groups 
were converted into the corresponding products at much higher yields with MTO/
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ZnCl 2 // meso  - Al 2 O 3  than with MTO/SiO – Al 2 O 3 , as developed previously by 
Herrmann  et al . as a functional group - tolerant heterogeneous catalyst. When the 
effect of the pore size of the parent mesoporous alumina on catalytic performance 
was also investigated in the metathesis of methyl 10 - undecenoate  35 , the results 
revealed that the mesoporous alumina with larger pore sizes and pore volumes 
would afford the corresponding product  37  at higher yields. This trend was in 
perfect accord with that observed by the Czech group  [28, 29, 31] . 

 The ZnCl 2  - modifi ed mesoporous alumina (ZnCl 2 // meso  - Al 2 O 3 ) was designed in 
order that the mesoporous alumina should have a greater Lewis acidic character. 
The most interesting point here was that MTO, or a combination of MTO and 
ZnCl 2  in CH 2 Cl 2 , showed no catalytic ability for the olefi n metathesis. However, 
when MTO contacted with the ZnCl 2 // meso  - Al 2 O 3  support, the MTO/ZnCl 2 //
 meso  - Al 2 O 3  catalyst promoted the metathesis effi ciently because the MTO was 
activated by the Lewis acidic sites on ZnCl 2 // meso  - Al 2 O 3 . This was the fi rst example 
of a catalytic reaction in which organometallic intermediates were activated by 
Lewis acidic inorganic supports. The Lewis acid character of ZnCl 2 // meso  - Al 2 O 3  
provided another feature; in the metathesis of simple olefi ns such as 1 - octene  18  
and 7 - hexadecene  27 , catalyzed by MTO/ZnCl 2 // meso  - Al 2 O 3 , no olefi n isomeriza-
tion was observed because the Lewis acid sites had no ability to shift a double bond 
in the olefi n. In contrast, MTO/SiO 2  – Al 2 O 3  (Herrmann ’ s catalyst) produced a 
variety of olefi ns as SiO 2  – Al 2 O 3  was seen to be a typical Br ö nsted acid support and 
to promote olefi n isomerization prior to or during the metathesis.  

  15.3.6 
 Oxidative Dehydrogenation 

 Oxidative dehydrogenation involves the catalytic dehydrogenation of alkanes to the 
corresponding alkenes in the presence of gaseous oxygen. One of the most active 
catalysts for this reaction is alumina - supported vanadium oxide, and this especially 
effective for ethane and propane. Concepci ó n  et al . employed mesoporous alumina 
as support and conducted the oxidative dehydrogenation of ethane  64  to ethylene 
 20  (Table  15.2 , VI)  [33] . The mesoporous alumina was synthesized using a method 
similar to that of Davis, with stearic acid as a surfactant (Table  15.1 , II). Vanadium 
was loaded onto the alumina by impregnation from an ethanolic solution of 
vanadyl acetylacetonate, followed by drying with a rotary evaporator and calcination 
at 600    ° C. The mesoporous structure was preserved up to a V - loading of 17.4   wt%. 
Anlayses with UV - DRS and  51 V wide - line and MAS NMR spectroscopy indicated 
that the mesoporous alumina behaved similar to conventional alumina for the 
V - loading, except that it permitted the incorporation of a greater amount of vana-
dium atoms, without forming the polymeric vanadium species  “ bulk - type ”  V 2 O 5  
composed of octahedral V 5+  species. This effect can be explained in terms of the 
larger surface area of mesoporous alumina compared to conventional alumina. 
Although the specifi c activity per vanadium atom was lower on mesoporous 
alumina than on conventional alumina, the mesoporous alumina - supported vana-
dium catalyst could afford higher space - time yields and selectivity for the oxidative 
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dehydrogenation of  64  to  20 , due to the larger number of active tetrahedral V 5+  
species. The mesoporous catalyst containing 9.7   wt% vanadium was best in terms 
of selectivity and showed a good catalytic performance at higher reaction tempera-
tures. A V - content  > 9.7   wt% led to the formation of more octahedral V 5+  species 
and Br ö nsted acid sites, which promoted an unfavorable deep oxidation of  64  and 
 20  to carbon oxides. 

 Later, the same group investigated the effect of molybdenum addition on the 
catalysis (Table  15.2 , VI)  [34] . Molybdenum (ammonium heptamolybdate) and 
vanadium were each loaded onto the mesoporous alumina in similar fashion, with 
a Mo/(Mo   +   V) ratio of 0.32 to 0.77. Increasing this ratio led to a decrease in the 
surface area, although the change was not signifi cant (surface area range: 213 –
 248   m 2    g  − 1 ). Characterization by XRD and Raman spectroscopy revealed an absence 
of molybdovanadate species (i.e., mixed Mo – V – O species), indicative of the high 
metal dispersion on the catalysts due to the high surface area of mesoporous 
alumina. A synergetic effect between Mo and V was observed in terms of the better 
activity and selectivity compared to the pure Mo and V catalysts. The authors 
proposed two reasons for the favorable effect of Mo addition: (i) the coverage of 
nonselective sites of mesoporous alumina by molybdenum species, which sup-
pressed the formation of carbon oxides and increased the selectivity to ethylene; 
and (ii) the formation of active molybdovanadate species, even though such species 
could not be observed with XRD and Raman spectroscopy. In all cases, the use of 
mesoporous alumina as a support led to a higher activity and selectivity than when 
using conventional   γ    - Al 2 O 3 , this being consistent with a former report  [33] .  

  15.3.7 
 Oxidative Methanol Steam Reforming 

 The  oxidative steam reforming of methanol  ( OSRM ) represents a promising cata-
lytic process for the production of hydrogen from methanol, water, and oxygen. 
The process is a combination of the endothermic methanol steam reforming with 
the exothermic partial oxidation of methanol, with a zero net enthalpy. Lenarda 
 et al . synthesized fi nely dispersed Pd – Zn on mesoporous alumina as catalyst for 
the OSRM reaction (Table  15.2 , VII)  [35] . The mesoporous alumina was synthe-
sized with stearic acid as surfactant, using a method similar to that of Davis (Table 
 15.1 , II, calcined fi nally at 500    ° C). Palladium was then loaded onto the alumina by 
impregnation from an ethanolic solution of palladium acetate, and the resultant 
solid subsequently contacted with Zn(BH 4 ) 2  in diethyl ether solvent, followed by 
drying. The as - made material (denoted PZBAA) was reduced in a hydrogen - fl ow 
at 500    ° C to give the mesoporous alumina - supported Pd – Zn alloy catalyst (denoted 
PZBAAr), which contained 1.7   wt% Pd and 12.9   wt% Zn. Both the PZBAAr and 
PZBAA samples showed type IV isotherms with a hysteresis loop typical of mes-
oporous materials. The surface area and pore volume of PZBAAr were smaller than 
those of the parent mesoporous alumina, but the pore - sizes were almost the same. 
The XRD, XPS, and IR spectra of adsorbed CO revealed that the Pd – Zn alloy was 
not present on PZBAA, but formed only after a high - temperature 
treatment with hydrogen - fl ow (i.e., on PZBAAr). The OSRM was carried out with 
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a fi xed - bed, continuous - fl ow reactor using the PZBAAr catalyst pretreated in a 
stream of O 2  at 400    ° C, followed by H 2  at 400    ° C. In order for the reaction to take 
place, a temperature above 250    ° C was required, and the methanol conversion 
reached 100% at 350    ° C, giving H 2  in a yield of 2.52% (defi ned as: (mol of H 2 )/(mol 
of CH 3 OH), theoretical value: 2.75). The reaction at 350    ° C, however, also afforded 
3% CO that was not the OSRM product. Both XPS and IR studies of CO adsorption 
implied the presence of metallic Pd on the surface, which could promote CO for-
mation reactions such as the decomposition of methanol and the reverse water 
gas - shift reaction. The authors stressed that the high H 2  yield at 350    ° C with the 
PZBAAr catalyst was unusual for such low active metal loadings.   

  15.4 
 Conclusions and Outlook 

 Today, mesoporous alumina is becoming a relatively  “ common ”  catalyst and cata-
lyst support, with several synthetic methods using various types of structure -
 directing agents having been developed. Nonetheless, the search continues to 
produce mesoporous alumina with better structural qualities. Whilst mesoporous 
alumina itself exhibits a unique catalytic performance, as seen in the base catalysis 
in scCO 2 , it serves as a much better support for metal - loading compared to con-
ventional alumina, owing to its intrinsic high surface area. Interestingly,  “ molecu-
lar sieving, ”  which is well established in zeolite catalysis chemistry, has also been 
observed in several olefi n - metathesis reactions promoted by mesoporous, alu-
mina - supported Re catalysts. It is expected that these fundamental studies and 
future investigations in this area will lead to the practical use of mesoporous 
alumina as both catalyst and catalyst support in large - scale production processes 
in the chemical industry.  
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16      Č ejka ,  J.  ,    Ž ilkova ,  N.  ,   Rathousk ý  ,  J.   and 
  Zukal ,  A.   ( 2001 )  Phys. Chem. Chem. Phys. , 
 3 ,  5076 .  

17   (a)   Yamaguchi ,  G.   and   Yanagida ,  H.   
( 1962 )  Bull. Chem. Soc. Jpn. ,  35 ,  1896 . 
 (b)   Yanagida ,  H.   and   Yamaguchi ,  G.   
( 1964 )  Bull. Chem. Soc. Jpn. ,  37 ,  1229 . 
 (c)   Yanagida ,  H.  ,   Yamaguchi ,  H.   and 
  Kubota ,  J.   ( 1965 )  Bull. Chem. Soc. Jpn. , 
 38 ,  2194 .  

18   (a)   Seki ,  T.   and   Onaka ,  M.   ( 2005 )  Chem. 
Lett. ,  34 ,  262 . 
 (b)   Seki ,  T.   and   Onaka ,  M.   ( 2006 )  J. Phys. 
Chem. B ,  110 ,  1240 . 
 (c)   Seki ,  T.   and   Onaka ,  M.   ( 2006 )  Catal. 
Surv. Asia ,  10 ,  138 .  

19     Seki ,  T.   and   Onaka ,  M.   ( 2007 )  J. Mol. 
Catal. A ,  263 ,  115 .  

20     Seki ,  T.  ,   Ikeda ,  S.   and   Onaka ,  M.   ( 2006 ) 
 Microporous Mesoporous Mater. ,  96 ,  121 .  

21     Yin ,  D.  ,   Qin ,  L.  ,   Liu ,  J.     Li ,  C.   and   Jin ,  Y.   
( 2005 )  J. Mol. Catal. A ,  240 ,  40 .  

22     Chaube ,  V.D.  ,   Shylesh ,  S.   and   Singh ,  A.P.   
( 2005 )  J. Mol. Catal. A ,  241 ,  79 .  

23     Kim ,  P.  ,   Kim ,  Y.  ,   Kim ,  C.  ,   Kim ,  H.  ,   Park , 
 Y.  ,   Lee ,  J.H.  ,   Song ,  I.K.   and   Yi ,  J.   ( 2003 ) 
 Catal. Lett. ,  89 ,  185 .  

24     Kim ,  P.  ,   Kim ,  Y.  ,   Kim ,  H.  ,   Song ,  I.K.   and 
  Yi ,  J.   ( 2004 )  J. Mol. Catal. A ,  219 ,  87 .  

25     Kim ,  P.  ,   Kim ,  Y.  ,   Kim ,  H.  ,   Song ,  I.K.   and 
  Yi ,  J.   ( 2005 )  J. Mol. Catal. A ,  231 ,  247 .  

26     Kalu ž a ,  L.  ,   Zdra ž il ,  M.  ,    Ž ilkova ,  N.   and 
   Č ejka ,  J.   ( 2002 )  Catal. Commun. ,  3 ,  151 .  

27   (a)   Onaka ,  M.   and   Oikawa ,  T.   ( 2002 ) 
 Chem. Lett. ,  850 . 
 (b)   Oikawa ,  T.  ,   Ookoshi ,  T.  ,   Tanaka ,  T.  , 
  Yamamoto ,  T.   and   Onaka ,  M.   ( 2004 ) 
 Microporous Mesoporous Mater. ,  74 ,  93 .  

28     Balcar ,  H.  ,   Hamtil ,  R.  ,    Ž ilkov á  ,  N.   and 
   Č ejka ,  J.   ( 2004 )  Catal. Lett. ,  97 ,  25 .  

29     Hamtil ,  R.  ,    Ž ilkov á  ,  N.  ,   Balcar ,  H.   and 
   Č ejka ,  J.   ( 2006 )  Appl. Catal. A ,  302 ,  193 .  

30     Oikawa ,  T.  ,   Masui ,  Y.  ,   Tanaka ,  T.  ,   Chujo , 
 Y.   and   Onaka ,  M.   ( 2007 )  J. Organomet. 
Chem. ,  692 ,  554 .  

31     Balcar ,  H.  ,   Hamtil ,  R.  ,    Ž ilkov á  ,  N.  , 
  Zhang ,  Z.  ,   Pinnavaia ,  T.J.   and    Č ejka ,  J.   
( 2007 )  Appl. Catal. A ,  320 ,  56 .  

32     Aguado ,  J.  ,   Escola ,  J.M.  ,   Castro ,  M.C.   and 
  Paredes ,  B.   ( 2005 )  Appl. Catal. A ,  284 ,  47 .  

33     Concepci ó n ,  P.  ,   Navarro ,  M.T.  ,   Blasco ,  T.  , 
  L ó pez Nieto ,  J.M.  ,   Panzacchi ,  B.   and   Rey , 
 F.   ( 2004 )  Catal. Today ,  96 ,  179 .  

34     Solsona ,  B.  ,   Dejoz ,  A.  ,   Garcia ,  T.  , 
  Concepci ó n ,  P.  ,   Lopez Nieto ,  J.M.  , 
  V á zquez ,  M.I.   and   Navarro ,  M.T.   ( 2006 ) 
 Catal. Today ,  117 ,  228 .  

35     Lenarda ,  M.  ,   Moretti ,  E.  ,   Storaro ,  L.  , 
  Patrono ,  P.  ,   Pinzari ,  F.  ,   Rodr í guez -
 Castell ó n ,  E.  ,   Jim é nez - L ó pez ,  A.  ,   Busca , 
 G.  ,   Finocchio ,  E.  ,   Montanari ,  T.   and 
  Frattini ,  R.   ( 2006 )  Appl. Catal. A ,  312 , 
 220 .  

36     Kim ,  Y.  ,   Lee ,  B.   and   Yi ,  J.   ( 2002 )  Korean J. 
Chem. Eng. ,  19 ,  908 .  

37   (a)   Schrock ,  R.R.   and   Hoveyda ,  A.H.   
( 2003 )  Angew. Chem. Int. Ed. Engl. ,  42 , 
 4592 . 
 (b)   Trnka ,  T.M.   and   Grubbs ,  R.H.   ( 2001 ) 
 Acc. Chem. Res. ,  34 ,  18 .   

 

  





 Nanoceramics for Medical Applications  
  Besim   Ben - Nissan   and   Andy H.   Choi        

   523

Advanced Nanomaterials. Edited by Kurt E. Geckeler and Hiroyuki Nishide
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31794-3

16

   16.1 
 Introduction 

  “ Nanostructured materials ”  refer to certain materials which have delicate struc-
tures and sizes that fall within the range of 1 to 100   nm. As a consequence of this 
size, an extensive development of nanotechnology has taken place in the fi elds of 
materials science and engineering during the past decade. Yet, such developments 
have not come as a surprise, when it is appreciated that these nanostructured 
materials have the ability to be adapted and integrated into biomedical devices. 
This is possible because most biological systems, including viruses, membranes 
and protein complexes, exhibit natural nanostructures. 

 The microstructure and properties of nanostructured materials depend in 
an extreme manner on the method of their synthesis method, as well as on 
their processing route. Consequently, it is extremely important to select the 
most appropriate technique when preparing nanomaterials with desired proper-
ties and property combinations. The synthesis techniques most commonly used 
for the production of advanced ceramics include pressing, as well as wet chemical 
processing techniques such as co - precipitation and sol – gel, all of which have 
been used to produce nanoparticles, nanocoatings, and nanostructured solid 
blocks and shapes. 

 In modern ceramics technology,  pressing  is accomplished by placing the powder 
into a die and applying pressure to achieve compaction.  Hot pressing  ( HP ) and 
 hot isostatic pressing  ( HIP ) are the most common methods used to produce 
bioceramics. HIP can induce the higher densities and small grain structures 
required by bioceramics, whereby heat and pressure are applied simultaneously 
and the pressure is applied from all directions via a pressurized gas such as helium 
or argon. In contrast, fl at plates or blocks and nonuniform components are rela-
tively easily produced using HP. 

  Sol – gel processing  is unique in that it can be used to produce different forms, 
such as powders, platelets, coatings, fi bers and monoliths of the same composi-
tion, merely by varying the chemistry, viscosity, and other factors of a given solu-
tion. The advantages of the sol – gel technique are numerous: 
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   •      it is of the nanoscale  
   •      it results in a stoichiometric, homogeneous and pure product, owing to mixing 

on the molecular scale  
   •      high purity can be maintained as grinding can be avoided  
   •      it allows reduced fi ring temperatures due to the small particle sizes with high 

surface areas  
   •      it can be used to produce uniform, fi ne - grained structures  
   •      it allows the use of different chemical routes (alkoxide or aqueous - based)  
   •      it is easily applied to complex shapes with a range of coating techniques.    

 Sol – gel coatings also have the added advantages that the costs of the precursors 
are relatively unimportant, owing to the small amounts of materials required. 
Shrinkage up to a number of coatings, depending on the chemistry, is fairly 
uniform perpendicular to the substrate, and the coatings can dry rapidly without 
cracking. Shrinkage becomes an important issue, however, in monolith ceramic 
production. 

 At present, the most common materials in clinical use are those selected from a 
handful of well - characterized and available biocompatible ceramics, including 
metals, polymers, and their combinations as composites or hybrids. These unique 
production techniques, together with the development of new enabling technolo-
gies such as microscale, nanoscale, bioinspired fabrication (biomimetics) and 
surface modifi cation methods, have the potential to drive at an unprecedented rate 
the design and development of new nanomaterials useful for medical applications. 

 The current focus is on the production of new nanoceramics that are relevant 
to a broad range of applications, including: implantable surface - modifi ed medical 
devices for better hard -  and soft - tissue attachment; increased bioactivity for tissue 
regeneration and engineering; cancer treatment; drug and gene delivery; treat-
ment of bacterial and viral infections; delivery of oxygen to damaged tissues; 
imaging; and materials for minimally invasive surgery. A more futuristic view, 
which could in fact become reality within two decades, includes nanorobotics, 
nanobiosensors, and micronanodevices for a wide range of biomedical 
applications. 

 A  biomaterial , by defi nition, is a nondrug substance that is suitable for inclusion 
in systems that augment or replace the function of bodily tissues or organs. A 
century ago, artifi cial devices made from materials as diverse as gold and wood 
were developed to a point where they could replace the various components of the 
human body. These materials were capable of being in contact with bodily fl uids 
and tissues for prolonged periods of time, while eliciting little, if any, adverse 
reactions. 

 When these synthetic materials are placed within the human body, the tissues 
react towards the implant in a variety of ways. The mechanism of tissue inter-
action at a nanoscale level is dependent on the response to the implant surface, 
and as such three terms which describe a biomaterial, with respect to the 
tissues ’  responses, have been defi ned, namely  bioinert ,  bioresorbable , and  bioactive  
(Figure  16.1   ): 



 16.1 Introduction  525

   •       Bioinert  refers to any material that, once placed within the human body, has a 
minimal interaction with its surrounding tissue; examples include stainless 
steel, titanium, alumina, partially stabilized zirconia, and ultra - high - molecular -
 weight polyethylene.  

   •       Bioactive  refers to a material which, upon being placed within the human 
body, interacts with the surrounding bone and, in some cases, even soft 
tissue.  

   •       Bioresorbable  refers to a material that, upon placement within the human body, 
begins to dissolve or to be resorbed and slowly replaced by the advancing tissues 
(e.g., bone).    

 During the early 1970s, bioceramics were employed as implants to perform sin-
gular, biologically inert roles. The limitations of these synthetic materials as tissue 
substitutes were highlighted with the increasing realization that the cells and 
tissues of the body perform many other vital regulatory and metabolic roles. The 
demands of bioceramics have since changed, from maintaining an essentially 
physical function without eliciting a host response, to providing a more positive 
interaction with the host. This has been accompanied by increasing demands on 
medical devices that they not only improve the quality of life but also extend its 
duration. Most importantly, nanobioceramics    –    at least potentially    –    can be used as 
body interactive materials, helping the body to heal, or promoting the regeneration 
of tissues, thus restoring physiological functions. 

 The main factors in the clinical success of any biomaterial are its  biocompat-
ibility  and  biofunctionality , both of which are related directly to tissue/implant 
interface interactions. This approach is currently being explored in the develop-
ment of a new generation of nanobioceramics with a widened range of medical 
applications. The improvement of interface bonding by nanoscale coatings, based 

     Figure 16.1     Classifi cation of bioceramics 
according to their bioactivity. (a) Bioinert 
(alumina dental implant); (b) Bioactive, 
hydroxyapatite (Ca 10 (PO 4 ) 2 (OH) 2 ) coating on a 

metallic dental implant; (c) Surface - active, 
bioglass or A - W glass; (d) Bioresorbable 
tricalcium phosphate implant [Ca 3 (PO 4 ) 2 ].  



 526  16 Nanoceramics for Medical Applications

on biomimetics, has been of worldwide interest during the past decade, and 
today several companies are in early commercialization stages of new - generation, 
nanoscale - modifi ed implants for orthopedic, ocular, and maxillofacial surgery, 
as well as for hard -  and soft - tissue engineering. 

  Biomimetic processing  is based on the notion that biological systems store and 
process information at the molecular level, and the extension of this concept to 
the processing of nanocomposites for biomedical devices and tissue engineering, 
such as scaffolds for bone regeneration, has been brought out during the past 
decade  [1] . Several research groups have reported the synthesis of novel bone 
nanocomposites of  hydroxyapatite  ( HAp ) and collagen, gelatin, or chondroitin 
sulfate, through a self - assembly mechanism. These self - assembled experimental 
bone nanocomposites have been reported to exhibit similarities to natural bone in 
not only their structure but also their physiological properties  [2] . 

 The term   nanocomposite   can be defi ned as a heterogeneous combination of two 
or more materials, in which at least one of those materials should be on a nanom-
eter - scale. By using the composite approach, it is possible to manipulate the 
mechanical properties such as strength and modulus of the composites closer to 
those of natural bone, with the help of secondary substitution phases. For example, 
HAp – polymer composites have been shown to have an elastic modulus close to 
that of bone. 

 The fabrication of a nanocomposite can be achieved by physically mixing or 
introducing a new component into an existing nanosized material, which allows 
for property modifi cations of the nanostructured materials and may even offer 
new material functions. For example, some biopolymers and biomolecules, such 
as  poly(lactic acid)  ( PLA ),  poly(lactic -  co  - glycolic acid)  ( PLGA ), polyamide, collagen, 
silk fi brin, chitosan, and alginate have been reported to mix into  nanohydroxyapa-
tite  ( nanoHAp ) systems. 

 Another form of nanocomposite which has been developed for biomedical appli-
cations is the  gel system . For this, nanostructured materials can be entrapped in to 
a gel (a  three - dimensional  ( 3 - D ) network immersed in a fl uid), such that the prop-
erties of the nanomaterials can be improved and tailored to suit the specifi c needs 
of certain biomedical devices. A  nanogel , which is a nanosized, fl exible hydrophilic 
polymer gel  [3] , is an example of a gel that can be used in drug delivery carriers. 
These nanogels can bind and encapsulate spontaneously (through ionic interac-
tions) any type of negatively charged oligonucleotide drug. A key advantage of 
nanogels is that they allow for a high  “ payload ”  of macromolecules (up to 50   wt%), 
a value which normally cannot be approached with conventional nanodrug carriers 
 [4] . Recently, a novel intracellular biosensor has been fabricated by entrapping 
indicator dyes into an acrylamide hydrogel  [5, 6] , whilst a  carbon nanotube  ( CNT ) 
aqueous gel has been developed as an enzyme - friendly platform for use in enzyme -
 based biosensors  [7] . 

 This aim of this chapter is to provide information relating to the use of biocer-
amics for medical applications, including tissue engineering and regeneration 
using scaffolds and liposomes, nanoHAp powders for medical applications, 
calcium phosphate nanocoatings and other surface modifi cation techniques, simu-
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lated body fl uids, and nano -  and macrobioceramics for use in drug delivery and 
radiotherapy.  

  16.2 
 Tissue Engineering and Regeneration 

  16.2.1 
 Scaffolds 

 In the past, the development of bone tissue engineering has been directly related 
to changes in materials and nanotechnology. While the inclusion of materials 
requirements is standard in the design process of engineered bone substitutes, it 
is also critical to incorporate clinical requirements such that clinically relevant 
devices can be engineered. 

 Multiple clinical reasons exist for the development of bone tissue - engineering 
alternatives, including a need for better fi ller materials when reconstructing large 
orthopedic defects, and for orthopedic implants that are mechanically more suit-
able to their biological environment. The traditional biological methods of bone -
 defect management include  autografting  and  allografting . 

 Bone regeneration requires four components: (i) a morphogenetic signal; 
(ii) responsive host cells that will respond to the signal; (iii) a suitable carrier of 
this signal that can deliver it to specifi c sites then serve as scaffolding for the 
growth of the responsive host cells; and (iv) a viable    –    and most importantly    –    a 
well - vascularized host bed  [8 – 10] . A  scaffolding material  is used either to induce the 
formation of bone from the surrounding tissue, or to act as a carrier or template 
for implanted bone cells or other agents. 

 The process of  bone regeneration  is common to the repair of fractures. The incor-
poration of bone grafts, the skeletal homeostasis and the cascading sequence of 
biological events are often described as the   remodeling cycle  . Stem cells have been 
incorporated into a range of bioceramics and when implanted, can combine with 
mineralized 3 - D scaffolds to form highly vascularized bone tissue. These nanos-
cale cultured cell – bioceramic composites can be used to treat full - thickness gaps 
in long bone shafts, providing an excellent integration of the ceramic scaffold with 
bone, and a good functional recovery (Figure  16.2 ).   

 Peroglio  et al .  [11]  have produced and characterized  polycaprolactone  ( PCL ) -
 coated alumina scaffolds to validate the concept of polymer – ceramic composites 
with increased fracture resistance. Alumina scaffolds were sintered using a foam 
replication technique, and the polymer coating was obtained by infi ltrating the 
scaffold with either a PCL solution or nanodispersion. 

  Bioactive glasses  are amorphous, silica - based materials that are biocompatible, 
bioactive, osteoconductive and even osteoproductive. Sol – gel - derived bioactive 
glasses were developed by Hench  et al .  [12]  to produce 3 - D bioactive scaffolds 
with hierarchical interconnected pore morphologies similar to trabecular bone. 
The scaffolds consist of a pore network with macropores in excess of 500    μ m 
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that are connected by pore windows with diameters in excess of 100    μ m, this 
being the minimum pore diameter required for tissue ingrowth and vasculariza-
tion in the human body. The scaffolds also have textural porosity in the mesopore 
range (10 – 20   nm). The compressive strength reported was in the range of that 
for trabecular bone. In conclusion, Horsch  et al .  [12]  stated that, by combining 
these properties with those inherent to sol – gel - derived bioactive glass, these 
scaffolds would have high potential as scaffolds for bone tissue engineering 
applications. 

 Considerable attention has also been paid during the past two decades to bioac-
tive composite grafts that consists of a bioactive ceramic fi ller in a polymeric 
matrix. These bioactive composite grafts are designed essentially to achieve 
interfacial bonding between the graft and the host tissues. HAp/collagen, 
HAp/ polyethylene  ( PE ), and HAp/Ti - 6Al - 4V are notable examples of bioactive 
composite grafts  [13, 14] . 

 Of particular interest is the combination of HAp with collagen as a bioactive 
composite, as this appears to be a natural choice for bone grafting  [15] . Skeletal 
bones comprise mainly collagen and carbonate - substituted HAp, both of which 
are osteoconductive components; consequently, an implant manufactured from 
such components is likely to behave in similar fashion. A composite matrix, when 
embedded with human - like osteoblast cells, showed better osteoconductive prop-
erties compared to monolithic HAp, and produced calcifi cation of an identical 
bone matrix. In addition, collagen – HAp composites proved not only to be biocom-
patible in both humans and animals  [16] , but also to behave mechanically in a 
superior fashion to the individual components. Moreover, the ductile properties 
of collagen helped to increase the poor fracture toughness of HAps. 

 The reconstruction of bone tissue using nanocomposite bone grafts with struc-
ture, composition, physico - chemical, biomechanical, and biological features that 

     Figure 16.2     Bone regeneration therapy using 
marrow mesenchymal cells for bone - graft 
applications for increased bioactivity. (a) The 
marrow cell/hydroxyapatite composite scaffold 

is cultured in an osteogenic medium; 
(b) After two to three weeks of culture, the 
cultured bone graft/hydroxyapatite composite 
is inserted into a bone defect.  
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mimic those of natural bone, is a goal to be pursued. It is well known that natural 
bone consists of nanosized, plate - like crystals of HAp grown in intimate contact 
with an organic matrix which is rich in collagen fi bers. One novel approach to 
fabricating nanocomposite bone grafts, using strategies found in Nature, has 
recently received much attention and is perceived to be benefi cial over conven-
tional methods. A variety of production methods have been employed for the 
formation of collagen – HAp composite gels, fi lms, collagen - coated ceramics, 
ceramic - coated collagen matrices and composite scaffolds for spine and hard 
tissue repair  [17] . 

   Stem cells   are cells from an embryo, fetus, or adult that have the ability to repro-
duce for long periods, and can also give rise to specialized cells that comprise the 
tissues and organs of the body. When implanted onto immunodefi cient mice, 
stem cells were shown to combine with mineralized 3 - D scaffolds to form a highly 
vascularized bone tissue. Cultured cell – bioceramic composites can be used to treat 
defects across the bone diaphysis, with excellent integration of the ceramic scaffold 
with bone, and a good functional recovery  [18] . Excellent innovative studies with 
nanobioceramics are currently in progress, and clinical applications are becoming 
relatively common. 

 Vago and coworkers  [19]  have introduced a novel 3 - D biomatrix obtained from 
the marine hydrocoral  Millepora dichotoma  as a scaffold for hard - tissue engineer-
ing.  M. dichotoma  was biofabricated under both fi eld and laboratory conditions, 
and 3 - D biomatrices prepared in order to convert  mesenchymal stem cell s ( MSC s) 
to exemplify an osteoblastic phenotype. The effect of the biomatrices on the pro-
liferation and differentiation of MSCs was then examined at 2, 3, 4, 7, 10, 14, 21, 
28, and 42 days. The investigations included light microscopy,  scanning electron 
microscopy  ( SEM ) and  energy dispersive spectroscopy  ( EDS ), in addition to moni-
toring calcium incorporation into newly formed tissue (with Alizarin red staining), 
bone nodule formation (von Kossa staining), fat aggregate formation (oil red O 
staining), collagen type I immunofl uorescence, DNA concentrations,  alkaline 
phosphatase  ( ALP ) activity, and osteocalcin concentrations. The MSCs seeded onto 
 M. dichotoma  biomatrices showed higher levels of calcium and phosphate incor-
poration, and higher type I collagen levels, than did control  Porites lutea  biomatri-
ces. In addition, the ALP activity revealed that those MSCs seeded on  M. dichotoma  
biomatrices were highly osteogenic compared to those on control biomatrices. The 
osteocalcin content of MSCs seeded on  M. dichotoma  remained constant for up to 
two weeks, before surpassing that of seeded  P. lutea  biomatrices after 28 days. The 
investigators reported that  M. dichotoma  biomatrices enhanced the differentiation 
of MSCs into osteoblasts, and hence showed excellent potential as bioscaffolding 
for hard - tissue engineering. 

 As emerging areas, both tissue and implant engineering are evolving to address 
the shortage of human tissue and organs. Feasible and productive strategies have 
been aimed at combining a relatively traditional approach, such as bioceramic 
implants, with the acquired knowledge applied to the fi eld of cell growth and dif-
ferentiation of osteogenic cells. The core of the tissue engineering and regenerative 
medicine is the fabrication of scaffolds, in which a given cell population is seeded, 
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proliferated, and differentiated with the introduction of functional cell types from 
many different sources  [20] . 

 Nanostructured materials and their modifi ed forms offer some attractive pos-
sibilities in the fi elds of tissue and implant engineering, taking advantage of the 
combined use of living cells and 3 - D ceramic scaffolds (Figure  16.2 ) to deliver vital 
cells to the damaged site of the patient. Recently, bone - like nanostructure scaffolds 
have been developed using the technology of composites to imitate natural bone 
in bone - tissue engineering  [21] . 

 The results of recent studies have suggested that  bone marrow stromal cells  might 
be a potential source of osteoblasts and chondrocytes, and can be used to regener-
ate damaged tissues using a tissue - engineering approach. However, these strate-
gies require the use of an appropriate scaffold architecture that can support the 
formation  de novo  of bone and/or cartilage tissue, as in the case of osteochondral 
defects. Oliveira  et al .  [14, 22]  developed a novel  hydroxyapatite/chitosan  ( HAp/
CS ) bilayered scaffold by combining a sintering and a freeze - drying technique, 
aiming to show the potential of such scaffolds to be used in tissue engineering 
for osteochondral defects. Subsequently,  in vitro  (Phase 1) cell culture studies were 
carried out to evaluate the capacity of the HAp and CS layers to separately support 
the growth and differentiation of  goat bone marrow stromal cell s ( GBMC s) into 
osteoblasts and chondrocytes, respectively. The data showed not only that the 
GBMCs were able to adhere and proliferate but also that the constructs exhibited 
a great potential for use in tissue - engineering strategies, leading to the formation 
of adequate tissue substitutes for the regeneration of osteochondral defects. 

 The effects of surface chemistry modifi cations of titanium alloy (Ti - 6Al - 4V) with 
zinc, magnesium, or alkoxide - derived nanocrystalline  carbonate hydroxyapatite  
( CHAp ) on the regulation of key intracellular signaling proteins in  human bone -
 derived cell s ( HBDC s) cultured on these modifi ed Ti - 6Al - 4V surfaces, have been 
investigated in Australia by Zreiqat  et al .  [23] . The surface modifi cation with 
nanocrystalline CHAp was shown to contribute to successful osteoblast function 
and differentiation at the skeletal tissue – device interface. 

 The role of  gene therapy  in aiding wound healing and treating various diseases 
or defects has become increasingly important in the fi eld of tissue engineering. 
The use of 3 - D scaffolds in gene delivery has emerged as a popular and necessary 
delivery vehicle for obtaining controlled gene delivery. Ko  et al .  [24]  described the 
techniques to synthesize composite scaffolds by combining natural polymers such 
as agarose and alginate with  calcium phosphate  ( CaP ).  Alginate  has been used 
extensively in various applications such as cell encapsulation seeding, gene deliv-
ery, and antibody or growth factor entrapment and release, while  agarose  has been 
used as a scaffold involved in cartilage repair. The incorporation of CaP into the 
agarose or alginate hydrogels was performed  in situ . Ko  et al . concluded that, by 
incorporating CaP into the agarose or alginate hydrogel, they were able to synthe-
size a scaffold that was mechanically strong and chemically suitable for use as a 
gene - delivery vehicle in tissue engineering. 

 For many implants, a sustained and controlled release of antibacterial agents 
into the wound site is desirable for combating infection. A further advantage of 
nanostructured sol – gel - derived glasses is that silver, which is known to have anti-
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bacterial properties, can be incorporated into the glass composition. The addition 
of silver ions to bioactive glasses has also been investigated by Jones  et al .  [25] , for 
the production of glasses with bactericidal properties. A bioactive glass scaffold 
containing 2   mol% silver was shown to release silver ions at a rate shown previ-
ously to be bactericidal in, but not cytotoxic to, bone cells.  

  16.2.2 
 Liposomes 

 Liposomes are the most clinically established nanometer - scale systems currently 
used to deliver nontoxic and antifungal drugs, genes, and vaccines; they are also 
being used as imaging agents. Liposomes consist of a single layer, or multiple 
concentric lipid bilayers, that encapsulate an aqueous compartment. The outstand-
ing clinical profi le of liposomes, compared to other delivery systems, is based on 
their biocompatibility, biodegradability, reduced toxicity, and capacity for size and 
surface manipulations  [26] . 

 Nanometer - sized particles, such as superparamagnetic iron oxides, semicon-
ducting nanocrystals, silica nanoparticles, and calcium phosphate, each possess 
novel functions that include unique magnetic, optical, therapeutic, and medical 
properties. The encapsulation of these nanoparticles within liposomes may lead 
to an enhanced nanoparticle hydrophilicity, stability in plasma, and an overall 
improvement in their biocompatibility  [26 – 28] . Furthermore, by utilizing the 
ability of liposomes to carry hydrophilic and hydrophobic moieties, combinatory 
therapy/imaging modalities can be achieved by incorporating therapeutics and 
diagnostic agents into a single liposome - delivery system  [26] . 

 Semiconductor nanocrystals, known as  quantum dot s ( QD s) are fl uorescent 
nanoparticles with a diameter in the range of 1 to 10   nm. QDs offer distinct spec-
trofl uorometric advantages over traditional fl uorescent organic molecules, with 
typical fl uorescence characteristics 10 to 20 - fold brighter than conventional dyes. 
QDs also exhibit a greater photostability, a broad excitation wavelength range, a 
size - tunable spectrum, and a narrow and symmetric emission spectrum. On the 
basis of these photophysical characteristics QDs are currently being investigated 
as potential imaging agents, primarily in fl uorescence - based diagnostic applica-
tions  [26] . 

 The self - assembly of organized nanoscopic structures has been the subject of 
much interest in both colloidal and nanomaterials science. Indeed, some recent 
studies have shown that nanoscale liposomes can be used as a nanoscale template 
for the deposition of silica, so as to create a hollow silica nanoshell. These silicate 
materials have been used to encapsulate fl uorescent dyes, enzymes, polymer par-
ticles, and liquids  [27] . Moreover, the liposome – silica nanoparticle hybrid systems 
thus formed can be used in the design of biosensors, whereby the physical char-
acteristics of silica can be matched with the biocompatibility and pharmaceutical 
and pharmacodynamic properties of liposomes  [28] . 

 Calcium phosphate - based hybrid nanoparticles have shown great promise as 
candidates for drug delivery and bone regeneration systems, based on the excellent 
biocompatibility of calcium phosphate  [29] . Recently,  hydroxyapatite - coated 
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liposome s ( HACL s) were successfully manufactured and fi lled with a model 
hydrophobic (lipophilic) drug, namely  indomethacin  ( IMC )  [29] . In this process, 
the HAp layer was precipitated onto the liposomes, the aim being to provide the 
HACL with two functions: (i) that the inner core liposome provides a sustained 
drug release; and (ii) that the outer HAp layer provides the osteoconductivity for 
bone cells. The liposomes were formed from  1,2 - dimyristoyl -  sn  - glycero - 3 - phos-
phate  ( DMPA ) and 1,2 -  dimyristoyl -  sn  - glycero - 3 - phosphocholine  ( DMPC ). The 
results reported by Xu  et al .  [29]  indicated that precipitating HAp onto the liposome 
reduced the release rate of IMC compared to uncoated liposomes. In fact, under 
the conditions used, the 5   h period required to release 70% of the IMC from the 
liposomes was extended to 20   h when the liposomes were coated with HAp. 
Perhaps, more importantly, IMC release from the uncoated liposomes occurred 
more rapidly at pH 7.4 than at pH 4, whereas the HAp coating reduced the release 
rate at pH 7.4 compared to that at pH 4. Based on these fi ndings, Xu  et al . 
suggested that this effect might open up the possibility of creating  “ smart ”  
(pH - controlled) targeted drug delivery devices. 

 When Hang  et al .  [30]  used liposome - coated HAp and tricalcium phosphate as 
bone implants in the mandibular bony defect of miniature swine, they found the 
liposome - coated materials to be biocompatible. Moreover, the clinical endpoint 
was enhanced compared to that in the absence of liposomes. It was hypothesized 
that coating hydroxyapatite and tricalcium phosphate with negatively charged 
liposomes might improve the nucleation process for new bone formation. In 
experiments conducted in miniature swine, artifi cial bony defects on one side were 
implanted with either HAp - coated or tricalcium phosphate - coated liposomes, 
while defects on the other side served as controls. Histology and radiography 
performed at three and six weeks after surgery showed the coated liposome materi-
als to be biocompatible. At three weeks, the implant material was surrounded by 
dense connective tissues, whilst by six weeks, new bone formation was visible near 
the implanted material. Liposomes immobilized in agarose gel and implanted in 
the defects also showed new bony bridge formation.   

  16.3 
 Nanohydroxyapatite Powders for Medical Applications 

 Bone mineral is composed of nanocrystals or, more accurately, nanoplatelets 
which originally were described as HAp, and similar to the mineral  dahllite . Today, 
it is agreed that bone apatite may be better described as CHAp, and approximated 
by the formula (Ca,Mg,Na) 10 (PO 4 CO 3 ) 6 (OH) 2 . The composition of commercial 
CHAp is similar to that of bone mineral apatite. Bone pore sizes range from 1 to 
100   nm in normal cortical bone, and from 200 to 400   nm in trabecular bone tissue, 
with the pores being interconnected. 

  Orthopedic implants  used mainly for joint replacement and fracture fi xation 
include metallic (cobalt chromium or titanium alloys) implants, screws, plates 
and nails, and their various permutations and combinations. The most important 
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parameters for these implants are that they have the necessary wear resistance, 
allow for an adequate attachment to bone, and display the required strength, 
ductility, and elasticity. At a bone - implant – load - carrying interface, the greater the 
implant material stiffness, the greater load it can carry, compared to the sur-
rounding tissues. This imbalance in load, which is known as  stress shielding , can 
cause the bone tissue to be resorbed. An implant that is too rigid may also 
increase the likelihood of bone fracture, as the bone becomes osteoporotic 
(thinned) due to the excessive protection generated by the stress - shielding effect 
of the implant. 

  Macro - textured implants  nanocoated with calcium phosphate and possessing the 
appropriate bioactivity characteristics, bonding ability, and design, may be the 
answer to this serious problem. A range of new nanomaterial production compa-
nies are in the process of applying this new technology in orthopedic, cardiovas-
cular, and dental implants. 

 Nanotechnology has opened up novel techniques for the production of bone - like 
synthetic nanopowders and coatings of HAp. Indeed, the availability of HAp nano-
particles has opened up new opportunities for the design of superior biocompat-
ible coatings for implants, and the development of high - strength orthopedic and 
dental nanocomposites. 

 Although, bone - like HAp nanopowders and nanoplatelets (Figure  16.3 ) can be 
synthesized by a range of production methods, one very promising approach is 
to synthesize these materials via a sol – gel solution. The results of earlier studies 
have shown that, while biphasic sol – gel HAp products are easily synthesized, 
monophasic HAp powders and coatings are more diffi cult to produce. Many 
companies have successfully synthesized HAp nanoparticles with diameters in 
the range of 15 to 20   nm, and with HAp coatings 70   nm thick (Nanocoatings Pty. 
Ltd., Australia). The nanoparticles and nanoplatelets of HAp provide excellent 
bioactivity for integration into bone, which arises from their very high surface 
areas  [31, 32] .   

     Figure 16.3     Nanocrystalline carbonate apatite platelets formed by a sol – gel process.  
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 Several new production and surface - modifi cation techniques, including some 
sol – gel techniques,  chemical vapor deposition  ( CVD ), and plasma spray, have 
resulted in bonds with an excellent adhesive strength between the HAp and the 
substrate material, while others may be poor (e.g., electrophoretic deposition, 
various solution dip - coating systems, thermal spray). Currently, several companies 
and research groups are producing nanocomposites (e.g., NanoCoatings Pty Ltd, 
Australia; Mitsubishi Materials; ApaTech Ltd; Dentsply International; BioMet Int.; 
Wyeth BioPhamia; and Medtronic Sofamor Danek) that incorporate the macropar-
ticles and nanoparticles of HAp and organic and biogenic materials (e.g., polyeth-
ylene, synthetic peptides and collagen, growth factors). Such a combination 
provides mechanical strength that is not achievable by using nanoparticles alone. 
In addition, for some of these materials an enhanced bioactivity and mechanical 
properties have been reported in orthopedic and dental applications, such as bone 
cements and dental fi llings  [33] . 

 Saiz and coworkers  [34]  have focused on the sintering of porous HAp scaffolds 
fabricated using two techniques based on manipulation of the HAp slurries, 
namely  infi ltration of the polymer foams  and  robocasting : 

   •      The fi rst method involves the infi ltration of a polymer sponge with a ceramic 
slurry until the inner polymer walls are completely coated by the ceramic 
powders. Subsequently, the sample is fi red to remove the polymer and form a 
ceramic skeleton that is strengthened by sintering at high temperature.  

   •      The second technique involves the use of computer - driven rapid prototyping 
techniques to produce porous ceramic with anisotropic microstructures. This 
so - called  “ robocasting ”  is a simple technique used to produce porous ceramic 
parts with complex shapes. In robocasting, a ceramic ink is extruded through a 
thin nozzle to build a part layer - by - layer, following a computer design. Sintering 
in air at temperatures ranging between 1100    ° C and 1200    ° C yields dense 
materials with narrow, grain - sized distributions.    

 It has been stated that both techniques can be used to fabricate scaffolds with an 
adequate pore size capable of promoting bone ingrowth. 

 Khalyfa and coworkers  [35]  have developed a powder mixture comprising  tetra-
calcium phosphate  ( TTCP ) as the reactive component and   β  - tricalcium phosphate  
(  β  - TCP ) or calcium sulfate as a biodegradable fi ller, which can be printed with an 
aqueous citric acid solution. Two post - processing procedures    –    a sintering and a 
polymer infi ltration process    –    were established to substantially improve the 
mechanical properties of the printed devices. Specimens of different shapes and 
sizes have been printed to study the usability of the developed powder - binder 
systems in the 3 - D printing process; in this way a 3 - D scaffold with a thoroughly 
open channel system was produced. The printing of a human cranial segment, 
together with all its fi ligree structures, was successfully achieved using both pow-
der - binder systems, based on computed tomography scanning data of a human 
cranium. In all cases, the printed objects were strong enough to be handled manu-
ally, without damaging the integrity of the devices. Preliminary examinations on 
relevant application properties, including  in vitro  cytocompatibility testing, indi-
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cated that the new powder - binder system represented an effi cient approach to the 
creation of patient - specifi c ceramic bone substitutes and scaffolds for bone - tissue 
engineering. 

 Ordered tubular structures with open porosity were created by de Sousa and 
Evans  [36]  by using the microextrusion freeforming of a tubular latticework. The 
extrudate was a suspension of fi ne HAp powder in isopropyl alcohol with a 
polyvinyl butyral binder. The extruder consisted of a stepper - driven syringe fi tted 
with a miniature tube extrusion die. In this way, tubular lattice scaffolds and 
microsprings were successfully prepared from crowded ceramic suspensions of 
HAp. The lattices were then sintered at 1250    ° C to produce a ceramic that had 
potential as a bone scaffold and could accommodate growth promoters in a slow 
release form.  

  16.4 
 Nanocoatings and Surface Modifi cations 

  16.4.1 
 Calcium Phosphate Coatings 

 When considering an ideal material to replace and mimic bone, synthetic calcium 
phosphates are an obvious choice, as they can replicate the structure and composi-
tion of HAp, a bone mineral. However, despite having a similar composition and 
chemistry to that of human bone, the mechanical properties of calcium phosphate 
are far from being close to those of human bone, which limits their use for load -
 bearing applications. 

 Today ’ s solutions of materials for bone replacement are still far from ideal, with 
metallic implants remaining the fi rst choice for load - bearing applications. As all 
metallic orthopedic and dental implants are bioinert and do not bond chemically 
to bone, the only means of fi xation is by mechanical interlocks, whereby the 
implant must be manufactured in such a way that it possesses suitable surface 
roughness by micro -  and macro - texturing. By increasing the surface roughness, 
the surface area is increased and this in turn increases the area of fi xation. Other 
current methods for fi xing implants fi rmly in place are the use of screws or bone 
cement, which are both used in dental and orthopedic implants. 

 Most published information on HAp is classifi ed under calcium phosphate, to 
which HAp belongs. Therefore, the chemical properties will be viewed from the 
standpoint that HAp is calcium phosphate, although it will have different solubility 
and reactivities from other phosphates within the physiological environments. 

 Calcium phosphates are characterized by particular solubilities, such as when 
bonding to the surrounding tissues, and their ability to degrade and be replaced 
by advancing bone growth. As the calcium phosphate or HAp comes into contact 
with body fl uid, its surface ions can be exchanged with those of the aqueous solu-
tion; alternatively, various ions and molecules, such as collagen and proteins, can 
be adsorbed onto the surface  [31, 32] . 
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 The goal of calcium phosphate as a bioactive coating is to achieve a rapid biologi-
cal attachment to bone.  Biological fi xation  is defi ned as the process by which 
prosthetic components become fi rmly bonded to the host bone by bone in - growth, 
without the use of adhesive or mechanical fi xation. 

  Coatings  offer the possibility of modifying the surface properties of surgical -
 grade materials to achieve improvements in performance, reliability, and biocom-
patibility. More recently, techniques such as physical vapor deposition, thermal 
and electron beam evaporation, plasma  metalorganic chemical vapor deposition  
( MOCVD ), electrochemical vapor deposition, thermal or diffusion conversion and 
sol – gel processing have been used to produce both macro -  and nanocoatings. 

 HAp - coated implants have demonstrated extensive bone apposition in animal 
models. The development of good implant – bone interfacial strength is thought to 
be a result of the biological interactions of released calcium and phosphate ions. 
Quality HAp - coated implants heal faster and attach more completely to the bone. 
The long - term performance of a calcium - phosphate - coated implant depends on 
coating properties such as thickness, porosity, phases and crystallinity, implant 
surface roughness, and overall design. 

 In addition to the effects of surface topography and chemistry, thin depositions 
of HAp or calcium phosphate crystals on implants were found to accelerate early 
bone formation and increase the strength of the bond between implant and bone. 
A histologic and histomorphometric evaluation of the implant – bone interface was 
carried out by Orsini and coworkers  [37]  to determine the effects of a novel surface 
treatment created by discrete crystalline deposition of nanometer - sized calcium 
phosphate particles added to the dual acid - etched surface of dental implants placed 
in the human posterior maxilla. The bone – implant contact evaluations indicated 
that an increase in osteoconduction along the calcium phosphate - treated surface 
occurs during the fi rst two months after implant placement. These authors also 
stated that their results suggested that the nanometric deposition of calcium phos-
phate crystals could be clinically advantageous for shortening the implant healing 
period, providing earlier fi xation, and minimizing micromotion, thus allowing 
earlier loading and restoration of function for implants placed in areas with low -
 density bone. 

 During the past 20 years, four general industrial coating methods have been 
adapted for the production of bioactive coatings: 

   •       Spray coating  was developed by Ducheyne and colleagues, who used relatively 
thick (100    μ m to 2   mm) calcium phosphate coatings for bone in - growth  [38] .  

   •       Thick bioglass coating  was initiated and developed by Hench and colleagues for 
surface bioactivity  [39] .  

   •      The  “ self - assembly ”  of  biomimetics  by precipitation in a  simulated body fl uid  
( SBF ) solution  [40] .  

   •       Nanocoatings , using a range of methods including dipping in sol – gel HAp 
solutions to produce strong and bioactive coatings  [31] .    

 The sol – gel method in particular represents an attractive and versatile method, as 
it can be used to produce ceramic coatings from solutions by chemical means. It 
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is relatively easy to perform, and complex shapes can be coated. It has also been 
shown that the nanocrystalline grain structure results in improved mechanical 
properties. Sol – gel processing is also unique in that it can be used to produce 
different forms, such as powders, platelets, coatings, fi bers, and monoliths of the 
same composition, merely by varying the chemistry, viscosity, and a number of 
factors of a given solution. 

 The advantages of the sol – gel technique are numerous: it is of the nanoscale; it 
results in a stoichiometric, homogeneous and pure product, owing to mixing on 
the molecular scale; high purity can be maintained as grinding can be avoided; it 
allows reduced fi ring temperatures due to its small particle sizes with high surface 
areas; it has the ability to produce uniform fi ne - grained structures; it allows the 
use of different chemical routes; and it is easily applied to complex shapes with a 
range of coating techniques, including dip, spin, and spray deposition (Figure 
 16.4 ). Furthermore, sol – gel coatings have the added advantages that the costs of 
precursors are relatively unimportant, owing to the small amounts of materials 
required  [31] .   

 The lower processing temperature has another advantage, namely that it avoids 
the phase transition ( ∼ 1156   K) observed in titanium - based alloys used for biomedi-
cal devices. 

 Currently, companies are producing HAp nanoparticles with diameters in the 
range of 15 to 20   nm. Various sol – gel routes have been used for the production of 
synthetic HAp. A number of studies have been carried out on a range of precur-
sors to produce pure nanocrystalline apatites for medical applications. A coating 
thickness in the range of 70 – 90   nm has been reported by some investigators 
 [31, 32] . 

     Figure 16.4     Schematic showing the stages of the sol – gel 
dipping process and densifi cation stages of nanocrystalline 
coating process.  
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 Ti metal forms a nanoscale sodium titanate hydrogel layer on its surface, when 
it is soaked in 5    M  NaOH solution at 60    ° C for 24   h. In Japan, a large number of 
patients have been reported to receive artifi cial total hip joints of Ti alloy, modifi ed 
with titanium beads subjected to NaOH treatments.  

  16.4.2 
 Sol – Gel Nanohydroxyapatite and Nanocoated Coralline Apatite 

 Current bone graft materials are mainly produced from coralline HAp. Due to the 
nature of the conversion process, commercial coralline HAp has retained coral or 
CaCO 3  and the structure possesses nanopores within the inter - pore trabeculae, 
resulting in high dissolution rates. Under certain conditions, these features reduce 
durability and strength, respectively, and are not utilized where high structural 
strength is required. To overcome these limitations, a new double - stage conversion 
technique was developed by Ben - Nissan and coworkers  [23, 31, 32] . 

 The current technique involves a two - stage application route whereby, in the 
fi rst stage, a complete conversion of coral to pure HAp is achieved. In the second 
stage, a sol – gel - derived HAp nanocoating is applied directly to cover the meso -  and 
nanopores within the intra - pore material, while maintaining the large pores for 
appropriate bone growth. The process is shown in Figure  16.5 .   

 The compression and biaxial strengths, fracture toughness, and Young ’ s 
modulus were each improved as a result of this unique double treatment. Applica-
tion of the treatment method is expected to result in an enhanced bioactivity due 
to the nanograin size    –    and hence large surface area    –    that increases the reactivity 
of the nanocoating. It is anticipated that this new material could be applied 
to load - bearing bone - graft applications where high - strength requirements are 
pertinent. 

     Figure 16.5     Stages of nanocrystalline 
hydroxyapatite - coated coralline apatite 
formation. (a) An enlarged micrograph of a 
coral skeleton spine area that has very sharp 
meso -  and nanopore platelet regions; 

(b) Surface morphological changes of the 
coral after conversion to hydroxyapatite with 
the hydrothermal method; (c) Stage 2 
covering of the mesopores and nanopores 
with a nanohydroxyapatite coating.  
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 For these studies, the coral was obtained from the Australian Great Barrier Reef 
and contained micropores of 100 to 300    μ m size (Figure  16.6 ). The coral was 
shaped in the form of a block, and treated with boiling water and 5% NaClO solu-
tion. A hydrothermal conversion was carried out in a Parr reactor (Parr Instrument 
Company, USA) with a Tefl on liner at 250    ° C and 3.8   MPa pressure with excess 
(NH 4 ) 2 HPO 4 . A total conversion to HAp was achieved in this way.   

 Nanocrystalline ceramic coatings were produced using the sol – gel process. For 
this, the precursor solution was formed using the previously reported method. 
Coatings were formed using these solutions, followed by subsequent heat treat-
ments. Mechanical testing involved a standard, four - point bend test according to 
ASTM C1161, to measure the fl exural strength and fl exural modulus of the natural 
coral. Comparative compression and biaxial strength tests were also carried out. 
Fracture surfaces were then viewed using SEM, which was performed on a LEO -
 Supra55VP instrument. Samples were analyzed using  X - ray diffraction  ( XRD ; 
Siemens D - 5000, Karlsruhe, Germany), with scans being carried out from 20.0 to 
60.0 in 0.020 steps at a step time of 2.0   s. A combined  thermogravimetric analysis  
( TGA )/ differential thermal analysis  ( DTA ) was performed using a TA Instruments 
SDT 2960, at a heating rate of 10    ° C   min  − 1 . 

 Characterization studies of the natural and converted corals using XRD, SEM, 
DTA/TGA,  nuclear magnetic resonance  ( NMR ) and Raman spectroscopy have 
been reported previously. 

     Figure 16.6     (a) Structural differences and morphology of (a) a 
synthetic tricalcium phosphate and (b) a natural Australian 
coral skeleton, showing pore size, distribution, and 
interconnectivity.  
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 These results showed a large increase in all mechanical properties, specifi cally 
the compression strength, due to hydrothermal conversion and nanocoating 
methods. The bioactivity was enhanced through the nanocrystalline formation, 
due to the HAp nanocoating.  

  16.4.3 
 Surface Modifi cations 

 The surfaces of nanostructured materials can be modifi ed and functionalized with 
different reagents, using a variety of physical, chemical, and/or biological methods. 
An enhanced solubility or stability of nanosized materials in aqueous media, as 
well as new material functions and properties, can be achieved via the surface 
modifi cation of nanostructured materials. 

 A variety of physical, chemical, and biological surface modifi cations to increase 
bioactivity or mechanical properties have been proposed and investigated by many 
groups. Molecular coating, surface entrapment, and physical treating with plasma, 
ozone, or  ultraviolet  ( UV ) light have emerged as the leading strategies for surface 
modifi cations of nanostructured materials using physical methods. Through 
physical modifi cations, a range of functional molecules and entities, varying 
charges or active chemical groups can be introduced onto the surfaces of nanos-
tructured materials, leading to functionalization and activation of the surfaces 
of materials. 

 Functional molecules may also be linked to the surfaces of nanostructured 
materials via certain chemical reactions. Compared to certain physical methods, 
a chemical modifi cations can be used not only to activate the surfaces of nanos-
tructured materials to a greater extent, but also to offer stronger interactions 
between the linking molecules and the material surfaces through stable chemical 
bonds. A number of different chemical reagents and methods can be used for the 
surface modifi cation of nanosized materials. 

 The biological modifi cation of nanoparticle surfaces is often necessary for nano-
particle functionality. By employing chemical or physical methods, biospecifi c 
molecules and devices can be incorporated into the nanoparticles, thereby offering 
biospecifi c sites for the further immobilization of ligands specifi c to these mole-
cules. The immobilizations of specifi c ligands can be performed through biologi-
cally specifi c reactions, for example antibody – antigen and receptor – ligand  [21] . 

 Different biomedical devices and applications require different properties and 
functions of materials. Therefore, methods to modify nanostructured materials in 
order to meet the needs of various biomedical systems will vary. A brief summary 
of the basic methods and technologies used to modify nanostructured materials 
for biomedical devices is presented below. 

 Today, highly porous scaffolds with an open structure represent the best candi-
dates for cancellous bone substitution. In addition to natural and ceramic materi-
als, many polymers have been proposed for medical applications. Each of these 
presents different biological and mechanical properties, allowing a choice of the 
correct polymer for the correct application. However, polymers usually present low 
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elastic modulus values, creep resistance and chemical constituents, compared to 
bone, and this is the major reason that limits their clinical use for hard -  and soft -
 tissue substitution. 

 One example was that reported by Peroglio and coworkers  [11] , who produced 
PCL - coated alumina scaffolds that were then characterized to validate the concept 
of polymer – ceramic composites with an increased fracture resistance. The alumina 
scaffolds were processed using a classical foam replication technique, and then 
sintered to produce an open - porous structure with  ∼ 70% porosity and a mean pore 
size of 150    μ m. The polymer coating was obtained by infi ltrating the scaffold with 
either a PCL solution or PCL nanodispersion. An emulsion – diffusion technique, 
using a nonionic surfactant, was used for the latter process. Subsequently, after 
infi ltration with PCL, and irrespective of which quantity or infi ltration technique 
was used, no change was seen in the Young ’ s modulus. However, this was to be 
expected as the elastic modulus of PCL is negligible compared to that of alumina. 
Nonetheless, the addition of PCL completely altered the mechanical behavior of 
the scaffold during a four - point bending test, with a 10 – 20   vol% addition of PCL 
to the alumina scaffold leading to seven -  to 13 - fold increases in the apparent frac-
ture energy. A further examination of the material, using SEM, indicated that the 
toughening was the result of the polymer fi brils bridging the cracks. 

 In recent years, nanoparticle systems have attracted increasing attention for 
use as potential drug - delivery systems. Despite the advantages of nanoparti-
cles    –    such as their small size, which allows them to penetrate small capillaries 
and be taken up by cells    –    a number of problems, including a relatively short 
blood circulation time, have limited their clinical application. The effi ciency and 
targeting ability of a nanoparticle drug - delivery system are often hampered by 
the rapid recognition of the carrier system by the body. As the main concern for 
nanoparticle drug carriers is a long circulation time in the blood, numerous 
approaches to the design and engineering of long - circulating - time carriers have 
been investigated. Among these, the surface modifi cation of nanoparticles with 
a range of nonionic surfactant or polymeric macromolecules has proved to be 
the most successful for maintaining nanoparticle presence in the blood for pro-
longed periods  [41] . Suitable and effective modifi cations of the nanoparticles are 
also required, however, to overcome a number of technical problems and possible 
issues of toxicity.   

  16.5 
 Simulated Body Fluids 

 Artifi cial materials implanted into bone defects might be encapsulated from time 
to time by a fi brous tissue, leading to their isolation from the surrounding bone. 
Any improvement in bone - implant bonding to the tissues requires the correct 
implant surface morphology and chemistry to generate a mechanical interlock and 
good surface activity. Interactions between the bone and the implant will be con-
trolled with appropriate biological interactions. 
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 During the past three decades, many investigators have proposed that the essen-
tial requirement for an artifi cial material to bond to living bone is the formation 
of a bone - like apatite on its surface when implanted in the living body. In 1991, 
Kokubo  et al . proposed that  in vivo  apatite formation on the surfaces of many 
biomedical materials could be reproduced in a SBF with ion concentrations almost 
equal to those of human blood plasma. In essence, this means that the  in vivo  
bone bioactivity of a material can be predicted from the apatite formation on its 
surface in SBF (Figure  16.7 )  [42] .   

 Hydroxyapatite layers can be easily produced on various organic and inorganic 
substrates when submerged in SBF and indeed, in 1989, Kokubo and Takadama 
 [42]  showed that, after immersion in SBF, a wide range of biomaterial surfaces 
initiated very fi ne crystallites of carbonate ion - containing apatite. Subsequently, 
many reports have described the ability of osteoblasts to proliferate and differenti-
ate on this apatite layer. Based on these fi ndings, other SBFs have been produced 
in order to provide insight into the reactivity of the inorganic component of blood 
plasma, and to predict the bioactivity of implants and bone scaffolds, as well as 
other novel biomaterials. SBF has also been used to prepare bioactive composites 
by forming HAp on various types of substrate. 

 The SBF solutions have been shown to induce apatitic calcium phosphate forma-
tion on any metal, ceramic, or polymer soaked in them. The SBF solutions, which 
closely resemble  Hank ’ s balanced salt solution  ( HBSS )  [39] , are prepared with the 
aim of simulating the ion concentrations present in human plasma. Hence, the 
solutions are prepared with relatively low calcium and phosphate ion concentra-
tions (i.e., 2.5 and 1.0   m M , respectively), while the pH is adjusted to a physiological 
value of 7.4 by using organic buffers (e.g., Tris or HEPES). 

 Typically, a SBF solution will have ionic concentrations of 142.0   m M  Na + , 5.0   m M  
K + , 1.5   m M  Mg 2+ , 2.5   m M  Ca 2+ , 147.8   m M  Cl  −  , 4.2   m M  HCO 3 −  , 1.0   m M    HPO4

2− , 
and 0.5   m M    SO4

2− , with a pH of 7.4, all of these values being almost equal to those 
of human blood plasma at 36.5    ° C. The SBF is usually prepared by dissolving 
reagent - grade NaCl, NaHCO 3 , KCl, K 2 HPO 4  · 3H 2 O, MgCl 2  · 6H 2 O, CaCl 2  and 
Na 2 SO 4  in distilled water and buffering at pH 7.4 with Tris(hydroxymethyl)ami-
nomethane ((CH 2 OH) 3 CNH 3 ) and 1.0    M  hydrochloric acid at 36.5    ° C. 

 Since their ionic composition is more or less similar to that of human blood 
plasma, the HBSS or SBF formulations have only limited power with regards to 
the precipitation of apatitic calcium phosphates. As a direct consequence, the 
nucleation and precipitation of calcium phosphates from HBSS or SBF solutions 
is rather slow. The time taken to achieve total surface coverage of a 10    ×    10    ×    1   mm 
titanium or titanium alloy substrate immersed in a 1.5 ×  or 2 ×  SBF solution is 
typically two to three weeks, with frequent (every 36 – 48   h) replenishment of the 
solution  [43] . 

 Among the metallic oxide gels prepared using a sol – gel method, those consist-
ing of SiO 2 , TiO 2 , ZrO 2 , and Ta 2 O 5  were found to have apatite formation on their 
surfaces in SBF, as shown in Figure  16.7 . These results indicated that the Si – OH, 
Ti – OH, Zr – OH, and Ta – OH groups on the surfaces of these gels were effective 
in inducing apatite formation on their surfaces within the body environment 
(Figure  16.8 ).   
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     Figure 16.7     Treatment of a titanium alloy surface with NaOH 
to produce a bioactive surface on which hydroxyapatite 
particles nucleate and grow quite readily within the SBF 
solution  [40] .  

 A variety of studies have been conducted using SBF solutions to deposit 
apatite on both  two - dimensional  ( 2 - D ) and 3 - D scaffolds. For example, Wu and 
coworkers  [41]  developed a novel bioactive, degradable and cytocompatible bredig-
ite (Ca 7 MgSi 4 O 16 ) scaffold with a  biomimetic apatite layer  ( BTAp ) for bone - tissue 
engineering. For this, porous bredigite scaffolds were fi rst prepared using the 
polymer sponge method. A BTAp was then applied to the scaffolds by soaking 
them in SBF (pH 7.4) at 37    ° C for 10 days, with a solution volume - to - scaffold mass 
ratio of 200   ml   g  − 1 . After soaking, the scaffolds were dried at 120    ° C for one day, 
such that bredigite scaffolds with BTAps were obtained. The porosity and  in vitro  
degradability of the BTAp scaffolds were investigated. Likewise, the osteoblast - like 
cell morphology, proliferation and differentiation on BTAp scaffolds were evalu-
ated and compared with those of   β  - tricalcium phosphate  (  β  - TCP ) scaffolds. The 
results showed that the bredigite scaffolds possessed a highly porous structure 
with a large pore size (300 – 500    μ m). This biomimetic process mimics biominer-
alization and leads to the formation of a bone - like apatite layer on the scaffold 
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surface. The obtained BTAp scaffolds also possessed a high porosity (90%) and 
pore interconnectivity. When compared to  β  - TCP scaffolds, the cells on BTAp 
scaffolds showed a higher proliferation rate and differentiation level. 

 Cromme and coworkers  [44]  investigated the activation of regenerated cellulose 
2 - D model thin fi lms and 3 - D fabric templates with calcium hydroxide, Ca(OH) 2 . 
For this, the  Langmuir – Blodgett  ( LB ) fi lm technique was applied to manufacture 
model thin fi lms using a trimethylsilyl derivative of cellulose (TMS - cellulose). 
Regenerated cellulose fi lms were obtained by treating the TMS - cellulose LB - fi lms 
with hydrochloric acid vapors. For the 3 - D templates, regenerated cellulose fabrics 
were used, and the templates activated with a Ca(OH) 2  - suspension and subse-
quently exposed to 1.5 ×  SBF to induce the  in situ  formation of calcium phosphate 
phases. The calcium phosphates were identifi ed using  Fourier transform infrared  
( FTIR ) and Raman spectroscopy as highly  carbonated apatite s ( CA ) lacking 
hydroxyl ions. Such 3 - D fabric templates of regenerated cellulose covered with a 

     Figure 16.8     Apatite formation on silica, titania, zirconia, and 
tantalum oxide gel - covered substrates within the SBF solution 
 [40] .  
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biomimetic coating of apatite might be of particular interest for novel scaffold 
architectures in bone repair and tissue engineering. 

 Lim and coworkers  [45]  noted that bone - like apatite could be more effi ciently 
coated onto the scaffold surface by using polymer/ceramic composite scaffolds 
rather than polymer scaffolds, and by using an accelerated biomimetic process to 
enhance the osteogenic potential of the scaffold. The creation of a bone - like, 
apatite - coated polymer scaffold was achieved by incubating the scaffolds in SBF. 
Apatite growth on the porous  poly( D , L  - lactic -  co  - glycolic acid)/nanohydroxyapatite  
( PLGA/HAp ) composite scaffolds was signifi cantly faster than on the porous 
PLGA scaffolds. In addition, the distribution of coated apatite was more uniform 
on the PLGA/HAp scaffolds than on the PLGA scaffolds. After a fi ve - day incuba-
tion period, the mass of apatite coated onto the PLGA/HAp scaffolds incubated 
in 5 ×  SBF was 2.3 - fold higher than on the PLGA/HAp scaffolds incubated in 
1 ×  SBF. Furthermore, when the scaffolds were incubated in 5 ×  SBF for fi ve 
days, the mass of apatite coated onto the PLGA/HAp scaffolds was 4.5 - fold higher 
than on the PLGA scaffolds. These results indicated that the SBF - initiated apatite 
coating could be accelerated by using a polymer/ceramic composite scaffold and 
concentrated SBF. It was reported that, when seeded with osteoblasts, the apatite -
 coated PLGA/HAp scaffolds exhibited signifi cantly higher cell growth,  alkaline 
phosphatase  ( ALP ) activity, and mineralization  in vitro  compared to the PLGA 
scaffolds coated only with HAp. In conclusion, the biomimetic apatite coating 
could be accelerated by both introducing nucleation sites into polymer scaffolds 
and using concentrated SBF. When seeded with osteoblasts, scaffolds with acceler-
ated apatite coating signifi cantly enhanced cell growth, ALP activity, and miner-
alization  in vitro . 

 The SBF method was used by Kolos  et al .  [46]  to fabricate calcium phosphate 
fi bers for biomedical applications. A natural cotton substrate was fi rst pretreated 
with phosphorylation and a Ca(OH) 2  - saturated solution, and then soaked in SBF 
of two different concentrations, namely 1.5 ×  and 5.0 ×  the ion concentration of 
blood plasma. The cotton was then burned out by sintering the ceramic coating 
at 950    ° C, 1050    ° C, 1150    ° C, and 1250    ° C, such that hollow calcium phosphate fi bers 
approximately 25    μ m in diameter and with a 1    μ m wall thickness were success-
fully manufactured. However, the 5.0 ×  SBF produced a thicker and more crystal-
line coat of greater uniformity. Kolos  et al . further reported that osteoblastic cells 
were able to cover the entire surface of the cotton fi bers; more surprisingly, the 
cell coverage seemed to be independent of the surface roughness and the fi bers ’  
Ca   :   P ratio. 

 Although of micron size rather than nanosize, a bioactive CHAp layer on cel-
lulose fabrics was developed by Hoffman  et al .  [47] . Nonwoven cellulose (regener-
ated, oxidized) fabrics were coated with CHAp using a procedure based on the 
SBF method. For this, SBF with a high degree of supersaturation (5 ×  SBF) was 
applied to accelerate the biomimetic formation of bone - like apatite on the cellulose 
fabrics. After creating calcium phosphate nuclei on the cellulose fi bers in an initial 
5 ×  SBF with high Mg 2+  and   HCO3

−  concentrations, the cellulose fabrics were 
additionally soaked in a second 5 ×  SBF which was optimized with regards to 
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accelerated crystal growth by reduced Mg 2+  and   HCO3
−  concentrations. The car-

bonated apatite layer thickness was increased from 6    μ m after a 4   h soaking in the 
latter solution, to 20    μ m after 48   h. The amount of   CO3

2−  substituting   PO4
3−  in the 

HAp lattice of the precipitates could be varied by changing the soaking time.  

  16.6 
 Nano -  and Macrobioceramics for Drug Delivery and Radiotherapy 

  16.6.1 
 Nanobioceramics for Drug Delivery 

 For drug delivery, the primary aim is to target drugs to specifi c sites within the 
body, and to release them in a controllable fashion. However, for many current 
delivery systems the guest molecules are often released upon dispersion of the 
carrier/drug composites in water. This type of premature release is particularly 
undesirable and problematic when the guest molecule (e.g., an anti - tumor drug) 
is cytotoxic and might potentially harm healthy cells and tissues before being 
delivered to the affected sites  [48] . 

 In the case of ceramics, the critical pore and grain size may be varied from a 
few nanometers up to microns in order to control the ease of delivery and disper-
sion of a material to the targeted area. A variety of nanoceramic drug - delivery 
systems are currently undergoing clinical evaluation. In addition to reducing 
toxicity to nondiseased cells, these systems have the potential to increase drug 
effi ciency, which translates to signifi cant cost savings for the expensive drug treat-
ments that currently are being engineered. On the basis of their physical size, 
nano drug - delivery systems also have the extraordinary characteristic of being 
able to target and control drug release with very high precision. 

  Mesoporous silica nanoparticle  ( MSN ) materials, such as  mobile composition 
of material s ( MCM ) - 41/48, can be synthesized by utilizing surfactants as structure -
 directing templates to generate a range of mesoporous structures with high surface 
areas ( > 900   m 2    g  − 1 ), tunable pore sizes in the range of 2 to 20   nm, and uniform 
pore morphologies. Recent breakthroughs in terms of morphology control and the 
surface functionalization of MSN materials have resulted in a range of new materi-
als that can be used as stimuli - responsive, controlled - release delivery - carriers for 
many biotechnological and biomedical applications. As with some other conven-
tional drug - delivery agents with high loading capacities (e.g., polymer and lipo-
somes), MSNs can encapsulate large quantities of drugs with various sizes, shapes, 
and functionalities  [46] . In contrast to many biodegradable polymeric delivery 
systems, in which the loading of drug molecules requires organic solvents, the 
molecules of interest can be encapsulated inside the porous framework of the 
MSN by capping the openings of the mesoporous channels covalently with size -
 defi ned  “ caps, ”  which physically block the drugs from leaching out. Drug mole-
cules loaded into the pores may then be released by the introduction of  “ uncapping 
triggers, ”  with the rate of release being controlled by the concentration of the 
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trigger molecules. Prior to uncapping, the capped MSN system exhibits a negligi-
ble release of drug molecules. This  “ zero - release ”  feature of a capped MSN delivery 
system, along with an ability to tune the rate of release by varying stimulant con-
centrations, are important prerequisites for developing delivery systems with 
many site - specifi c applications, such as highly toxic anti - tumor drugs, hormones, 
and neurotransmitters to certain cells types and tissues  [48] . 

 An MCM - 41 - type MSN - based, controlled - release delivery system has been syn-
thesized and characterized using surface - derivatized cadmium sulfi de (CdS) 
nanocrystals as chemically removable caps to encapsulate several drug molecules 
and neurotransmitters inside the organically functionalized MSN mesoporous 
framework. Lai and coworkers  [49]  studied the stimuli - responsive release profi les 
of vancomycin -  and  adenosine triphosphate  ( ATP ) - loaded MSN delivery systems 
by using disulfi de bond - reducing molecules, such as  dithiothreitol  ( DTT ) and 
 mercaptoethanol  ( ME ), as release triggers. The biocompatibility and delivery effi -
ciency of the MSN system with neuroglial cells (astrocytes)  in vitro  was demon-
strated. In contrast to many current delivery systems, the molecules of interest 
were encapsulated inside the porous framework of the MSN by capping the open-
ings of the mesoporous channels with size - defi ned CdS nanoparticles, so as to 
physically prevent the drugs/neurotransmitters from leaching out. 

 Porous aluminosilicate ceramics were investigated by Byrne and Deasy  [50]  for 
their potential to act as extended - release drug - delivery systems. The aluminosili-
cate pellets were obtained either commercially, produced by extrusion - spheroiza-
tion, or by cryopelletization. It was reported that each product had a highly 
interconnected porous microstructure, with the porosity and pore - size distribution 
being product - dependent. Drugs were loaded into the pellets using a vacuum 
impregnation technique, with the concentration of the drug loading solution and 
pellet porosity infl uencing the loading obtained. Each product provided an extended 
release of the incorporated drug, with the rate - determining step of release being 
the diffusion of the drug from the porous pellet interior into the bulk dissolution 
medium. Byrne and Deasy  [50]  showed that this rate was infl uenced by the pellet 
size, its porosity, pore - size distribution and porous microstructure, and by electro-
static interactions between the pellet surfaces and the drug. The solubility of the 
drug in the dissolution medium and its molecular weight also infl uenced the 
release rate. It was concluded that porous aluminosilicate pellets represent a par-
ticularly versatile class of extended - release drug - delivery system, as the drug is 
incorporated into the pellets after their production. 

 A new TiO 2  nanostructured bioceramic device was synthesized by L ó pez and 
coworkers  [51] , using a sol – gel process in order to control the pore - size distribution 
and particle size. The objective was to obtain a constant drug release rate for anti -
 epileptic drugs directly into the  central nervous system  ( CNS ). This method of 
drug delivery, using small reservoirs, is very important in pharmaceutical applica-
tions, as it offers advantages such as the elimination of secondary effects, a long 
duration of pharmacological activity, and protection of the drug against enzymatic 
degradation or pH variations. Among the best - developed and most studied materi-
als, Titania has been shown to be an excellent candidate because of the possibility 
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to manipulate both the structure and the number of OH groups. Point defects 
were generated in the Titania network in order to obtain the desired interaction 
between a highly polar drug and the Titania device. The device contained an anti-
convulsant drug,  valproic acid  ( VPA ), which could be released directly into the 
temporal lobe of the brain, at a constant rate. During the initial stage of the syn-
thesis, VPA was added until a completely homogeneous solution was created; this 
solution was then maintained under constant stirring until a gel was formed. 
Under these conditions, the titanium dioxide underwent nucleation, whilst at the 
same time it was restructuring around the VPA in such a way that the chemical 
and polar properties of the anticonvulsant were preserved. The reaction was seen 
to take place under well - controlled conditions of pressure and temperature, which 
were purposely kept low. During the gelation period, both the electronic and 
molecular properties of the material were preserved. Finally, a dry gel was obtained, 
in which the anticonvulsant was occluded within the pore structure. The release 
of VPA into the temporal lobe of the brain, and its effect on epileptic rats, was 
observed by using the Kindling method. Several important conclusions were 
drawn from these studies, notably that a Titania device charged with an anticon-
vulsant drug could be successfully implanted in the rat ’ s temporal lobe. Pore -
 blocking with higher concentrations of VPA led to a fall in the initial rate of drug 
release, while insertion of the device caused a drastic reduction in the animal ’ s 
epileptic activity.  

  16.6.2 
 Microbioceramics for Drug Delivery 

 The particulate forms of ceramic materials have found application in both medical 
and non - medical fi elds. Particles in the form of microspheres are especially appli-
cable when treating tumors located in organs that are supplied by a single afferent 
arterial blood supply. More traditionally, microspheres and nanostructurally modi-
fi ed ceramics have been used in the targeted drug delivery of chemotherapeutic 
and radiotherapeutic agents. 

 In recent years, the preparation of surface - modifi ed hollow microspheres has 
attracted considerable attention because of their unusual properties, notably their 
large specifi c surface area due to the nanolayer - modifi ed surfaces, their low density 
and their encapsulation properties. Consequently, these materials should be very 
useful for novel applications such as drug -  and protein - delivery systems. In certain 
applications, the effi cacy of microparticulate materials can be greatly improved if 
they can act simultaneously as carriers for biologically active molecules. In this 
sense, porous and surface - modifi ed materials have an advantage, as they present 
an additional surface area that greatly infl uences the loading capacity and release 
rates. 

 In dental clinical applications, such as the treatment of severe periodontitis, 
where massive alveolar bone loss occurs, bone defect fi lling and intensive systemic 
long - term antibiotics administration are often required. Nanohydroxyapatite 
microspheres intended for use as injectable bone fi lling material or as enzyme -
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 delivery matrices may also be used as antibiotic - releasing materials. Ferraz and 
coworkers  [52]  developed a novel injectable drug - delivery system with a drug -
 releasing capability for treating periodontitis. Their aim was to use HAp, loaded 
with an antibiotic, as a local drug - delivery system; consequently amoxicillin (with 
and without clavulanic acid) and erythromycin    –    both of which are used orally and 
parenterally to treat periodontitis    –    were tested. The results showed that the micro-
spheres exhibited chemical compositions, porosities, and surface areas which 
provided adequate conditions for the sustained - release profi le of the drugs inves-
tigated. Bactericidal tests indicated that the released antibiotics had an inhibitory 
effect on the bacteria present, while osteoblastic cells were seen to proliferate well 
on the surface of the microspheres, with cell growth being enhanced by the pres-
ence of antibiotics. Ferraz  et al . concluded that these microspheres might also be 
considered as an alternative carrier system for antibiotics and to enhance bone 
regeneration while treating periodontitis.  

  16.6.3 
 Microbioceramics for Radiotherapy 

 The partial surgical removal of an organ affl icted with cancer generally results in 
a total or partial loss of organ function, that may or may not be recovered postop-
eratively. It would, therefore, be desirable to develop a cancer treatment that could 
destroy only cancerous cells, such that the normal healthy cells could regenerate 
after treatment and organ function be maintained. Although  radiotherapy  shows 
such potential, the irradiation is generally applied from an external source, often 
causing the cancer to receive an insuffi cient dose, especially if it is deep - seated. 
Moreover, the irradiation may cause severe damage to healthy tissues. In order to 
overcome this problem, microsphere - assisted radiation therapy is currently under 
development for a range of clinical applications, and has indeed shown a degree 
of success. 

 An  in situ  microsphere - assisted radiation method has been clinically applied 
using 17Y 2 O 3  – 19Al 2 O 3  – 64SiO 2  (mol%) (YAS) glass microspheres that have been 
prepared using a conventional melt – quench method. Although the yttrium - 89 
( 89 Y) in this glass is a nonradioactive isotope, neutron bombardment will activate 
 89 Y to form the  β  - emitter  90 Y, which has a half - life of 64.1   h. When radioactive glass 
microspheres 20 – 30    μ m in diameter are injected into a target organ (e.g., a liver 
tumor), they become trapped inside the small blood vessels in the tumor, blocking 
the nutritional supply to the tumor, and delivering a large, localized dose of short -
 range, highly ionizing  β  - rays. As the  β  - rays have a short penetration range of 
approximately 2.5   mm in living tissue, only minimal radiation damage will occur 
among the neighboring healthy tissues. These microspheres show a high chemical 
durability and, after their administration, the radioactive  90 Y remains essentially 
within the microspheres so that it does not affect any neighboring healthy tissues. 
The radioactivity of  90 Y decays to a negligible level within 21 days after its initial 
preparation; hence, the microspheres become inactive soon after the cancer treat-
ment. These microspheres have been used clinically to treat liver cancer in Canada, 
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the USA, and China. Likewise, radioactive yttrium - containing resin microspheres 
30 – 35    μ m in diameter have also been used clinically to treat liver cancer in 
Australia, China, New Zealand, and Singapore  [53] . 

 Kawashita and coworkers  [53]  have successfully prepared hollow Y 2 O 3  micro-
spheres of 20 – 30    μ m diameter. For this, an aqueous carboxymethylcellulose 
sodium salt solution containing urease was atomized into an aqueous yttrium 
nitrate solution containing urea, using a spray gun located 2   m above the yttrium 
nitrate solution. The resultant solid materials were heat - treated at 1300    ° C. An 
investigation of the structure and chemical durability of these microspheres 
showed the outer surfaces to be smooth and dense, and the inner parts to have a 
honeycomb structure. In SBFs at pH 6 and 7, the hollow Y 2 O 3  microspheres 
showed a high chemical durability. 

 It has been accepted that cancer cells generally perish at a temperature of 
approximately 43    ° C because their oxygen supply via the blood vessels becomes 
insuffi cient; this is in contrast to normal cells, which do not suffer damage at 
higher temperatures of approximately 48    ° C. A tumors is also more easily heated 
than the surrounding normal tissues, as its blood vessels and nervous system 
are poorly developed. It follows, therefore, that  hyperthermia  might represent a 
very effective treatment for cancer, with few adverse side effects. A variety of 
techniques has been employed to heat the tumors, including hot water, IR radia-
tion, ultrasound, and microwaves but, unfortunately, deep - seated tumors cannot 
be heated either effectively or locally using these methods. Ferrimagnetic micro-
spheres 20 – 30    μ m in diameter (and more recently nanospheres) have been shown 
to be valuable as  thermoseeds  for inducing hyperthermia in cancers, especially in 
those tumors located deep inside the body. In this situation, the spheres are 
implanted through the blood vessels and become entrapped in the capillary bed 
of the tumor. The application of an alternating magnetic fi eld close to the tumor 
then causes the spheres to generate heat by their hysteresis loss; this results in 
the tumor being heated locally and strongly to a point where the cancerous cells 
are killed. 

 Kawashita  et al .  [54]  prepared Fe 3 O 4  microspheres by melting powders in a high -
 frequency induction thermal plasma, and also by precipitation from an aqueous 
solution. The preparation in a high - frequency induction thermal plasma involved 
pure Fe 3 O 4  powders being completely melted in a plasma fl ame of argon gas, 
which was produced by high - frequency induction heating. The solidifi ed products 
were sieved using a nylon mesh in order to obtain particles of 20 – 30    μ m in size. 
These particles were then heat - treated to 600    ° C and allowed to cool under a 
reduced pressure of 5.1    ×    10 3    Pa. Fe 3 O 4  powders were added into 600   ml of a 1   wt% 
aqueous solution of hydrofl uoric acid (HF) for the preparation of microspheres in 
aqueous solution. Silica glass microspheres of 12.4    μ m average diameter were 
soaked in Fe – HF solution at 30    ° C for 24 days, with vigorous stirring. The products 
were then heat - treated at 600    ° C for 1   h, and allowed to cool in a CO 2  – H 2  gas 
atmosphere. The microspheres prepared in a high - frequency induction thermal 
plasma were shown to be composed mainly of Fe 3 O 4 , accompanied by a small 
amount of FeO. The surfaces of the microspheres were smooth before heat treat-



 16.7 Nanotoxicology and Nanodiagnostics  551

ment, but became slightly rough after treatment. This increase in surface rough-
ness might be attributed to the formation of  α  - Fe 2 O 3  and/or the crystal growth of 
Fe 3 O 4 . The saturation magnetization of the microspheres was 92   emu   g  − 1 . The heat 
generation was as low as 10   W   g  − 1 , under 300   Oe and 100   kHz. Microspheres, 20 –
 30    μ m in diameter, composed of small crystals of Fe 3 O 4  and 50   nm in size, were 
prepared by precipitation from an aqueous solution and subsequent heat treat-
ment. Notably, the  β  - FeOOH was seen to precipitate on the surface of silica glass 
microspheres, while its layer thickness increased with the increasing soaking 
period. The deposited  β  - FeOOH was transformed into Fe 3 O 4  by heat treatment 
above 400    ° C in a CO 2  – H 2  atmosphere. The silica glass microspheres soaked in 
Fe – HF solution showed ferrimagnetism, with a saturation magnetization of 
53   emu   g  − 1 , a coercive force of 156   Oe and a heat generation of 41   W   g  − 1 , under 
300   Oe and 100   kHz, under the same magnetic fi eld, which was fourfold higher 
than for pure Fe 3 O 4  microspheres prepared in a high - frequency induction thermal 
plasma.   

  16.7 
 Nanotoxicology and Nanodiagnostics 

 Today, nanomaterials and nanotechnologies represent a rapidly expanding disci-
pline, with major potential to improve the lifestyle of humankind, notably by 
offering new solutions to many engineering and biomedical problems. 

 One major concern has arisen, however, regarding possible risks related to the 
impact of synthetic nanoparticulate matter on human health. However, at present 
insuffi cient data are available to make any accurate predictions concerning the 
long - term consequences of using these materials. Nevertheless, unintentional 
nanopollution is amply present in the current environment, and the use of nano-
materials for medical applications, as described here, is expected to increase as 
their benefi ts are recognized. Yet, it is somehow pertinent to mention that, there 
is no reason why unintentional pollution should differ from the intentional 
pollution, as far as its impact on health is concerned. 

 Gatti  et al .  [55] , in their European project  “ Nanopathology ”  (QOL - 2002 - 147), 
succeeded in developing a novel diagnostics tool which showed the presence of 
microsize and nanosized inorganic particles (including nanoceramics in patho-
logical tissues) by using an environmental scanning electron microscope equipped 
with an X - ray microprobe of an energy - dispersive system. This study, which 
included approximately 700 tissues affected by cryptogenic pathologies, showed 
that in many cases where phlogosis (the infl ammation of external parts) was 
dominant, then microsized and nanosized inorganic particles were present, and 
their elemental chemistry had been clearly identifi ed and reported. 

 Among the pathologies investigated by Gatti  et al . were cryptogenic granuloma-
tosis and different forms of cancer, including lymphomas, carcinomas of the lung, 
colon and liver, and leukemia. Deep - vein thrombosis was also investigated, to 
demonstrate the possible thrombogenic activity of environmental pollutants. In 
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most cases, an infl ammatory component was evident (e.g., in granulomas) when 
comparatively large particles (usually  > 10    μ m) were identifi ed. Particles the size of 
an erythrocyte or smaller were commonly found in thrombi, while particles down 
to 10   nm in size were identifi ed in the cell nuclei. From a chemistry standpoint, 
Gatti  et al .  [55]  identifi ed a very wide variety of elemental compositions. As result 
of their investigations, the group advised that the use of biodegradable nanoceram-
ics such as calcium phosphates should be seriously considered for biomedical 
applications, due to their non - nanotoxicity. However, they suggested that extreme 
care be taken with all other synthetic nanobiomaterial medical applications, until 
a better understanding and a more comprehensive combat strategy is available 
regarding these materials.  
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  17.1 
 Introduction 

 Self - healing is the most valuable phenomenon to overcome the integrity decreases 
that are caused by the damages in service. Thus, self - healing should occur auto-
matically as soon as the damages occur, and the healed zone should have high 
integrity as it was before damaging. When proposing self - healing materials, one 
must know the nature of the damage and the service, conditions of the materials. 
In the case of the structural ceramics, the severest damage is surface cracks, which 
is possible to be introduced by crash, fatigue, thermal shock, and corrosion during 
their service time. Over the past 30 years, ceramics have become the key materials 
for structural use at high temperature due to their enhanced quality and good 
processability. Structural ceramics are also expected to be applied in the corrosion 
environments such as air, because of its chemical stability. Thus, self - healing 
of surface cracks in the structural ceramics is an important issue to ensure the 
structural integrity of ceramic components. 

 In this chapter the mechanism and effects of self - healing of surface cracks in 
structural ceramics are introduced. Apart from this, the fracture manner of ceram-
ics is also discussed. This will help the readers to understand the self - healing 
phenomena in ceramics and its benefi ts. The history of crack healing is also 
included in the text. Furthermore, new methodology to ensure the structural 
integrity using crack - healing effect and advanced ceramics having self – crack - 
healing ability are mentioned. Finally, it is assayed the self - healing ceramics can 
be applied to blades and nozzles of high - temperature gas turbine.  

  17.2 
 Fracture Manner of Ceramics 

 Ceramics tend to have brittle fracture that usually occurs in a rapid and cata-
strophic manner. Brittle fracture is usually caused by the stress concentration at 
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the tip of the fl aws. For brittle fracture under pure mode, I, loading, under 
which crack is subjected to opening, the failure criteria is that the stress intensity 
factor,  K  I , is equal to the fracture toughness,  K  IC . The stress intensity factor is an 
indicator of the magnitude of stress near a crack tip or the amplitude of the elastic 
fi eld. The value of  K  I  can be obtained from the liner elastic mechanics 
as - follows:

   K Y aI = ⋅ ⋅σ π     (17.1)  

where  a  is the crack length,   σ   is the tensile stress applying to crack perpendicularly, 
and  Y  is a dimensionless parameter that is determined from the crack and loading 
geometries. Thus the stress at fracture is given by

   σ
πc

IC= ⋅
⋅

1

Y

K

a
    (17.2)   

 From the fracture criterion, one can understand that the fracture strength 
of ceramic components is not intrinsic strength but is fracture toughness and 
crack geometry. 

 In general, ceramic components contain fl aws at which the stress concentration 
causes brittle fracture before their end - use. These fl aws have particular fi gurations 
and sizes and are introduced mainly during manufacturing. Figure  17.1  shows a 
schematic diagram of the fl aw populations that could exist in ceramics. In this 
example, the severest fl aws are surface cracks, perhaps resulting from machining. 
The next severest fl aws are voids and pores introduced by sintering. Voids and 
pores would become the main fracture of origin, if the surface cracks are much 
smaller or removed, such as healed. The variation in the fracture sources leads to 
the large strength, distribution in ceramics.   

 There are few scenarios that can generate or introduce surface cracks during 
service. One possibility is by contact events, for example, impact, erosion, corro-
sion, and wear. Contact events may cause high stresses to the vicinity of the contact 
site, leading to crack formation. Sudden changes in temperature can also lead to 
stresses, known as  thermal stress  or  thermal shock . The introduced surface cracks 
would be more severe than the pores and voids. As a result, these crackings cause 
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     Figure 17.1     Populations of the strength - controlling fl aws.  
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large strength decrease to the component. If these scenarios occur again, it is 
possible that the component fractures catastrophically. 

 As mentioned above, ceramics usually fracture when  K  I    =    K  IC  but, in studies of 
fracture  [1 – 3] , it is sometimes found that crack growth can occur at lower value of 
 K  I  The mechanisms have been analyzed to describe the slow crack growth behav-
ior, including chemical reaction kinetics and interfacial diffusion. At the stressed 
crack tip, it is found that environmental species, for example, moisture, reacts 
and breaks the bonds at the crack tip resulting in stress corrosion cracking. The 
kinetics depends on the concentration of the environmental species. Actually it 
was found that the crack growth velocity in toluene is less than that in air  [2] . This 
implies that the presence of moisture enhances the behavior. Furthermore, at high 
temperature, it is also found that the localized creep damage can give rise to the 
slow crack growth.  

  17.3 
 History 

 In 1966, the study on the strengthening behavior of ceramics by heat treatment 
was reported by Heuer and Roberts  [4] . Then, Lange and Gupta  [5]  reported the 
strengthening of ZnO and MgO by heat treatment, and used the term  “ crack 
healing ”  for the fi rst time in 1970. Now, we can fi nd more than 200 reports on the 
strengthening effects by heat treatment for cracking ceramics. The crack - healing 
mechanisms in these reports can be roughly categorized into 

  1.     re - sintering  
  2.     relaxation of tensile residual stress at the indentation site  
  3.     cracks bonding by oxidation.    

 Re - sintering  [5 – 11] , that is, diffusive crack - healing process, is an older crack -
 healing concept and commences with a degradation of the primary crack. This 
regression generates regular arrays of cylindrical voids in the immediate crack tip 
vicinity. Also, some studies  [9 – 11]  on the model and the kinetics of diffusive crack 
healing in single crystalline and polycrystalline ceramics have been proposed. 
However, as this crack healing requires the high crack - healing temperature, grain 
growth might also be generated. In some cases, the strength decreases than it 
before heat - treatment, although large strength recovery due to the crack healing 
is attained. The relaxation of the tensile residual stress at the indentation site 
leads to strength recovery. However, this phenomenon does not heal cracks. The 
crack bonding by oxidation has been fi rst reported by Lange  [12] . He investigated 
the strength recovery of the cracked polycrystalline silicon carbide (SiC) by heat 
treatment in air at 1.673   K, and reported that the average bending strength of 
the specimens heat - treated for 110   h was 10% higher than that of the unheat -
 treated specimens. The same phenomenon in polycrystalline silicon nitride (Si 3 N 4 ) 
was reported by Easier  et al .  [13] . The heat treatment temperature required for 
this crack - healing mechanism by oxidation is less than that required for the 
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re - sintering crack healing. The other important aspect is that the cracks healed by 
this mechanism are fi lled with the formed oxides. A further mechanism and 
method for crack - healing has been proposed. As an example, Chu  et al .  [14]  pro-
posed the crack - healing method using penetrating glasses. They succeeded to 
repair cracks in alumina (Al 2 O 3 ) and have found that the repaired part becomes 
even stronger than the base alumina. 

 As mentioned above, many other investigators have shown their interest on the 
crack healings of ceramics. In the fi eld of ceramic nanocomposites, there are many 
reports also available on crack healing. The original impulsion for research in 
crack healings of ceramic nanocomposites originates from the works of Niihara 
and coworkers  [15 – 17] . They observed that the strength of the alumina containing 
5   vol% of submicrometer - sized SiC particles can be enhanced by annealing at 
1573   K for 2   h in Argon. Since the original report, various mechanisms have been 
proposed to explain this phenomenon. Nowadays, this mechanism is confi rmed 
to be driven by the oxidation of the dispersed SiC particles. Thompson  et al .  [18]  
observed that the partial healing of indentation cracks occurred when 5   vol% 
0.15    μ m SiC particles reinforced alumina were annealed at 1573   K for 2   h. Chou 
 et al .  [19]  have also investigated the crack length and the lending strength of 
alumina/5   vol% 0.2    μ m SiC particles nanocomposite after annealing at 1573   K for 
2   h in Argon or air, concluding that the crack healing occurs by the oxidation of 
SiC particles. The similar conclusion was also derived by Wu  et al .  [20] . However, 
Chou  et al .  [19]  noted that a uniform reaction layer was not formed between the 
crack walls, because the lower SiC content (only 5   vol%) results in a small quantity 
of the formed oxide. 

 Ando and coworkers observed that the similar crack healing in mullite 
(3Al 2 O 3 2SiO 2 )  [21 – 23] , Si 3 N 4   [24 – 27]  and alumina  [28 – 31]  based composites con-
taining more than 15   vol% SiC particles can recover the cracked strength com-
pletely. They found that the healed zone is mechanically stronger than the base 
material and proposed the following requirements to obtain a strong healed zone: 

  1.     Mechanically strong products (compared to the base material) should be formed 
by the crack - healing reaction.  

  2.     The volume between crack walls should be completely fi lled with the products 
formed by the crack - healing reaction.  

  3.     The bond between the product and crack wall should be strong enough.    

 Crack - healings reports can be classifi ed into three generations. as shown in 
Table  17.1 .   

 First generation, that is, the crack healing driven by the re - sintering is only to 
recover the cracked strength. Second generation, that is, the crack healing driven 
by oxidation of less than 10   vol% SiC can be triggered by damage and occur under 
service conditions, but the strength recovery is inadequate. Third generation, that 
is, the crack healing proposed by Ando  et al . can be attained with all the require-
ments. Consequently, the third generation crack healing is confi rmed to be  “ true ”  
self - healing for structural ceramics.  
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  17.4 
 Mechanism 

 To keep the structural integrity of ceramic, an effi cient self - healing should occur. 
This is possible if healing the surface cracks obeys the following conditions: 

  1.     healing must be triggered by cracking;  

  2.     healing must occur at high temperature [as structural ceramics are expected to 
typically operate at high temperature ( ∼ 1273   K) in air] in the corrosion 
atmosphere, such as air;  

  3.     Strength of the healed zone must be superior to the base material.    

 Self - crack healing driven by the oxidation of silicon carbide (SiC) can be quali-
tatively understood to satisfy the requirements 1 and 2. Figure  17.2  shows the 
schematic of the crack healing in the ceramics containing SiC particles heated at 
high temperature in the presence of air Cracking allows the SiC particles located 
on the crack walls to react with oxygen in the atmosphere resulting in healing. 
The details of the valid conditions are discussed later (Section  17.6 ). Subsequently, 
the crack is completely healed as oxidation progresses. As mentioned earlier, if 
the three important conditions of achieving strong healed zone is satisfi ed, then 
fracture initiation changes from the surface crack to the other fl aws such as 
embedded fl aw. This behavior is well demonstrated in Figures  17.3 a and b  [29] .   

 The following equation showing oxidation of SiC also supports the above 
fi ndings.

   SiC O SiO CO+ = +3 2 2 2     (17.3)   

 There exist two important features in the above mentioned process. One is the 
increase in the volume of the condensed phase and the other is the generation of 
the huge exothermic heat. Because the mole number of silicon is held constant 
during the oxidation, the volume increase is found to be 80.1%. As the oxidation 

 Table 17.1     Categorization of self - healing ceramics. 

   Types     Mechanism     Triggered by 
damage  

   Valid under 
service condition  

   Strong healed part  

  First generation    Re - sintering    No    No    Yes  

  Second generation    Oxidation of SiC 
( < 5   vol% SiC)  

  Yes    Yes    No  

  Third generation    Oxidation of SiC 
( > 10   vol% SiC)  

  Yes    Yes    Yes  
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progresses, the crack walls are covered with the formed oxide. Finally, the space 
between the crack walls is completely fi lled with the formed oxide. For the com-
plete infi lling of the space between crack walls, it is necessary to contain more 
than 10   vol% SiC (Section  17.5 ). Another important parameter for attaining the 
complete infi lling is the size of crack. 

 From Figure  17.4   [31] , one can fi nd the critical crack size that can be completely 
crack healed. As an example, the critical crack size of alumina/30   vol% SiC parti-
cles composite is 300    μ m. This value is the surface length of a semi - elliptical crack 
with an aspect ratio (crack depth/half of surface length) of 0.9 introduced by 
indentation method. Below this value, the crack - healed specimens exhibit the 
same strength, because the space between crack walls is completely fi lled with the 
formed oxide and because the fracture initiates from an embedded fl aw. When 

O2
SiC

SiO2

(a) Before cracking (b) After cracking

(c) After healing

     Figure 17.2     Schematic illustration of crack - healing mechanism.  
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     Figure 17.3     Fracture initiation of alumina/15   vol% 0.27    μ m 
SiC particles composite: (a) as - cracked and (b) crack healed 
at 1573   K for 1   h in the presence of air.  
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the value is above the critical crack size, the space between the cracks walls is too 
large to be fi lled with the formed oxide.   

 Alternatively, the reaction heat makes the formed oxide and the base material 
to react or to once melt. The second low enthalpy change of the reaction can be 
evaluated to be  − 945   kJ using the thermochemical data  [32]  of the pure substance. 
This phenomenon might lead to strong bonding between the reaction products 
and crack walls. The crack - healing mechanism is clearly demonstrated by  in situ  
observation, as shown in Figure  17.5 .   
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     Figure 17.4     Flexural strength of the crack - healed 
alumina/30   vol% 0.27    μ m SiC particles composite as a 
function of surface length of a semi - elliptical crack.  

At high temperature in air

     Figure 17.5     Photographs of  in situ  observation of crack 
healing, in which alumina/15   vol% 0.27    μ m SiC particles 
composite containing cracks with an indentation is heat -
 treated at 1573   K in the presence of air.  
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     Figure 17.6     Dimensions of three - point bending and the bar specimens.  

 The phenomenon was observed while alumina/15   vol% 0.27    μ m SiC particles 
composite containing an indentation crack was heat - treated at 1573   K in the pres-
ence of air. The features of the crack healing behavior are as follows: (i) the reaction 
products like sweats appear from the cracks and surface as the reaction progresses; 
(ii) cracks are perfectly covered and fi lled with the reaction products; (iii) the reac-
tion products form with bubbling; and (iv) there are no changes in the indentation 
fi guration. From the observation, it is noted that the high temperature makes the 
reaction products, as well as base material melting, and the bubble, including 
carbon monoxide (CO) gas, forming strong crack - healed zone. 

 Furthermore, to estimate the strength of the healed zone in detail, it is necessary 
to take account of the following issues, that is: 

  1.     Effective volume should be so small that most fracture initiates at the crack -
 healed zone.  

  2.     The strain energy at failure should be so low that fracture initiation is identifi ed 
easily.    

 Ando and coworkers adapted a three - point bending method as shown in Figure 
 17.6  for fracture tests.   

 The span of the geometry is 14   mm less than that of Japan Industry Standard 
(JIS)  [33] . The crack - healed specimens had higher strength than the smooth mir-
ror - polished specimens (Section  17.6 ). Polishing was carried out according to JIS 
standard  [33] .  

  17.5 
 Composition and Structure 

  17.5.1 
 Composition 

 Most important factor to decide the self – crack - healing ability is the volume 
fraction of SiC. As mentioned in Section  17.4 , it is necessary for achieving strong 
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crack - healed zone that the volume between crack walls is completely fi lled with 
the products formed by the crack - healing reaction. Therefore, there is lower limit 
of the SiC volume fraction to endow with adequate self – cracking - healing ability. 
Figure  17.7  shows the cracked and crack - healed strengths of alumina containing 
various volume fractions of SiC particles, which has mean particle size of 0.27    μ m. 
As a result, the crack - healed strength varies with SiC volume fraction and shows 
a maximum at SiC volume fraction of 7.5, as shown in Figure  17.7 . From the 
strength dispersion, the crack - healing ability cannot be estimated by the strength 
recovery behavior alone. However, the fracture surface observations can reveal 
whether the crack is completely healed. There are two kinds of fracture mode. One 
is the fracture initiated from the crack - healed zone, as shown in Figure  17.8 a. This 
means the formed oxide is not enough to heal the precrack completely. This frac-
ture mode is observed in some specimens of the alumina mixed with 7.5   vol% SiC 
particles and all specimens that contain less than 5   vol% SiC particles. The other 
is the fracture initiated outside the crack - healed zone. as shown in Figure  17.8 b. 
This means that the formed oxide is enough to heal the cracks. The enough quan-
tity of the oxide is formed by the oxidation of more than 10   vol% SiC particles. 
From the results, the ceramics have to contain at least 10   vol% SiC to produce 
strong crack - healed zone.    

  17.5.2 
  S  i  C  Figuration 

 The SiC fi guration also affects the crack - healing ability. Especially, SiC whisker 
that has high aspect ratio causes intrinsic change to the micromechanism of the 
crack healing. 
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composites as a function of SiC volume fraction.  
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 Sato  et al .  [34]  investigated the relation between SiC particle size and the 
crack - healed strength in the case of mullite (3Al 2 O 3 2SiO 2 )/20   vol% SiC composite. 
From the results shown in Figure  17.9 , they concluded that the crack healing 
at 1573   K for 1   h in the presence of air causes 100 – 300   MPa strength enhancement 
to all specimens, which shows a maximum with SiC particle size of 0.56    μ m.   

 Ceramics containing SiC whiskers also show the self – crack - healing ability, but 
there are some differences between the crack - healing behaviors driven by oxida-
tions of the SiC whiskers and that of SiC particles. This difference arises from the 
geometric relation between the SiC whiskers and the crack wall. The SiC whiskers 
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     Figure 17.8     Fracture initiations of (a) alumina/7.5   vol% SiC 
particles composite in which fracture initiates from the 
precrack healed and (b) alumina/10   vol% SiC particles 
composite in which fracture initiates from an 
embedded fl aws.  
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     Figure 17.9     Variation in crack - healed strength with SiC 
particle size in mullite containing 20   vol% SiC particles 
composite.  
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stick out at the crack wall and bridge between the crack walls as illustrated in 
Figure  17.10 .   

 Owing to this geometry, partial bondings between the crack walls can be formed 
despite the small amount of the oxide formation. The partial bondings  [31, 35]  was 
observed in the crack - healed zone of alumina/20   vol% SiC whiskers (diame-
ter   =   0.8 – 1.0    μ m, length   =   30 – 100    μ m). The partial bondings enhance the strength 
recovery of the crack healing and at primary stage on large cracks, as shown in 
Figure  17.11   [31]  (cf. Figure  17.4 ). Both in the primary stage and on large crack, 
the amount of the formed oxide is too less to completely fi ll the crack. In this 
situation, a large strength recovery could not be attained without the partial 

Matrix

Crack

SiC whisker

Formed oxide

     Figure 17.10     Schematic illustration of crack - healing mechanism by SiC whiskers.  
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     Figure 17.11     Flexural strength of the crack - healed 
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length   =   100    μ m) composite as a function of surface length 
of a semi - elliptical crack.  
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bonding. Therefore, composites with SiC whiskers do not only improve the frac-
ture roughness but also have the advantage on crack - healing ability. However, the 
reliability of the crack - healed zone comprised by the partial bonding is inferior to 
that of the crack - healed zone completely fi lled with the formed oxide. Therefore, 
composites containing SiC whiskers as well as SiC particles show the excellent 
self – crack - healing ability.    

  17.5.3 
 Matrix 

 Since the self – crack - healing ability can only be seen in case of SiC composites, 
there is no restriction in selecting the matrix. Ando and coworkers succeeded 
to endow silicon nitride  [24 – 27] , alumina  [28 – 31, 35] , and mullite  [21 – 23]  with 
the self – crack - healing ability. Also monolithic SiC  [36, 37]  has excellent self – 
crack - healing ability. 

 These composites can be prepared from commercially available powders using 
ball mill mixing and hot pressing techniques. Sintering additives does not show 
any infl uence on the crack - healing ability. Moreover, a further improvement in 
mechanical properties can be obtained by employing the optimized sintering 
conditions. For example, the entrapped SiC particles  [28]  presented in the alumina 
matrix grains, when alumina containing 15   vol% SiC particles composite is hot 
pressed at 1873   K for 4   h. The entrapped SiC particles can inhibit the glide defor-
mation of the alumina grains above 1273   K and this increases the temperature 
limit for bending strength, as shown in Figure  17.12   [28] .     

0 400 800 1200 1600
0

200

400

600

800

1000

Alumina/15 vol% SiC composite

Monolithic alumina

Temperature (°C)

F
le

x
u

ra
l 
s
tr

e
n

g
th

 (
M

P
a

)

     Figure 17.12     Temperature dependence of the fl exural strength 
of alumina containing 15   vol% SiC particles, which are 
entrapped in the alumina grins, compared with that of 
monolithic sintered alumina.  
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  17.6 
 Valid Conditions 

  17.6.1 
 Atmosphere 

 The annealing atmosphere has an outstanding infl uence on the extent of the crack 
healing and the resultant strength recovery, as shown in Figure  17.13   [29] .   

 From the fi gure, it can be clearly seen that the presence of oxygen causes the 
self - healing phenomenon, as the crack healing is driven by the oxidation of SiC. 
However, the threshold oxygen partial pressure can be expected to be quite low. 
Therefore, the self - crack healing must be valid in the atmosphere, except in deoxi-
dized conditions, for example, the atmosphere containing hydrogen. Also embed-
ded fl aws cannot be healed, because the SiC particles present in the embedded 
fl aws cannot react with oxygen. 

 Annealings in vacuum, argon (Ar), and nitrogen (N 2 ) result in a slight strength 
recovery. Wu  et al .  [20]  discussed this phenomenon to be the release of the tensile 
residual stress at the indentation site. Furthermore, Fang  et al .  [38]  used a satellite 
indentation technique to show that, after 2   h at 1573   K, the degree of the annealing -
 induced relaxation in the stress intensity factor of the residual stress at the indenta-
tion site was  ∼ 26% for alumina/5   vol% SiC nanocomposite. Using this result, 
one can predict that annealing in atmosphere without oxygen leads to 10% 
strength recovery. 

 Recently, two large efforts  [39, 40]  made to know the quantitative infl uence of 
oxygen partial pressure on the self - healing behavior. From the results, the crack -
 healing rate is signifi cantly decreased with decreasing oxygen partial pressure, as 
shown in Figure  17.14 , in which the bending strengths of the alumina/20   vol% 
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     Figure 17.13     Crack - healing behavior of alumina/15   vol% 
0.27    μ m SiC particles composite under several atmospheres.  



 568  17 Self-healing of Surface Cracks in Structural Ceramics

SiC particles composite crack - healed under several oxygen pressure atmospheres. 
Moreover, the detail of the kinetics will be discussed later (Section  17.10 ).    

  17.6.2 
 Temperature 

 The ceramic components are usually operated at high temperatures. The self -
 healing relies on the oxidation of SiC, thereby leading to the self - crack healing. 
Thus, it is important to know the valid temperature range for self - crack healing. 

 As the crack healing is induced by chemical reaction, the strength recovery rate 
decreases exponentially with decreasing temperature. For example, Figure  17.15  
 [28]  shows the relationship between the crack - healing temperature and the strength 
recovery for alumina/15   vol% 0.27    μ m SiC parades composite.   

 In order to completely heal a semi - elliptical crack of 100    μ m in surface length 
within 1   h, heating above 1573   K is required. In the similar way, heating above 
1473 and 1273   K is needed in order to completely heal the surface crack within 10 
and 300   h, respectively. The relation between the crack - healing temperature and 
the strength recovery rate follows Arrhenius ’  equation. 

 Figure  17.16   [29]  shows the Arrhenius plots on the crack healing of several 
ceramics having the self – crack - healing ability, in which the crack - healing rate is 
defi ned as the inverse of the time when complete strength recovery is attained at 

     Figure 17.14     Bending strength of the specimens crack - healed 
at 1573   K under several oxygen partial pressures as a function 
of the healing time, with the bending strength of healed 
smooth specimen and the as - cracked specimen.  



 17.6 Valid Conditions  569

elevated temperatures. Apparent activation energies of the crack healing can be 
evaluated from Figure  17.16 . The question is why the activation energy of Si 3 N 4 /
SiC composite differs from those of alumina/SiC and mullite/SiC composites. The 
reason could be the crack healing of Si 3 N 4 /SiC composite is driven by the oxidation 
of SiC as well as Si 3 N 4 . Using these values, one can estimate the time for which 
a semi - elliptical crack of 100    μ m in surface length can be completely healed at 
several temperatures.   
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     Figure 17.15     Relationship between crack - healing temperature 
and strength recovery for alumina/15   vol% 0.27    μ m SiC 
particles composite. (Centered line symbols indicate 
specimens fractured from the crack - healed zone.)  
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 The refractoriness of the crack - healed zone restricts the determination of the 
upper limit of the valid temperature range of self - crack healing. The temperature 
dependence of the fl exural strength of the several typical ceramics crack healed 
 [22, 25, 28, 36, 37]  is shown in Figure  17.17 . Except the dependence of Si 3 N 4 /20   wt% 
SiC particles composite containing 8   wt% Y 2 O 3  as sintering additives, all depend-
ences of the crack - healed specimens have the temperature at which the strength 
decreases abruptly, and this has been determined as the temperature limit for 
strength. The temperature limit is affected by the features of the oxide formed by 
the self - crack healing. The commercial sintered SiC  [36]  was found to have con-
siderably low temperature limit of 873   K because the formed oxide is in glassy 
phase. Modifying the sintered additives to Sc 2 O 3  and AlN, Lee  et al .  [37]  succeeded 
in improving the temperature limit of the crack - healed zone signifi cantly. The 
similar behavior was observed in the Si 3 N 4 /20   wt% SiC particles composites  [25] . 
When the sintered additive is 5   wt% Y 2 O 3  and 3   wt% Al 2 O 3 , the formed oxide and 
grain boundary are in glassy phase. Alternatively Si 3 N 4 /20   wt% SiC particles com-
posite containing 8   wt% Y 2 O 3  as sintering additives forms the crystalline oxide, 
such as Y 2 Si 2 O 7  by crack healing. The difference gives rise to the difference in the 
temperature limit. Both alumina containing 15   vol% SiC particles composite  [28]  
and mullite containing 15   vol% SiC particles composite  [22]  form the crystalline 
phase because the formed oxide reacts with the matrix and forms mullite. These 
temperature limits are summarized in Table  17.2 .     

 The temperature range at which the self - crack healing is valid is limited by the 
crack - healing rate and the high - temperature mechanical properties. Assuming 
that fracture by the second damage allows complete healing of surface cracks 
introduced by the fi rst damage in 100   h, one can evaluate the valid temperature 
range of the self - crack healing, as listed in Table  17.3 .    
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  17.6.3 
 Stress 

 Stress applied to the components is also one of the most important factors to 
decide the valid condition of the self - crack healing. Structural components gener-
ally suffer various kinds of stresses. The applied stress is possible to cause the 
slow crack growth. If the applied stress exceeds the critical value, it would rise to 
catastrophic fracture. Therefore, it is important to know the threshold stress that 
could be safely applied to the cracks during self - crack healing. 

 Ando  et al .  [41]  reported for the fi rst time that the surface crack in the mullite 
containing 15   vol% SiC particles composite can be healed, although the tensile 
stress is applied to the cracks. Their results revealed that the crack healing occurs, 
although the precrack is grown by the applied stress, and the specimens crack 
healed under stress had the same strength as the specimens crack healed under 
no stress and at same temperature. Furthermore, Ando  et al .  [42]  reported that 
surface cracks in the mullite containing 15   vol% SiC particles composite can be 
healed even though dynamic stress such as cyclic stress, opens and closes the crack. 

 Nakao  et al .  [43]  investigated the threshold stresses during self - crack healing for 
several oxide ceramics. For example, the threshold static stress during crack 
healing for a semi - elliptical surface crack (surface length   =   100    μ m) in alumina 
containing 15   vol% SiC particles has been determined to be 150   MPa, as shown in 
Figure  17.18   [43] .   

 Table 17.2     Temperature limit of several ceramics. 

   Materials     Temperature limit (K)  

  Si 3 N 4 /20   vol% SiC particles composite (8   wt% Y 2 O 3 )    1573  
  Si 3 N 4 /20   vol% SiC particles composite (5   wt% Y 2 O 3    +   5   wt% Al 2 O 3 )    1473  

  Alumina/15   vol% SiC particles composite    1573  

  Mullite/15   vol% SiC particles composite    1473  

  SiC sintered with Sc 2 O 3  and A/N    1673  

  Commercial SiC sintered    873  

 Table 17.3     Valid temperature region of self - crack healing for several ceramics. 

   Materials     Valid temperature range (K)  

  Si 3 N 4 /20   vol% SiC particles composite (8   wt% Y 2 O 3 )    1073 – 1573  
  Alumina/15   vol% SiC particles composite    1173 – 1573  

  Mullite/15   vol% SiC particles composite    1273 – 1473  

  SiC sintered with Sc 2 O 3  and A/N    1473 – 1673  
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 Figure  17.18  demonstrates that the tensile static stress of 180   MPa is possible 
to fracture the specimen during crack healing, whereas the stress less than 150   MPa 
never fractures the specimens during crack - healing. 

 Figure  17.19  shows the determined threshold stress as a function of the fl exural 
strength of the specimen containing the same surface crack for several cracks in 
the oxide ceramics – SiC composite  [43 – 46] . Except the threshold stresses of mullite 
containing 15   vol% SiC whiskers composite, all data satisfi es the proportional rela-
tion, although the crack healings were subjected to different conditions. The crack 
healing ability for mullite containing 15   vol% SiC whiskers composite has been 
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     Figure 17.18     Crack - healing behavior at 1473   K under static 
stress for alumina/15   vol% SiC particles composite.  
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found to be so low that the crack healing part was weaker than the other parts as 
only partly welding occurs, not satisfying the proportional relation. The propor-
tional constants for the relations between the threshold static and cyclic stresses 
between the cracked strength have been found to be 64 and 76%, respectively. The 
threshold stress imposes an upper limit to the crack growth rate, thereby limiting 
the crack length to less than the critical crack length before the crack healing starts. 
This implied that the crack growth behavior of all specimens is time dependent 
rather than cyclic dependent at high temperature. Therefore, applying static stress 
could be confi rmed to be the easiest condition for fracture during the crack healing 
under stress, and the threshold stresses of every condition during the crack healing 
have been found to be the threshold static stresses. The stress intensity factors at 
the tip of the precrack during the crack - healing treatment,  K  HS , were estimated. 
Since a tensional residual stress was introduced during precracking by using an 
indentation method, it is necessary to consider the stress intensity factor of the 
residual stress,  K  R , as expressed by the following equation:  

   K K KHS ap R= +     (17.4)  

where  K  R  can be evaluated by using the relation proposed by Kim  et al .  [47]  and 
 K  R    =   0.35    ×     K  IC . Also, by interpolating the threshold static stress during the crack 
healing and the geometry for the precrack into Newman – Raju equation  [48] , one 
can obtain  K  ap . From the evaluation, it was found that ceramic components having 
the adequate crack healing ability can be crack healed under the stress intensity 
factor below 56% fracture toughness.   

  17.7 
 Crack - healing Effect 

  17.7.1 
 Crack - healing Effects on Fracture Probability 

 The crack - healing can simplify the complexity in the fl aws associated with fracture, 
because surface cracks that are severest fl aws in ceramic are completely healed. 
As a result, a fracture probability can be easily described after the crack - healing. 
Furthermore the crack - healing has a large contribution to decrease the fracture 
probability. 

 Fracture probability is one of the most important parameters for structural 
components. If the fracture probability is too high, one needs to either change the 
design or substitute high strength materials. The fracture probability can be 
obtained from the failure statistics. As indicated in Section  17.2 , ceramics contain 
many fl aws that can vary in size and fi guration, causing the wide strength distribu-
tion. Thus the empirical approach needs to describe the strength distribution of a 
structural ceramic. Once the strength of a material is fi tted to the distribution, the 
fracture probability can be predicted for any applied stress. A common empirical 
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approach to describe the strength distribution of a structural ceramic is the Weibull 
approach. The two - parameter Weibull function, which is given by

   F
m

σ σ
β

( ) = − −⎛
⎝⎜

⎞
⎠⎟

⎧
⎨
⎩

⎫
⎬
⎭

1 exp     (17.5)   

 can express the strength distribution of structural ceramics well, where  F (  σ  ) is the 
fracture probability at the tensile stress of   σ  ,  m  the Weibull modulus, and   β   the 
scale parameter. The Weibull modulus describes the width of the strength distri-
bution. High Weibull modulus implies that the strength has a low variability. 
Values of  m  for ceramics are in the range of 5 – 20. The scale parameter describes 
the stress when  F (  σ  )   =   63.2%. To analyze the strength distribution, Equation ( 17.5 ) 
is usually expanded as follows:

   ln ln ln ln
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1 − ( )
⎛
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F
m m

σ
σ β     (17.6)   

 Thus, a plot of the left - hand side of Equation  (17.6)  has a linear relation versus 
the natural logarithm of the strength. In such a procedure tire, a fracture probabil-
ity is needed for each test specimen. This is usually estimated using

   F
i

n
σ( ) = −

+
0 3

0 4

.

.
    (17.7)   

 The strength data of  n  specimens are organized from weakest to strongest and 
given a rank  i  with  i    =   1 being the weakest specimen. Equation  (17.7)  is well known 
as  median rank method.  

 As an example, the Weibull plot of the crack - healed alumina containing 20   vol% 
silicon carbide (SiC) particles composite is shown in Figure  17.20 . The healed 
crack is a semi - elliptical surface crack having a surface length of 100    μ m and a 
depth of 45    μ m. In comparison, those of the as - cracked specimen and the smooth 
specimen having a miror fi nish surface are shown in Figure  17.20 . Assuming that 
the data obey the two - parameter Weibull function, one can apply a least - squares 
fi tting. From the obtained line profi les, the values of  m  and   β   can be obtained 
for the crack - healed specimens the as - cracked specimens and the smooth 
specimens.   

 The crack - healing causes slight increase to the value of  m  compared to the 
smooth specimens. Furthermore, the strength distribution of the crack - healed 
specimen is in a good agreement with the two - parameter Weibull function, 
although that of the smooth specimen differs from the function signifi cantly. The 
fl aw population in ceramics leads to this behavior. The Weibull modulus  m  of 
the crack - healed specimen was smaller than that of the as - cracked specimen. 
All the as - cracked specimens fractured from a crack introduced by the Vickers 
indentation, while fractures of most crack - healed specimens occurred outside of 
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     Figure 17.20     Weibull plot of the crack - healed alumina 
containing 20   vol% silicon carbide (SiC) particles composite.  

the crack - healed zone, as shown in Figure  17.3 b, because cracks were completely 
healed. Since embedded fl aws as the fracture initiation of the crack - healed 
specimens have different sizes, the fracture stresses exhibit a large scatter. 

 This specimen was tested at room temperature and exhibited the fracture 
stress of 526   MPa. To improve the reliability and the quality of the structural 
ceramics, it is therefore necessary to remove the specimens with large embedded 
fl aws by proof test, even if surface cracks were completely healed. The scale 
parameter of the crack - healed specimens has a higher value than that of the as -
 cracked specimens as well as that of the smooth specimens, because cracks intro-
duced by machinings which existed even in the smooth specimens, were also 
completely healed. 

 To show the considerable merit of the crack healing, the fracture probabilities 
of three specimens (smooth specimens, as - cracked specimens, and crack - healed 
specimens) for the proof test stress of 435   MPa were compared. The fracture prob-
abilities of the smooth specimens, the as - cracked specimens, and the crack - healed 
specimens were 80, 100, and 30%, respectively. Therefore, it can be concluded that 
the crack healing drastically increases the survival probability by the proof test, 
and thus increases the working stress of structural ceramics.  

  17.7.2 
 Fatigue Strength 

 The effect of the self - crack healing on the fatigue strength is greater than that on 
the monotonic strength. The fatigue degradation of ceramics progresses by the 
stress corrosion cracking at the tip of cracks as mentioned in section  17.2 . There-
fore the presence of surface cracks affects strongly the fatigue strength. Figure 
 17.21   [50]  shows the dynamic fatigue results of the crack - healed mullite containing 
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15   vol% SiC whiskers and 10   vol% SiC particles composite with that of the com-
posite having a semi - elliptical crack of 100    μ m in surface length. From logarithmic 
plots of the dynamic strength versus stressing rate, the effect of the crack healing 
on the fatigue behavior can be clearly understood. The positive slope implies that 
the slow crack growth occurs. As the data on the specimens containing the surface 
crack shows the positive slope, the slow crack growth has been included in the 
fatigue behavior. On the other hand, the data on the crack - healed specimen is 
almost constant over the whole stressing rate. Therefore, the crack healing makes 
the fatigue sensitivity decrease signifi cantly. Actually, the fracture initiator in the 
crack - healed mullite containing 15   vol% SiC whiskers and 10   vol% SiC particles 
composite under the every stressing rate is an embedded fl aw, which did not grow 
under the applied stress.   

 In high temperature fatigue, there is another interesting phenomenon, in order 
that the self - crack healing occurs at the same time as fatigue damage. For example, 
Figure  17.22   [50]  shows a logarithmic plot of life time in terms of the applied stress 
for the crack - healed mullite containing 15   vol% SiC whiskers and 10   vol% SiC 
particles composite at 1273   K. In general, that is, the slow crack growth is included, 
the life time increases as the applied stress decreases. However, all the crack -
 healed test specimens survived up to the fi nish time of 100   h obeying the JIS 
standard  [51]  under static stresses of 50   MPa less than the lower limit of the 
monotonic strength at the same temperature. Alternatively, the specimens frac-
tured at less than 100   s under stresses corresponding to the lower limit of the 
fl exural strength. This fracture is not fatigue, but rather rapid fracture. Therefore, 
it is confi rmed that the crack - healed composite is not degraded by the static fatigue 
at 1273   K. The behavior would result from the fact that self - crack healing occurs 
rapidly compared with the fatigue damage.    
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     Figure 17.21     Dynamic fatigue results of the crack - healed 
mullite containing 15   vol% SiC whiskers and 10   vol% SiC 
particles composite with that of the composite having a 
semi - elliptical crack of 100    μ m in surface length.  
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  17.7.3 
 Crack - healing Effects on Machining Effi ciency 

 An important alternative aspect is that the self - crack healing is a most valuable 
surface treatment. Applying the crack - healing process into the manufacturing for 
ceramic components can reduce the manufacturing cost. Machining processes 
included in the manufacturing reduce the reliability of the components  [52]  
because it causes many cracks to the surface of the component. To remove the 
nonacceptable cracks, fi nal machining processes, such as polishing and lapping, 
are generally required. Although these processes leave behind many minute 
cracks, these are expensive processes. It is, therefore, anticipated that substituting 
the creak - healing process for the fi nal machining processes leads to economical 
manufacturings for ceramic components secured with high reliability. 

 Figure  17.23   [53]  demonstrates that the nonacceptable cracks introduced by a 
heavy machining can be completely crack healed. The machining cracks were 
introduced at the bar specimens surface of alumina/20   vol% SiC whiskers com-
posite by a ball - drill grinding. The ball - drill grinding was performed along the 
direction perpendicular to the long side of the specimens, as shown in shown in 
Figure  17.6 , which consequently fabricated a semi - circular groove whose depth 
and curvature were 0.5 and 2   mm, respectively. As a result, the machined speci-
mens contained many machining cracks perpendicular to the tensile stress at the 
bottom of the semi - circular groove. The horizontal variable is a cut depth by one 
pass, which is an indicator of the machining effi ciency. For example, 14 to 40 
cycles are needed to fabricate the semi - circular groove by the grinding with the 
cut depth by one pass of 15 and 5    μ m, respectively. Alternatively, the vertical axis 
indicates the local fracture stress of the machined specimens and the machined 
specimen healed. From the load as the specimens fractured,  P  F , the section 
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     Figure 17.22     Logarithmic plot of life time in terms of the 
applied stress for the crack - healed mullite containing 15   vol% 
SiC whiskers and 10   vol% SiC particles composite at 1273   K.  
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     Figure 17.23     Effect of depths of cut by one pass on the local 
fracture stress at room temperature of the machined 
specimens healed.  

modulus,  Z , and the stress concentration factor,   α  , the local fracture stress at the 
bottom of the semi - circular groove,   σ   LF , was evaluated as follows:  

   σ
α

LF
F= P l

Z4
    (17.8)  

where  l  is a span length. Under this geometry, the value of  Z  and   α   were 4.2 and 
1.4  [54] , respectively. The local fracture stress of the machined specimens decreased 
with increasing the cutting depth. This behavior implies that the cut depth by one 
pass also means the degree of the machining heaviness. Throughout the range of 
the cut depth by one pass a complete strength recovery was found to be attained 
by the crack - healing treatment for 10   h at 1673   K, because these average strengths 
were almost equal to that of the complete crack - healed specimens  [35] . The crack 
healing is possible for relatively large cracks initiated by a heavy machining for 
cutting depths up to 15    μ m. However, the heavy machining for cutting depths 
above 15    μ m makes the diamond grain to drop out of the ball drill signifi cantly, 
reducing the machining effi ciency. Therefore, with a simple operation of heating, 
one can ensure the reliability over ceramic components machined by the limiting 
conditions of the grinding tool (ball - drill). To not cause the outstanding strength 
to decrease by fabricating the semi - circular groove, it is necessary to perform not 
only on machining with the cut depth by one pass of less than 5    μ m but also on 
lapping at the bottom. Thus, a high machining effi ciency can be attained by the 
use of the crack - healing process. 

 It is important to note the difference in the optimized condition between the 
crack healing for indented cracks and the machining cracks. The optimized crack 
healing condition for the indentation cracks in alumina/20   vol% SiC whiskers 
composite was found to be 1573   K for 1   h  [53] . However, the crack healing above 
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 Table 17.4     Weibull modulus ( m ) and shape parameter (  β  ) of ball - grind 
alumna composites containing 20   vol% of  S  i  C  whiskers. 

   Sample type     Weibull modulus, 
 m  (MPa)  

   Shape parameter 
(  β  )  

  Machined specimen    6.69    549  
  Machined specimen healed at 1573   K for 1   h    6.70    796  
  Machined specimen healed at 1673   K for 10   h    11.5    1026  
  Healed (1573   K for 1   h) smooth specimen    8.15    1075  

1673   K for more than 10   h is required to attain the complete strength recovery for 
the machined alumina/20   vol% SiC whiskers composite. This behavior can be 
clearly understood by the statistical analysis using the two - parameter Weibull 
function given by Equation  (17.5) . Table  17.4  shows the Weibull modulus and the 
shape parameter evaluated from the analyses. The values of  m  and   β   of the 
machined specimen healed at 1673   K for 10   h were 11.5 and 1026   MPa, respec-
tively. The values were almost equal to those of complete crack - healed specimen. 
From this statistical and  χ  2  analysis, it was found that the cracks introduced by 
machining were completely healed by the crack healing process at 1673   K for 10   h. 
On the other hand, the machined specimen healed at 1573   K for 1   h had lower 
values of  m  and   β   than those of the smooth specimen healed; thus, it can be con-
cluded that this crack - healing condition is inadequate. Two approaches are con-
fi rmed to be reasonable to explain this difference: (i) the difference in the state of 
the subsurface residual stress associated with the different crack geometries and 
(ii) the oxidation of SiC by the heat generation during the machining. The machin-
ing crack was closed by the action of the compressive residual stress resulting in 
a redaction in the supply of oxygen to the crack walls. Moreover, before the crack -
 healing treatment, if SiC particles were already covered with a thin oxidation layer, 
by the grinding heat, this would lead to the decrease in the oxidation activity of 
the SiC particles.   

 Furthermore, it was found that the various cracks initiated by machining into 
various machined fi gurations could be healed by crack - healing treatment at 1673   K 
for 10   h, as shown in Figure  17.24   [53] .     

  17.8 
 New Structural Integrity Method 

  17.8.1 
 Outline 

 A combination of the crack healing and the proof testing ultimately guarantees 
the structural integrity of the ceramic components. As mentioned above, by 
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eliminating not only the cracks introduced during manufacturing but also the 
cracks introduced during service, the crack healing can ensure perfectly against 
risk of the fracture initiated from surface fl aws. The proof testing, in which com-
ponents are over - stressed print to use, can determine the maximum critical size 
of embedded fl aws associated with fracture. Embedded fl aws, such as voids, may 
be present in a material as a result of the processing, and could not be generated 
during service. Therefore, the minimum fracture stress caused by the embedded 
fl aws  [55, 56]  or probabilistic fatigue S – N curves  [57 – 59]  has been estimated from 
the proof testing stress on the basis of the linear fracture mechanics. 

 However, two important points must be taken account of while using the 
proof testing. First is to ensure that engineering ceramics show the nonlinear 
fracture behavior  [60, 61] . The other is that the evaluated minimum fracture 
stress is valid only at the proof testing temperature. Therefore, if ceramic compo-
nents are used at high temperature, the proof testing must be conducted at 
the operating temperature. Ando  et al.   [62]  proposed a theory to evaluate the tem-
perature dependence of the guaranteed (minimum) fracture stress of a proof 
tested sample based on nonlinear fracture mechanics. This approach allows the 
ceramic components proof tested at room temperature to operate at the arbitrary 
temperatures.  

  17.8.2 
 Theory 

 On the basis of the process zone size failure criterion, the minimum fracture stress 
at high temperature can be guaranteed from the proof testing stress at room tem-
perature, The criterion proposed by Ando  et al.   [62]  has been obtained by the size 
of process zone, which is the plastic deformation region at the crack tip, well 
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     Figure 17.24     Effect of crack - healing condition on strength 
recoveries of various machined specimens.  
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expressing the nonlinear fracture behavior of ceramics. From the criterion, the 
process zone size at fracture  D  C , is given by the following equation:
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where   σ   C  and   σ   0  are the fracture stress at the fracture caused by the fl aws having 
 a  c  and the fracture strength of the plain specimen (intrinsic bending strength), 
respectively.  K  IC  plane strain fracture toughness and  a  c , equivalent crack length, 
which is given by the equation as

   K aC C e= σ π     (17.10)   

 By expanding Equation  17.9  around  a  c , one can write the equivalent crack size 
of the fl aws associated with fracture as shown in the following equation:
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 Since  K  IC  and   σ   0  is the function of temperature, the fracture strength associated 
with  a  e  needs to be also expressed as a function of temperature:
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where the superscript  T  is the value at elevated temperature. 
 The maximum size of the fl aw.   ae

p, that is able to present in the sample proof 
tested under   σ   p , at room temperature can be given by
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where the superscript  R  is the value at room temperature. Assuming that the sizes 
of the residual embedded fl aws do not vary with change in the temperature, one 
can determine the minimum fracture stress guaranteed of the proof tested sample, 
  σ   G , as the fracture strength associated with   ae

p at arbitrary temperatures. Thus the 
value of   σ   G  can be expressed as
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and can be evaluated from the data on the temperature dependences of  K  IC  
and   σ   0 .  
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  17.8.3 
 Temperature Dependence of the Minimum Fracture Stress Guaranteed 

 Using the above theory, one can estimate the minimum fracture stresses at 
elevated temperatures for the sample proof tested at room temperature. Ono  et al.  
 [49]  (evaluated the temperature dependence of   σ   G  for alumina/20   vol% SiC parti-
cles composite. Moreover, by comparing the evaluated   σ   G  with the measured 
fracture stress of the proof tested sample at elevated temperature, the validity of 
this estimation was given by them. Their results and discussion are presented in 
the following text. 

 Before discussing the temperature dependence of   σ   G , temperature dependences 
of the plane strain fracture toughness,  K  IC , and the intrinsic bending strength,   σ   0 , 
are noticed. Ono  et al.   [49]  investigated these temperature dependences for 
alumina/20   vol% SiC particles composite. The   σ   0 , which is determined as the 
average fracture stress of 5% of the highest strengths of the crack - healed speci-
mens at the temperatures, has large temperature dependence and the tendency is 
almost linear and negative up to 1373   K. Moreover, the  K  IC  is almost constant 
against temperature. The features affect the correlativeness between the fracture 
stresses as a function of the equivalent crack length,  a  e , at room temperature and 
at high temperature. The schematic is shown in Figure  17.25 .   

 The fracture stress associated with small fl aw, that is,  a  e  is low, is equal to the 
  σ   0 , and varies considerably as temperature varies. On the other hand, the fracture 
stress associated with large fl aw, that is,  a  e , is high, is determined by linear fracture 
mechanics as expressed by Equation  (17.10)  and changes scarcely with tempera-
ture change. Therefore, the negative temperature gradient of the   σ   G  increases with 
increasing the proof testing stress,   σ p

R , as shown in Figure  17.26 . Since high   σ p
R 

qualifi es   ae
p  to be a low value, the negative temperature gradient of the   σ   G  becomes 

considerably high. Alternatively, since low   σ p
R  allows the large fl aws to present 
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     Figure 17.25     Schematic illustration of proof - test theory and 
the effect of equivalent crack on fracture strength at room 
temperature and at high temperature.  
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     Figure 17.26     Temperature dependence of minimum fracture 
stress guaranteed of the proof tested under several proof 
testing stress for alumina containing 20   vol% SiC particles 
composite.  

in the proof tested specimen, the   σ   G  is almost constant as a function of 
temperature.   

 The values of the evaluated   σ   G  have good agreements with the measured 
minimum fracture stress of the proof tested specimens,   σF

min. Figure  17.27  shows 
the data on the fracture stress of the crack - healed and the proof - tested specimens 
as a function of temperature with the evaluated   σ   G  for the crack - healed 
alumina/20   vol% SiC particles composite when   σ   p    =   435   MPa. Except the data at 
1373   K, all specimens have higher strength than the   σ   G  at all the temperature.   
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     Figure 17.27     Comparison between measured fracture stress 
and the evaluated minimum fracture stress guaranteed for the 
crack - heated alumina/20   vol% SiC particles composite proof 
tested under 435   MPa.  



 584  17 Self-healing of Surface Cracks in Structural Ceramics

 Also, the minimum values of the experimental fracture stress are almost equal 
to the   σ   G  at all temperatures. At 1373   K, the   σF

min  is 6.8% less than   σ   G , but the 
value exists in the dispersion evaluated from the  K  IC  and the   σ   0  that have large 
scatters. Moreover, in the case of   σ   p    =   530   MPa, the evaluated   σ   G  have good agree-
ments with the   σF

min  as well as with all the proof - tested specimens fractured under 
the tensile stress more than   σ   G . Therefore, the results well demonstrate the validity 
of the guaranteed method. 

 Moreover, Ono  et al.   [49]  and Ando  et al.   [62, 63]  reported that the guaranteed 
theory can be applied to different conditions and the different materials. The 
obtained results can be seen in Figure  17.28 , where the measured   σF

min  is plotted 
as a function of the evaluated   σ   G .  N  in the fi gure denotes the number of samples 
used to obtain   σF

min . Four open diamonds indicate the data on the ceramic coil 
spring made of silicon nitride. Also, a open square differs from the closed circles 
in the crack healing condition, that is, the open square employs 1373   K for 50   h 
and the closed circle employs 1573   K for 1   h. However, all   σF

min  shows good agree-
ment with   σ   G . Therefore, using Equation  (17.14)  one can estimate the   σ   G  at higher 
temperatures of every material having the crack healing ability and every crack 
healing condition.   

 On the other point of view, it is interesting whether this estimation is reversible 
for temperatures, that is, the stress evaluated in Equation  (17.14)  can guarantee 
the minimum fracture stress at room temperature of the specimen proof tested 
at high temperature. For example, the   σ   G  at room temperature of the 
alumina/20   vol% SiC particles composite proof tested under 335   MPa (=  σ   p ) at 
1073   K is evaluated to be 435   MPa. Alternatively, the experimental minimum 
fracture stress was 410   MPa. The   σ   G  existed in the dispersion obtained from  K  IC  
and   σ   0 , which have large scatters.   
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  17.9 
 Advanced Self - crack Healing Ceramics 

  17.9.1 
 Multicomposite 

 Ceramic composite containing both SiC whiskers and SiC particles, called SiC 
 multicomposite , enhance fracture strength and toughness as well as endow the 
ceramics with the good self - crack healing ability. As mentioned in Section  17.5 , 
the reinforcement by SiC whiskers can not only improve fracture toughness but 
can also generate the self - crack healing ability. However, it is diffi cult to disperse 
a large amount of SiC whiskers uniformly, and so the aggregated SiC whiskers 
decreases the fracture strength. SiC multicomposits containing both whiskers 
and particles improves the self - crack healing ability endowed by SiC whiskers 
alone without adversely affecting the composite strength. Therefore, ceramic – SiC 
multicomposites exhibit high strength, high fracture toughness, and excellent 
self – crack - healing ability. 

 Especially, SiC multicomposites perform better than the mullite - based compos-
ites. Mullite and mullite - based composites have been expected to be advanced 
ceramic spring because they exhibit the same low level elastic constant as metal 
and excellent oxidation resistance. However, mullite has remarkably low fracture 
toughness. Therefore, it is necessary to endow mullite with self – crack - healing 
ability for actualizing mullite - based ceramic springs. The mechanical properties 
of mullite/SiC composites  [21, 46]  and multicomposites  [64]  were investigated as 
shown in Table  17.5 .   

 The fracture strength increases with SiC content increasing up to 20   vol%, above 
which it remains almost constant. The fracture toughness increased with an 
increase in SiC whiskers content. Clearly, it is confi rmed that crack bridging and 
pulling out due to SiC whiskers lead to increase in fracture toughness. All the 

 Table 17.5     Mullite/ S  i  C  composites having self - crack healing ability. 

   Sample descriptions     Content (vol%)  

   Mullite     SiC particle 
 (diameter   =   0.27    μ m)  

   SiC whisker 
 (diameter   =   0.8 – 1.0    μ m, 
length   =30 – 100    μ m)  

  MSI5P    85    15    0  
  MS15W    85    0    15  

  MS20W    80    0    20  

  MS25W    75    0    25  

  MS15W5P    80    5    15  

  MS15W10P    75    10    15  



 586  17 Self-healing of Surface Cracks in Structural Ceramics

mullite/SiC composites, which are listed in Table  17.5 , can exhibit a large strength 
recover by the crack healing. However, mullite/15   vol% SiC whiskers composite 
(MS15W)  [46]  cannot attain the complete strength recovery despite the optimized 
crack healing condition. Complete strength recovery of the crack - healed specimens 
is defi ned as the strength of the strength of the specimens, whose fracture initia-
tion is embedded fl aw. This implies the complete elimination of surface cracks 
that can be attained and the strength of the crack healed part is superior to that 
of the base materials. The crack healed part in mullite/25   vol% SiC whiskers com-
posite (MS25W) holds higher strength than the base materials below 1273   K, as 
shown in Figure  17.29   [64] . On the other hand, the crack healed part in 
mullite/15   vol% SiC whiskers/10   vol% SiC particles composite (MS15W10P) holds 
higher strength than the base materials at the whole of the experimental tempera-
ture region, as shown in Figure  17.29 .   

 Figure  17.30   [64]  shows the maximum shear strains of the mullite/SiC multi-
composites as a function of SiC content. The maximum shear strain corresponds 
to the deformation ability as spring. The value of the maximum shear strain 
showed a maximum at a SiC content of 20   vol%, above which it slightly decreased 
because Young ’ s modulus increased with an increase in SiC content, but the 
fracture strengths were almost constant above SiC content of 20   vol%. MS15W10P 
has the best potential as a material for the ceramic springs used at high tempera-
tures, because it has a shear deformation ability that was almost two times greater 
than monolithic mullite as well as an adequate crack healing ability.    
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  17.9.2 
 SiC Nanoparticle Composites 

 Nanometer - sized SiC fi ne particles enhance the self - crack healing rate because 
it gives a large increment in the reactive area and makes the surface of SiC 
particles active. This effect give a large benefi t to the self - crack healing at 
relatively low temperatures at which the self - crack healing is completed in more 
than 100   h. 

 Reaction synthesis is a promising process for directly fabricating nanocompos-
ites which are diffi cult to obtain by the normal sintering of nanometer - sized start-
ing powder compacts. Reaction synthesis to fabricate alumina – SiC nanocomposites 
 [65 – 71]  were reported. Using the reaction synthesis  (17.15) 

   3 3 2 8 6 13 62 3 2 2 3Al O SiO Al C Al O SiC( ) + + = +     (17.15)   

 Zhang  et al.   [71]  succeeded in fabricating alumina nanometer - sized SiC particles 
nanocomposite, in which the formed SiC particles are mainly entrapped inside 
the alumina grains. Employing the similar process to prepare alumina – SiC nano-
composite, Nakao  et al.   [72]  investigated the effect of nanometer - sized SiC particle 
on the crack - healing behavior, as shown in Figure  17.31 .   

 The result demonstrates that the nanometer - sized SiC with particle size of 
20   nm can signifi cantly increase the self - crack healing rate compared to the com-
mercial 270   nm SiC particles. Furthermore, the nano - SiC particles can attain the 
complete strength recovery within 10   h at 1023   K, which is a 250   K lower tempera-
ture compared to the commercial SiC particles. Although nanometer - sized SiC 
particles makes the crack - healing reaction activated at lower temperatures, it gives 
same level of refractoriness as the alumina containing commercial SiC particles 
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composite. Therefore, it is noted that the use of SiC nanoparticles is a most valu-
able route to enhance the valid temperature region of the self crack healing.   

  17.10 
 Availability to Structural Components of the High Temperature Gas Turbine 

 The structural component of the high temperature gas turbine is one of the most 
attractive applications for the self healing ceramics. The application requires high 
temperature durability and high mechanical reliability because of its service condi-
tion consisting of high temperature and oxidizing atmosphere, which is valid 
condition of the self - healing driven by the SiC oxidation. Actually the turbine 
nozzle and blade of the 1500    ° C - class gas turbine are exposed in high temperatures 
ranging from 1273 to 1773   K and oxygen partial pressures ranging from 8000 to 
10   000   Pa. To discuss the availability of the self - healing driven by SiC oxidation to 
the turbine blades and nozzles requires knowing the self healing kinetics as a 
function of temperature and oxygen partial pressure, because the rate is sensitive 
to temperature and oxygen partial pressure changes. 

 Osada  et al.   [39]  proposed the kinetics model in which the rate of self - crack 
healing,  v  H , is expressed as a function of both the healing temperature,  T  H , and 
oxygen partial pressure,  P  O2 . Two assumptions of the kinetic model are that the 
reaction order,  n , is independent on temperature and that obeying Arrhenius ’  law, 
the reaction constant,  k , depends on only temperature. By using the kinetic model, 
 k  is expressed as a following function of  T  H  and  P  O2 ;
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     Figure 17.32     Temperature dependence on natural logarithm 
of the rate constant,  k , calculated from various levels of  P  O2 .  
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where  A  is constant,  Q  H  activation energy, and  R  gas constant. Validity of 
the model was assayed from the experimental data on alumina/15   vol% SiC com-
posite, as shown in Figure  17.32 . The vertical axis indicates the logarithm of 
  1 2t Pn

H O⋅ , corresponding to the logarithm of  k , since where  t  H  is the minimum time 
until complete healing, and the value of  v  H  is determined to be the inverse of  t  H . 
As all the plots can be fi tted by only one straight line, it is confi rmed that the 
proposed model can be available in the temperature region from 1273 to 1473   K. 
Furthermore, the minimum time for complete healing was obtained as;  
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 Also it is important to know the threshold stress during self - crack healing under 
low oxygen partial pressure. Figure  17.33  show the bending strength of Si 3 N 4 /SiC 
composite crack - healed at 1473   K for 5   h in  P  O2  of 500   Pa under several tensile 
stress. The tensile stress is applied by three point bending and applied to one face 
containing an indentation crack of 0.1   mm in surface length. The specimens 
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applied stress of 200   MPa and 250   MPa survived during crack - healing process. For 
the applied stress of 200   MPa, the specimens fractured outside crack - healed zone, 
whereas the applied stress of 250   MPa the specimens fractured from crack - healed 
zone. The average values of bending strength of the specimens crack - healed under 
200   MPa are comparable to those of the specimen healed without stress. Therefore, 
the threshold tensile stress for crack - healing at 1473   K in  P  O2    =   500   Pa is deter-
mined to be 200   MPa. In the same method, for the specimens crack - healed in 
 P  O2    =   5000   Pa and 21   000   Pa (air), the threshold tensile stresses for crack - healing 
were determined to be 200   MPa. From these results, the crack - healing can be 
achieved in low oxygen partial pressure of  P  O2    =   500   Pa and can elongate the 
lifetime and the reliability.    
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   18.1 
 Introduction 

 Advancements in the science of engineered nanoparticles (materials with at least 
one dimension  < 100   nm) have created a great deal of promise for their application 
in a wide variety of fi elds. Today, the  “ nanosized ”  properties of a range of materials 
are being harnessed for use not only in industrial applications, but also in biomedi-
cal applications  [1 – 3]  and personal care products  [4] , among others. A great deal 
of concern has been expressed, however, regarding the potential safety of these 
materials to biological systems. Reviews in  Science   [5]  as well as a United States 
National Research Council report  [6]  have noted a general lack of information on 
the potential human and environmental health effects of exposure to these 
compounds. 

 In particular, relatively few resources have been devoted to examining the poten-
tial ecological fate and effects of engineered nanoparticles, and there is a general 
lack of conclusive data regarding the fate and potential effects of these materials 
in natural ecosystems. Despite safeguards and environmental protection legisla-
tion, industrial and personal products are routinely deposited in the environment, 
including freshwater and marine ecosystems  [7] . For example, Kolpin  et al .  [7]  
reported that in a study of 139 streams in the United States, 80% contained meas-
urable levels of organic wastewater contaminants including caffeine, insecticides, 
cholesterol, antimicrobial agents, and fi re retardants. With over 300 commercial 
products containing some type of nanotechnology currently available on the 
market  [8] , and growth expected to exceed US$1 trillion by 2015  [5] , it is likely that 
inputs of nanomaterials into the environment will increase over time  [9] . 

 In order to estimate the potential risk posed by engineered nanoparticles to 
ecological systems, several objectives must be met: 

   •       Realistic estimates of environmental discharge must be made:  Current research 
on the ecological effects of engineered nanoparticles is carried out without an 
estimate of what  environmentally relevant  concentrations of nanoparticles might 
be. Accurate environmental discharge estimates are necessary for ecotoxicologists 
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to refi ne test methods and ascertain mechanisms of toxicity which are most 
likely to occur in ecological settings.  

   •       The behavior of engineered nanoparticles in soils and water must be understood:  
In order for toxic effects to occur, a material must be bioavailable and taken 
up by a biological organism. Thus, the environmental compartments that 
engineered nanomaterials move into, and how they behave within those 
compartments, must be understood in order to estimate biological – nanoparticle 
interaction.  

   •       The mechanisms by which engineered nanoparticles exert effects on ecologically 
important species must be understood:  Current research on the toxicity of 
engineered nanoparticles has focused on mammalian systems as a model for 
potential human health impacts. While biochemical, molecular, and tissue - level 
outcomes described by these studies are likely relevant for ecologically important 
species, other    –    more subtle    –    effects such as shifts in energetics or effects on 
organism behavior may also be signifi cant and unexplored by the biomedical 
community.    

 In this chapter we will discuss some of these issues and how they relate to the 
potential ecological impacts of engineered carbon nanoparticles following their 
release into aquatic ecosystems.  

  18.2 
 Fate and Exposure 

  18.2.1 
 General 

 In order to assess the risk posed by engineered carbon nanomaterials to ecological 
systems, both the exposure scenarios as well as potential effects must be character-
ized. The behavior of engineered carbon nanoparticles in aqueous systems, their 
bioavailability to aquatic biota, and their potential to alter the transport and avail-
ability of co - occurring chemical contaminants, will be examined in the following 
sections.  

  18.2.2 
 Stability in Aquatic Systems 

 The fate and behavior of engineered carbon nanoparticles in aquatic ecosystems 
depend on the specifi c properties of the individual material. Most carbon - derived 
nanoparticles are largely insoluble in water, and tend to aggregate into larger 
macroparticles which cannot maintain their place in the water column  [10] . Thus, 
these materials, similar to many other organic chemical contaminants, are likely 
to partition into sediments following their discharge into aqueous environments 
(Figure  18.1 ). In the sediments, these materials will be available to benthic 
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organisms and, possibly, to pelagic organisms through resuspension or food chain 
transport.   

 Potentially more relevant to aquatic ecotoxicology are engineered carbon nano-
particles which have been functionalized for technological applications that require 
increased stability in aqueous environments. Engineered carbon nanoparticles can 
be stabilized in aqueous environments using surfactants, organic solvents, and 
biomacromolecular coatings such as lipids and proteins  [10 – 13] . However, little is 
known about how relevant these solubilization strategies are for natural systems, 
or how they infl uence the behavior of engineered carbon nanoparticles in fresh-
water and marine environments. 

 Perhaps more relevant for ecological systems is the discovery that some nano-
materials, including multiwalled  carbon nanotube s ( CNT s), can be stabilized in 
aqueous environments using natural organic matter (Figure  18.2 )  [10] . The latter 
is a complex mixture of organic molecules of varying size and chemical properties 
that originates from degraded plant and animal material, and is found at varying 
concentrations in virtually all aquatic ecosystems.   

 Natural organic matter contains both lipophilic and hydrophilic components 
which are able to interact with engineered carbon nanoparticles and thus increase 
their solubility and stability in aqueous environments. It is important to note that 
all of these methods (coatings, solvents, organic matter) often result in only stable 
 suspensions  and not true solutions. Thus, the suspended nanoparticles will come 
out of suspension over time. For example, Roberts  et al .  [12]  found that lipid - coated 
single - walled CNTs, while far more stable in suspension than uncoated tubes, still 

     Figure 18.1     The potential fate of engineered carbon nanomaterials in aqueous systems.  
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precipitated approximately 20% out of suspension in moderately hard freshwater 
over a 48   h period. Regardless, increased stability in aqueous environments will 
increase the period for which aquatic organisms are exposed to engineered carbon 
nanoparticles.  

  18.2.3 
 Bioavailability and Uptake 

 The term  bioavailable  refers to those chemical contaminants which can interact 
with, and be taken up by, an organism into its tissues. Bioavailable contaminants 
may enter an organism through a number of pathways, but the most common 
route is by uptake across the skin, the ingestion of contaminated food and water, 
or via respiratory processes. Not all contaminants in the environment are bioavail-
able. For example, the bioavailability of heavy metals such as cadmium and copper 
are reduced in aqueous environments with high water hardness  [14, 15] . The bio-
availability of metals in sediments can be reduced by the presence of acid - volatile 
sulfi des  [16] . Organic contaminants such as polycyclic aromatic hydrocarbons can 
be sequestered by dissolved organic carbon and natural organic matter, thus pre-
venting their uptake by aquatic biota  [17] . This reduction in bioavailability coin-
cides with a reduction in toxic effects due to a decrease in the internal dose of the 
toxicant. 

 The potential bioavailability of engineered carbon nanoparticles in aquatic eco-
systems is largely unknown, with few studies having been conducted to measure 
the uptake of engineered carbon nanoparticles by aquatic biota. Potential routes 
of exposure include uptake across the gills and skin, as well as ingestion  [9] . 
Roberts  et al .  [12]  demonstrated that grazing freshwater zooplankton ( Daphnia 
magna ) were able to ingest lipid - coated single - walled CNTs through their normal 
feeding behavior. The organisms were able to digest the lipid coating from the 
tubes and excrete the uncoated, insoluble nanotubes. Similar results were obtained 

     Figure 18.2     Flasks containing: (a) organic - free water; (b) 1% 
sodium dodceylsulfate solution; (c) 100   mg  natural organic 
matter  ( NOM ) solution with 500   mg   l  − 1   multi - walled 
nanotube s ( MWNT s); and (e) river water containing NOM 
and 500   mg   l  − 1  MWNTs. The 100   mg carbon per liter (C/L) 
SR - NOM solution and river water without MWNT addition 
are shown in fl asks (d) and (f).  Reproduced from Ref.  [10] .   
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with another smaller species ( Ceriodaphnia dubia ) using natural organic matter -
 stabilized multiwalled CNTs (Figure  18.3 ).   

 The dietary uptake of single - walled CNTs has also been reported in estuarine 
copepods ( Amphiascus tenuiremis ), another zooplankton species  [18] . Also reported 
here was the presence of compact aggregations of nanotubes in the fecal pellets 
of the copepods. Fewer studies exist on the uptake of nanotubes by fi sh; in rainbow 
trout, nanotubes ingested from the water column were shown to adhere to the 
mucous secretions of the gill tissues (Figure  18.4 )  [19] .   

     Figure 18.3     Micrographs of the zooplankton  Ceriodaphnia 
dubia , following exposure to (a) natural organic matter and 
(b) natural organic matter and multiwalled carbon nanotubes 
(MWCNTs). The dark line visible inside the organism in panel 
(b) is the intestinal tract (arrow), containing large amounts 
of MWCNTs.  

     Figure 18.4     (a) Single - walled carbon nanotubes adhered to 
the mucous secretions around the gills of rainbow trout; 
(b) Phase - contrast micrograph of a mucus smear, showing 
nanotubes associated with the mucous proteins.  Reproduced 
from Ref.  [19] .   
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 However, it is unknown what fraction   (if any) of the nanotubes crossed the epi-
thelium and were taken up into the soft tissues of the organisms in any of these 
studies, although this is largely due to a lack of effective methods for measuring 
nanotubes at the low concentrations found in biological tissues. The limit of detec-
tion for analytical methods requires samples to be concentrated to such a high 
degree that there may be great uncertainty in the accuracy of their determination. 

 Fullerenes and some fullerene - derivatives are known to be lipophilic  [20] . Fuller-
enes are easily extracted from tissues using organic solvents, and their concentra-
tion determined using spectrophotometry. In one study, Oberdorster  et al .  [21]  
documented an increasing uptake of fullerenes by zooplankton from the water 
column over a 96   h period  [21] . It has been suggested that adding functional groups 
to both fullerenes and nanotubes decreases their toxicity  in vitro   [22 – 24] , though 
this may be due to alterations in the hydrophobicity and thus uptake of the mate-
rial by cells  [24] .  

  18.2.4 
 Tissue Distribution 

 Once internalized by the organism, chemical contaminants are distributed to the 
tissues via the circulatory system. Again, there is a paucity of data regarding the 
tissue distribution of carbon nanoparticles in aquatic organisms. Oberdorster  et 
al .  [21]  found that exposure to uncoated fullerenes resulted in an increased oxida-
tive stress in the brains of largemouth bass, leading to the possibility that the 
materials were able to cross the blood – brain barrier  [11] . These results were sup-
ported by another study, in which the distribution of fl uorescent, nanosized poly-
styrene spheres in the tissues of the medaka, an aquarium fi sh commonly used 
in aquatic toxicological studies, was investigated  [25] . Kashiwada  [25]  found that 
fl uorescing polystyrene nanoparticles accumulated within the gut and gills of the 
fi sh, and were also detected in the brain, testis, liver, and blood. However, the 
most intense fl uorescence was observed in the gill tissues, indicating that uptake 
across the gill epithelium may be a major route of exposure. A previous study had 
shown that rats dosed orally with fullerenes excreted most of the material via the 
feces, whereas rats injected intravenously with fullerenes retained the materials 
for over one week, with the majority being distributed to the liver  [26] . These fi nd-
ings support the hypothesis that, in fi sh, uptake across the gills may be a more 
important route of exposure than dietary ingestion.  

  18.2.5 
 Food Web 

 Several chemical compounds found in the environment  –  and especially those 
which are not easily metabolized, such as mercury and polychlorinated biphe-
nyls    –    have been shown to move through aquatic food chains  [27 – 29] . These materi-
als are taken up by organisms at low trophic levels such as bacteria, algae, and 
zooplankton and, because they are not easily metabolized and excreted, are passed 
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on to higher trophic levels when those organisms are subsequently ingested by 
predators. This results in increasing concentrations of chemical within organisms 
at higher levels of the food chain, a process known as   biomagnifi cation   (Figure  18.5 ).   

 The biomagnifi cation of these materials can pose signifi cant risks to the health 
of organisms located at higher trophic levels which might otherwise not be exposed, 
including humans  [30 – 34] . For example, mercury consumption warnings in 
seafood are a result of biomagnifi cation of methyl mercury through the food web. 

 Studies conducted by Templeton  et al .  [12]  and Roberts  et al .  [18]  have indicated 
that zooplankton in aquatic systems can ingest nanoparticles from their environ-
ment through normal feeding behavior. Bacteria, which form the bulk of aquatic 
biofi lms, have also been shown to take up nanosized particles. Both, biofi lms and 
zooplankton occupy lower trophic levels in aquatic ecosystems and provide an 
important food base for a variety of organisms, including fi sh. Considering the 
lipophilicity of some nanoparticles, and the lack of evidence of true metabolism, 
the potential for biomagnifi cation clearly exists.  

     Figure 18.5     Biomagnifi cation through an aquatic food chain. 
Contaminants may be found at relatively low concentrations 
at lower trophic levels (zooplankton). Concentrations will 
increase as predatory organisms consume large numbers of 
prey items, but do not have the ability to metabolize or 
excrete the chemical contaminant.  
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  18.2.6 
 Effects on the Uptake of Other Contaminants 

 Due to the relative ease with which some engineered carbon nanoparticles are 
taken up by cells, there is also concern regarding the potential for these materials 
to facilitate the transport and uptake of other, adsorbed chemical contaminants 
into cells.  Polycyclic aromatic hydrocarbon s ( PAH s) are a ubiquitous contaminant, 
and are discharged into the environment as a result of the incomplete combustion 
of fossil fuels. They are generally considered to be carcinogenic and to have a range 
of toxic effects  [35 – 37] . Yang  et al .  [38]  showed that PAHs readily adsorb to fuller-
enes and nanotubes  [38] , while Moore  et al .  [9]  also found that coexposure to a 
model PAH (anthracene) and a nanosized polyester sucrose particle increased 
both the uptake and cellular toxicity of anthracene in mussels. Contaminants 
which are readily adsorbed onto carbon nanoparticles, or are closely associated 
with them as a result of manufacturing processes (such as transition metals), may 
be delivered more rapidly to cells in the presence of nanosized particles.   

  18.3 
 Effects 

  18.3.1 
 General 

 The limited data relating to the toxicological effects of engineered carbon nano-
particles has derived from research groups that have focused largely on mamma-
lian models (both  in vitro  and  in vivo ). Such studies have been carried out primarily 
to determine whether these compounds cause, or have the potential to cause, 
human health effects following occupational exposure. Although there are excep-
tions, the bulk of the data suggests that engineered carbon nanoparticles are toxic 
to some degree, and points to oxidative stress, infl ammatory reactions, and immu-
nological effects as the key features of carbon nanoparticle toxicity  [39, 40] . 

 Relatively few studies, however, have been carried out regarding nanotoxicologi-
cal effects on ecologically important aquatic species, such as fi sh and zooplankton 
(Table  18.1 ). The aim of this section is to summarize and review the ecotoxicologi-
cal effects of engineered carbon nanoparticles, focusing primarily on aquatic 
eukaryotic systems (e.g., fi sh and zooplankton), as has the bulk of reports made 
to date.    

  18.3.2 
 Oxidative Stress and Nanoparticles 

 Aerobic organisms use oxygen to oxidize (burn) carbon -  and hydrogen - rich sub-
strates (foods) to obtain the chemical and heat energy that is essential for life. 
However, when molecules are oxidized with oxygen, the oxygen molecule itself 
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 Table 18.1     Summary of the ecotoxicological literature on nanoparticles. 

   Reference     Species     Nonmaterial 
tested  

   Preparation 
method  

   Concentrations 
tested  

   Endpoints examined  

   [11]      Micropterus salmoides     nC 60     THF    0.5 – 1.0   ppm    Lipid peroxidation, protein oxidation, glutathione  

   [21]      Daphnia magna  
  Pimephales promelas  
  Hyalella azteca  
  Oryzias latipes   

  nC 60     Water - stirred    0.5 – 30   ppm    Mortality, CYP P450 isozymes, PMP70  

   [41]      Daphnia magna     nC 60     Sonication 
 THF  

  0.2 – 880   ppm    Mortality, behavior  

   [42]      Daphnia magna  
  Pimephales promelas   

  nC 60     Water - stirred 
 THF  

  0.5   ppm    Lipid peroxidation, CYP2K1, CYP2M1  

   [42]      Stylonychia mytilus     MWCNT    AEDP    0.1 – 200    μ g   ml  − 1     Cytotoxicity cell morphology, structural alterations  

   [43]      Danio rerio     nC 60  
 nC 70  
 nC 60 (OH) 24   

  DMSO 
 DMSO 
 DMSO  

  100 – 500   ppb 
 100 – 500   ppb 
 500 – 5000   ppb  

  Development effects, apoptosis  
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   Reference     Species     Nonmaterial 
tested  

   Preparation 
method  

   Concentrations 
tested  

   Endpoints examined  

   [44]      Bacillus subtilis  
  Escherichia coli   

  nC 60  
 nC 60 (OH) 22 – 24   

  THF    0.04 – 4   mg   l  − 1  
 5   mg   l  − 1   

  Growth  

   [45]      Danio rerio     nC 60     Stirring and 
sonication 
 THF  

  Dilution of stock 
solution  

  Mortality, behavior, global gene expression  

   [12]      Daphnia magna     SWCNT - lipid 
coated  

  LPC    2.5 – 20   mg   l  − 1     Mortality  

   [42]      Danio rerio     nC 60  
 nC 60 (OH) 16 – 18   

  Acetone/benzene/
THF 
 water  

  1.5   mg   l  − 1  
 50   mg   l  − 1   

  Mortality, developmental effects, hatching rate, heartbeat, 
pericardial edema  

   [19]      Oncorhynchius mykiss     SWCNT    SDS, sonication    0.1 – 0.5   mg   l  − 1     Behavior, gill ventilation rates, plasma ions, histopathology, 
Na + K +  - ATPase, oxidative stress  

   [46]      Daphnia magna     nC 60  
 nC 20 HxC 20 Hx  

  THF    260   ppb    Behavior  

   THF, tetrahydrofuran; AEDP, 2 - Amino - ethyene - l,1 - bis - phosphonic acid; LPC, lysophophatidylcholine; SDS, sodium dodecylsulfate.   

Table 18.1 Continued.
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becomes reduced and forms intermediates called  reactive oxygen species  ( ROS ); 
these include free radicals and hydrogen peroxide.   Oxidative stress   is the term used 
to describe the level of oxidative damage in a cell or tissue caused by ROS, the 
latter being a class of molecules that are derived from the metabolism of oxygen 
and which exist inherently in all aerobic organisms. In fact, ROS are produced 
constantly during normal aerobic metabolism, but are normally safely removed by 
a variety of biological antioxidants, such as  superoxide dismutase  ( SOD ), catalase, 
or glutathione (GSH) peroxidase. The amount of oxidative stress in a cell or tissue 
can be thought of as a balance between the overall generation and the overall 
removal/repair of ROS by antioxidants (Figure  18.6 ). Therefore, oxidative stress 
within a cell or tissue can result from two factors: (i) an increase in oxidant genera-
tion; and/or (ii) a decrease in antioxidant protection.   

 Research has shown that xenobiotics such as metals and hydrocarbons can shift 
the oxidative stress balance, thus causing an overproduction of ROS or the inhibi-
tion of antioxidant systems  [47 – 49] . This shift in balance leads to excessive molecu-
lar damage and tissue injury, an example being lipid peroxidation. The latter 
process is defi ned as the free - radical oxidation of polyunsaturated fatty acids in 
biological systems, and can be used as an end - point to measure oxidative stress. 
The most common biomarkers used to measure oxidative stress include  thiobar-
bituric acid reactive substance s ( TBARS ), which measures the presence of lipid 

     Figure 18.6     Oxidative stress occurs naturally, but biological 
systems maintain an equilibrium by counteracting the 
deleterious effects of  reactive oxygen species  ( ROS ) with 
antioxidants. Increased oxidative stress, a common mode of 
action for a number of chemical toxicants, can occur through 
either a depletion of a biological system ’ s antioxidants or an 
increase in the number of ROS.  
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peroxides and the reduction of GSH, an antioxidant which occurs naturally within 
cells and is known to scavenge ROS  [49 – 52] . 

 The majority of mammalian - based reports point to oxidative stress as the main 
mode of action of engineered carbon nanoparticles (e.g., Ref.  [40] ), and so the 
assumption is typically made that this is the main mode of action in all species. 
With the exception of one report  [11] , the present authors are unaware of any other 
 ecotoxicological  literature providing evidence that exposure to engineered carbon 
nanoparticles results in oxidative stress. These examinations provide insight into 
the possibility that carbon - engineered nanoparticles may affect aquatic organisms 
in a different way from mammalian systems. For example, Roberts  et al .  [12]  have 
suggested an energetics mechanism and interference with normal feeding behav-
ior in zooplankton. 

 One major issue which concerns all toxicological studies is to ensure that any 
observed effects can be attributed to the compound of interest, and not other con-
founding factors. This is of particular concern when using organic solvents to either 
solubilize or stabilize a material in aqueous media. Some carbon nanoparticles, 
including C 60 , have a very low solubility in water; consequently, organic solvents 
have been used (notably  tetrahydrofuran ; THF ) to increase the solubility of engi-
neered carbon nanomaterials. In the fi rst report addressing the question of whether 
exposure to engineered carbon nanoparticles would result in ecotoxicological 
effects, Oberdorster  [11]  used THF to create nC 60  solutions for exposure to large-
mouth bass. These preliminary study results indicated that nC 60  caused signifi cant 
lipid peroxidation in the brains of the exposed fi sh, since which time the preparation 
of nC 60  using THF has become common practice. However, data obtained by Henry 
 et al .  [45]  indicated that, at least in zebrafi sh, observable toxic effects could be attrib-
uted to THF and its breakdown products, as opposed to fullerenes  [45] . Although 
the exact mode of action of THF - prepared nanoparticles is unknown, it has been 
suggested that THF might cross the cross the blood – brain barrier, unlike carbon 
nanoparticles  [53] , thus explaining the fi ndings of Oberdorster  [11] . 

 It is also important to note that not all mammalian - based data have pointed to 
oxidative stress as the toxic mode of action of carbon nanoparticles. In fact, it has 
been suggested that nC 60  may function in an opposite manner, and act as a free -
 radical scavenger  [53] . An  in vitro  experiment in rats investigated the antioxidant 
effect of nC 60  by pretreating rats with nC 60 , followed by an injection of carbon 
tetrachloride (CCl 4 ), a chemical which is known to cause oxidative stress in the 
liver  [53] . The study results showed that nC 60  protected the liver against oxidative 
stress, which led the research team to conclude that the mechanism behind the 
protective role of nC 60  could be attributed to the ability of nC 60  to scavenge large 
numbers of free radicals.  

  18.3.3 
 Effects on Specifi c Tissues 

  18.3.3.1   Brain 
 The brain is arguably the most complex organ of all organisms, and may be incred-
ibly sensitive to insult, with any disruption or interference with correct brain 
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functions possibly leading to a loss of fi tness and/or death. Although the effects 
of engineered carbon nanoparticles on the brain are poorly understood, behavioral 
changes in multiple aquatic species exposed to engineered carbon nanoparticles 
have been observed and have provided evidence that these particles might impair 
normal brain function  [19, 46] . For example, when Smith  et al .  [19]  exposed 
rainbow trout ( Oncorhynchus mykiss ) to single - walled CNTs, they observed aggres-
sive behavior in the exposed fi sh that led to severe fi n nipping. Although no bio-
chemical changes were observed in the brains of these fi sh, a histological analysis 
identifi ed what appeared to be aneurysms (swelling of the blood vessels), which 
indicated that the blood supply    –    and hence the oxygen supply    –    of the brain may 
have been compromised. Behavioral effects were also observed in  Daphnia magna  
after exposure to nC 60   [41, 46] . In these studies, both juvenile and adult  D. magna , 
when exposed to nC 60 , showed an abnormal behavioral response to the exposure 
that resulted in sporadic swimming and disorientation. 

 Following initial studies conducted with mammalian cell lines, the investigations 
into the toxic mode of action focused on oxidative stress  [5] . As noted above, Ober-
dorster  [11]  had suggested that nC 60  could be selectively transported to the brain, 
where it would cause toxic effects; this idea was based on the signifi cant increase 
in lipid peroxidation that had been shown in the brains of largemouth bass exposed 
to nC 60 . Unfortunately, these results, and their subsequent interpretation, may have 
been compromised by the use of an organic solvent in the experiment.  

  18.3.3.2   Gills 
 In fi sh, the gills function in similar fashion to the lungs in mammals, and are vital 
not only as the main site for gas exchange but also as an important component of 
ionoregulation. Carbon - engineered nanoparticles, based on their size and chemi-
cal properties, have the potential to cause harm in both a physical (e.g., abrasions) 
and chemical (e.g., disruption of gas exchange) manner. A study conducted by 
Smith  et al .  [19]  documented increases in both ventilation rate and mucus secre-
tion, as well as an enlargement of mucocytes on the gills of trout exposed to single -
 walled CNTs. This led the authors to conclude that the CNTs had clearly caused 
respiratory distress. Interestingly, the trout had responded to the exposure by 
increasing a natural defense mechanisms, namely an increased mucus secretion. 
This reaction is common in fi sh exposed to aqueous pollutants  [54] , and is a short -
 term defense mechanism designed to prevent the toxicant from reaching the sensi-
tive gill epithelium  [19] .  

  18.3.3.3   Liver 
 In higher - level organisms, such as fi sh (and humans), the liver performs the 
enormous duty of maintaining the metabolic homeostasis of the body. Its respon-
sibilities include protein synthesis, nutrient homeostasis, and the fi ltration of 
particulates. The liver is also the main location for the detoxifi cation of toxicants 
and is, therefore, susceptible to chemical exposure and toxicity. Results obtained 
from studies in mammals have shown that intravenously administered fullerenes 
can be retained in the body for up to one week, with the majority ( > 70%) lodging 
in the liver  [26] . 
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 Whilst the potential effects of these compounds on correct liver function are 
relatively unknown, Smith  et al . in 2007, observed apoptosis (programmed cell 
death) in the liver of trout following their exposure to single - walled CNTs. Although 
the exact toxic mode of action was unknown, the location of the injured liver cells 
(close to the blood vessels) raised concern that the nanoparticles were being deliv-
ered systemically via the blood supply  [19] .  

  18.3.3.4   Gut 
 In theory, the gut would be expected to serve as the main site of uptake for nano-
particles associated with dietary exposure and drinking water. As noted earlier in 
the chapter, carbon - engineered nanoparticles are potentially bioavailable and can 
enter an organism via a number of pathways, including the ingestion of food and 
water. Although, observations have been made of carbon nanoparticle aggregates 
in the gut lumen of fi sh  [19]  and zooplankton  [12] , the bioavailability of these 
aggregates and their potential to cross the epithelial lining is largely unknown, as 
discussed previously.   

  18.3.4 
 Developmental Effects 

 Organisms are typically the most sensitive to insult (chemical or physical) during 
their early development and in the early life stages. Chemical compounds 
may disrupt cellular signaling, alter apoptosis patterns, or damage DNA, thus 
causing organisms to develop abnormally (  teratogenicity  ). Teratogens can result 
in obvious effects such as physical deformities, or in more subtle changes such 
as behavioral abnormalities. These changes early in life can have profound effects 
on the ecological fi tness of individuals, and result in deleterious population - level 
outcomes. 

 A host of investigations have utilized zebrafi sh embryos when investigating the 
developmental effects of engineered carbon nanoparticles  [42, 43] . For example, 
Usenko  et al .  [43]  observed delayed development, morphological malformations 
(e.g., of the body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, somite, 
and fi ns), pericardial edema (Figure  18.7 ), yolk sac edema (Figure  18.7 ), and 
behavioral abnormalities (e.g., hyperactivity, hypoactivity, paralysis) in fi sh exposed 
to nC 60 . Of particular interest in this study was the constant abnormal development 
of the fi n regions in all exposed organisms, which was indicative of cell signaling 
perturbations during early development (Figure  18.7 ). In another study, Zhu  et al . 
 [42]  found that hatching rates in nC 60  - exposed zebrafi sh embryos showed notable 
developmental delay and toxicity, slower heart rates, and increased pericardial 
edema.   

 The developmental effects such as those observed by Usenko  et al .  [43]  and Zhu 
 et al .  [42]  may have far - reaching implications since, in nature, individuals that 
experience abnormal development rarely survive to reproduce. Therefore, com-
pounds found to cause developmental effects have the potential to affect entire 
populations and communities, and thus deserve special attention.   
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  18.4 
 Summary 

 The  “ nanotechnology revolution ”  has spurred interest and concern regarding the 
safety of engineered nanoparticles. In particular, attention has been paid to the 
potential effects that such materials might have on humans, either through 
the use of consumer products containing  “ nanotechnology, ”  or through occupa-
tional exposure during the manufacturing process. Unfortunately, less attention 
has been paid to the potential impacts that these materials might have on ecologi-
cal systems, despite the increased manufacture of engineered carbon nanomateri-
als being likely to result in their deposition into aquatic ecosystems, either from 
spills or as a result of the waste stream, in a fashion similar to other chemicals 
and consumer products  [7, 9] . As noted in this chapter, there is a paucity of data 
regarding the behavior and fate of engineered carbon nanoparticles in aquatic 

     Figure 18.7     (a,b) Representative images of the caudal fi ns for 
(a) control and (b) 200   ppb nC 60  - exposed animals; (c,d) 
Representative images of (c) 1% dimethylsulfoxide - exposed 
control larval head and (d) 200   ppb nC 60  - exposed larval head. 
The arrows indicate the  pericardial edema  ( PE ) and  yolk sac 
edema  ( YSE ).  Reproduced from Ref.  [43] .   
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ecosystems, their potential bioavailability to aquatic organisms, and the effects that 
they might have on those organisms. 

 The fi eld of ecotoxicology generally operates within the framework of ecological 
risk assessment in order to determine the risk posed by a particular chemical to 
the natural environment. This framework relies on accurate exposure assess-
ment    –    How much of the material is likely to be found in the environment and is 
the material bioavailable?    –    as well as accurate effects assessment    –    At what expo-
sure concentrations does the material result in harm? Although preliminary inves-
tigations have indicated that fullerenes and nanotubes can be taken up by aquatic 
organisms, and result in deleterious effects under certain conditions, the realism 
of these exposure scenarios, and particularly of the exposure concentrations, is 
unknown. Are these exposure concentrations environmentally relevant? Are we 
likely to see these concentrations of fullerenes and nanotubes being discharged 
into aquatic systems? The effects that site - specifi c parameters such as pH, hard-
ness, and temperature (which all have major impacts on the bioavailability of other 
contaminants) have on the bioavailability of engineered carbon nanomaterials are 
unknown. Until questions regarding these bioavailability and exposure scenarios 
are answered, it will remain diffi cult to ascertain the risk and potential effects that 
engineered carbon nanomaterials might have on aquatic ecosystems.  
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   19.1 
 Introduction 

 The level and complexity of water contamination worldwide has reached unprec-
edented levels in such a way that the complexity of this problem seems intractable. 
While there is a wide variety of different contaminant species, the US environ-
mental protection agency divides most of the common contaminants found in 
surface water into six categories  [1] : 

   •      Inorganic compounds: these include toxic heavy metal ions (e.g., cadmium, 
chromium, lead, copper, mercury), oxoanions (arsenates, chromates) and 
nonmetal anions such as fl uoride.  

   •      Organic compounds: benzene,  1,2 - dichloroethene  ( 1,2 - DCE ), dioxins,  polyaro-
matic hydrocarbon s ( PAH s),  tetrachloroethene  ( PCE ),  trichloroethene  ( TCE ), 
 polychlorinated biphenyl s ( PCB s), etc.  

   •      Disinfection byproducts: trihalomethanes and haloacetic acids.  

   •      Disinfectants: chlorine (as  Cl 2   ), chloramines (as  Cl 2  ) and chlorine dioxide.  

   •      Radionuclide: atoms with unstable potentially radioactive nuclei, such as 
phosphorus - 32, promethium - 147 or americium - 243.  

   •      Microorganisms: these include bacteria, fungi and archaea, but not viruses nor 
prions.    

 Different methods employed for the removal of pollutants from water include 
chemical precipitation, membrane fi ltration, ion exchange, and adsorption. Many 
types of adsorbent, such as silica, alumina, activated carbon, rare earth oxides, 
amorphous iron hydroxide, polymers, ion - exchange fi bers, and lanthanum - based 
compounds, have been developed as adsorbents for the removal of pollutants from 
water  [2 – 7] . Recently,  carbon nanotube s ( CNT s) have been considered as materials 
for the removal of trace pollutants from water. A number of contributions in this 
fi eld have been devoted to the experimental and theoretical study of contaminant 
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adsorption by CNTs. One of the earliest studies, conducted by Long  et al .  [8] , 
reported that CNTs had a signifi cantly higher dioxin removal effi ciency than acti-
vated carbon. One year later Li  et al .  [9]  suggested that CNTs had a high adsorption 
capacity for the removal of lead from water. The same group  [10]  also showed 
CNTs to be excellent fl uoride adsorbents, with a removal capability superior to that 
of activated carbon. Peng  et al .  [11]  indicated that CNTs were effi cient adsorbents 
for the removal of  1, 2 - dichlorobenzene  ( 1, 2 - DCB ) from water, and could be used 
over a wide pH range. Lu and coworkers  [12]  noted that CNTs also displayed sig-
nifi cant high trihalomethane removal effi ciencies. 

 Together, the results of these studies have indicated that CNTs possess an enor-
mous potential for applications in environmental remediation. Consequently, we 
present in this chapter a comprehensive overview of recent progress in laboratory 
studies of CNTs for contaminant removal from water. Particular aspects concen-
trate on the preparation, characterization and adsorption results of the nanotube 
materials, while specifi c examples of experimental studies with CNTs for the 
adsorption of common environmental contaminants in water are also discussed.  

  19.2 
 Structure and Synthesis of Carbon Nanotubes 

 Carbon nanotubes can be formally depicted as a graphene honeycomb rolled either 
into a seamless single - walled cylinder or into several concentric cylinders. The 
former structure is termed  single - walled nanotube  ( SWNT ) (Figure  19.1 ), and the 
latter  multi - walled nanotube  ( MWNT ) (Figure  19.2 ). The diameter of a typical 

     Figure 19.1     Transmission electronic microscopy image of a 
single - walled carbon nanotube rope.  Reproduced from F.L. 
Darkrima, P. Malbrunot, G.P. Tartaglia,  Int. J. Hydrogen Energy  
(2002),  27 , 193 – 202.   
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MWNT ranges from a few to a few tens of nanometers, while their length is of 
the order of one   micron. In the case of SWNTs, the diameter is in the order of one 
nanometer, but the length can reach several micrometers, or more.   

 Each SWNT structure is fully described by two integers ( n ,  m ) which specify the 
number of unit vectors   →a1 and   →a2 in the graphene structure that constitute the chiral 
vector   

→
V = n

→
a1 + m

→
a2 . The graphene structure is rolled - up in such a way that the 

chiral vector   →V  forms the nanotube circumference. These indices determine the 
nanotube diameter, and also the orientation of the carbon hexagons with respect to 
the nanotube axis; this orientation is the termed the  “ chirality ”  of the nanotube. 

 Single - walled CNTs have unique chemical, electronic and mechanical proper-
ties, combined with a very light weight. Depending on their chirality and diameter, 
the nanotubes may be either electrically metallic or semiconductor. At the same 
time, they have shown evidence for high stiffness (Young ’ s modulus), a very high 
resilience, and an ability to reversibly buckle and collapse. These properties have 
led to SWNTs becoming promising candidates in the fabrication of strong fi bers 
with a light weight and high electrical conductivity. Nanotubes can also be func-
tionalized with different chemical moieties, and this greatly broadened the scope 
of their applications in fi elds ranging from conductive coatings to molecule - 
specifi c nanosensing. 

 The synthesis of CNT materials can be divided into high - temperature routes 
(laser ablation, arc discharge)  [13 – 18]  and medium - temperature processes, based 
on either catalytic decomposition or a carbon - containing molecule (a saturated or 

     Figure 19.2     Multiwalled carbon nanotube (MWNT) as seen by 
transmission electron microscopy. The different walls 
constituting the material appear in a longitudinal view. A 
micrograph of a SWNT is included for comparison. 
 Reproduced from B. Bai, A. - L. Hamon, A. Marrauda, B. 
Jouffreya, V. Zymlab,  Chem. Phys. Lett.  (2002),  365 , 184.   
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unsaturated hydrocarbon or carbon monoxide)  [19, 20] . For the high - temperature 
routes, pure graphite or a mixture of graphite and a metallic catalyst are vaporized 
at very high temperatures (2000 – 4000    ° C), and the nanotubes are formed during 
the cooling process at lower temperatures  [21] . The catalytic decomposition of a 
carbon - containing molecule requires a relatively low temperature, and has the 
potential for high - yield productions. 

 Iijima  [13]  was the fi rst to report the presence of multi - walled CNTs in the soot 
of an arc - discharge chamber. The tubes were produced using an electric arc - 
discharge evaporation method similar to that used for the synthesis of fullerene. 
In this method, an electric arc discharge is generated between two graphite elec-
trodes under an inert atmosphere of helium or argon. (Figure  19.3 a)  [22] . The fi rst 
successful production of MWNTs at the gram level was developed in 1992 by 
Ebbesen and Ajayan  [23] . To synthesize SWNTs, a metal catalyst is required  [24] , 
and the fi rst report of the synthesis of substantial amounts of these materials, by 
Bethune and coworkers, appeared in 1993  [25] .   

 In 1996, Smalley and coworkers produced high yields ( > 70%) of SWNTs by 
utilizing the laser - ablation (vaporization) of graphite rods doped with small 
amounts of Ni and Co catalysts (Figure  19.3 b)  [26] . In this process, a piece of 
graphite is vaporized by laser irradiation under an inert atmosphere. The resultant 
soot containing the nanotubes is deposited on the walls of a quartz tube when the 
reaction mixture has cooled. Although this process is known to produce CNTs of 
the highest quality and highest purity, a purifi cation step is generally required to 
eliminate any carbonaceous impurities from the as - produced material. This puri-
fi cation is normally achieved by carbon gasifi cation. 

 Since 1960, carbon fi laments and fi bers have also been produced by the thermal 
decomposition of carbon - containing molecules (this process is also known as 
 chemical vapor decomposition ;  CVD ) in the presence of a catalyst  [27, 28] . A 
similar approach was used by Yacaman  [29]  in 1993, and later by Nagy and col-
laborators  [30, 31] , to grow MWNTs. Following these initial reports, the CVD 
technique has been subsequently improved and optimized. In general, these proc-
esses involve the catalyst - assisted decomposition of hydrocarbons (usually ethyl-
ene or acetylene) in a tube reactor at temperatures between 550 – 1000    ° C. The 
growth of CNTs occurs on the catalyst surface as the gas molecule decomposes 
(Figure  19.3 c). This process has several advantages over the arc discharge and laser 
ablation techniques. In fact, its amenable nature has led to its use in the large - scale 
synthesis of aligned CNTs  [32, 33] . 

 Since all of these synthesis methods generate, in addition to the nanotubes, 
relatively large amounts of impurities, a number of techniques have been pro-
posed to improve the quality of the materials through post - synthesis purifi cation. 
These methods range from concentrated acid treatments, dispersion by sonication 
in a surfactant and fi ltration, to high - temperature heating under neutral or lightly 
oxidizing conditions  [34, 35] . A detailed account of the different methods for CNT 
synthesis and purifi cation is beyond the scope of this chapter, and these topics 
will be addressed only in the context of the synthesis or chemical treatment affect-
ing the adsorption properties of the materials.  
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     Figure 19.3     Schematic representations of various processes 
used to produce CNTs. (a) Electric - arc method apparatus. 
 Reproduced from Ref.  [22]  ; (b) Schematic representation of an 
oven laser - vaporization apparatus.  Reproduced from Ref.  [26]  ; 
(c) A chemical vapor deposition set - up in which the catalytic 
bed is fl uidized.  Reproduced from C.H. See, A.T. Harris,  Ind. 
Eng. Chem. Res.  (2007),  46 , 997 – 1012.   
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  19.3 
 Properties of Carbon Nanotubes 

 As described above, CNTs have unique structures, with remarkable properties that 
can be grouped as electronic, mechanical, thermal, and optical. Most of the phys-
ico - mechanical properties of CNTs are dependent on the sp 2  bond network present 
on their structure  [36]  and their diameter, length, and chirality. As these properties 
have been discussed extensively elsewhere  [37 – 39] , some of the most important 
results in this area will be presented briefl y, with emphasis placed on those proper-
ties that affect the adsorption capacity of these materials. 

  19.3.1 
 Mechanical, Thermal, Electrical, and Optical Properties of Carbon Nanotubes 

 The mechanical properties of a solid must ultimately depend on the strength of 
its interatomic bonds. Both, experimental and theoretical, results have predicted 
that CNTs have the highest Young ’ s modulus of all different types of nanostruc-
tures, with similar tubular forms such as BN, BC 3 , BC 2 N, C 3 N 4 , CN, and so on. 
Furthermore, due to the high in - plane tensile strength of graphite, both single and 
multiwalled CNTs, are expected to have large bending constants. The results of 
experimental and theoretical studies have indeed indicated that CNTs can be very 
fl exible, able to elongate, twist, fl atten, or bend into circles, before fracturing  [37] . 

 The thermal and electrical properties of CNTs include conductivity. The specifi c 
heat and thermal conductivity are determined primarily by the nanotube ’ s elec-
tronic and phononic structures  [38] , with theoretical and experimental results 
demonstrating superior electrical properties for these materials. Carbon nano-
tubes have electric current - carrying capacities which are 1000 - fold higher than that 
of copper wires  [40] . In fact, theoretical calculations based on the tight - binding 
model approximation within the zone folding scheme show that one - third of the 
possible SWNT structures are metallic, while two thirds are semi - conducting 
(Figure  19.4 )  [37, 41] .    

  19.3.2 
 Adsorption - Related Properties of Carbon Nanotubes 

 Early studies investigating the adsorption of nitrogen onto both MWNTs  [42, 43]  
and SWNTs  [44]  have highlighted the porous nature of these materials. Indeed, 
due to their uniformity in size and surface properties, CNTs are considered as 
ideal model sorbent systems to study the effect of nanopore size and surface mor-
phology on sorption and transport properties. 

 The surface area of a CNT has a very broad range, depending on the nanotube 
number of walls, the diameter, length, wall defects and, in the case of SWNTs, the 
number of nanotubes in a nanotube bundle  [45] . An isolated SWNT with an open 
end (this may be achieved through oxidation treatment) has a theoretical surface 
area equal to that of a single, fl at graphene sheet of 2700   m 2    g  − 1   [46] ; however, 
reported experimental values indicate lower adsorption capacities  [47] . In the case 
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 Table 19.1     Adsorption properties and type of adsorption sites in  SWNT  s  and  MWNT  s .  
 Reproduced from Ref.  [49] .   

   Type of nanotube     Porosity (cm 3    g  − 1 )     Surface area 
(m 2    g  − 1 )  

   Adsorption site     Surface area per site 
(m 2    g  − 1 )  

  SWNT bundle    Microporous 
Vmicro: 0.15 – 0.3  

  400 – 900    Surface groove    483  
  Pore    783  
  Interstitial    45  

  MWNT    Mesoporous    200 – 400    Surface pore; 
aggregated pores  

   –   

   V micro    =   micropore volume.   

of SWNTs, the diameters of the tubes and number of tubes in the bundle have 
the strongest effects on the nanotube surface area. In the case of MWNTs, chemi-
cal treatments are reported to be useful for promoting microporosity. Surface areas 
as high as 1050   m 2    g  − 1  have been reported for MWNT subjected to alkaline treat-
ment  [48] . A two - step activation treatment (acid   +   CO 2  activation) has been also 
reported to increase the specifi c surface area of MWNT materials. It has been 
proposed that these treatments open the ends of the nanotube structure, enabling 
adsorption onto the nanotube inner openings  [49] . Some representative results of 
the surface area and pore volume of SWNTs and MWNTs are listed in Table  19.1 .   

 An important issue to address when considering adsorption onto nanotubes is 
to identify the adsorption sites. For instance, the adsorption of gases into a SWNT 
bundle can occur inside the nanotubes (pore), in the interstitial triangular chan-
nels between the tubes, on the outer surface of the bundle, or in the grooves 
formed at the contacts between adjacent tubes outside of the bundle (Figure  19.5 ). 

     Figure 19.4     Band - gap values versus nanotube diameters 
defi ning SWNTs as metallic ( � ) or semi - conducting ( � ). 
 Reproduced from Ref.  [41] .   
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In addition, the surface functionalization of CNTs by chemical methods has been 
found to be a powerful tool for improving the adsorption capacity. Selective adsorp-
tion can be achieved through a controlled modifi cation of the nanotube ’ s physical 
and chemical properties, such as surface area, hydrophilicity, and permeability. 
For instance, Vermisoglou and Georgakilas  [50]  have studied the sorption proper-
ties of pristine and chemically modifi ed [functionalized with oleylamine and 
poly(sodium 4 - styrene sulfonate)] nanotubes using adsorbates with different polar-
ities. Based on their measurements, these authors concluded that the sorption 
behavior of the CNTs was greatly modifi ed by chemical treatment. In fact, a chemi-
cal modifi cation that increased the hydrophilicity of the nanotube walls enhanced 
the adsorption selectivity for water over  n  - hexane. Chemical modifi cation of the 
nanotube wall was verifi ed using  infrared  ( IR ) spectroscopy (Figure  19.6 ). When 
comparing the IR spectra of pristine SWNTs with those of chemically treated 
CNTs, new peaks corresponding to aliphatic chains were observed in the case of 
hydrophobic nanotubes, whereas peaks corresponding to more polar bonds were 
observed in the case of hydrophilic materials.   

 Yu  et al.   [51]  have investigated the adsorptive performance on modifi ed MWNTs 
by using mechanical ball milling. For these materials, the adsorptive performance 
for aniline in aqueous solution indicated that the adsorptive capacity of milled, 
short open - ended MWNTs increased from 15   mg   g  − 1  to 36   mg   g  − 1  compared to the 
unmilled MWNTs. The measurements of pore size distribution proved that the 
inner pore diameter of 3   nm remained constant after milling, but the aggregated 
pore diameter had decreased.   

  19.4 
 Carbon Nanotubes as Adsorbents 

 Carbon nanotubes have superior capabilities for the adsorption of a wide range of 
toxic substances. The earliest reports of CNT use related to the removal of organic 
pollutants, notably dioxins, from water  [8] , though later they were reported also as 

     Figure 19.5     Sketch of the cross - sectional view of a SWNT 
bundle, illustrating the four different adsorption sites. 
 Reproduced from B. Bhushan,  Springer Handbook of 
Nanotechnology , 2nd revision, Springer, Berlin, New York 
(2007).   
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     Figure 19.6     Infrared spectra of (a) pristine and (b,c) modifi ed 
CNTs, illustrating the characteristic peaks for hydrophilic 
(b) and organophilic (c) samples.  Reproduced from Ref.  [51] .   

having an exceptional ability to adsorb inorganic contaminants, such as fl uoride 
 [52] . In both cases, the CNTs displayed a superior performance compared to  “ tra-
ditional ”  adsorbents such as activated carbon. These pioneering studies opened a 
new fi eld of CNT applications, with many subsequent reports noting CNTs to be 
excellent adsorbents for the removal of other contaminants. For example, CNTs 
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were shown to adsorb up to 30   mg of a trihalomethane molecule per gram from 
a 20   mg   l  − 1  solution  [11] . Other reports indicated that SWNTs could act as  “ molecu-
lar sponges ”  for small organic molecules such as CCl 4   [53] . A similar case was 
demonstrated for inorganic contaminants, with CNTs again showing superior 
performance; measurements of the adsorption capacity of a MWNT material 
showed that it could adsorb 13.5 - fold more fl uoride than a typical high - surface - area 
alumina adsorbent (see below). These early results led to the suggestion that CNTs 
might indeed serve as effective adsorbents for removing polluting agents from 
water. Consequently during the past few years some extensive laboratory studies 
have established the role of CNTs as effective adsorbents for common contami-
nants from water, including a wide variety of organic compounds and inorganic 
ions. Although a large number of studies have been conducted into the use of 
CNTs as adsorbents of gas contaminants  [54 – 56] , this chapter will focus on the 
removal of contaminants from surface water (the process being complementary 
to the role of adsorbates in the gas phase). Consequently, below is presented a 
discussion of recent results demonstrating the huge potential of CNTs for the 
removal of contaminants from surface water. 

  19.4.1 
 Adsorption of Heavy Metal Ions 

 The effects of heavy metals such as lead, copper, zinc, nickel, and chromium on 
human health have been widely studied, based on fi ndings that the ingestion of 
some of these species can cause accumulative poisoning, cancer, and nervous 
system damage  [57] . A variety of technologies exist for the removal of heavy metals, 
including fi ltration, surface complexation, chemical precipitation, ion exchange, 
adsorption, electrode deposition, and membrane processing  [58] . Among these 
procedures, adsorption is considered one of the most attractive processes for heavy 
metal removal from solution, as the adsorbents are generally easier to handle and 
provide a greater operating fl exibility  [59] . Recent increasingly stringent standards 
for the quality of drinking water have also catalyzed a growing effort in the devel-
opment of new, highly effi cient adsorbents. The high surface area and chemical 
stability of CNTs offer exciting possibilities for a new generation of adsorbents; 
hence, some recently acquired data relating to the adsorption of a wide variety of 
water contaminants are reviewed below. Here, emphasis is placed on the CNT 
processing method, the adsorption capacities observed, and the prospects for their 
successful application. 

  19.4.1.1   Adsorption of Lead ( II ) 
 Li and collaborators  [9]  were the fi rst to report experimental data on lead adsorp-
tion from water using CNTs. Lead is ubiquitous in the environment, and its inges-
tion is extremely hazardous; the consumption of drinking water containing high 
levels of lead causes serious disorders, including anemia, kidney disease, and 
mental retardation  [60] . Li and colleagues have shown CNTs to show exceptional 
adsorption capacities and a high adsorption effi ciency of Pb(II) removal from 
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water. The CNTs used in these investigations were pretreated with nitric acid in 
order to increase the adsorption capacities and to remove most of the catalyst 
particles within the raw material. The amount of Pb(II) adsorbed onto the CNTs 
was determined by the difference between the initial Pb(II) concentration and the 
equilibrium Pb(II) concentration of the solution. The authors also monitored the 
effect of varying the pH of the solution on lead adsorption. 

 The acid treatment was seen to have a major impact on the nanotubes ’  adsorp-
tion capacities. For example, whereas pristine as - grown CNTs had an adsorption 
capacity for Pb(II) of 1   mg   g  − 1  at pH 5, the capacity was increased remarkably (to 
15.6   mg   g  − 1 ) when the CNTs were refl uxed with concentrated nitric acid, again at 
pH 5. It appears that acid oxidation of the CNTs leads to the introduction of many 
functional groups, such as hydroxyl, carboxyl, and carbonyl onto the CNT surface 
 [61] , which in turn leads to improved adsorption capacity. Li also reported that the 
removal of Pb(II) from water by acid - refl uxed CNTs was highly dependent on the 
solution pH, as this affects the surface charge of the adsorbents and the degree of 
ionization and speciation of the adsorbates. The data in Figure  19.7  show that the 
Pb(II) adsorption capacity of the CNTs was increased as the pH value was increased 
from 3.0 to 7.0. It was proposed that, at low pH values, the adsorption of Pb(II) 
was very weak due to the competition of H +  with Pb(II) species for the adsorption 
sites (Figure  19.7 , curve a). It was also proposed that, at pH 5, the adsorption 
capability had increased due to role of functional groups present on the nanotube 
surface (Figure  19.7 , curve b), and was further increased at pH 7 (Figure  19.7 , 
curve c). This might be the result of a combined effect of adsorption and a change 
in the speciation of the lead ions. The results of other experiments have indicated 
that, at pH 5 and room temperature, the amount of Pb(II) adsorbed onto the acid -
 refl uxed CNTs increased rapidly during the fi rst 8   min (16.4   mg   g  − 1  adsorbent, 
81.6% removal), with equilibrium being reached after 40   min (17.5   mg   g  − 1 , 87.8% 
removal).   

 More recently, the same group  [62]  reported the adsorption thermodynamics 
and kinetics of Pb(II) adsorption on CNTs, by evaluating various thermodynamic 
parameters and employing a pseudo second - order kinetic model to describe the 

     Figure 19.7     Isotherms for Pb(II) adsorption by acid - refl uxed 
CNTs at different pH values. Curve a, pH   =   3.0; curve b, 
pH   =   5.0; curve c, pH   =   7.0.  Reproduced from Ref.  [9] .   
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adsorption processes. Based on their results, the authors concluded that the 
adsorption of Pb(II) onto CNTs was endothermic; they also suggested that the 
CNT material not only possessed a larger adsorption capacity but also showed a 
good desorption rate. Such benefi ts could result in a signifi cant reduction in the 
overall costs for adsorbent recycling. Desorption studies also revealed that Pb(II) 
could be easily removed from the CNTs by altering the pH values of the solution 
using both HCl and HNO 3 . 

 The results of another series of studies has further underlined the infl uence of 
the morphologies of CNTs on the removal of lead, in terms of specifi c surface 
area, particle size distribution, and type of functional group introduced to the CNT 
wall  [63] . The specifi c surface area and pore volume of CNTs exposed to four dif-
ferent types of oxidation treatments were compared, and the pore and particle size 
distributions of the CNTs evaluated. The results (as summarized in Table  19.2 ) 
indicated that the CNTs with the highest surface area, smallest particle size and 
with a relative larger number of functional groups attached to their walls, showed 
a maximum adsorption capability of 82.6   mg   g  − 1  from a solution with an initial lead 
concentration of 10   mg   l  − 1 . Under the same conditions, the adsorption capacities 
of samples with a lower number of functional groups attached, and with larger 
wall defects, achieved adsorption capacities of only approximately 10   mg   g  − 1 .    

  19.4.1.2   Adsorption of Chromium ( VI ) 
 Chromium (VI) is one of the most toxic metals found in various industrial waste-
waters. Public health considerations of chromium are mostly related to Cr(VI) 
compounds that are strong irritants due to their high solubility and diffusivity in 
tissue; certain Cr(VI) compounds have also been shown to be carcinogenic and 
mutagenic. The toxic effects of Cr(VI) ions in humans include liver damage, inter-
nal hemorrhages, respiratory disorders, dermatitis, skin ulceration, and chromo-
some aberrations  [64] . 

 Di and collaborators  [65]  have investigated the suitability of CNTs for Cr(VI) (as 
dichromate oxoanion) adsorption, and compared their behavior to that of activated 

 Table 19.2     Summary of results for lead adsorption in terms of 
nanotube surface area, pore specifi c volume, pore size 
distribution, and particle size distribution.   Adapted from 
Ref.  [63] .   

         S  BET  (m 2    g  − 1 )      V  p  (cm 3    g  − 1 )      D  p  (cm 3    g  − 1 )      S  p  ( μ m)  

  Sample 1    47    0.18    3.4    30 and 570  
  Sample 2    62    0.26    2.4 and 3.2    23 and 450  

  Sample 3    154    0.58    3.6    8 and 55  

  Sample 4    145    0.54    3.6    19 and 70  

    S  BET  (m 2  g  − 1 )   =   BET surface area;  V  p  (cm 3    g  − 1 )   =   pore specifi c volume;  D  p  (cm 3    g  − 1 )   =   mean pore 
diameter:  S  p  ( μ m)   =   particle size.   
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     Figure 19.8     Adsorption of Cr(VI) ions onto CNTs ( � ) and 
activated carbon ( � ) as a function of pH. Cr(VI) ion 
concentration   =   5   mg   g  − 1  CNT; carbon nanotube 
concentration   =   1   g   l  − 1 ; contact time   =   12   h.  Reproduced from 
Ref.  [65] .   

carbon. In these studies, following pretreatment of both as - prepared CNTs and 
activated carbon with nitric acid and hydrofl uoric acid, the CNTs were shown to 
have superior adsorption capabilities and effi ciencies for the removal of Cr(VI) 
ions from water over the pH range 4.0 to 7.5 (see Figure  19.8 ). Activated carbon 
was seen to adsorb chromate ions very rapidly at low pH values, but the adsorption 
capacity declined very sharply at pH 3.5. In contrast, the adsorption effi ciency of 
the CNTs was maintained at over 90% over a wide pH range, although the Cr(VI) 
ion adsorption capacity of CNTs fell sharply at pH 8. The authors attributed this 
behavior to the infl uence of the nanotube ’ s zeta potential. Subsequently, it was 
shown experimentally that the isoelectric point of the CNT material was 7.7; at 
higher pH values the surfaces of the CNTs became negatively charged and thus 
inaccessible to the chromate anions. The authors also proposed competition of the 
hydroxyl ions for the few adsorption sites available at these pH values. The data 
in Figure  19.8  indicate that the highest Cr(VI) ion adsorption capacity was observed 
over the pH range 4.0 to 7.5. At pH  ≤ 3, the CNTs and activated carbon showed a 
similar adsorption capacity, but at a higher pH the capacity of the CNTs was 
greater. The maximum CNT adsorption capacity (20.56   mg   g  − 1 ) occurred at pH 7.5, 
when the Cr(VI) concentration was 33.28   mg   l  − 1 . The kinetic curves showed the 
adsorption rate of Cr(VI) ions to be relatively high over the fi rst 20   min, reaching 
an adsorption capacity of 15   mg   g  − 1 .   

 A few months later, improved values for chromium adsorption were reported 
in a new study  [66] . Here, a composite of aligned CNTs supported in ceria nano-
particles (CeO 2 /CNTs) was used as the adsorbent, the material being prepared by 
the chemical reaction of CeCl 3  with NaOH in the presence of a CNT suspension, 
followed by heat treatment.  Scanning electron microscopy  ( SEM ) images showed 
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that the CNT alignment was uniform, with lengths reaching 200    μ m and diameters 
ranging from 20 to 80   nm.  Transmission electron microscopy  ( TEM ) analysis 
indicated a homogeneous distribution on the ceria particles in the CNT network. 
Overall, the study results indicated that highest capacity for Cr(VI) adsorption 
occurred at pH values ranging from 3.0 to 7.4, with values of 30.3   mg Cr(VI)   g  − 1  
nanotube being observed at pH 7.0. The authors also compared the Cr(VI) adsorp-
tion isotherm obtained on the CeO 2 /CNT material with those obtained on activated 
carbon and  γ  - Al 2 O 3 . As shown in Figure  19.9 , the adsorption capacity of the CeO 2 /
CNT material was 1.5 - fold higher than that observed for activated carbon, and 
twofold larger than for Al 2 O 3 .   

 The authors proposed that the small size of the CeO 2  particles, and their uniform 
distribution on the surface of the aligned nanotubes, contributed to the observed 
high Cr(VI) adsorption. They also suggested that nanotube wall defects, produced 
by the CVD synthesis process, could offer active sites for Cr(VI) adsorption on the 
outer surfaces of the aligned nanotube array. The inner cavities and the opened 
ends present in the inter - aligned nanotube space might also have contributed to 
the effective adsorption of Cr(VI) ions.  

  19.4.1.3   Adsorption of Cadmium ( II ) 
 Cadmium (II) represents a very high risk to human health due to its extremely 
high toxicity, even in very small quantities. Drinking water with a cadmium content 
in excess of permitted levels (0.005   mg   l  − 1 ) can cause nausea, salivation, diarrhea, 
muscular cramps, renal degradation, lung insuffi ciency, bone lesions, cancer, and 
hypertension  [67] . Li  et al.   [68]  have analyzed the suitability of CNT materials for 
Cd(II) adsorption and its removal from water; the same group evaluated the effi cacy 
of several chemical treatments using three different oxidizing agents, namely H 2 O 2 , 
KMnO 4 , and HNO 3 . The chemically treated CNTs were shown to have a larger 

     Figure 19.9     Adsorption isotherms of Cr(VI) on CeO 2 /CNT 
materials compared with activated carbon, Al 2 O 3  and 
ball - milled CNTs (at pH 5.0 and 25    ° C).  Reproduced from 
Ref.  [66] .   
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adsorption capacity for Cd(II) than did the pristine, as - grown CNTs. Subsequently, 
the authors measured the physico - chemical properties of oxidized CNTs and evalu-
ated their Cd(II) adsorption capacity. The specifi c surface area and pore - size dis-
tributions of the as - grown and oxidized CNTs were measured using nitrogen 
adsorption, with the BET (Brunauer – Emmett – Teller) method. The functional 
groups on oxidized CNTs were assessed quantitatively using Boehm ’ s titration 
method  [69] , and the zeta potentials of the as - grown and oxidized CNTs were also 
evaluated. Based on these results, it was proposed that the Cd(II) adsorption capaci-
ties for the three types of oxidized CNT were increased due to functional groups 
having been introduced by oxidation, compared to the as - grown, pristine CNTs. 
The observed Cd(II) adsorption capacity of the as - grown CNTs reached only 
1.1   mg   g  − 1 , compared to values of 2.6, 5.1, and 11.0   mg   g  − 1  for nanotubes treated 
with H 2 O 2 , HNO 3  and KMnO 4 , respectively. The authors linked these results to 
the increase in surface area observed following each chemical treatment. The data 
obtained regarding the particle size distribution and suspensibility of these materi-
als indicated that oxidation with H 2 O 2  and KMnO 4  only partially broke up the 
nanotubes, whilst oxidation with HNO 3  cut short completely most of the CNTs. 

 The observed dependence of the zeta potential of the as - grown and oxidized CNTs 
on pH is shown graphically in Figure  19.10 . At the same pH value, the zeta potential 
for the three types of oxidized CNTs followed the order H 2 O 2     <    KMnO 4     <    HNO 3 , 
and suggests that the amounts of acid - functional groups increase following the 
same order. The adsorption isotherms of Cd(II) also indicated that the functional 
groups introduced by oxidation improved the ion - exchange capabilities of the CNTs 
and thus led to corresponding increases in the Cd(II) adsorption capacities. A 
removal effi ciency close to 100% at a CNT dosage of 0.08   g   100   ml  − 1  was observed 
for the KMnO 4  - oxidized CNTs, which suggested that this treatment represented an 
effective means of improving the Cd(II) adsorption capacity.    

  19.4.1.4   Adsorption of Copper ( II ) 
 Despite being one of the most widespread environmental contaminants, copper 
is essential to human life and health, yet is potentially toxic in larger quantities. 
In humans, the ingestion of relative large quantities of copper salts may cause 

     Figure 19.10     Zeta potential curves versus pH for pristine and 
oxidized CNTs.  Reproduced from Ref.  [68] .   
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severe abdominal pain, vomiting, diarrhea, hemolysis, hepatic necrosis, hematuria, 
proteinuria, hypotension, tachycardia, convulsions, coma, and death. The major 
sources of copper in industrial effl uents are metal cleaning and electroplating. 

 Wu  [70]  has evaluated the Cu(II) adsorption effi ciency of pristine and chemically 
modifi ed CNTs, the latter being functionalized using HNO 3  and NaOCl. This 
chemical treatment caused increases in both the pore volume and average pore 
size of the CNTs, while the value of the isoelectric point was shown to decrease. 
A comparison of  the infrared  spectra of the as - produced and modifi ed CNTs 
indicated that several functional groups had been generated on the surface of 
modifi ed CNTs. The zeta potential values of the as - produced and modifi ed CNTs, 
as shown in Figure  19.11 , indicated that the surface of the as - produced and HNO 3  -
 modifi ed CNTs was positively charged in solution, whereas the zeta potentials of 
NaOCl - modifi ed CNTs were all negative. These negatively charged surfaces would 
electrostatically favor the adsorption of Cu(II), as was observed by Wu and cowork-
ers. Indeed, the Cu(II) adsorption capacity followed the order NaOCl - modifi ed   >   
HNO 3  - modifi ed   >   as - produced CNTs. These fi ndings suggest that modifying the 
surface of the CNTs may not only provide a more negatively charged and 
hydrophilic surface but also generate a variety of functional groups, markedly 
promoting the adsorption of Cu(II) onto the modifi ed CNTs. The maximum 
adsorption capacities observed in this study at different temperatures are sum-
marized in Table  19.3 .      

  19.4.1.5   Adsorption of Zinc ( II ) 
 Whilst zinc (II) is essential for human health, large amounts can be harmful. The 
consequences of a relatively large intake of Zn(II) include lethargy, light - headed-
ness, ataxia, oropharyngeal cancer, gastric burns, epigastric tenderness, pharyn-
geal edema, hematemesis, and melena  [71] . The suitability of CNTs (both MWNT 
and SWNT) to adsorb Zn(II) from water was studied by Lu  et al .  [72] , whose data 
showed the adsorption capacity of CNTs to be greatly improved following a specifi c 

     Figure 19.11     Zeta potential curves versus pH for pristine 
and oxidized CNTs.  Reproduced from Ref.  [70] .   
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 Table 19.3     Summary of copper adsorption capacities ( q  m ) of 
 CNT  s  at different temperatures in terms of the adsorbed 
mass of Cu(II) in solution (mg) per mass of nanotube (g).  
 Reproduced from Ref.  [70] .   

   Temperature ( ° C)     Adsorption capacity ( q  m ) (mg   g  − 1 )  

   As - produced CNTs     HNO 3  - modifi ed CNTs     NaOCl - modifi ed CNTs  

  7    6.39    12.46    44.64  
  17    7.87    13.10    45.87  

  27    8.25    13.87    47.39  

  37    9.34    15.11    49.02  

  47    10.17    16.04    51.81  

chemical treatment that renders the CNTs more hydrophilic, and thus more effec-
tive in adsorbing Zn(II). 

 Lu and coworkers showed that the adsorption capacity of Zn(II) onto CNTs 
increased in line with a rising pH of the solution over the range 1 to 8, was 
maximal at pH 8 to 11, and then decreased at pH 12. A comparative study on the 
adsorption of Zn(II) between CNTs and commercially available, powdered acti-
vated carbon, was also conducted. The maximum adsorption capacities for Zn(II) 
observed were 43.66, 32.68, and 13.04   mg   g  − 1  with SWNTs, MWNTs, and activated 
carbon, respectively. The short contact time required to reach equilibrium, as well 
as the high adsorption capacity, suggests that both SWNTs and MWNTs possess 
a high potential for the removal of Zn(II) from water. The same group also sug-
gested that the higher adsorption capacity observed for SWNTs over MWNTs 
might be due to the higher surface area observed for SWNTs (423   m 2    g  − 1  compared 
to 297 m 2    g  − 1  observed for MWNTs), and also to the larger proportion of defects 
present on the MWNTs (as observed using Raman spectroscopy). 

 However, an interesting result was observed for the case of activated carbon. 
Although the surface areas of purifi ed SWNTs and MWNTs were much lower than 
that of activated carbon, the adsorption capacities of Zn(II) onto purifi ed SWNTs 
and MWNTs were much higher than was observed for activated carbon. This 
superior adsorption capacity was attributed to a larger number of hydrophilic 
groups present in the CNT walls. 

 Another study which focused on the adsorption kinetics and equilibrium of 
Zn(II) adsorbed onto CNTs nanotubes has also been reported  [73] . This thermo-
dynamic analysis revealed that the sorption of Zn(II) onto CNTs was endothermic 
and spontaneous, and that the Zn(II) ions could easily be removed from the 
surface sites of SWNTs and MWNTs by the action of a 0.1    M  nitric acid solution. 
Moreover, the original adsorption capacity was maintained after 10 cycles of this 
sorption – desorption process. Such data suggest that both types of CNT material 
could be reused through many cycles of water treatment and regeneration.  
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  19.4.1.6   Adsorption of Nickel ( II ) 
 Nickel is a toxic metal ion that is present in wastewaters. More than 40% of all 
nickel produced is used in steel factories, in nickel batteries, and in the production 
of some alloys, which leads to an increase in the Ni(II) burden on the ecosystem 
and a deterioration in water quality. If ingested, Ni (II) is harmful, and may cause 
vomiting, chest pain, and a shortness of breath  [74] . 

 Lu  et al.   [75]  have analyzed the effect of CNT mass, agitation speed, initial Ni(II) 
concentration, and solution ionic strength on the Ni(II) adsorption capacity of 
CNTs. The effects of agitation speed and solution ionic strength on Ni(II) sorption 
by oxidized CNTs are shown in Figures  19.12  and  19.13 . The adsorption capacity 
of both SWNTs and MWNTs was shown to increase as the agitation speed 
increased, but to decrease when the ionic strength of the solution increased. The 
same group also reported that SWNTs showed a better performance for Ni(II) 
adsorption than did MWNTs. A similar conclusion was reached by Chen  et al .  [58] , 
when studying the adsorption of Ni(II) onto oxidized MWNTs as a function of 
contact time, pH, ionic strength, MWNT amount, and temperature. The results 
showed that Ni(II) adsorption onto MWNTs was heavily dependent on the pH and, 
to a lesser extent, the ionic strength. Kinetic data showed the adsorption process 
to achieve equilibrium within 40   min, and that the process followed a pseudo 
second - order rate equation. The adsorption data fi tted the Langmuir model and, 
together with thermodynamic data, indicated the spontaneous and endothermic 
nature of the process. The results of a desorption study showed that Ni(II) adsorbed 
onto oxidized MWNTs could easily be desorbed at pH  < 2. The authors proposed 
that ion exchange might be the predominant mechanism for Ni(II) adsorption on 
oxidized MWNTs.    

     Figure 19.12     Effect of agitation speed on Ni(II) adsorption by 
oxidized CNTs.  Reproduced from Ref.  [75] .   
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  19.4.1.7   Competitive Adsorption of Heavy Metals Ions 
 Whilst most reports on heavy metal adsorption using CNTs has focused on a single 
metal ion, Li and colleagues  [76]  were the fi rst to conduct a study on the  competitive 
adsorption  of Pb(II), Cu(II) and Cd(II) onto HNO 3  - treated MWNTs. These studies 
showed the affi nity order of these metal ions towards CNTs to vary in the order: 
Pb(II)    >    Cu(II)    >    Cd(II) (Figure  19.14 ). The Langmuir adsorption model repre-
sented the experimental data for Pb(II) and Cu(II) well, but did not provide a good 
fi t for the adsorption data of Cd(II). It was also observed that, at a low pH, the 
adsorption percentages were negligible, but that at pH values between 1.8 and 6.0 
the proportions of Pb(II) and Cu(II) increased sharply, almost attaining values of 
100%, while only a small increase was noted for Cd(II).   

     Figure 19.13     Effect of solution ionic strength on Ni(II) 
adsorption by oxidized CNTs.  Reproduced from Ref.  [75] .   

     Figure 19.14     Competitive adsorption data for three ions of 
Pb(II), Cu(II) and Cd(II) onto CNTs at room temperature and 
pH 5.0.  Reproduced from Ref.  [76] .   
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 Another study, conducted by Hsieh  et al .  [77] , focused on the competitive adsorp-
tion of Pb(II), Cu(II) and Cd(II) by CNTs grown on microsized Al 2 O 3  particles. 
The authors noted that the adsorption behavior of these metal ions on CNTs on 
Al 2 O 3  particles followed Langmuir ’ s adsorption model, with observed adsorption 
capacities on the CNTs for Pb(II), Cu(II) and Cd(II) of 32, 18, and 8   mg   g  − 1 , respec-
tively. These results confi rmed that CNTs supported on Al 2 O 3  particles showed 
potential for the removal of soluble heavy metals from aqueous solutions. 

 Peng and collaborators  [78]  conducted a similar study to determine the adsorp-
tion capacity of Pb(II) and Cu(II) on CNT – iron oxide composites. These ferric 
composites offer the advantage of a continuous contaminant adsorption from a 
liquid effl uent whilst, when adsorption is complete, the adsorbent can be separated 
from the liquid phase simply by using a magnet. Both,  X - ray diffraction  ( XRD ) 
and SEM studies indicated the presence of an entangled network of CNTs with 
attached iron oxide nanoclusters. The adsorption isotherms obtained for Pb(II) 
and Cu(II) adsorbed onto these magnetic composites are shown in Figure  19.15 . 
The maximum adsorption capacities for Pb(II) and Cu(II) in the concentration 
range studied were 105.67 and 45.12   mg   g  − 1 . After adsorption, a magnetic separa-
tion process was carried out using a permanent magnet, providing a 98% recovery 
of the Pb(II) and Cu(II) ion mass adsorbed.     

  19.4.2 
 Adsorption of Other Inorganic Elements 

 In addition to heavy metal ions, other common inorganic pollutants in drinking 
water include ionic forms of fl uoride, arsenate, and americium - 243(III). Although 
fl uoride is added via drinking water, it is often present in surface waters due to 

     Figure 19.15     Adsorption data for Pb(II) and Cu(II) onto 
magnetic CNTs composites (pH   =   5.0,  T    =   20    ° C).  Reproduced 
from Ref.  [78] .   
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natural erosion or to discharges from fertilizers and aluminum factories. The 
ingestion of fl uoride can cause bone disease and mottled teeth in children. Arse-
nate is occasionally present due to erosion of natural deposits, or it may be released 
into surface waters via the runoffs from orchards or from glass and electronics 
production wastes. Arsenate ingestion causes skin damage and circulatory prob-
lems; it is also a well - known carcinogen  [2] . Americium - 243(III) contributes sig-
nifi cantly to the radiotoxicity of nuclear waste, and may be released into the 
environment during nuclear waste storage, processing, or disposal. Exposure to 
small traces of americium - 243(III) increases the risk of cancer. 

  19.4.2.1   Adsorption of Fluoride 
 The acceptable fl uoride concentration in drinking water is generally in the range 
of 0.5 to 1.5   mg l  − 1   [79] . Higher concentrations will affect the metabolism of 
calcium and phosphorus in the human body, and lead to dental and bone fl uorosis 
 [80] . Many methods have been adopted to remove excess fl uoride from drinking 
water, the most common approach being adsorption with activated alumina, which 
has a good adsorption capacity and selectivity for fl uoride. Unfortunately, the 
optimum capacity for fl uoride removal in alumina occurs only at pH values below 
6.0, which strongly limits the practical applications of this material  [81] . 

 Li and collaborators  [52]  have reported that amorphous Al 2 O 3  supported on CNTs 
represents a major candidate for fl uoride adsorption from water. These authors 
used CNTs as a supports for Al 2 O 3 , and showed the composite to have a high poten-
tial for removing fl uoride from drinking water. Based on their adsorption isotherms 
(Figures  19.16  and  19.17 ), Li and coworkers found that Al 2 O 3 /CNT composites 
showed a high fl uoride adsorption capacity over a pH range from 5.0 to 9.0. They 
also found the adsorption capacity for the Al 2 O 3 /CNT composite to be about 13.5 -
 fold higher than that of activated carbon, fourfold higher than for  γ  - alumina, and 
also higher than that of the commercial polymeric resin, IRA - 410. This broad range 
of pH values and high adsorption capacities observed for the Al 2 O 3 /CNT composite 
makes this material very attractive for fl uoride removal from water.   

     Figure 19.16     Effect of solution pH on fl uoride adsorption 
onto an Al 2 O 3 /CNT composite.  Reproduced from Ref.  [52] .   
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 A year later, the same group presented improved results using an array of 
aligned MWNTs  [10] . For this, the authors studied the kinetics of the fl uoride 
adsorption process, and the effect of pH on fl uoride adsorption capacity. The 
kinetic data indicated that the fl uoride adsorption rate was rapid during the fi rst 
60   min, and quickly reached an adsorption capacity of 3.0   mg   g  − 1 , with equilibrium 
achieved after 180   min. A mild dependence of the adsorption capacity on the pH 
of the solution was also observed, with the highest adsorption capacity being 
observed at pH 7, and reaching 4.5   mg   g  − 1  at fl uoride concentrations of 15   mg   l  − 1 . 
The adsorption isotherms obtained for this material, compared to those obtained 
in  γ  -  Al 2 O 3 , activated carbon, and a soil, are shown in Figure  19.18 . At low fl uoride 

     Figure 19.17     Adsorption isotherms of fl uoride on activated 
carbon (AlC - 300), CNT,  γ  - Al 2 O 3 , a commercial resin (IRA - 410) 
and Al 2 O 3 /CNT composite. The data for activated carbon and 
IRA - 410 were fi tted with a Langmuir isotherm, while the data 
for CNT and Al 2 O 3 /CNTs were fi tted with a Freundlich 
isotherm.  Reproduced from Ref.  [52] .   

     Figure 19.18     Adsorption isotherm of fl uoride on CNTs (at pH 
7 and 25    ° C) compared with  γ  - Al 2 O 3 , soil, and activated 
carbon.  Reproduced from Ref.  [10] .   
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initial concentrations ( < 1   mg   l  − 1 ), the nanotube material and alumina had the same 
adsorption capacities, but at higher fl uoride concentrations the fl uoride adsorption 
capacity of the CNTs was higher. These results again indicated the potential of 
CNTs in fl uoride removal.    

  19.4.2.2   Adsorption of Arsenic 
 Arsenic is required as a micronutrient for the human body, yet it may be carcino-
genic if consumed constantly. Thus, it is of great importance to remove arsenic 
from water before it is used for drinking. Two main forms of arsenic are encoun-
tered in natural water, namely trivalent (As(III), arsenite) and the higher - oxidized 
form, pentavalent (As(V), arsenate). Whilst either of these species can be found in 
natural waters, As(III) is more common in groundwater, and As(V) is more 
common in surface water  [82] . 

 When a novel ceria – CNT composite was proposed as an alternative for the 
removal of arsenate from water  [83] , the results indicated that arsenate adsorption 
on these materials was pH - dependent. The presence of Ca(II) and Mg(II) also 
signifi cantly enhanced the adsorption capacity. These very promising results 
suggest that these materials might represent a promising adsorbent for drinking 
water purifi cation. The effect of pH on the adsorption of As(V) onto CeO 2 /CNT is 
shown in Figure  19.19 .   

 These results indicate that the adsorption of As(V) is pH - dependent, and that 
the pristine composite has a higher adsorption capacity than the chemically modi-
fi ed nanotubes. The authors proposed that the dependence of adsorption on pH 
was due to variations in the surface charge on the nanotube composites. This was 
corroborated by zeta potential measurements. Moreover, the authors also meas-
ured the infl uence of Ca(II) and Mg(II) on the adsorption capability of the CeO 2 /
CNT material. From the results shown in Figure  19.20  it is clear that both Ca(II) 
and Mg(II) signifi cantly enhance the adsorption capacity of the nanotube compos-
ite. In fact, an increase from 0 to 10   mg   l  − 1  in the concentration of Ca(II) and Mg(II) 
resulted in an almost one order of magnitude increase in the amount of As(V) 

     Figure 19.19     Effect of pH on As(V) adsorption by chemically 
treated CNTs ( � ) and CeO 2 /CNT composite ( � ).  Reproduced 
from Ref.  [83] .   
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adsorbed. The authors explained this observed increase in adsorption capacity by 
proposing the formation of a ternary surface complex between calcium or magne-
sium, arsenate, and the ceria surface  [84] .    

  19.4.2.3   Adsorption of Americium - 243 ( III ) 
 Wang and collaborators  [85]  examined the use of MWNTs as adsorbents for the 
radionuclide americium - 243 (III). The data obtained (see Figure  19.21 ) indicated 

     Figure 19.20     Effect of Ca(II) and Mg(II) on As(V) adsorption 
(initial concentration of As(V)   =   20   mg   l  − 1 ).  Reproduced from 
Ref.  [83] .   

     Figure 19.21     Adsorption isotherms for  243 Am(III) onto 
MWNTs in polyethylene tubes using Milli - Q water in the 
presence of 0.1    M  NaClO. The contact time was 4 days. 
 Reproduced from Ref.  [85] .   
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that the sorption isotherms were linear, and confi rmed that the sorption of Am(III) 
onto MWNTs did not reach saturation under these conditions (up to 3    ×    10  − 6     M  of 
Am(III)). A dependence of  243 Am(III) sorption by MWNTs on pH and ionic 
strength was also reported. Approximately 80% of  243 Am(III) was adsorbed by the 
nanotubes at pH 5, and this increased to approximately 90% at pH 10. The authors 
explained this behavior in terms of surface complexation.     

  19.4.3 
 Adsorption of Organic Compounds 

 Although, as detailed above, CNTs have major potential for the removal of inor-
ganic substances from water, the number of studies conducted on the adsorption 
of organic pollutants onto CNTs is relatively small. A report published by the U.S. 
Environmental Agency in 2002  [86]  stated that the most common organic contami-
nants found in drinking water ranged from disinfection byproducts (e.g., trihalom-
ethanes) to other organic chemicals, including carbon tetrachloride, benzene, 
polychlorinated benzenes, dioxins, and pesticides. The similar chemical character-
istics of most of these organic pollutants give rise to similar acute health effects 
at high doses, with the primary target organ generally being the central nervous 
system. Sustained or very high exposures to these organic chemicals can be fatal. 
An overview of the results obtained on the removal of some of these chemicals 
from water, using CNTs as adsorbents, is provided in the following section. 

  19.4.3.1   Adsorption of Dioxins 
 Dioxins and related compounds (e.g., polychlorinated dibenzofurans and biphe-
nyls) are highly toxic pollutants. The toxicity of dioxins varies with the number of 
chlorine atoms; for example,  2,3,7,8 - tetrachlorodibenzo -  p  - dioxin  ( TCDD ) is a 
known human carcinogen. In addition to cancer, dioxins also adversely affect the 
immune and endocrine systems, as well as normal fetal development  [87] . Dioxins 
are mainly generated from the combustion of organic compounds in waste incin-
erators. Due to the extreme toxicity and chemical inertness of dioxins, it is neces-
sary to improve any current technologies based on activated carbon adsorption. 

 Long  et al .  [8]  have reported that CNTs can attract and trap a large amount of 
dioxins in a more effi cient manner than the activated carbon or other adsorbents 
currently used. Long ’ s group attributed this observation to the stronger interaction 
forces that exist between dioxin molecules and the curved hydrophobic surface of 
the nanotubes. Another series of investigations, based on dioxin temperature -
 programmed desorption  [8, 88] , reported that the interaction of dioxins with CNTs 
is much stronger than that with activated carbon. The desorption temperatures, 
desorption activation energy and Langmuir constants obtained for dioxin desorp-
tion on CNTs, activated carbon and  γ  - Al 2 O 3  are listed in Table  19.4 . These results 
clearly indicate that the interaction of dioxins with CNTs is signifi cantly higher 
than with the other adsorbents.   

 A  density functional theory  ( DFT ) study conducted by Kang  et al.   [89]  focused 
on the molecular interactions between dioxin and metal - doped (Li, Na, Fe) SWNTs. 
The calculations indicated that doping large - diameter SWNTs with calcium atoms 
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can introduce a strong cooperative binding of the carbon  π  system with the dioxin. 
A band structure analysis suggested that the charge transfer model could explain 
these observations. Iron atoms, which are commonly used as a catalyst for CNT 
synthesis, can also signifi cantly facilitate dioxin binding. In a sense, this suggests 
that the adsorption of small molecules, particularly those with delocalized  π  elec-
trons, can be signifi cantly enhanced by the presence of metallic catalyst remnants 
following the accomplishment of SWNT synthesis. 

 More recently, a theoretical  ab initio  calculation of 2,3,7,8 - tetrachlorinated 
dibenzo -  p  - dioxin interaction with pristine,  “ defective ”  as well as B - , N - , and Si -
 doped SWNTs, was reported by Fagan  et al .  [90] . Their results predicted that the 
interaction between SWNTs and dioxins would depend on the geometric confi gu-
ration of the approaching dioxin (Figure  19.22 ), the dopant metal, and the number 
of defects in the nanotube wall. The results (see Table  19.5 ) suggested that the 
adsorption of dioxin was more effective for the case of defective nanotubes. This 
theoretical prediction shows promise from a practical point of view, as structural 
defects on the tube walls are naturally formed during nanotube growth and puri-
fi cation processes. Moreover, the results also indicated that doping with B, N, and 
Si does not improve the absorption capacities of dioxins.      

  19.4.3.2   Adsorption of 1,2 - Dichlorobenzene 
 Chlorobenzenes such as monochlorobenzene,  dichlorobenzene  ( DCB ), and 
trichlorobenzene, which are present in some surface and ground - waters, have 
been identifi ed as priority pollutants by the US Environmental Protection Agency 
 [91] . Among chlorobenzenes, DCB is one of the most chemically stable, and its 
degradation in soil and aquatic environments is extremely limited  [92] . The wide-
spread use of chlorinated aromatic chemicals over several decades has resulted in 
contamination of the environment and human exposure to DCB. The methods 

 Table 19.4     Position of the maximum in the dioxin temperature 
programmed desorption profi les of carbon nanotubes, 
activated carbon and alumina at different heating rates. Data 
for calculated values of activation energies for desorption and 
Langmuir constants are also presented.   Reproduced from 
Refs  [8]  and  [88] .   

   Sorbent     Peak desorption temp. ( ° C) at different heating 
rates  

   Desorption 
activation energy 
(kJ   mol  − 1 )  

   Langmuir 
constant  B  at 
25    ° C (l   atm  − 1 )  

   2    ° C   min  − 1      5    ° C   min  − 1      10    ° C   min  − 1      20    ° C   min  − 1   

  Carbon nanotubes    588    609    620    634    315    2.7    ×    10 52   
  ZX - 4 carbon (Mitsubishi)    481    517    543    ?    119    1.3    ×    10 18   

   γ  - Al 2 O 3     306    353    394    ?    47.9    4.5    ×    10 5   
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employed to remove DCB from water are either destructive oxidation or adsorp-
tion. Peng  et al .  [11]  have reported the use of as - grown CNTs and graphitized CNTs 
as adsorbents to remove 1,2 - DCB from water. The as - grown CNTs were prepared 
by catalytic pyrolysis of a propylene – hydrogen mixture at 750    ° C using Ni particles 
as catalysts. The graphitized CNTs were prepared by treating the as - grown CNTs 
in a nitrogen atmosphere at 2200    ° C for 2   h. The maximum amounts of DCB 
adsorbed by the as - grown and graphitized CNTs were 30.8 and 28.7   mg   g  − 1 , respec-
tively. The short time required to achieve equilibrium suggested that the CNTs 
had very high adsorption effi ciencies, with the removal rate remaining almost 
constant over a pH range from 3 to 10. The adsorption isotherms obtained are 

     Figure 19.22     Schematic views of the most 
stable confi gurations of different SWNT/
dioxin adsorption geometries. Views (b) to 
(d) show confi gurations for pristine SWNT 
interacting with a chlorinated dioxin in 
different confi gurations. View (a) depicts a 

lateral view of the SWNT/dioxin confi guration 
shown in (b). In view (e) the SWNT has a 
defect in the form of a vacancy. Views (f) to 
(h) show N - , B - , and Si - doped SWNTs 
interacting with dioxin, respectively. 
 Reproduced from Ref.  [90] .   

 Table 19.5     Calculated values for the binding energy for the 
 SWNT /dioxin confi gurations shown in Figure  19.22 .  
 Reproduced from Ref.  [90] .   

   System   a        Binding energy (eV)  

  SWNT/dioxin (Figure  19.1 b)     − 0.10  
  SWNT/dioxin (Figure  19.1 c)     − 0.35  

  SWNT/dioxin (Figure  19.1 d)     − 0.77  

  SWNT/vac_dioxin (Figure  19.1 e)     − 1.21  

  SWNT/B_dioxin (Figure  19.1 f)     − 0.43  

  SWNT/N_dioxin (Figure  19.1 g)     − 0.45  

  SWNT/Si_dioxin (Figure  19.1 h)     − 0.30  

     a   Figure numbers relate to Ref.  [90] .   



 642  19 Carbon Nanotubes as Adsorbents for the Removal of Surface Water Contaminants

reproduced in Figure  19.23 . Taken together, the results indicated that the as - grown 
CNTs were superior to the graphitized material in terms of DCB adsorption.   

 Recently,  ab initio  theoretical calculations of 1,2 - DCB adsorption onto metallic 
SWNTs were reported by Fagan  et al .  [93] . The values for the binding energies 
obtained in terms of interaction between the DCB and SWNTs, indicated that a 
decrease in nanotube diameter and a consequent enhancement in tube curvature 
favored a more effective adsorption of DCB on the tube surface. Charge distribu-
tion calculations indicated that the adsorption of DCB occurred through  π  –  π  
stacking; the calculations also suggested that the DCB – SWNT interaction was 
larger for metallic nanotubes than for semi - conducting nanotubes.  

  19.4.3.3   Adsorption of Trihalomethanes 
  Trihalomethane s ( THM s) are generated during the disinfection of drinking water 
with chlorine  [94] , and are recognized as potentially hazardous and carcinogenic 
substances  [95] . More stringent requirements for the removal of THMs from 
drinking water in recent years have led to the development of innovative, cost -
 effective alternatives to remove these byproducts. 

 In 2004, Lu  et al .  [12]  reported the use of CNT materials to remove THMs from 
water, where the nanotube samples were fabricated by the catalytic decomposition 
of a CH 4 /H mixture at 700    ° C using Ni particles as catalyst. Based on FTIR spectra 
the authors noted that, after a mild acid treatment, the CNT material became more 
hydrophilic and effective for the adsorption of the relatively polar THMs mole-
cules. It was also suggested that the diffusion mechanisms controlled the adsorp-
tion of THMs onto the CNTs. In fact, the smallest molecule, CHCl 3 , was seen to 
adsorb preferentially onto the nanotubes, followed by CHBrCl 2 , CHBr 2 Cl, and 
CHBr 3 . The adsorption isotherms obtained in these studies are shown in Figure 
 19.24 . The observed adsorption capacity for CHCl 3  was highest, followed by 
CHBrCl 2 , CHBr 2 Cl and CHBr 3 . The maximum adsorbed amounts of CHCl 3 , 

     Figure 19.23     Isotherms for DCB adsorption onto as - grown 
and graphitized CNTs at 25    ° C (pH   =   5.5,  t    =   24   h). 
 Reproduced from Ref.  [11] .   
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CHBrCl 2 , CHBr 2 Cl and CHBr 3  were 2.41, 1.23, 1.08 and 0.92   mg   g  − 1 , respectively, 
from an initial concentration of 1   mg   l  − 1  of each THM.   

 Another study conducted by the same group  [96]  included a comparison of the 
adsorption of THMs onto powdered activated carbon. In contrast to data obtained 
with CNTs, for activated carbon the largest molecule, CHBr 3 , was seen to be pref-
erentially adsorbed, followed by CHBr 2 Cl, CHBrCl 2  and CHCl 3 . With an initial 
concentration of 1   mg   l  − 1 , the amounts of CHCl 3 , CHBr 2 Cl, CHBrCl 2  and CHBr 3  
adsorbed were 1.2, 1.68, 2.19, and 2.75   mg   g  − 1  CNTs, respectively. The adsorption 
of THMs onto CNTs also occurred more rapidly compared to activated carbon. 
Although the surface area of the nanotube material (295   m 2    g  − 1 ) was much less 
than that for activated carbon (900   m 2    g  − 1 ), the adsorption capacity of CHCl 3  onto 
CNTs was approximately twice that for activated carbon. 

 The thermodynamic and kinetic parameters of the adsorption processes of 
THMs on MWNTs was also reported  [96] . Here, the amount of THMs adsorbed 
onto CNTs was seen to decrease with a rise in temperature, with the highest 
adsorption capacities observed at 5    ° C and 15    ° C. Under the same conditions, the 
purifi ed CNT material displayed two -  to threefold greater adsorption capacities for 
CHCl 3  than did activated carbon. A thermodynamic analysis revealed the adsorp-
tion of THMs onto CNTs to be exothermic in nature.  

  19.4.3.4   Adsorption of Polyaromatic Compounds 
 A recent study  [97]  investigating the adsorption of  polycyclic aromatic hydrocar-
bon s ( PAH s) (e.g., naphthalene, phenanthrene, pyrene) from water onto six dif-
ferent carbon nanomaterials, including fullerenes, SWNTs, and MWNTs, has 
been reported. The results showed that the adsorption capacities of the nanoma-
terials for the different polycyclic aromatic molecules was related to the PAH 

     Figure 19.24     Adsorption isotherms for four trihalomethanes 
onto CNTs.  Reproduced from Ref.  [12] .   
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molecular size (Figure  19.25 ), which prompted the authors to suggest that, due to 
their size, some of these aromatic molecules could not access the nanomaterial 
pores. Among the different carbon nanomaterials, adsorption appeared to relate 
well with the adsorbent surface area, micropore, and mesopore volume. Except for 
the SWNTs, a linear relationship was observed between the adsorbed capacity and 
the carbon nanomaterial.      

  19.5 
 Summary of the Results, and Conclusions 

 Among the above - described data    –    some of which are summarized in Table  19.6     –    it 
appears that, except for those used by Peng  et al .  [11] , all CNTs employed in these 
experiments have been purifi ed by pretreating with acid, before adsorption meas-
urements were made. Such pretreatment had a major impact on the adsorption 
capacity of the CNTs in terms of contaminant removal. An analysis of the afore-
mentioned results indicated that the acid treatment not only removed the amor-
phous carbon that coats the CNT surface but also increased the specifi c nanotube 
surface area and pore volume. However, it seems that the most important factor 
responsible for the improved adsorption capacities seen with oxidized CNTs is the 
incorporation of surface functional groups (hydroxyl, carboxyl and carbonyl) gener-
ated by their treatment with oxidizing acids.   

     Figure 19.25     Adsorption isotherms of pyrene, phenanthrene, 
and naphthalene onto MWNTs.  Reproduced from Ref.  [97] .   
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 Table 19.6     Summary of selected cited results. 

   Reference(s)     Type of adsorbent used     Adsorbate     Pretreatment of 
adsorbent  

   Parameters affecting adsorption effi ciency evaluated  

   [9]     Acid - refl uxed CNTs    Pb(II)    Acid treatment    pH of solution  

   [62]     Acid - refl uxed CNTs    Pb(II)    Acid treatment    Adsorption/desorption study  

   [63]     Oxidized CNTs    Pb(II)    Acid treatment    CNT morphology  

   [65]     Acid - refl uxed CNTs    Cr(VI)    Acid treatment    pH of solution  

   [66]     CeO 2 /CNT composites    Cr(VI)    Acid treatment    pH of solution  

   [68]     Pristine and oxidized CNTs    Cd(II)    Oxidation by H 2 O 2  
 HNO 3  and KMnO 4   

  CNT surface area 
 CNT pore and particle size distribution 
 CNT zeta potential Adsorbate/adsorbent ratio  

   [70]     Pristine and oxidized CNTs    Cu(II)    Oxidation by HNO 3  and 
NaClO  

  pH of solution 
 CNT zeta potential  
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   Reference(s)     Type of adsorbent used     Adsorbate     Pretreatment of 
adsorbent  

   Parameters affecting adsorption effi ciency evaluated  

   [72, 73]   [75]  
 [58]   [76]   [77]  
 [78]   [52]   [10]  
 [83]   

  Purifi ed CNTs 

 Oxidized CNTs Oxidized 
MWNTs Acid - treated CNTs 

 Al 2  O 3 /CNT composite 
FeOx/CNT magnetic 
composite 

 Al 2 O 3 /CNT composite 
Acid - treated CNTs CeO 2 /
CNT composite  

  Zn(II) Ni(II) 
Ni(II) Pb(II), 
Cu(II) and Cd(II) 
Pb(II), Cu(II) and 
Cd(II) Pb(II), 
Cu(II) fl uoride 
fl uoride Arsenic  

  Acid treatment 

 Acid treatment 
Acid treatment 
Acid treatment 
Acid treatment 
Acid treatment 
Acid treatment 
Acid treatment  

  Effect of consecutive adsorption/desorption cycles 
Agitation speed pH of solution 

 Ionic strength of solution 
Adsorbate/adsorbent ratio Contact time 

 Desorption capacity 

 pH of solution 

 Ionic strength of solution 
Adsorbate/adsorbent ratio Competitive adsorption 
study 

 Effect of consecutive adsorption/desorption cycles 
pH of solution 

 pH of solution 

 Infl uence of Ca(II) and Mg(II) as coadsorbates  

   [85]   [8]   [11]  
 [90]   [12]   [96]  
 [97]   

  MWNTs 

 MWNTs 

 As - grown and graphitized 
CNTs Metallic SWNTs 

 CNTs 

 MWNTs 

 CNTs and fullerenes  

  243  Am (III) 
dioxin 1, 2 - DCB 
1, 2 - DCB THMs 
THMs PAHs  

  Acid treatment 
Acid treatment 

 Acid treatment 
Acid treatment 
Acid treatment  

  pH of solution 

 Contact time 

 Structure and electronic properties of CNTs 

 pH of solution 

 Theoretical study 

 pH of solution 

 Temperature 

 Adsorbed volume capacity Molecular size of adsorbate  

Table 19.6 Continued.
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 The observed nanotube adsorption capacity is also dependent on pH, tempera-
ture, and contact time, whilst the effects of ionic strength, agitation speed, adsorb-
ate initial concentration and CNT dosage have also been discussed. Zeta potential 
measurements have indicated that chemically treated CNTs have a larger number 
of negatively charged surface sites than do raw nanotube materials. The results of 
comparative studies have shown that CNTs exhibit much higher adsorption capa-
bilities than other commonly used adsorbents. In a word, the excellent adsorption 
performance observed for CNTs indicates their high potential for water remedia-
tion applications. A number of fundamental issues remain, however, which limit 
the application of CNT materials for the removal of water contaminants, including 
their solubility in aqueous solution, their ultimate environmental fate, and the 
cost - effectiveness of a nanotube - based technology. Clearly, further fi eld - scale 
studies must be conducted to determine not only the effectiveness of CNTs but 
also their potential, the target being to raise the limits currently faced by this 
technology.  
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  20.1 
 Introduction 

  Molecular recognition  plays a key role in the natural world, from DNA transcrip-
tion to immune responses and enzyme substrate recognition. Important biological 
processes depend on the capability of small molecules to recognize their targets 
in a selective and effi cient manner. During the past century, a great deal of 
research was performed involving molecular recognition, not only to further our 
comprehension of its role in biological processes but also to translate any fi ndings 
to practical applications. The design of artifi cial receptors, capable of selective 
molecular recognition, has been a goal of research groups in different disciplines 
for use in a variety of processes such as catalysis, sensing, biological assaying, and 
the separation of complex chemical mixtures. 

 One interesting approach for the development of artifi cial receptors is  molecular 
imprinting , and its application to polymeric materials. In this chapter we will 
discuss the concept of molecular imprinting, and highlight recent advances in the 
synthesis of  molecularly imprinted polymer s ( MIP s) on the nanoscale. Included 
will be methodologies for the preparation of nanoparticles, with a view to a more 
rational and commercially viable receptor design, and imprinting methodologies 
which utilize various other nanomaterials, such as nanowires, quantum dots, 
fullerene, and dendrimers. The applications of these imprinted nanomaterials will 
be discussed, highlighting those properties which are advantageous to each appli-
cation, together with details of the changes that will be needed in future in order 
to maintain the practical potential of molecular imprinting. 

  20.1.1 
 Molecular Imprinting: The Concept 

 Molecular imprinting is a process where functional and crosslinking monomers 
are copolymerized in the presence of the target analyte (the imprint molecule), 
which acts as a molecular template  [1] . The functional monomers initially form a 
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complex with the imprint molecule and, following polymerization, their 
functional groups are held in position by the highly crosslinked polymeric struc-
ture. Upon removal of the imprint molecule, a cavity or  recognition site  is created 
which is complementary to the original template used. A  molecular memory  is 
therefore created in the polymeric matrix, which is now capable of recognizing 
and rebinding the analyte with a very high specifi city. The interaction between 
the template and the functional monomers can be either covalent, noncovalent, 
or combinations of both, and the choice is largely dependent on the chemical 
structure of both the template and monomers, and the intended application 
(Figure  20.1 ).   

 The evolution of molecular imprinting, as a technique, will be briefl y discussed 
in the following sections, together with descriptions of some of the chemical strate-
gies utilized for molecular imprinting, in terms of imprint molecule – monomer 
interactions. 

     Figure 20.1     Schematic representation of the imprinting 
process showing some of the interactions used in creating 
affi nity in the binding site for the template. I, reversible 
covalent interaction; II, semicovalent method; III, electrostatic 
interaction with an oppositely charged monomer; IV, 
noncovalent H - bonding.  
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  20.1.1.1   History of Molecular Imprinting 
 Towards the beginning of the last century, much effort was devoted to the develop-
ment of new materials and techniques for applications in chromatography  [2] . 
Among many of those scientists active in this fi eld was the soviet chemist M.V. 
Polyakov, who reported unexpected absorption properties in silica particles pre-
pared by a novel synthetic procedure  [3] . Silica prepared, in the presence of 
benzene, toluene or xylene, was observed to selectively readsorb the additive 
present during the preparation  [4, 5] . This appears to be the fi rst point in the lit-
erature at which selective adsorption to polymeric materials had been observed 
and explained in terms of a template effect  [6] . 

 During the following decade, Pauling developed a theory of the structure and 
process of formation of antibodies that laid the foundations for the development 
of molecular imprinting  [7] . Dickey, in 1949, reported the preparation of silica gel, 
having specifi c affi nities for their predetermined substrates, using the same mech-
anistic approach described by Pauling  [8] . Silica gels were prepared in the presence 
of four different dyes, namely methyl - , ethyl - ,  n  - propyl -  and  n  - butyl orange (Figure 
 20.2 ). The dye was subsequently removed and in rebinding experiments the pres-
ence of any of these  “ pattern molecules ”  would bind the pattern molecule in 
preference to the other three dyes. Several research groups pursued the prepara-
tion of specifi c adsorbents utilizing Dickey ’ s method  [9, 10] . After a steady fl ow of 
publications for 15 years, interest in imprinted silica materials experienced a 
decline as a result of limitations in the stability of these preparations and the 
reproducibility of the results obtained  [2] .   

 The decline in research into imprinting with silica coincided with the publica-
tion of a report by Wulff and Sarhan in 1972, on the fi rst example of molecular 
imprinting in synthetic organic polymers  [11] . This report has been accredited 
with stemming the current interest in imprinted materials as artifi cial antibodies. 
By utilizing a covalent imprinting approach, Wulff and Sarhan succeeded in pre-
paring polymers with chiral cavities for the separation of racemic mixtures. 
Research with imprinted materials accelerated when Mosbach  et al . introduced a 
simpler synthetic approach, which utilized noncovalent interactions of the  “ tem-
plate ”  species with the functional monomers  [12] . At present, research groups 
worldwide are focusing attention on the preparation of novel imprinted polymers 
and new analytical and synthetic applications of molecularly imprinted materials. 
In the following sections, we describe the covalent and noncovalent imprinting 
approaches initially reported by Wulff and Mosbach, respectively, which are 

     Figure 20.2     Chemical structures of the alkyl orange dyes.  
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widely accredited to be the foundation for the fi eld of molecular imprinting, as it 
is known today.  

  20.1.1.2   Covalent Imprinting 
 In the covalent imprinting strategy, the key step is the formation of a reversible 
covalent bond between the template and the functional monomer. After polymeri-
zation the template is removed, leaving the binding site with the functional group 
available for further covalent rebinding. Wulff utilized the reversible formation of 
boronate ester - linkages very successfully, initially for the imprinting of glyceric 
acid  [11] , and later for a number of carbohydrate derivatives  [13, 14] . In one 
example, Wulff described the imprinting of a sugar (phenyl -  α  -  D  - mannopyranoside) 
which was coupled with a vinyl - derivatized phenylboronic acid  [13] . The template 
monomer, illustrated in Figure  20.3 , was polymerized by free radical initiation in 
the presence of a porogenic solvent and a large amount of crosslinking agent. The 
template was subsequently removed through hydrolysis with water or methanol, 
resulting in a template specifi c cavity.   

 The major advantage of the covalent approach is that the high - energy interac-
tions will lead to high association constants, and therefore increase template rec-
ognition and reduce nonspecifi c binding between the template and polymer. 
Although, covalent strategies have been used successfully with boronate esters 
 [13] , Schiff  ’ s bases (imines)  [15] , ketals and acetals  [16] , only certain compounds 
such as alcohols, aldehydes, ketones, amines and carboxylic acids can be imprinted 
using this approach. Moreover, the synthetic diffi culties associated with the prepa-
ration of a suitable polymerizable unit limit the applicability of this approach.  

  20.1.1.3   Noncovalent Imprinting 
 Currently, the most widely used technique to generate molecularly imprinted 
binding sites is represented by the noncovalent approach developed by Mosbach 

     Figure 20.3     Schematic representation of a covalent imprinting 
approach, using a sugar coupled with a vinyl - derivatized 
phenylboronic acid  [13] .  
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 [17] . This is based on a noncovalent self - assembly of the template with functional 
monomers prior to polymerization with a crosslinking monomer and subsequent 
template extraction, followed by rebinding via noncovalent interactions, such as 
H - bonding, ion pairing, and dipole – dipole interactions. The most widely used 
functional monomer for noncovalent imprinting is  methacrylic acid  ( MAA ), which 
was initially proposed by Mosbach  et al .  [18] ; however, many other functional 
monomers, such as 4 - vinylpyridine  [19]  and acrylamide  [20]  are commercially 
available. A number of custom - designed functional monomers, such as  N , N  ′  -
 diethyl(4 - vinylphenyl)amidine  [21] , for use in catalysis, and  trans  - 4 - [ p  - ( N , N  -
 Dimethylamino)styryl] -  N  - vinylbenzylpyridinium chloride  [22] , used for fl uorescent 
sensing, have also been reported. 

 Figure  20.4  illustrates the well - known noncovalent imprinting strategy of theo-
phylline using MAA as the functional monomer and ethylene glycol dimethacr-
ylate as the crosslinker  [23] .   

 The monomer – template association complex can be obtained  in situ  simply by 
adding the components to the reaction mixture. After polymerization, the template 
is removed by extracting the polymer with acidifi ed methanol. The guest binding 

     Figure 20.4     Noncovalent imprinting of theophylline, using 
methacrylic acid as the functional monomer and ethylene 
glycol dimethacrylate as the crosslinker  [23] .  
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by the polymer occurs through the corresponding noncovalent interactions. The 
carboxylic acid function of the methyl methacrylate forms ionic interactions with 
the amino groups and hydrogen bonds with polar functions. Dipole – dipole and 
hydrophobic interactions are also thought to contribute. 

 The advantages of the noncovalent strategy are that the synthesis of covalent 
monomer – template conjugates is unnecessary, and that the imprint molecule 
is easily removed from the polymer under very mild conditions, as it is only 
weakly bound by noncovalent interactions. Also, guest binding and guest release 
via noncovalent interactions result in faster binding kinetics than occur in the 
covalent approach. The main disadvantages are that the imprinting process may 
not be very effi cient, as the monomer – template adduct is labile and not strictly 
stoichiometric. In order to overcome these limitations, the polymerization condi-
tions must be carefully chosen so as to maximize noncovalent adduct formation 
in the mixtures.  

  20.1.1.4   Alternative Molecular Imprinting Approaches 
 The two most extensively used strategies for molecular imprinting have been the 
noncovalent and covalent approaches, respectively. However, a number of varia-
tions of these methods have been investigated in recent years, with the intention 
of overcoming the disadvantages inherent in each approach. One such strategy 
employs the stoichiometric noncovalent approach  [24] , in which the complex 
between the functional monomer and template is strong enough to ensure that 
the equilibrium lies well in favor of complex formation; this can be achieved when 
the association constant is  ≥ 10 3     M   − 1   [25] .  Semicovalent imprinting  is another fre-
quently used strategy, which attempts to merge the advantages of the covalent and 
the noncovalent approach. In this method, the template is bound covalently to the 
functional monomer, either directly  [26]  or via a spacer  [27] ; however, rebinding 
occurs via noncovalent interactions only.   

  20.1.2 
 Towards Imprinting with Nanomaterials 

 The fi nal application of a target - imprinted polymer plays a key role in determining 
the type of polymeric matrix to be used. Since the fi rst report of an example of 
molecular imprinting,  “ bulk ”  polymerization has been the most frequently used 
method for the production of MIPs. However, in this method the  “ bulk ”  material 
must be ground mechanically, which results in a large size distribution of irregu-
larly shaped particles and sieved; this is not only time - consuming but can also 
result in a substantial loss of material. Considerable advances have been made 
over the past decade, in the basic methodologies available for the production of 
receptor sites, and in the optimization of conditions for imprinting and subse-
quent rebinding  [28] . In order to avoid the disadvantages associated with  “ bulk ”  
polymerization, alternative polymeric materials have been used, for example, 
imprinted microbeads, fi lms, and membranes  [28, 29] . In the case of beads that 
are designed for chromatographic purposes, particle diameters of 25 – 38    μ m are 
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suitable for effi cient separation with reasonable back - pressures  [30] . However, 
when considering MIPs intended for catalysis, facilitated synthesis, sensing and 
assaying, a progression from the micro -  to the nanoscale has been a major aim of 
many research groups. Aside from the obvious advantages that miniaturization 
presents, good accessibility to as many recognition sites as possible and shorter 
diffusion times to facilitate faster equilibrium between release and reuptake of the 
template in the cavity, are central to requirements  [31] . Ultimately, improvements 
in the effi ciency of synthetic receptors, with respect to response times and reaction 
rates, may depend on how closely the actual biological systems can be mimicked. 
To do so would require signifi cant developments of MIPs on the nanoscale.   

  20.2 
 Molecular Imprinting in Nanoparticles 

 A variety of approaches for preparing imprinted particles in the nanometer size 
range have proved successful. In this section we will review the various approaches, 
and highlight recent developments and important applications. 

  20.2.1 
 Emulsion Polymerization 

 The fi rst reported synthesis of imprinted nanoparticles was over a decade ago by 
Takagi and coworkers  [32] , who successfully prepared a Cu 2+  - selective resin using 
a novel template polymerization technique. Here, the target molecule (hydrophilic) 
and the host – monomer (amphiphilic) approach and arrange themselves at the 
interface of an oil - in - water emulsion. The oil phase, containing the monomer 
and crosslinker, was subsequently polymerized, the result being a resin with par-
ticle sizes ranging from 400 to 500   nm. Although standard emulsion polymeriza-
tion has proved successful for molecular imprinting in nanoparticles  [32 – 34] , 
core – shell emulsion polymerization is probably a more useful approach, as it 
enables a much better control over particle size, polydispersity, and the location 
of recognition sites. 

  20.2.1.1   Core – Shell Emulsion Polymerization 
 Core – shell emulsion polymerization consists of two steps that begin with the 
preparation of a core latex in the absence of an emulsifi er. The core, which may 
be prepared from a variety of materials  [35 – 37] , is then mixed with another 
monomer or mixture of monomers that produces the shell. The core – shell parti-
cles possess two types of property, one being endowed by the core (spherical 
monodisperse nanoparticles) and the other by the shell (recognition layer). 

 P é rez  et al . reported the synthesis of core – shell particles, in which a sacrifi cial 
spacer method was used, for the imprinting of cholesterol  [38] . Initially, 30 – 40   nm 
MMA or styrene core particles were prepared, which were subsequently used in 
a second - stage polymerization with  ethyleneglycol dimethacrylate  ( EGDMA ), in 
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the presence of a polymerizable cholesterol derivative (Figure  20.5 ). Following 
template cleavage (carbonate ester hydrolysis) and removal, the recognition prop-
erties of the imprinted core – shell polymers were evaluated.   

 On comparison of the imprinted and nonimprinted polymers, a considerably 
greater binding of cholesterol to the imprinted core – shells was evident. Similar 
imprinted nanoparticles were also prepared with a magnetic core, which demon-
strated similar cholesterol rebinding properties to those particles prepared with 
nonmagnetic cores; however, in the presence of a magnetic fi eld, a more effi cient 
particle sedimentation    –    and thus removal from solution    –    was demonstrated. Sub-
sequently, P é rez  et al . reported the preparation of imprinted nanoparticles char-
acterized by a poly(divinylbenzene) shell over a crosslinked poly(styrene) core  [39] . 
In this case, the second - stage polymerization was performed in the presence of 
polymerizable surfactants (pyridinium 12 - (4 - vinylbenzyloxycarbonyl)dodecanesul-
fate (PS) and pyridinium 12 - (cholesteryloxycarbonyloxy)dodecanesulfate (TS), that 
also acted as a template. Figure  20.6  illustrates the noncovalent imprinting 
approach used, where the surfactant - like template aligns itself at the polymer –
 water interface with the template region in the monomer phase. Following polym-
erization of the monomer phase, template removal creates hydrophobic recognition 
sites at the surface of the beads. As the polymerized surfactant tails are also hydro-
lyzed, a polar surface is exposed which differentiates it from the imprinted regions.   

 P é rez and Mayes subsequently reported the successful imprinting of propranolol 
by the more classical noncovalent approach in core – shell nanoparticles  [40] . 
Although, the binding capacity was lower than that usually measured for bulk 
polymers imprinted with propranolol, this investigation proved that noncovalent 
imprinting in core – shell particles was possible, despite the fact that they were 

     Figure 20.5     Schematic diagram of core – shell nanoparticles 
with cholesterol - imprinted shells  Adapted from Ref.  [38].    
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prepared in the presence of an aqueous continuous phase. The same group later 
reported the synthesis of similar propranolol - imprinted nanoparticles, where a 
fl uorescent monomer was successfully incorporated into the particle core  [41] . The 
presence of the imprinted shell had no effect on the fl uorescence of the core; 
neither did the fl uorescent monomer in the core affect the imprinting in the shell. 
This type of particle would be expected to fi nd applications in assay technology. 

 Carter and Rimmer also used core – shell emulsion polymerization for the non-
covalent imprinting of caffeine and propranolol  [42 – 44] . The application of these 
nanoparticles is for the selective extraction of caffeine/propranolol from mixtures 
with a structural analogue theophylline/atenolol (Figure  20.7 )  [44] . Particles were 
prepared with a styrene/divinylbenzene core, and ranged in diameter from 180 to 
214   nm. The shell was prepared with a mixture of EGDMA and binding monomer 

     Figure 20.6     Schematic diagram of core – shell nanoparticles 
with cholesterol - imprinted shells accompanied by structures 
of the template surfactant and the polymerizable surfactant. 
 Adapted from Ref.  [38].    
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(oleyl phenyl hydrogen phosphate) in the presence of template, and displayed 
thickness ranging from 2 to 20   nm.    

  20.2.1.2   Mini - Emulsion Polymerization 
 A  mini - emulsion  is a type of emulsion, where the monomer droplet size is reduced 
to the range of 50 to 300   nm diameter by the application of sheer forces (ultrasoni-
cation or high - pressure homogenization)  [45] . In order to stabilize the homogene-
ous dispersed phase, a costabilizer is added to prevent diffusion processes from 
occurring in the continuous phase. This in turn inhibits the occurrence of Ostwald 
ripening during the polymerization process. The main difference between emul-
sion and mini - emulsion polymerization is the solubility of the initiator. In mini -
 emulsion polymerization the initiator is only soluble in the dispersed phase, as 
opposed to emulsion polymerization where the initiator is soluble in the continu-
ous phase  [46] . Nucleation, as a consequence, occurs within the dispersed nano-
droplets creating small  “ nanoreactors, ”  with the monomer and template already 
present at the start of the polymerization. 

 Tovar and coworkers have mainly used this method to prepare imprinted nano-
particles  [47 – 50] . Initially, they produced nanoparticles (yield of 98    ±    2%) from 
varying ratios of EGDMA and MAA, imprinted with enantiomers of boc - phenyla-
lanine anilide  [47] . Although  dynamic light scattering  ( DLS ) indicated a particle 
diameter of 200    ±    20   nm,  transmission electron microscopy  ( TEM ) verifi ed a much 
larger polydispersity with particles ranging from 50 to 300   nm. During recognition 
studies, the quantity of  L  - boc - phenylalanine anilide that rebound was fourfold 
greater in the case of an  L  - imprinted MIP than in the corresponding NIP, and 
10 - fold greater than the binding of the  D  - enantiomer in the  L  - imprinted nanopar-
ticles. This imprinting system was subsequently used to demonstrate the use of 
microcalorimetry, to monitor the heat of binding during rebinding experiments 

     Figure 20.7     Chemical structures of template molecules 
(caffeine and propranolol) and their structural analogues 
(theophylline and atenolol).  
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with the nanoparticles, and to demonstrate the enthalpic basis of chiral recognition 
in molecularly imprinted polymers  [48] . 

 The imprinted nanoparticles produced by Tovar and coworkers were later used 
for the separation of enantiomers. Using the mini - emulsion approach, the 
imprinted nanoparticles were coated onto the surface of a polyamide membrane 
for enantiomeric separation  [49] . The dense particle layer on the surface of the 
membrane resulted in a large imprinted surface area and a low fl ow rate, which 
was advantageous as the establishment of the chemical equilibrium due to selec-
tive rebinding is a time - consuming step. Absorption experiments and binding 
isotherms were subsequently performed in order to establish a new mathematical 
model for the understanding and describing of the whole separation process by 
the composite membrane  [50] . According to the authors, this should allow predic-
tion of the most favorable confi guration for the imprinted composite membrane, 
and thus allow an optimal performance. 

 More recently, Tan and Tong have attempted the imprinting of the protein 
ribonuclease A using mini - emulsion polymerization  [51, 52] . In these studies, the 
preparation of protein surface - imprinted nanoparticles was described, with diam-
eters ranging from approximately 40 to 80   nm. The major diffi culty with the 
imprinting of proteins was optimization of the polymerization conditions in order 
to avoid protein denaturation  [51] . Although, the high - shear homogenization dem-
onstrated negligible disruption to the protein conformation, the initiators and the 
surfactants frequently used for mini - emulsion polymerization were singled out as 
possible sources of template denaturation, and suitable conditions were therefore 
investigated. The imprinted nanoparticles prepared under optimized, nondenatur-
ing conditions (using a redox initiator and poly(vinyl alcohol) as surfactant) dis-
played a good imprinting effi ciency that was absent from the imprinted polymer 
prepared through the conventional mini - emulsion polymerization using thermal 
or UV initiation and sodium dodecylsulfate as surfactant. 

 Tan and Tong also used a variation of this approach, where mini - emulsion 
polymerization was used in a core – shell approach  [52] . In this case, larger particles 
of regular shape and 700 – 800   nm diameter were produced, which comprised a 
Fe 3 O 4  magnetite core and a surface - imprinted shell. The imprinted particles exhib-
ited signifi cant recognition and selectivity from aqueous solution, in addition to 
easy and effi cient particle separation as a result of the magnetic core being present.   

  20.2.2 
 Precipitation Polymerization 

 In precipitation polymerization    –    unlike emulsion methods    –    the polymeric reac-
tion begins in a homogeneous phase where the monomers, crosslinkers, and 
initiators are present in a dilute solution of porogenic solvent. As the polymeriza-
tion proceeds, the expanding polymer becomes insoluble and aggregates into 
particles, which are stabilized against coagulation, either sterically or by their 
rigid crosslinked surfaces.  Dispersion polymerization  is another method for 
obtaining polymeric materials. Although the technique shows some differences 
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from precipitation polymerization, these are not signifi cant enough to justify 
discrimination between the two in the context of this chapter. More detailed infor-
mation on this subject is available elsewhere, however  [28, 46, 53] . 

 The fi rst reported synthesis of imprinted nanoparticles by precipitation polym-
erization was by Mosbach and coworkers  [54] . In these studies, MAA and  trimethy-
lolpropane trimethacrylate  ( TRIM ) were polymerized at high dilution in the 
presence theophylline and 17 β  - estradiol (Figure  20.8 ). These templates were 
chosen to demonstrate the applicability of the method toward targets with very 
different hydrophobicities. Imprinted nanoparticles, with yields of  > 85% and 
an average diameter of 300   nm, were isolated by centrifugation of the polymeriza-
tion solution. Following template removal, the recognition properties were char-
acterized using a radioligand - binding assay; the binding specifi city of the polymers 
was found to be extremely high, with  < 1% crossreactivity between the two target 
molecules. Although, the imprinted nanoparticles bound three to four times more 
template than the corresponding reference material, a sixfold amount of imprinted 
polymer was necessary for effective absorption of the more hydrophobic template 
(17 β  - estradiol) in comparison with theophylline. This effect was, however, the 
result of a lower affi nity constant between 17 β  - estradiol and the polymer when 
rebinding in an organic solvent.   

 The same group also studied the effect of crosslinker type and content on the 
preparation of imprinted nanoparticles by precipitation polymerization  [55] . The 
results showed that nanoparticles prepared with TRIM (with three crosslinking 
vinyl groups) rather than with EGDMA (two crosslinking vinyl groups) allowed 
the incorporation of greater amounts of template and functional monomer, 
without compromising the rigidity of the particles. These polymers demonstrated 
higher load capacities, as a result of the increased amounts of functional monomer, 
but without any loss of specifi city due to insuffi cient crosslinking. More recently, 
Ye and coworkers studied new synthetic conditions to obtain imprinted beads with 
controllable size in the nanometer to micrometer range  [56] . A variation of particle 
size, while maintaining good recognition properties, was achieved by altering the 
ratio of the two different crosslinking monomers, in essentially the same precipita-
tion polymerization system. 

  20.2.2.1   Applications and Variations 
 By using the precipitation method of imprinted nanoparticle formation, Ye and 
coworkers developed a new sensing approach using molecular imprinting and 

     Figure 20.8     Chemical structures of 17 β  - estradiol and  (S)  - ropivacaine.  
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proximity scintillation  [57, 58] . The imprinting of  (S)  - propranolol was performed 
in the presence of a scintillation monomer, which fl uoresces in the proximity of 
tritium - labeled target molecules. The authors showed that an enantioselective 
competitive binding assay was possible, without removal of the unbound ligand 
present in solution. 

 Nanoparticles produced by precipitation polymerization have also been used for 
various other applications, including the separation of enantiomers. Sp é gel  et al . 
described the preparation of nanoparticles, which were used for separations in 
capillary electrochromatography  [59, 60] . Two approaches for the preparation of 
the imprinted nanoparticles were used. The fi rst was based on the mixing of 
two types of imprinted nanoparticle [ (S)  - propranolol and  (S)  - ropivacaine; Figure 
 20.8 ], while the second was based on the incorporation of two different templates 
during the preparation of imprinted nanoparticles. The imprinted nanoparticles 
were suspended in solutions of analyte, and both approaches resulted in a separa-
tion of the propranolol and ropivacaine enantiomers in one single chromato-
graphic run. [60]  

 Zhu  et al . also used the precipitation approach for the synthesis of 17 β  - 
estradiol - imprinted nanoparticles for use in chromatographic separations ( high -
 performance liquid chromatography ;  HPLC )  [61] . The functional monomer used 
in this case was 2 - (trifl uoromethyl)acrylic acid, and particles were obtained in the 
range of 300 to 1500   nm. The imprinted polymers, when packed into a column, 
demonstrated the separation of  α  -  and  β  - estradiol. Unfortunately, the report did 
not include any discussion of the general applicability of nanoparticles to HPLC, 
and the their implications in terms of fl ow rates and pressures. 

 Ciardelli and coworkers described the preparation of theophylline - imprinted 
nanospheres, with a view to developing materials with combined properties of 
drug delivery and rebinding, for clinical applications  [62] . The result was that, by 
varying the percentage of MAA and MMA (methyl methylacrylate) monomers, the 
properties of release and recognition of print molecules could be modulated. In 
subsequent investigations, the same group investigated an innovative approach to 
increase the binding and selective behavior of imprinted nanoparticles in aqueous 
media  [63 – 65] . The recognition factor for theophylline and caffeine in physiologi-
cal solution were found to be increased substantially when the imprinted nano-
particles were immobilized in an acrylic membrane  [63] . It was suggested by the 
authors that the membrane had created a microenvironment that enhanced the 
affi nity of the analyte for the imprinted nanosphere. 

 In a similar approach, as an alternative to incorporating the imprinted nanopar-
ticles into a membrane, Ye  et al . encapsulated within the polymer nanofi bers that 
had been produced using an electrospinning technique  [66] . The imprinted nano-
particles initially obtained were dissolved in dichloromethane with  poly(ethylene 
terephthalate)  ( PET ), which formed the matrix of the nanofi ber. This solution was 
spun at high voltage to produce nanofi bers with an average diameter of 150 –
 300   nm. More recently, Ye and colleagues described an alternative precipitation 
method to prepare imprinted nanoparticles in the absence of organic solvents  [67] . 
Using this approach, the noncovalent imprinting of propranolol was demonstrated 
under high - dilution conditions in supercritical carbon dioxide. The overall binding 
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performance of the imprinted nanoparticles was comparable to that of imprinted 
polymers prepared in conventional organic solvents.  

  20.2.2.2   Microgel/Nanogel Polymerization 
 Precipitation polymerization can be optimized to produce microgels and/or nano-
gels in the size range of 10 to 600   nm  [68] . One characteristic of microgels/
nanogels is that they are prepared in a suitable solvent system, based on solubility 
parameters, and produce a low - viscosity colloidal solution that never reaches the 
point of precipitation. The molecular mass may be varied in a simple, controllable 
manner from the low thousands (nanogels) to many millions (microgels), simply 
by the choice of concentration at which they are prepared. A number of research 
groups have recently shown interest in imprinting in microgels/nanogels given 
their unique properties, including their solubility  [69 – 73] . 

 Although, a number of groups have taken steps in this direction  [74] , Wulff and 
coworkers were the fi rst to report investigations into the preparation of suitably 
crosslinked microgels with molecular recognition properties  [69] . Covalently 
imprinted microgels were successfully synthesized with 70% EGDMA and 30% 
MMA in cyclohexanone, cyclopentanone and  N , N  - dimethylformamide at 1 – 4   wt% 
monomer concentrations. The microgels were characterized using gel permeation 
chromatography, viscometry, and membrane osmometry, and found to be highly 
crosslinked macromolecules with a molecular weight comparable to that of pro-
teins. Although rebinding selectivities were low compared to the results achieved 
with insoluble crosslinked polymers, the success of this approach represented a 
step towards the development of  “ artifi cial enzymes. ”  

 Although, at about the same time, Mosbach  et al . produced theophylline -
 imprinted microgel spheres using a noncovalent approach  [70] , Resmini  et al . were 
the fi rst to report the preparation of imprinted soluble microgels, which acted as 
an enzyme mimic and displayed hydrolytic catalytic activity (Figure  20.9 )  [71, 72] . 
In these studies, a phosphate  transition state analogue  ( TSA ) was imprinted, by 
using two polymerizable amino acids (arginine and tyrosine) as functional mono-
mers, in order to mimic the catalytic mechanism of hydrolytic antibodies and 
hydrolase enzymes with carbonate substrates. Imprinted microgels containing 
70% crosslinker, and a monomer concentration of 1.5%, were found to display the 
highest rate enhancements of about an order of magnitude, over the uncatalyzed 
reaction.   

 More recently, Wulff and coworkers prepared phosphate - (TSA) - imprinted nano-
gels, with an average diameter of 20   nm, that were capable of carbonate hydrolysis, 
and where the  k  cat / k  uncat  value reached 2990  [73] . The group succeeded in imitating 
the natural enzymes by producing soluble nanogels that contained an average of 
one catalytically active site per polymeric macromolecule. Although, nanoparticles 
were produced with a single active site, higher - molecular - weight particles with a 
greater crosslink density and approximately 95 sites per particle demonstrated the 
greatest enhancement in catalytic activity. These results emphasized that the 
opposing factors which often are so critical in molecular imprinting are polymer 
rigidity and recognition/active site accessibility. Although, the polymer must 
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display suffi cient fl exibility to allow a rapid access to the binding sites, too much 
fl exibility would compromise its rigidity and hence its recognition properties. It 
was for this reason that Haupt and colleagues prepared larger nanogels of approxi-
mately 180   nm, imprinted with 2,4 - dichlorophenoxyacetic acid, which were used 
for a (pseudo - immuno) binding assay, where the requirements were different than 
for catalytic applications  [75] .   

  20.2.3 
 Silica Nanoparticles 

 To date, only a relatively small number of reports have been made describing 
successful imprinting in silica nanoparticles, and these all used different methods 
to form the recognition sites at the surface of the nanoparticle  [76 – 80] . Markowitz 

     Figure 20.9     Noncovalent imprinting of a phosphate 
transition - state analogue, using polymerizable arginine and 
tyrosine as functional monomers  [71] .  
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 et al . used a template - directed method to imprint an  α  - chymotrypsin TSA at 
the surface of silica nanoparticles (400 – 600   nm diameter) prepared from tetrae-
thoxysilane and a number of organically modifi ed silanes, for the incorporation 
of functionality  [76] . Silica particle formation was performed in a microemulsion, 
where a mixture of a nonionic surfactant and the acylated chymotrypsin TSA 
(with the TSA acting as the headgroup at the surfactant – water interface) were 
used as a means of creating a cavity capable of hydrolyzing benzoyl -  D  - arginine -  p  -
 nitroanalyde, a trypsin substrate. The  k  cat  and turnover number for the nanoparti-
cles were, however, not reported, as the authors had no means of calculating the 
active site concentrations. As an alternative,  V  max / K  m  was used as an estimate of 
the relative catalytic activity, which showed an increase in line with the increasing 
amounts of template used. Unexpectedly, the particles were highly selective for 
the  D  - isomer of the substrate, even though the imprint molecule had the  L  - isomer 
confi guration. 

 In a subsequent study, Markowitz and coworkers investigated the effect that the 
addition of functional silanes had on the catalytic activity of the surface - imprinted 
nanoparticles  [77] . It was suggested that a variation in the basicity of the functional 
monomers would affect the initial rates of hydrolysis, and that imprinted particles 
prepared with mixtures of functional monomers would show a cooperative effect 
promoting catalytic activity. Subsequently, the same group used a template -
 directed method for the imprinting of a hydrolysis product of soman (a nerve 
agent) at the surface of silica nanoparticles  [78] . Again, a number of different 
functionalized silane precursors were used, and the binding characteristics of the 
imprinted particles investigated. The results showed the imprinted nanoparticles 
to display a signifi cantly higher degree of specifi city for the imprint molecule than 
did the structurally related organophosphates. It was also reported that variations 
in functionality incorporated into the particles had a defi nite effect on both the 
porosity and absorption capacity of the polymers. 

 Gao  et al . reported an alternative surface functional monomer - directing strategy 
for the imprinting of  trinitrotoluene  ( TNT ) at the surface of silica nanoparticles 
 [79] . The method employed a core – shell method in which monodisperse silica 
cores of 100   nm diameter were prepared using the St ö ber process. The surface 
of the core particles was initially functionalized with aminopropyl groups which 
were, in turn, converted to acrylamide functions. An acrylate shell, composed 
of acrylamide and EGDMA in the presence of the template, was subsequently 
synthesized, around the silica particles. The acrylamide had a strong noncovalent, 
charge - transfer complexing interaction with the electron - defi cient aromatic ring 
of the template molecule, which resulted in a signifi cant shift in the UV - visible 
spectrum and allowed detection of the explosive. One interesting result of 
this synthetic method was the ability to control shell thickness between 10 and 
30   nm by varying the total quantity of polymer precursors added during the 
shell preparation. 

 Kim and colleagues also used a core – shell approach, where a covalently imprinted 
aromatic polyimide layer of approximately 100   nm was coated to the surface of 
large silica spheres ( ∼ 10    μ m diameter)  [80] . The shell fi lm adhered to the silica 
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spheres through electrostatic interactions between the carboxylic groups of 
the polymer chains and amino functional groups at the surface of the silica. The 
imprinted particles were packed into a column and used as a stationary phase 
in the HPLC separation of estrone and structural analogues.  

  20.2.4 
 Molecularly Imprinted Nanoparticles: Miscellaneous 

 A number of interesting examples of imprinted nanoparticles have been reported 
that do not belong to the above - discussed categories, and these have been included 
in this section. One such approach, reported by Salam and Ulbricht, involved the 
imprinting of Boc - phenylalanine in  “ nanomonolithic ”  particles, that are formed 
by  in situ  polymerization in the nanosized pores of a polymeric membrane  [81] . 
The authors claimed that the imprinted monoliths had a higher binding capacity 
and a higher enantioselectivity for the template than the reference monoliths, and 
suggested that the  “ nanomonolith ”  composite membranes might be used for 
continuous molecular - level separations with predetermined perm - selectivity. 

 Li  et al . described a novel method in which uracil -  and thiamine - imprinted 
polymeric nanospheres were prepared by diblock copolymer self - assembly  [82] . 
Initially, a diblock copolymer was synthesized with one block containing func-
tional groups for both hydrogen bond formation and crosslinking. In the presence 
of the template, the block copolymer was allowed to self - assemble to form spheri-
cal micelles in a selective solvent. This polymeric structure was then crosslinked, 
resulting in imprinted nanospheres of approximately 50   nm diameter, which 
were extracted to remove the template molecules. When compared to traditional 
monolithic - imprinted polymers, these imprinted nanospheres demonstrated a 
better solvent dispersibility, a higher capacity, and comparable selectivity. One 
possible drawback of this system was the presence of a hydrophobic shell around 
the imprinted core; however, the authors believed that hydrolysis of the shell 
would provide water - dispersible nanospheres with potential sensing and 
bioapplications. 

 Another novel method, which has been reported, is the preparation of covalently 
imprinted polymeric nanocapsules by  microemulsion polymerization   [83] . The 
polymerization of styrene and divinylbenzene in the presence of a monomer –
 template complex (a polymerizable derivative of estrone) was performed in oil - in -
 water microemulsion droplets. Following polymerization and phase separation in 
the micelle, the surfactant was removed, resulting in a hollow polymeric nanocap-
sule with diameters in the range of 20 to 25   nm. The template was thermally 
removed to produce highly accessible recognition sites that displayed moderate 
selectivity over structural analogues. However, the major interest here involved 
the use of these nanocapsules for controlled - release drug delivery. When the 
nanocapsules were incubated with a fl uorescent probe (pyrene), prior to template 
removal, transfer of the pyrene into the interior of the capsule was not evident. 
Following template removal, however, a transfer of pyrene to the capsule interior 
was observed, confi rming that the imprinted site had acted as a gateway to the 
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interior of the capsule, and could be opened and closed by template removal 
and rebinding.   

  20.3 
 Molecular Imprinting with Diverse Nanomaterials 

 In recent years, research into molecularly imprinted materials has focused 
on reducing the dimensions of these materials from the micro range to the nano. 
As a consequence, considerable effort has aimed at the development of new 
polymerization methods capable of producing imprinted nanoparticles. A number 
of research groups have, however, studied the application of the molecular imprint-
ing approach to other types of nanomaterials, such as nanowires  [84 – 87] , 
nanotubes  [86] , nanofi bers  [88] , quantum dots  [89, 90] , fullerene  [91, 92] , and 
dendrimers  [93 – 95] . The most signifi cant examples of these will be reviewed in 
the following sections. 

  20.3.1 
 Nanowires, Nanotubes, and Nanofi bers 

 Wang and coworkers were the fi rst to successfully prepare molecular recognition 
sites at the surface of nanowires using molecular imprinting technology  [84] . In 
this approach, a commercially available nanoporous alumina membrane with a 
100   nm pore diameter was used, with a sol – gel template synthesis being used to 
deposit silica nanotubes inside the pores of the alumina membranes. Initially, a 
silane precursor with aldehyde functionality was attached to the silica nanotubes, 
and the template    –    in this case glutamic acid    –    was immobilized on the inner walls 
of the nanotubes. The nanopores were subsequently fi lled with the monomer 
mixture (pyrrole in this case), polymerized, and both the alumina membrane and 
the silica nanotubes removed by chemical dissolution; this left behind polypyrrole 
nanowires with glutamic acid binding sites situated at the surface. The selectivity 
of the imprinted nanowires towards glutamic acid over phenylalanine and arginine 
was high, and similar to that observed from bulk polymers. However, a very high 
rate of analyte uptake was observed resulting from this surface imprinting 
technique. 

 The same group later used a similar protocol for the surface imprinting of a 
variety of proteins, including albumin, hemoglobin, and cytochrome c in nanowires 
 [85] . On this occasion, acrylamide and  N , N  ′  - methylenebisacrylamide were used for 
the polymerization. There was an approximate sevenfold difference between 
rebinding of the template to the imprinted and control nanowires, which was 
complemented by a large binding capacity, observed as a result of the high surface 
area of the nanowires. Although the imprinted nanowires could not distinguish 
between bovine and horse cytochrome c, there was a defi nite distinction between 
bovine and human hemoglobin. In a subsequent report, the same group described 
the preparation of surface - imprinted nanowires toward theophylline, which were 
magnetic in nature  [86] . Here, the nanopores were fi lled with a prepolymerization 
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     Figure 20.10     Schematic illustration of noncovalent imprinting 
of TNT at the surface of acrylate - based nanowires.  Adapted 
from Ref.  [87].    

mixture containing the superparamagnetic MnFe 2 O 4  nanocrystallites. Unfortu-
nately, the behavior or potential applications of the magnetic characteristics of 
the nanowires were not discussed to any great extent. 

 Xie  et al . described the preparation of TNT surface - imprinted nanowires (Figure 
 20.10 ), where alumina membranes with pore diameters of 70   nm were prepared 
by electrochemical anodization  [87] . In these studies, the authors also reported the 
fi rst imprinted nanotubes, which were prepared in similar fashion to the nanowires, 
the main differences being a reduction in the monomer concentration and an 
increase in the quantity of initiator used. The binding capacities of the nanotubes 
and nanowires were almost 2.5 - fold and threefold that of normal imprinted parti-
cles with 2 – 3    μ m diameter, respectively. This increase in binding capacity was 
attributed to the high ratio of surface - imprinted sites, the large surface - to - volume 
ratios, and the complete removal of TNT templates.   

 Ye and coworkers also described the incorporation of imprinted nanoparticles 
into electrospun nanofi bers (as discussed previously in Section  20.2.2.1 )  [66] . The 
same group, however, also achieved the generation of artifi cial molecular recogni-
tion sites in the nanofi ber itself by molecular imprinting  [88] . The electrospun 
nanofi bers were prepared from a solution mixture of PET and polyallylamine 
(which acts as a functional polymer) in the presence of a template molecule, 
2,4 - dichlorophenoxyacetic acid. Following template removal, the recognition prop-
erties of the imprinted nanofi bers were identifi ed using a radioligand - binding 
assay. The imprinted nanofi bers displayed favorable binding characteristics in 
aqueous solution, where analyte binding to the imprinted nanofi bers was fi vefold 
that of the reference fi bers. The authors predicted that this type of imprinted 
nanofi ber would become highly applicable in the future for affi nity - related 
separations.  

  20.3.2 
 Quantum Dots 

 Lin and coworkers are, to date, the only group to report the synthesis of 
molecularly imprinted polymers in conjunction with fl uorescent semiconductor 
nanoparticles also known as  quantum dot s ( QD s)  [89, 90] . The fi rst step of this 
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approach was the preparation of the CdSe/ZnS semiconductor nanoparticles. In 
order to ensure that the nanoparticles were incorporated covalently into the 
polymer, the surfaces of the QDs were functionalized with 4 - vinylpyridine. The 
functionalized nanoparticles were polymerized with MAA and EGDMA in 
the presence of uracil, following spin coating of the initiated solution, to form a 
molecularly imprinted thin fi lm  [89] . In a subsequent study, the QDs were incor-
porated into bulk polymers, which were imprinted with a number of template 
molecules including caffeine, uric acid,  L  - cysteine, and estriol  [90] . The authors 
showed that binding to recognition sites in the vicinity of the fl uorescent nano-
particles caused quenching of the photoluminescence emission, presumably due 
to the fl uorescence resonance energy transfer between the QDs and the template 
molecules. The imprinted polymers demonstrated good selectivity towards the 
template when compared to structurally related compounds and, according to the 
authors, the control polymers exhibited no response to the analyte.  

  20.3.3 
 Fullerene 

 The fi rst  “ homogeneous nanoscale imprinting system, ”  wherein a saccharide was 
used as template and covalently bound by two boronic acid groups onto the surface 
of  [60] fullerene, was described by Shinkai and coworkers  [91] . This strategy was 
used in order to produce one single binding site per molecule and to avoid the 
creation of numerous binding sites with varying recognition properties (as illus-
trated in Figure  20.11 )  [92] . Initially, a template monomer complex, based on 
 d , l  - threitol, was synthesized which could undergo a regioselective and chiroselec-
tive double [4   +   2] cycloaddition with  [60] fullerene. Subsequent cleavage of the 
template resulted in two optically active  cis  - 3  bis  adducts with opposite chirality in 
a ratio of 72.28. Competitive rebinding studies between  d , l  - threitol and the 
imprinted fullerene demonstrated that  L  - threitol - imprinted ( f  A ) - 4 and  D  - threitol -

     Figure 20.11     Structural representation of a monomolecular 
covalent imprinting strategy with fullerene for the recognition 
of sugars.  Adapted from Ref.  [91].    
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     Figure 20.12     Schematic diagram of a monomolecular covalent 
imprinting strategy with dendrimers for the recognition of 
porphyrins.  Adapted from Ref.  [96].    

 imprinted ( f  C ) - 4 rebound the original templates in diastereoselective fashion. 
Although, the selectivity in this system was not extraordinary, it should be empha-
sized that this was the fi rst instance in which molecular imprinting was applied 
to a system with a soluble nanosized matrix in homogeneous solution.    

  20.3.4 
 Dendrimers 

 Zimmerman  et al . more recently used a different strategy, wherein a single por-
phyrin template was dynamically imprinted into a single macromolecule (den-
drimer), in order to prepare molecularly homogeneous hosts each with a single 
recognition site  [93] . For this, the authors used the covalent approach, where the 
porphyrin acted as the core and was covalently bound through ester linkages to 
eight third - generation dendrons to form the dendrimer. The porphyrin was cleaved 
by hydrolysis, following the crosslinking of homoallyl end groups at the exterior 
of the dendrimer by Grubbs ring - closing metathesis (Figure  20.12 ). Complexation 
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studies (where rebinding occurred noncovalently) demonstrated that  > 95% of the 
imprints were effective, and their binding properties homogeneous  [96] . The 
imprinted dendrimer was also shown to be selective, and to bind porphyrins with 
at least four hydrogen bond donor/acceptor sites, in toluene as solvent. The 
imprinted cavity was also size - selective, and although the template itself was too 
large to bind, porphyrins of smaller physical size and appropriate functionality 
were able to complex strongly.   

 In a subsequent study, an imprinted dendrimer was prepared around a porphy-
rin with four reactive alcohol groups, which was covalently bound to four fourth -
 generation dendrons  [94] . More recently, Zimmerman ’ s group reported the 
preparation of an imprinted dendrimer with a less - symmetrical template mole-
cule, with a view to producing an amine - selective sensor  [95] . Here, very high 
affi nity binding was perceived, from a three - point interaction, which included two 
hydrogen bonds and one covalent linkage to a reporter group that transduced 
binding by color change. This monomolecular imprinting approach resulted in 
properties that were diffi cult to achieve by conventional polymerization methods, 
such as high - effi ciency imprinting, quantitative removal of the template, solubility 
of the imprinted material in common organic solvents, and possibility of separa-
tion of imperfectly assembled binding sites. However, the limitations of this 
approach were the need for a multistep synthesis of the dendrimers, the high 
dilution conditions required for the ring - closing metathesis reaction, and the 
incompatibility of many templates with this imprinting approach.   

  20.4 
 Conclusions and Future Prospects 

 Nanomaterials represent one of the most important targets of the developing fi eld 
of nanotechnology. The advanced scientifi c knowledge acquired for the synthesis 
and physical – chemical characteristics of these materials has led to a considerable 
increase in the number of their applications and commercial exploitations. The 
application of imprinting technologies to nanomaterials has provided a new 
insight, offering the possibility of creating tailored cavities with specifi c recogni-
tion properties. 

 Over the past decade, considerable effort has been devoted to developing novel 
synthetic strategies, and this has led to imprinted materials in a variety of formats. 
Attention has been mainly focused on the development of approaches to produc-
ing imprinted nanoparticles, and to providing reproducibility and effi ciency among 
the polymerization methodologies used. Although, signifi cant advances have been 
made in this area, the widespread commercialization of these materials has yet to 
be realized. Yet, ongoing developments in the fi eld of nanomaterials have led to 
a range of promising polymeric formats, including soluble crosslinked imprinted 
dendrimers, microgels and nanogels, which more closely mimic the physical 
characteristics of enzymes and antibodies. Additional formats, such as nanofi bers, 
nanowires and nanotubes, have arisen and have been used successfully in 
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conjunction with imprinting technologies. These materials exploit the advantages 
of high surface - to - volume ratios and often also the surface - imprinting techniques 
that allow an easy access of target molecules to recognition sites. The results 
obtained to date in this area have been the outcome of an increasing interest in 
molecular imprinting, by both academic and industrial enterprises, and will surely 
lead to their signifi cant application in the near future.  
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  21.1 
 Introduction 

 Signifi cant advances have been made in recent years in nanoscience and nanote-
chnology. Many applications which involve the use of nanomaterials and devices, 
and utilize their unique properties, have now been realized and more are expected 
in the near future. Despite these achievements, our understanding of nanomateri-
als and devices remains limited, due partly to the lack of suitable characterization 
techniques. 

 In Raman spectroscopy, molecular vibrations are measured that are determined 
by the structure and chemical bonding    –    as well as the masses    –    of the constituent 
atoms/ions. Raman spectra,   as with  infrared  ( IR ) spectra,   are unique in their chem-
ical and structural identifi cations. The technique of Raman spectroscopy is 
nondestructive, sample preparation - free, there is no requirement for vacuum 
application, and it can be carried out in an aqueous/liquid environment. The 
technique can also easily be carried out at a different temperature, pressure, and 
electrical and magnetic fi elds. If it were possible to use Raman spectroscopy for 
nanocharacterization, it would provide critically important material - specifi c prop-
erties such as composition, chemical bonding, crystal and electronic structures 
and strain/stress, as well as supplementary information to other nanotechniques, 
such as  scanning electron microscopy  ( SEM ),  atomic force microscopy  ( AFM ), and 
 transmission electron microscopy  ( TEM ). 

 Conventional (far - fi eld) micro - Raman spectroscopy has a spatial resolution of 
approximately 0.5    μ m, which is governed by the theoretical diffraction limit, 
whereas IR spectrometry has at best a spatial resolution of approximately 10    μ m, 
due to the longer wavelengths being utilized. Hence, the application of these 
techniques in nanoscience and nanotechnology is severely limited by their poor 
spatial resolution. Consequently, extensive efforts have recently been made to 
characterize structural information at the nanometer scale, utilizing  near - fi eld 
scanning optical microscopy  ( NSOM ), the different operational modes of which 
are shown in Figure  21.1 .   
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 In this chapter, presented data have been acquired using both far - fi eld and near -
 fi eld Raman imaging. The aim is to demonstrate the importance of Raman 
imaging in materials and device research.  

  21.2 
 Near - Field  R aman Imaging Techniques 

 There are three main approaches to  near - fi eld scanning Raman microscopy  
( NSRM ). The fi rst approach is based on the principle of NSOM  [1 – 3] , which is 
also known as  “  aperture near - fi eld Raman . ”  It is embodied through an aperture 
NSOM, whereby an optical fi ber tip with a small aperture (50 – 200   nm) is used to 
deliver laser light, while the fi ber tip is held at a close distance (some tens of 
nanometers) above the sample surface. The Raman signal is collected in far - fi eld 
through either a microscope objective or a lens  [4 – 6] . The scattered light (Raman 
signal) is coupled to a Raman spectrometer, where the Raman spectra are recorded 
at each point on the sample by scanning the fi ber tip across the sample surface. 
An NSRM image is constructed using these spectra. 

 The laser emerging from such a fi ber tip is extremely weak (typically 100   nW) 
due to the low optical throughput of the fi ber tip. Hence, aperture near - fi eld 
Raman has been plagued by the poor  signal - to - noise ratio  ( SNR ) of the near - fi eld 

     Figure 21.1     Different operational modes of near - fi eld 
scanning optical microscopy. (a) Illumination mode; 
(b) Collection mode; (c) Illumination and collection mode.  
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Raman spectra. Although extensive efforts have been devoted to fabricate fi ber tips 
with a higher throughput, the throughput is still very low, especially for tips with 
an aperture  < 200   nm. In addition, the Raman signal is intrinsically weak (typically 
less than 1 in 10 7  photons). A typical Raman spectrum takes several minutes to 
record when using the conventional near - fi eld Raman method, which makes it 
prohibitive to construct a Raman image in this way. For example, when Webster 
 et al .  [7]  used the aperture technique to study the stress distribution of a scratch 
on a Si crystal wafer, a period of about 9 hours was required to obtain a Raman 
image of 26    ×    21 points. 

 An alternative approach to near - fi eld Raman microscopy is to use an aperture-
less confi guration (which is also known as  tip - enhanced Raman scattering ;  TERS ) 
 [8 – 10] , employing a metal or metal - coated tip (see Figure  21.2 ). In this confi gura-
tion, the laser impinges on the apex of the metal tip, inducing a strong local electric 
fi eld enhancement in the vicinity of the metal tip apex. In this case, the Raman 

     Figure 21.2     (a) Schematic diagram of 
tip - enhanced Raman scattering in refl ection 
geometry. The metal tip is brought to the 
sample surface by tuning fork or cantilever. 
The Raman signals can also be collected by 
the focus lens instead of the collection lens; 
(b) Magnifi ed view of the tip region. The 

far - fi eld Raman signal comes from the whole 
laser - illuminated area (a few  μ m) and is 
featureless, while the near - fi eld Raman signal 
comes from only the tip region ( < 100   nm) and 
carries information related to the device 
features.  
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enhancement is a result of local fi eld enhancement by the tip, or increased polariz-
ability of the sample due to an interaction between the tip and sample, which is 
similar to surface - enhanced Raman scattering. As the laser is delivered to the 
sample surface by an objective lens rather than by a metal - coated fi ber tip, the low 
optical throughput of conventional fi ber tips can be overcome. With a suitable 
metal tip (usually Ag or Au), the Raman signal from the sample close to the tip 
can be enhanced by several orders of magnitude.   

 Besides the higher overall Raman throughput, TERS has several other merits 
over the apertureless confi guration: 

  1.     A higher spatial resolution :      At least in principle, it is much easier to fabricate 
a sharp tip than a small aperture. A spatial resolution  < 10   nm has been achieved 
using TERS.  

  2.     Fewer topographic artifacts :      In aperture confi guration the tip is large, although 
its aperture may be small; therefore, the tip cannot follow the sample surface 
exactly. This is normally not a problem, and is less severe in TERS.  

  3.     A variety of potential tip materials :      In addition to noble metals, silicon and 
its oxides, nitrides, nanowires and nanotubes may represent good candidates 
for tips.  

  4.     A wider spectral response range :      Unlike the aperture technique, which usually 
functions in the visible region due to a need to use optical fi bers to deliver the 
laser, TERS can extend its applications to a much wider range, for example 
from ultraviolet to IR.    

 Unfortunately, TERS also has some major disadvantages, the main challenge 
being to obtain reproducible near - fi eld images. It is very diffi cult to achieve a 
consistent near - fi eld enhancement in TERS, due to diffi culties in controlling the 
geometry of the metal tip. The technique also encounters problems of wear and 
tear, oxidation, and contamination of the tip apex (e.g., by carbon) that may have 
severe adverse effects on the near - fi eld enhancement. Another problem is that the 
laser spot, when focused on the tip apex, causes an intense background (far - fi eld 
signal) that should be eliminated in order to achieve a better SNR  [11, 12] . As a 
result, TERS is rarely used for routine characterization. 

 A third approach, developed by the present authors ’  group, uses a dielectric 
microsphere to focus the laser to a spot size that is smaller than the diffraction 
limit. Besides being used as the excitation source for Raman spectroscopy, the 
incident laser beam (linearly polarized Gaussian TEM00 mode) is also used to trap 
the microsphere just above the sample surface, using the well - known  “ optical 
tweezers ”  mechanism. In these experiments, the sample and polystyrene micro-
spheres (3    μ m diameter) were placed in a sample cell fi lled with deionized water. 
One microsphere was trapped at the center of the laser beam and was in contact 
with the surface of the sample during scanning. The experimental set - up is shown 
schematically in Figure  21.3 a and b.    
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     Figure 21.3     (a) Schematic diagram of the near - fi eld Raman 
microscope with microsphere; (b) Detailed description of the 
sample cell: 1   =   water immersion lens (60 ×  NA   =   1.2 water 
immersion), 2   =   water, 3   =   focused laser, 4   =   cover glass, 
5   =   polystyrene microsphere (3    μ m), 6   =   sample, 7   =   sample 
cell ’  (c) Typical Si – Si Raman intensity versus position with the 
fi tted data to determine the laser spot size.  
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  21.3 
 Visualization of  Si – C  Covalent Bonding of Single Carbon Nanotubes 
Grown on Silicon Substrate 

 In this section, it is shown that Raman microscopy can be used to characterize 
nanoscale samples, using Si – C bonding between the  carbon nanotube s ( CNT s) 
and the Si substrate as an example. Recently, CNTs have attracted a great deal of 
interest on the basis of their extraordinary electrical, chemical, thermal, and 
mechanical properties  [13 – 15] , all of which make them promising materials for 
applications in nanometer - scale electronics and devices. For example, a unique 
property of CNTs is that they may be either metallic or semiconducting, depending 
on their chirality and diameters  [16] . The tuning of electrical properties of single 
CNTs by inducing covalent bonding between the CNTs and the Si substrate has 
been predicted  [17 – 22] . Such direct integration of CNTs into well - developed silicon 
technologies offers a new strategy of building nanoscale, or even single - molecule, 
electronic devices by selectively forming covalent bonding between the CNTs and 
the Si substrate. 

 Several groups have achieved Si – CNT bonding in ceramics with good mechani-
cal properties by annealing Si nanoparticles together with CNTs, which served as 
a mechanical reinforcement  [23] . The direct observation of Si – C covalent bonding 
on single CNTs on Si substrate samples has not been reported, due partly to a lack 
of suitable characterization techniques. However, it has been predicted that the 
interaction between Si and the CNT results in a rich variety of changes in 
the electronic structures of the CNT  [19] . For example, when Miwa  et al . studied 
the single - walled CNT adsorbed onto partially and fully hydrogenated Si (001) 
surfaces  [19, 20] , it could be shown that the removal of a few H - atoms along the 
adsorption sites would enhance the metallic character of the CNT. However, the 
removal of  all  H - atoms would transform the CNT to the semiconducting state. By 
using fi rst - principle calculations, Peng  et al . were able to determine the binding 
energies of CNTs adsorbed onto different sites on Si (001) surfaces  [22] . In fact, 
their results showed that the absorption sites at the surface trench for CNTs paral-
lel to the Si dimmer rows, and between Si dimers for CNTs perpendicular to the 
Si dimer rows, were stable. 

 Such stability was also shown to depend heavily on the size (diameter) of the 
CNTs. When preparing these Si – CNT devices the fi rst step is to fabricate Si – CNT 
covalent bonding on a large scale. Irrespective of which technique is used to char-
acterize the sample, it must be capable of identifying those CNTs with Si – C bonds. 
In these studies, a micro - Raman imaging technique  [24]  was used that was capable 
of probing down to hundreds of nanometers, to investigate isolated single CNTs 
and their interaction with the Si substrate. The CNTs were grown on a silicon 
substrate at high temperature to achieve Si – CNT bonding, with Raman imaging 
showing that some of the single CNTs were attached covalently to the silicon wafer 
surface. 

 The CNTs were grown on the Si substrate using a thermal  chemical vapor depo-
sition  ( CVD ) technique, the substrate having been cleaned using trichloroethylene, 
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acetone, and ethanol in turn, by ultrasonic agitation. An ultrathin Fe fi lm to be 
used as the catalyst was deposited  in vacuo  (10  − 5  Torr) by ion beam sputtering. The 
substrates were pre - annealed at 850    ° C in a hydrogen - fi lled quartz tube furnace for 
90   min. The CNTs were then grown at 1000    ° C for 20   min using methane, hydro-
gen, and argon with fl ow rates of 75, 20, and 100   sccm (standard cm 3    min 1 ), 
respectively. The sample was cooled below 300    ° C before being exposed to ambient 
air, in order to avoid any damage caused by rapid cooling. 

 A JEOL JSM - 6700F scanning electron microscope was used to study the surface 
morphology of samples and locations of interest for further Raman studies. The 
Raman spectroscopy and imaging were carried out using a WITec CRM200 confo-
cal Raman system fi tted with an Olympus microscope objective lens (100 ×  
NA   =   9.5). A double - frequency Nd:YAG laser (532   nm, 100   mW laser; CNI Laser) 
was used as the excitation source. The Raman scattered light was dispersed using 
a grating (1800 grooves per millimeter), and detected using a thermoelectrically 
cooled  charge - coupled - device  ( CCD ) cooled to  − 64    ° C. A piezo - stage was used to 
scan the sample for the Raman imaging. The spatial resolution of the Raman 
imaging was approximately 250   nm. 

 The SEM image of the sample is shown in Figure  21.4 a. It can be seen that all 
the CNTs were grown horizontally on the Si substrate, with random orientations. 
The various diameters of the CNTs may be due to the different sizes of the Fe 
catalyst. With assistance from markings on the Si substrate, Raman imaging was 
performed in the same region shown in the SEM image. A careful analysis of the 
Raman spectra in the Raman images revealed that the Raman spectra of the CNTs 
shown in Figure  21.4 a could be indexed as two groups: (i) those consisting of only 
normal CNT peaks; and (ii) those with additional peaks, which can be assigned to 
Si – C bonds (this point is discussed later in the chapter). For simplicity, these two 
types of spectra are referred to as CNT spectra and Si – C spectra, respectively. 
Figure  21.4 b shows the typical Raman spectra of the two groups. The CNT spec-
trum shows only Raman bands of normal CNTs: the D band (1344   cm  − 1 ), G band, 
and 2D band (2681   cm  − 1 )  [25] . The G band can be further identifi ed as the G –  band 
at 1570  − 1  and the G+ band at 1590   cm  − 1 . For certain CNTs (such as the CNT high-
lighted by the broken line in Figure  21.4 a), the Raman spectrum shows extra bands 
belonging to Si – C bonds at approximately 1510   cm  − 1  (band A), 1692   cm  − 1  (band 
B), 1921   cm  − 1  (band C), 1981   cm  − 1  (band D), 2392   cm  − 1  (band E), and 2620   cm  − 1  
(band F). While several regions were tested in this study, it should be noted that 
the extra bands (A – F) were observed only for certain CNTs, which suggested that 
the Si – C bonds formed only for certain CNTs.   

 Raman imaging was performed in the sample region shown in Figure  21.4 a 
with a scanning step size of 50   nm, and with the incident laser polarized in the 
plane of the substrate. Raman images constructed using different peak intensities 
are shown in Figure  21.5 a – d. Figure  21.5 a was generated by the G band (ca. 
1580   cm  − 1 ) intensity of the CNTs. Brighter regions represent CNTs, which show 
an excellent correlation with those obtained using SEM. Images were also con-
structed using the intensity of the extra band A; the resultant image is shown in 
Figure  21.5 b. The shape and position of the bright region matched perfectly the 
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CNT, emphasized by the dashed curve in the SEM image (Figure  21.4 a). Images 
generated using bands B and F (not shown) exhibited near - identical patterns to 
that of band A, clearly indicating that the three bands were all correlated to the 
same CNT marked in the SEM image.   

 In order to confi rm that peaks A – F in Figure  21.4 b were indeed related to Si – C 
covalent bonds, the Raman spectra were compared with those of bulk SiC, which 
have been well studied  [26, 27] . Bulk SiC has several polytypes, which can give rise 
to the following fi rst - order Raman peaks: TA mode between 200 – 300   cm  − 1 , LA 
mode at around 610   cm  − 1 , TO mode at around 790   cm  − 1 , and LO mode at near 
970   cm  − 1   [28] . The TO mode at 790   cm  − 1  is by far the strongest Raman peak in all 
polytypes, which is absent in the present sample (the reasons are given later). The 
peak positions and relative intensities of the SiC second - order Raman bands varied 
for different polytypes, with generally two characteristic bands: a broad band 

     Figure 21.4     (a) Scanning electron microscope image showing 
the areas of interest. Raman bands belonging to Si – C bonds 
can be detected on a carbon nanotube (CNT), as indicated by 
the broken red line; (b) Comparison of Raman spectra 
obtained on normal CNTs (black) and the special CNT (red). 
The dashed lines represent the peak positions of the CNTs ’  D 
band, G band, and 2D band.  



between 1510   cm  − 1  and 1540   cm  − 1 , and a narrower band around 1710   cm  − 1 . Both 
bands corresponded to multibands, resulting from the overlapping of different 
overtone phonons of the SiC vibration  [27, 29, 30] . As shown in Figure  21.4 b, both 
band A (1510   cm  − 1 ) and band B (1692   cm  − 1 ) observed in these Raman spectra 
showed a good agreement in shape and intensity with those two SiC characteristic 
bands. The slight shift to lower wavenumbers ( Δ  ω   ∼  10   cm  − 1 ) may be due to the 
small - size effect  [31] . In addition, the weaker bands E and F also showed an agree-
ment with the broad band of SiC at 1930   cm  − 1 . As there have been no reports on 
the Raman band of SiC above 2000   cm  − 1 , it was not possible to compare band F 
with that of bulk SiC. However, the excellent agreement between the Raman image 
using band F and those of band A and B showed that band F also belonged to the 
Si – C bonds in this sample. 

 The fi rst - order Raman peak at 790   cm  − 1  is the strongest among all the Raman 
peaks in all polytypes of SiC, but was absent from these experiments. This can be 
explained by the substantial structural difference between the bulk SiC and 
the present CNT/Si system, where all the Si – C covalent bonds were formed at 
the Si – CNT interface. Such an unique an arrrangement deviates considerably 
from that in the bulk SiC, where the Si – C covalent bonds are arranged in three 
dimensions with a long - range order; in contrast, the bonds in the CNT/Si system 
showed a long - range order in only one dimension    –    that is, along the long axis of 
the CNTs.  

     Figure 21.5     Raman images constructed using peak intensity 
of: (a) G band of CNTs and (b) Si – C band A at 1510   cm  − 1 . 
The Raman images generated using bands at 1692   cm  − 1  and 
2620   cm  − 1  are identical to those in panel (b). The green arrow 
indicates the polarization of the incident laser. The blue 
dotted lines serve as a guide to the eye, and show the 
position and shape of the special CNT.  
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  21.4 
 Near - Field Scanning  R aman Microscopy Using  TERS  

 The NSRM system used in these experiments consisted of a standard Nanonics 
NSOM system and a Renishaw micro - Raman spectrometer. The Nanonics NSOM 
system uses a bent optic fi ber tip (cantilevered tip), which makes the scanning 
head very compact. The compact design allows the easy integration of the 
spectrometer and NSOM by placing the scanning head under the microscope 
objective of the Renishaw system  [32] . An argon ion laser (488   nm line) is focused 
onto the metal tip, which is made from tungsten wire through electrochemical 
etching [similar to the method used in  scanning tunneling microscopy  ( STM ) tip 
preparation], and then coated with silver through  radiofrequency  ( RF ) - sputtering 
 [33] . 

 The interaction between the tip and the laser enhances the local electrical fi eld 
near the tip, which in turn enhances the Raman signal nearby. The same objective 
lens collects the Raman signal in the backscattering geometry, which is then 
directed into the Renishaw spectrometer by the coupling optics. In the confi gura-
tion described above, both the near - fi eld and far - fi eld Raman signals are collected. 
In order to reduce the far - fi eld component, the laser beam must be focused tightly 
to form a spot on the sample which is as small as possible. The collection effi ciency 
of the optical system should also be high in order to obtain a good SNR, since the 
Raman signal is intrinsically weak. These two aspects require a lens or objective 
with a large  numerical aperture  ( NA ). In addition, the polarization direction and 
incident angle have strong effects on near - fi eld enhancement, and these should 
be tuned carefully. The polarization direction is tuned by a  λ /2 plate, which is 
placed just before the laser and adjusted to be perpendicular to the beam. As 
shown by computer simulations, the near - fi eld enhancement is not maximum 
when the laser beam is parallel to the tip axis. To maximize the near - fi eld enhance-
ment, two approaches can be used: the fi rst approach is to set the tip oblique to 
the sample and use backscattering geometry; the second is to use a perpendicular 
tip and an oblique incident laser. 

 To observe the near - fi eld enhancement, an experiment on single crystal 
silicon was performed. For this, the single crystal silicon was placed on the 
piezo scanning stage of the NSOM system, and the silicon Raman peak at 
520   cm  − 1  recorded for two tip positions: (i) with the tip  “ touching ”  the silicon 
surface to record the Raman spectrum, which includes both the near - fi led 
and far - fi eld components; and (ii) with the tip lifted from the surface so as to 
record the far - fi eld Raman spectrum. These are shown as spectra in Figure  21.6 a 
and b, respectively. The near - fi eld component is approximately 50% of the far - fi eld 
signal.   

 It should be noted that the near - fi eld Raman signal comes from a small 
region on the sample, while the far - fi eld signal comes from a much larger volume 
(about 2.5    μ m in diameter for our instrumental setup and the laser penetration 
of Si is about 0.5    μ m). Assuming that the diameter of the metal tip is several 
tens nanometers, say 70   nm, and the near - fi eld enhancement occurs at a depth 
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     Figure 21.6     The silicon Raman spectra with the tip  “ touching ”  
the sample surface (spectrum A) and the tip withdrawn 
(spectrum B).  

of 20   nm of the Si sample. The far - fi eld signal derives from a volume of 
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near -  and far - fi eld Raman intensities, respectively. Such a simple estimation shows 
that the near - fi eld enhancement factor is more than 10 4 . In another experiment, 
the improvement in spatial resolution was demonstrated by using a featured 
sample: a silicon device, which consists of SiO 2  lines of 380   nm width, with 300   nm 
separations. The SiO 2  lines were 30   nm higher than the silicon substrate ( Figure 
  21.7 a). By comparing the width of the SiO 2  strips in the AFM profi le and the real 
width (380   nm), the topographic spatial resolution of the set - up was derived as 
34   nm (Figure  21.7 b). Raman mapping (128    ×    20 points) was performed on a strip, 
and the Raman image constructed using the Raman peak intensity, as shown in 
Figure  21.7 c. The Raman spectra were collected with a 1   s integration time. In this 
experiment, the Raman spectrum contained both far - fi eld and near - fi eld compo-
nents when the tip was on a Si - single crystal, but had only the far - fi eld component 
when the tip was on SiO 2 , where the SiO 2  prevented the tip from coming close 
enough to the Si to excite its near - fi eld Raman signal. Hence, the intensity varia-
tion of the Si Raman peak represented the near - fi eld contribution, while the far -
 fi eld contributed a constant background. The Raman intensity image shown in 
Figure  21.7 c has a clear correlation with the Si device, as might be expected. This 
was the fi rst  two - dimensional  ( 2 - D ) near - fi eld Raman image of a real nanometer -
 sized device. The 1   s integration time required to record a good quality Raman 
spectrum is short enough to make NSRM a useful technique for imaging 
purposes. It should be noted that the SiO 2  lines in the NSRM image are 
not straight, due to hysteresis and creep of the piezoelectric scanner, which is 
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calibrated and linearized in normal AFM scanning. In Raman mapping, however, 
the scanning rate is much lower than that in normal AFM scanning, as the 
scanner must remain at each point for several seconds while the spectrometer 
records the Raman spectrum. Thus, the creep will become more obvious during 
the mapping process.    

  21.5 
 Near - Field  R aman Imaging Using Optically Trapped 
Dielectric Microsphere 

 Recently, a new approach to near - fi eld imaging has been developed, whereby the 
laser is focused to a spot size which is smaller than diffraction limit, by using a 
dielectric microsphere. In addition to being used as the excitation source for Raman 
spectroscopy, the incident laser beam (linearly polarized Gaussian TEM00 mode) 
is also used to trap the microsphere just above the sample surface, through the 
well - known  “ optical tweezers ”  mechanism  [34, 35] . Simulation studies have shown 
that subdiffraction - limited focusing can be achieved when the diameter of the 
dielectric microsphere is comparable to the wavelength of laser  [36, 37] . In the 
experiments, the sample and polystyrene microspheres (3    μ m diameter) in solution 
were placed in a sample cell fi lled with deionized water. One microsphere was 
trapped at the center of the laser beam, and was in contact with the surface of the 
sample during scanning. The schematic diagram of the experimental set - up is 
shown in Figure  21.3 a. The near - fi eld Raman microscopy set - up with polystyrene 
microsphere is based on the WITec CRM200 confocal Raman microscopy system 

     Figure 21.7     (a) Schematic cross - sectional diagram of the Si 
device sample; (b) Atomic force microscopy image of the Si 
device sample; (c) Raman intensity image of the Si device 
sample.  
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(25    μ m pinhole) with Olympus microscope objective (60 ×  NA   =   1.2 water immer-
sion). A double - frequency Nd:YAG laser (532   nm, 100   mW; CNI Laser) is used as 
the excitation laser, and coupled into a 3.5    μ m - core diameter single - mode fi ber. The 
linearly polarized Gaussian beam (TEM00) that is used to excite the Raman signal 
is also used to trap the microsphere. The laser beam is incident on the sample 
through the microsphere. The sample is placed in a sample cell with diluted poly-
styrene microspheres in deionized water; the sample cell is then placed on a transla-
tion stage, which can be moved coarsely along the  x -   and  y -  axes (it can also be fi nely 
moved by using a piezostage). The Raman scattered light was directed to a 1800 
grooves   mm  − 1  grating, and detected using a TE - cooled CCD. Scanning electron 
microscopy images were recorded using fi eld emission SEM (JEOL JSM - 6700F). 

 This technique has many advantages over the previous near - fi eld techniques. 
The Raman signal collected with microsphere using the present technique is 
always much stronger than that without microsphere, typically two -  to fi vefold 
depending on the objective lens used. This is a critical advantage over the aperture 
near - fi eld technique, which is orders of magnitude weaker than the corresponding 
far - fi eld signal. As the laser light is focused on the sample through the micro-
sphere, there is no background far - fi eld signal in this experimental confi guration, 
which has been one of the major problems in TERS. There is also no requirement 
to use a metal or metal - coated probe (e.g., a metal - coated AFM tip) to perform the 
experiment. The strong near - fi eld Raman signal, and the simplicity in performing 
the experiment, make this technique attractive, easy, and fast. The reproducibility 
is also excellent, at near - 100% level. Moreover, the technique can also be used on 
different types of sample. 

 The laser spot size of the near - fi eld Raman technique was determined using 
a scanning - edge method  [38] . For this, the trapped microsphere was scanned 
across a Si/SiO 2  structure and the scanning spectrum (Figure  21.3 c) fi tted with 
Equation  21.1 :

   I x
P

erf
x x

w
o( ) = + −( )⎛

⎝⎜
⎞
⎠⎟{ }2

1
2

    (21.1)  

where  P  is the total power contained in the laser beam,  x  is the position of 
the scanning edge,  x 0   is the center of the beam, and  w  is the 1/ e  2  half - width. The 
spot size of the beam, the  full width at half maximum  ( FWHM ), was calculated 
to be  ∼  80   nm, from the following relationship:   FWHM = 2 2ln w . 

 The system was used to study the SiGe/Si device sample with poly - Si gate and 
SiGe stressors, as shown in the electron micrograph in Figure  21.8 . The patterned 
wafers used in this study were prepared using 65   nm device technology. After 
spacer formation and Si recess etching, the wafers were cleaned and the epitaxial 
SiGe growth was performed using a commercially available  low - pressure chemical 
vapor deposition  ( LPCVD ) system. The capability of the technique was also dem-
onstrated by studying the strain on the channel below the poly - Si gates, which is 
compressively strained by the SiGe stressors.   
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 Straining the silicon can suppress the inter - valley scattering and reduce the 
effective carrier mass; the result is an improvement of the effective carrier mobility 
in the Si channel. In the past, the semiconductor industry has used mechanical 
strain as an alternative to physical scaling to improve transistor performance  [39] . 
An appropriate strain, when applied to the channel region, can lead to a signifi cant 
improvement in transistor performance. However, in the  complementary metal -
 oxide - semiconductor  ( CMOS ) transistor, the negative (n) - MOS and positive (p) -
 MOS must be strained differently. A compressive strain is known to be benefi cial 
for p - MOS, while a tensile strain is known to improve n - MOS performance  [40, 
41] . It is for this reason that a technique to characterize strain with sub - 100   nm 
resolution, on a reliable basis, is in such high demand. 

 Micro - Raman spectroscopy has long been a popular tool for strain measure-
ments, because it is both nondestructive and quantitative  [42 – 44] . Compressive 
strain shifts the Raman peak to higher frequency, while the tensile strain results 
in a red shift  [45] . However, the spatial resolution of micro - Raman makes it impos-
sible to be used for strain characterization in sub - 100   nm semiconductor devices. 
 Converging beam electron diffraction  ( CBED ) in TEM can be used to characterize 
the strain with a nanometer - scale resolution  [46, 47] . However, destructive 
and complicated sample preparations (which may alter the original strain fi eld) 
have made this technique undesirable for large - scale strain characterization. Con-
sequently, whilst the development of a reliable, nondestructive, quantitative 
assessment of strain on the nanometer - scale is critical, there is at present no 

     Figure 21.8     Scanning electron microscopy image with a 
cross - sectional diagram of the sample. The line scan of 
Raman Si intensity is shown in yellow, and the peak position 
in purple. The scanning step size was 20   nm with a 1   s 
integration time. The line width measured from the Si 
intensity profi le was between 80 and 100   nm.  
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such characterization technique available on the market. Here, we show the 
strain measurement on the 65   nm device lines with a much improved repeatability 
and SNR. 

 Figure  21.8  shows the SEM image as the background and the schematic cross -
 section diagram of the sample. This fi gure also shows the Raman line - scan Si 
intensity (yellow) and peak position (purple) profi les across the sample, with a 
scanning step size of 20   nm and a 1   s integration time. Both lines show an excel-
lent correlation with the structure. Higher values of the intensity line scan cor-
respond to positions of the poly - Si lines. It is important to note that the poly - Si 
lines of 45   nm width and 400   nm separations can easily be distinguished. The 
line - width measured from the FWHM of the Si - peak intensity is between 80 and 
100   nm. The Si – Si peak position in regions below the poly - Si lines (purple line) 
is at a higher frequency, refl ecting the fact that Si is under compressive strain 
exerted by the SiGe stressors. In other regions with SiGe lines (yellow line), the 
Si – Si peak position is at a lower frequency than that of the Si substrate, as would 
be expected for unstrained poly - Si lines. The difference between the center poly - Si 
line (marked 0) and its neighboring lines is also apparent, showing the high resolv-
ing power of the technique. 

 Figure  21.9 a and b show the Raman spectra recorded in the SiGe line region 
and on top of the poly - Si line, respectively. Each spectrum was fi tted with three 

     Figure 21.9     Raman spectra from SiGe and 
poly - Si lines with fi tted peaks using Lorentzian 
function. (a) The Raman peaks correspond to 
Si – Si phonon vibrations from the SiGe 
( ∼ 510   cm  − 1 ), tensile - strained Si just below the 
SiGe ( ∼ 519   cm  − 1 ), and the Si substrate below 

( ∼ 520   cm  − 1 ), respectively; (b) The Raman 
peaks correspond to Si – Si phonon vibrations 
poly - Si and bulk Si below ( ∼ 516   cm  − 1  and 
 ∼ 520   cm  − 1 ), and compressively strained Si in 
the channel region ( ∼ 522   cm  − 1 ).  
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Lorentzian peaks. In Figure  21.9 a, the Raman peaks from SiGe line correspond 
to Si – Si phonon vibrations from the SiGe ( ∼ 510   cm  − 1 ), tensile - strained Si just 
below the SiGe ( ∼ 519   cm  − 1 ), and the Si substrate below ( ∼ 520   cm  − 1 ), respectively. 
Similarly, in Figure  21.9 b, the Raman peaks correspond to the Si – Si phonon 
vibrations of poly - Si and bulk Si below ( ∼ 516  − 1  and  ∼ 520   cm  − 1 ), and another one is 
from the compressively strained Si in the channel region ( ∼ 522   cm  − 1 ).   

 Figure  21.10  shows the SEM image of the device sample, together with the 
detailed illustration diagram. From this fi gure, the line profi le of the intensity of 
Si – Si phonon vibrations from the SiGe (yellow), and the Si – Si peak position 
(purple), can be seen. The results show an excellent correspondence to the device 
structure, with a good SNR. The line profi le data (intensity and peak positions) 
are extracted from an area of Raman mapping of 4.0    ×    1.3    μ m 2  (100    ×    32 pixels), 
as shown in Figure  21.11 , which took about 6   min to complete.   

 Figure  21.11 a shows the Raman image from the intensity of Si – Si phonon 
vibrations from the SiGe of the structure shown in Figure  21.10 . For comparison, 
Figure  21.11 b shows the image from confocal Raman set - up (far - fi eld imaging). 
It is clear that the present near - fi eld technique can resolve the periodic lines 
with excellent repeatabiliy that far - fi eld technique cannot resolve. The  three -
 dimensional  ( 3 - D ) Raman image in Figure  21.11 c is based on the peak position 
of Si – Si phonon vibration from Si at  ∼ 520   cm  − 1 . From this image, it is possible to 
study the higher compressive strain regions, which are under the poly - Si lines and 

     Figure 21.10     Scanning electron microscopy image with a 
cross - sectional diagram of periodic poly - Si lines and SiGe 
stressors. The line scan of Raman Si – Si intensity from SiGe is 
shown in yellow, and the Si – Si peak position in purple. The 
line scans show excellent correspondence with the structure, 
and a good SNR.  
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are compressively strained by the SiGe stressors. The fact that it took only about 
6   min to carry out the mapping means that the high - resolution Raman imaging 
using this technique can be performed within a reasonable time. 

 Apart from the device sample, in order to show the capability of the technique 
for other types of sample, Raman mapping was also performed on CNTs and gold 
nanopatterns. The purifi ed HiPCO  single - walled carbon nanotube s ( SWNT s) were 
purchased from Carbon Nanotechnologies. The HiPCO SWNTs (10   mg) were 
dispersed in 100   ml D 2 O solution with 1   wt%  sodium dodecyl sulfate  ( SDS ). The 
dispersion was then treated by probe sonication (Sonics  &  Materials Inc.; Model 
VCX 130) at a power level of 250   W for 30   min, followed by ultracentrifugation at 
140   000 ×  g  for 4 hours. The supernatant was drop - cast on a Si substrate and dried 
in air. Individual (or slightly bundled) tubes on Si were then obtained after rinsing 
the Si substrate with pure water. A gold nanopattern was also fabricated on a 
silicon substrate. For this, polystyrene microspheres (diameter 0.5    μ m) in solution 
were dispersed on a silicon substrate, using the drop - coating method. The poly-
styrene microspheres self - assembled to form a monolayer, and a thin fi lm of gold, 
of  ∼ 100   nm thickness, was deposited onto the Si substrate, using DC magnetron 
sputtering. The sample was sonicated for 1   min in chloroform to remove the 

     Figure 21.11     Raman images (4.0    ×    1.3    μ m 2 ) of the periodic 
poly - Si lines and SiGe stressors obtained in approximately 
6   min. (a) Near - fi eld Raman image from the Si – Si peak 
intensity from SiGe; (b) Confocal Raman image from the 
Si – Si peak intensity from SiGe; (c) 3 - D near - fi eld Raman 
image from the Si – Si peak position, showing the relative 
strain at different regions.  
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polystyrene microspheres, and then annealed in argon ambient at 400    ° C for 
30   min. The size of the gold nanopattern was  ∼ 100   nm. 

 Figure  21.12 a – c show the 5.0    ×    5.0    μ m 2  (100    ×    100 pixels) Raman images of the 
CNTs and gold nanopattern. Figure  21.12 a shows the Raman image from the G 
band ( ∼ 1590   cm  − 1 ) of CNTs; the inset shows the Raman spectrum from the CNTs 
on a silicon substrate. Figure  21.12 b shows the Raman image from the Si – Si peak 
intensity, where the darker regions correspond to the gold nanopatterns. It is clear 
that the  ∼ 100   nm gold nanopattern can be clearly resolved using the new tech-
nique. The near - fi eld Raman image corresponds well to the electron micrograph, 
as shown in the inset of Figure  21.12 b. Figure  21.12 c shows the confocal Raman 
image of the gold nanopatterns, which show no pattern details. Hence, the capabil-
ity of this technique for various samples is proven.    

     Figure 21.12     Raman images (5.0    ×    5.0    μ m 2  of 
the carbon nanotubes (CNTs) and gold 
nanopatterns. (a) Near - fi eld Raman image 
from G band of CNTs; (b) Near - fi eld Raman 
image from the gold nanopatterns; 

(c) Confocal Raman image from the gold 
nanopatterns. The inset in (a) is the Raman 
spectrum of the CNTs; the inset in (b) shows 
the SEM image of the gold nanopatterns, 
where the nanopattern size is  ∼ 100   nm.  



 References  695

  21.6 
 Conclusions 

 Characterization tools in the nanometer regime are very important to reveal and 
utilize the unique properties of nanomaterials, and Raman imaging is indeed a 
versatile tool for studying both materials and devices. In this chapter, we have 
illustrated the value of Raman imaging by using three techniques: 

   •       Micro - Raman imaging  for the detection of Si  C covalent bonding of CNTs grown 
on a Si substrate. The technique is simple and easy to perform, but is limited in 
its application to nanomaterials and devices by its limited spatial resolution.  

   •       Apertureless near - fi eld Raman imaging , where laser light is focused to the apex of 
a metal or metal - coated tip. This method is much superior to the aperture 
technique in terms of spatial resolution and SNR, but faces problems of wear 
and tear, oxidation, and contamination of the tip apex (e.g., by carbon). These 
may lead to severe adverse effects on the near - fi eld enhancement. Far - fi eld 
signals may also be problematic.  

   •       Microsphere near-fi eld Raman imaging   [48] , where laser is focused to a spot size 
smaller than the diffraction limit through a dielectric microsphere that is trapped 
using the optical tweezers principle. This method has many advantages over 
previous near - fi eld techniques: the Raman signal is stronger; there is no 
background far - fi eld signal; and the use of a metal or metal - coated tip is not 
required. The strong near - fi eld Raman signal and simplicity in carrying out the 
experiments make this technique attractive, easy, and fast. The method ’ s 
reproducibility is also excellent (close to 100%), and it can also be used on 
different types of sample.     
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  22.1 
 Introduction 

 In recent years, the rapid advances in dendrimer synthetic chemistry have moved 
towards the creation of functional systems with increased attention to potential 
applications  [1] . Among the large number of molecular subunits used for den-
drimer chemistry, C 60  has proven to be a versatile building block and fullerene -
 functionalized dendrimers    –    that is,   fullerodendrimers    [2]   –    have generated signifi cant 
research activities in recent years  [3, 4] . In particular, the peculiar physical proper-
ties of fullerene derivatives make fullerodendrimers attractive candidates for a 
variety of interesting features in supramolecular chemistry and materials science 
 [5] . C 60  itself is a convenient core for dendrimer chemistry  [3] , and the functionali-
zation of C 60  with a controlled number of dendrons dramatically improves the 
solubility of the fullerenes  [6] . Furthermore, variable degrees of addition about the 
fullerene core are possible, and its almost spherical shape leads to globular 
systems, even with low - generation dendrons  [7] . On the other hand, specifi c advan-
tages are brought about by the encapsulation of a fullerene moiety in the middle 
of a dendritic structure  [8] . The shielding effect resulting from the presence of the 
surrounding shell has been found useful for optimizing the optical limiting prop-
erties of C 60  derivatives  [9] , to obtain amphiphilic derivatives with good spreading 
characteristics  [10] , or to prepare fullerene - containing liquid crystalline materials 
 [11] . Use of the fullerene sphere as a photoactive core unit has also been reported 
 [12] . In particular, the special photophysical properties of C 60  have been used to 
evidence dendritic shielding effects  [13]  and to prepare dendrimer - based, light -
 harvesting systems  [14] . Whereas, the majority of the fullerene - containing den-
drimers reported to date have been prepared with a C 60  core, dendritic structures 
with fullerene units at their surface, or with C 60  spheres in the dendritic branches, 
have been essentially ignored. This is mainly associated with diffi culties related to 
the synthesis of fullerene - rich molecules  [4] . Indeed, the two major problems for 
the preparation of such dendrimers are the low solubility of C 60  and its chemical 
reactivity, which limits the range of reactions that can be used for the synthesis of 
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branched structures bearing multiple C 60  units. The most recent developments 
on the molecular engineering of covalent and noncovalent fullerene - rich dendrim-
ers will be presented in the chapter, the aim of which is not to provide an exhaus-
tive review on such systems, but rather to present signifi cant examples that 
illustrate the current state of fullerene chemistry for the development of new 
nanostructures.  

  22.2 
 Fullerene - Rich Dendritic Branches 

 Over the past years, Nierengarten and coworkers have developed synthetic 
methodologies allowing for the preparation of dendrons substituted with several 
fullerene moieties  [15] . As a typical example, the convergent preparation of den-
dritic branches with fullerene subunits at the periphery is depicted in Figures 
 22.1 – 22.3 . The starting fullerene derivative, G1CO 2  t Bu, is easily obtained on a 
multi - gram scale, and is highly soluble in common organic solvents, based on the 
presence of two long alkyl chains  [16] . The iterative reaction sequence used in 
the preparation of the subsequent dendrimer generations relies upon successive 
cleavage of a  t  - butyl ester moiety under acidic conditions, followed by a   N , N  ’  -
 dicyclohexylcarbodiimide  ( DCC ) - mediated esterifi cation reaction with the A 2 B 
building block  1  possessing two benzylic alcohol functions and a protected car-
boxylic acid function  [16] .   

 Selective cleavage of the  t  - butyl ester group in G1CO 2  t Bu was achieved by 
treatment with an excess of CF 3 COOH (TFA) in CH 2 Cl 2  to afford G1CO 2 H in a 
quantitative yield. Reaction of the diol  1  with carboxylic acid G1CO 2 H under 
esterifi cation conditions using DCC, 4 -  4 - dimethylaminopyridine  ( DMAP ), and 
 1 - hydroxybenzotriazole  ( HOBt ) in CH 2 Cl 2  gave the protected dendron of second -
 generation G2CO 2  t Bu in 90% yield. Hydrolysis of the  t  - butyl ester moiety under 
acidic conditions then afforded the corresponding carboxylic acid G2CO 2 H in a 

     Figure 22.1     Reagents and conditions: (i) TFA, CH 2 Cl 2 ; (ii) DCC, DMAP, HOBt, CH 2 Cl 2 .  
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     Figure 22.2     Reagents and conditions: (i)  1 , DCC, DMAP, HOBt, CH 2 Cl 2 ; (ii) TFA, CH 2 Cl 2 .  
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     Figure 22.3     Reagents and conditions: (i)  1 , DCC, DMAP, HOBt, CH 2 Cl 2 ; (ii) TFA, CH 2 Cl 2 .  

quantitative yield. Esterifi cation of G2CO 2 H with diol  1  (DCC, HOBt, DMAP) 
afforded the  t  - butyl - protected fullerodendron G3CO 2  t Bu in 87% yield (Figure 
 22.2 ). Selective hydrolysis of the  t  - butyl ester under acidic conditions afforded acid 
G3CO 2 H in 99% yield. Subsequent reaction of G3CO 2 H with the branching unit 
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 1  in the presence of DCC, HOBt and DMAP afforded fullerodendron G4CO 2  t Bu 
(95%), which after treatment with CF 3 CO 2 H gave G4CO 2 H (97%). 

 By repeating the same reaction sequence from G4CO 2 H, the fi fth generation 
derivatives G5CO 2  t Bu and G5CO 2 H were also prepared (Figure  22.3 ). Compounds 
G1 - 5CO 2  t Bu and G1 - 5CO 2 H are highly soluble in common organic solvents such 
as CH 2 Cl 2 , CHCl 3 , or  tetrahydrofuran  ( THF ), and complete spectroscopic charac-
terization was easily achieved. 

 The unequivocal characterization of these compounds also required their mass 
spectrometric analysis; this is quite diffi cult, as no structural features allow for 
easy protonation of the molecules. Several ionization techniques such as  matrix -
 assisted laser desorption/ionization  ( MALDI ), or  fast - atom bombardment  ( FAB ) 
have been applied for the characterization of fullerodendritic species  [17] . These 
tools are, however, not always well adapted for C 60  derivatives of high molecular 
weight, such as G1 - 5CO 2  t Bu and G1 - 5CO 2 H, as they lead to high levels of frag-
mentation. In contrast,  electrospray mass spectrometry  ( ES - MS ) has the ability to 
desolvate ions that preexist in solution, thus offering the possibility of transferring 
such ions into the gas phase without notable fragmentation  [18] . Indeed, supramo-
lecular cationic dendritic structures resulting from the self - assembly of fulleroden-
drons possessing an ammonium function at the focal point and bis - crown - ether 
receptors have been successfully characterized using ES - MS  [19] . Unfortunately, 
fullerodendrons G1 - 5CO 2  t Bu and G1 - 5CO 2 H are uncharged in solution, and there-
fore are not suitable for ES - MS analysis, at least in principle. However, it has been 
shown that an  in situ  reduction of fullerenes in the injection capillary of the elec-
trospray mass spectrometer offers an interesting possibility to analyze neutral C 60  
derivatives  [17] . In other words, fullerene radical anions can be generated during 
the electrospray process, owing to the ability of the electrospray source to behave 
like an electrolysis cell  [17] . Indeed, fullerodendrons G1 - 5CO 2  t Bu and G1 - 5CO 2 H 
could be characterized by applying this technique. The ES mass spectra of the 
second - generation derivative G2CO 2  t Bu is depicted in Figure  22.4 . The mass 
spectrum obtained under mild conditions ( V  c    =   150   V) is dominated by the doubly 
charged ion peak at  m / z  1343.2, which can be assigned to the radical di - anion of 
G2CO 2  t Bu (calculated  m/z  1343.43). The experimental isotopic pattern of this ion 
is in perfect agreement with that calculated for the doubly reduced compound. A 
singly charged ion is also observed as minor signal at  m / z  2686.3, and corresponds 
to the singly reduced G2CO 2  t Bu - structure. Finally, the minor peak observed at  m / z  
1226.1 is ascribed to the fragment G1CO 2   −   resulting from the cleavage of a benzylic 
ester unit in G2CO 2  t Bu. When the ES spectrum of G2CO 2  t Bu was recorded under 
more harsher conditions ( V  c    =   300   V), the characteristic peaks corresponding to 
the radical mono -  and di - anions were still observed, but an additional signal could 
also be detected at  m / z  1124. This characteristic fragment was the same as that 
observed in the spectra of G1CO 2  t Bu.   

 The analysis of the higher - generation compounds has been more diffi cult. Effec-
tively, the response factor of the anions is reduced as their molecular weight is 
increased. In addition, the number of ester functions is higher, thus leading to 
more fragmentation. The resulting fragments having a lower molecular weight    –    and 
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     Figure 22.4     ES - MS spectra of G2CO 2 tBu recorded with  V  c  values of 150 (a) and 300   V (b).  

     Figure 22.5     ES - MS spectrum of G4CO 2 tBu recorded with a  V  c  value of 150   V.  

therefore a higher response factor    –    gave signals with signifi cant intensities in all 
the spectra, regardless of the  V  c  value. However, peaks corresponding to nonfrag-
mented ions could be clearly observed. As shown in Figure  22.5 , two characteristic 
molecular ion peaks are observed at  m / z  1851.1 and 1586.8 in the ES - MS spectrum 
of G4CO 2  t Bu. These correspond to the hexa -  and hepta - anions of the fulleroden-
dron, in which six or seven C 60  units are reduced, respectively. Several fragment 
ions are also present in both cases, the low (100   V) and high (300   V) voltages. 
Importantly, their intensity relative to the molecular ion peaks is clearly increased 
when the  V  c  value was raised, thus showing that these additional signals result 
from a fragmentation of the dendrimer. Within this series of compounds, a 
general observation is a decrease in the absolute intensity of the signals arising 
from the fullerodendrons when the generation number is increased. As men-
tioned above, this is most likely due to the increased number of labile ester func-
tions giving rise to more fragmentations, and to a decrease in the response factor 
when the molecular weight is increased.    

  22.3 
 Photoelectrochemical Properties of Fullerodendrons and Their Nanoclusters 

 The absorption spectra of G1 - 5CO 2  t Bu in a toluene/acetonitrile (1/6, v/v) mixed 
solvent exhibit structureless broad absorption in the range of 300 to 800   nm. These 
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results suggest that such compounds aggregate and form large clusters in the 
mixed solvents  [20] . The particle size of these clusters in the mixed solvent was 
measured using  dynamic light scattering  ( DLS ). In a mixture (1/6) of toluene/
acetonitrile at an incubation period of 15   min after injection of the toluene solution 
into acetonitrile, the size distribution of G1 - 5CO 2  t Bu was found to be relatively 
narrow, with different mean diameters of 790   nm for (G1CO 2  t Bu) m , 210   nm for 
(G2CO 2  t Bu) m , 170   nm for (G3CO 2  t Bu) m , 100   nm for (G4CO 2  t Bu) m , and 90   nm for 
(G5CO 2  t Bu) m . The order of the mean diameters was not consistent with that of 
their molecular sizes. Both, dendrimers and dendrons are known to become 
compact, rigid structured as the generation number is increased  [20] . This sug-
gests that, in the process of cluster formation with the higher dendrimer genera-
tion, each dendritic branch is subject to interactions with branches belonging to 
the same dendrimer molecule ( intra molecular), rather than to other molecules 
( inter molecular). This results in the formation of densely packed dendrimer clus-
ters with a small, compact size (i.e., 90 – 100   nm). In other words, in the lower 
dendrimer generations,  inter molecular interactions among branches prevail, 
leading to the formation of poorly packed dendrimer clusters with a large size. In 
order to assess the shape and morphology of (G1 - 5CO 2  t Bu) m  clusters,  atomic force 
microscopy  ( AFM ) measurements have been carried out. The AFM images of the 
clusters prepared by spin - coating of the (G1 - 5CO 2  t Bu) m  cluster solutions on mica 
surface are depicted in Figure  22.6 . To remove solvent, the resulting substrates 
were heated under reduced pressure. The (G1 - 5CO 2  t Bu) m  clusters were spherical, 
with an average horizontal diameter of 900   nm for (G1CO 2  t Bu) m , 200   nm for 
(G2CO 2  t Bu) m , 200   nm for (G3CO 2  t Bu) m , 100   nm for (G4CO 2  t Bu) m , and 100   nm for 
(G5CO 2  t Bu) m . The size of the clusters agreed well with the values obtained from 
the DLS measurements. The vertical size of the clusters on mica correlated largely 
with the horizontal size of the clusters, except in the case of (G1CO 2  t Bu) m . The 

     Figure 22.6     Atomic force microscopy images of (G1 - 5CO 2 tBu) m  on mica.  
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AFM image of the (G1CO 2  t Bu) m  cluster revealed a rather disc - like structure with 
an average diameter of 900   nm and an average maximum thickness of 170   nm. 
Namely, the vertical size of the (G1CO 2  t Bu) m  cluster is much smaller than the 
horizontal size. Although detailed structure at the molecular level is not yet clear, 
self - organization of G1CO 2  t Bu in the mixed solvent would lead to the formation 
of multilayer vesicle. In such a case, solvent evaporation from the inner space of 
the multilayer vesicle may yield the disk - like structure. Similar proposed structures 
were reported for amphiphilic fullerene derivatives in water, mixed organic sol-
vents, and cast fi lms  [21] .   

 In order to determine if differences observed in the size of the nanoclusters 
obtained from G1 - 5CO 2  t Bu could have any infl uence on their macroscopic proper-
ties, photoelectrochemical cells have been prepared. For this, the clusters 
were deposited electrophoretically onto ITO/SnO 2  electrodes by applying a DC 
voltage to the electrode  [20] . After the electrophoretic deposition, the ITO/SnO 2  
electrode turned brown in color, whereas discoloration of the cluster solution took 
place. As a result, cluster fi lms with a thickness of 4 – 5    μ m could be obtained. AFM 
was used to evaluate the surface morphology of the fi lms deposited on the elec-
trodes. The ITO/SnO 2 /(G1 - 5CO 2  t Bu) m  fi lms were composed of closely packed 
clusters with a size of 800   nm (G1CO 2  t Bu), 200   nm (G2CO 2  t Bu), 200   nm 
(G3CO 2  t Bu), 100   nm (G4CO 2  t Bu), and 100   nm (G5CO 2  t Bu). The size of the clus-
ters largely agreed with the diameters of the clusters on the mica obtained from 
the cluster solutions. These results also confi rmed that fullerene dendrimer clus-
ters could be successfully transferred onto the nanostructured SnO 2  electrodes. 
Photoelectrochemical measurements were performed in deaerated acetonitrile 
containing 0.5    M  LiI and 0.01    M  I 2  with ITO/SnO 2 /(G1 - 5CO 2  t Bu) m  as a working 
electrode, a platinum wire as a counterelectrode, and an I  −  /I 3 −   reference electrode. 
The photocurrent responses were prompt, steady, and reproducible during 
repeated on/off cycles of visible light illumination. Blank experiments conducted 
with a bare ITO/SnO 2  electrode yielded no detectable photocurrent under similar 
experimental conditions. A series of photocurrent action spectra was recorded to 
evaluate the response of fullerodendron clusters towards photocurrent generation. 
The photocurrent action spectra of ITO/SnO 2 /(G1 - 5CO 2  t Bu) m  devices are shown 
in Figure  22.7 . Incident photon - to - photocurrent effi ciency (IPCE) was calculated 
by normalizing the photocurrent density for incident light energy and intensity 
using the expression:

   IPCE Win%( ) = × × ×( )100 1240 i λ  

where  i  is the photocurrent density (A   cm  − 2 ), W in  is the incident light intensity 
(W   cm  − 2 ), and  λ  is the excitation wavelength (nm). The action spectra of ITO/SnO 2 /
(G1 - 5CO 2  t Bu) m  devices largely agreed with the absorption spectra on ITO/SnO 2 , 
supporting the involvement of the C 60  moieties for photocurrent generation. These 
results were consistent with the photoelectrochemical properties of the clusters of 
fullerene derivatives on SnO 2  electrodes  [21] . When the IPCE values of ITO/SnO 2 /
(G1 - 5CO 2  t Bu) m  devices were compared under the same conditions, the IPCE value 
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at an excitation wavelength of 400   nm were seen to increase with increasing the 
generation number: 1.7% for ITO/SnO 2 /(G1CO 2  t Bu) m , 1.9% for ITO/SnO 2 /
(G2CO 2  t Bu) m , 4.1% for ITO/SnO 2 /(G3CO 2  t Bu) m , 4.1% for ITO/SnO 2 /(G4CO 2  t Bu) m , 
and 6.0% for ITO/SnO 2 /(G5CO 2  t Bu) m  devices.   

 Based on previous studies on a similar photoelectrochemical system of C 60  
and C 60  derivatives  [22] , photocurrent generation diagram is illustrated in Figure 
 22.7 . The primary step in the photocurrent generation is initiated by photoinduced 
electron transfer from I  −   (I 3 −  /I  −  , 0.5   V versus NHE) in the electrolyte solution 
to the excited states of fullerodendrimer clusters (C 60  ̇    −   / 1 C 60  *    =   1.45   V versus 
NHE, C 60  ̇    −   / 3 C 60  *    =   1.2   V versus NHE)  [20] . The electron transfer rate is controlled 
by the diffusion of I  −   ( ∼ 109   s  − 1 ) in the electrolyte solution. The resulting reduced 
C 60  (C 60  ̇    −   /C 60    =    − 0.3   V versus NHE) injects an electron directly into the SnO 2  
nanocrystallites (ECB   =   0   V versus NHE), or the electron is injected into the SnO 2  
nanocrystallites through an electron - hopping process between the C 60  molecules 
 [20] . The electron transferred to the semiconductor is driven to the counterelec-
trode via an external circuit so as to regenerate the redox couple. It is noteworthy 
that the IPCE values are dependent on the dendritic generation. With increasing 
the dendritic generation the IPCE value increases. The structural investigation on 
the fullerodendrimers revealed that the higher dendrimer generation led to the 
formation of densely packed clusters with a smaller, compact size ( vide supra ). 
Such structures of fullerene dendrimer clusters on ITO/SnO 2  in the higher gen-
eration would make it possible to accelerate the electron injection process from 
the reduced C 60  to the conduction band of SnO 2  via the more effi cient electron 
hopping through the C 60  moieties, where the average distance between the C 60  
moieties is smaller.  

     Figure 22.7     (a) Photocurrent action spectra of ITO/SnO 2 /
(G1 - 5CO 2 tBu) m . Applied potential   =   +0.11   V versus SCE; 0.5    M  
LiI and 0.01    M  I 2  in acetonitrile; (b) Photocurrent generation 
diagram.  
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  22.4 
 Fullerene - Rich Dendrimers 

 The results described in the previous section represent a powerful driving force 
to develop a new, effi cient synthetic strategy for the preparation of large fullerene -
 rich dendritic molecules. In this respect, the self - assembly of dendrons using 
noncovalent interactions is particularly well suited to the preparation of fullerene -
 rich macromolecules  [23, 24] . Indeed, the synthesis itself is restricted to the prepa-
ration of dendrons, and self - aggregation leads to the dendritic superstructure, thus 
avoiding tedious fi nal synthetic steps with precursors incorporating potentially 
reactive functional groups such as C 60 . For example, Nierengarten and coworkers 
have shown that C 60  derivatives bearing a carboxylic acid function undergo self -
 assembly with  n  - butylstannonic acid ( n BuSn(O)OH) to produce fullerene - rich 
nanostructures with a stannoxane core in near - quantitative yields  [25] . The reac-
tion conditions for the self - assembly of the stannoxane derivatives were fi rst 
adjusted with model compound  2  (Figure  22.8 ). Under optimized conditions, a 
mixture of  2  (1   equiv.) and  n BuSn(O)OH (1   equiv.) in benzene was refl uxed for 
12   h using a Dean – Stark trap. After cooling, the solution was fi ltered and evapo-
rated to dryness to afford the hexameric organostannoxane derivative  3  in 99% 
yield. The drum - like structure of this compound, composed of a prismatic Sn 6 O 6  
core, was confi rmed by its  119 Sn  nuclear magnetic resonance  ( NMR ) spectrum 
recorded in C 6 D 6 , which showed a single resonance at  − 479.1   ppm. This chemical 
shift is characteristic of a drum - shaped structure with six equivalent Sn atoms 
coordinated by fi ve oxygens and one carbon  [26] . Crystals suitable for X - ray crystal -
 structure analysis were obtained by the slow diffusion of Et 2 O into a C 6 H 6  solution 
of  3 . Despite the disorder resulting from one of the fl exible butyl chains, the central 
Sn 6 O 6  stannoxane core and the six peripheral 2 - phenoxyacetate units of the struc-
ture were well resolved. As shown in Figure  22.8 , the prismatic tin cage is formed 
by two, six - membered (SnO) 3  rings joined together by six Sn – O bonds  [27] . The 
side faces of the cluster thus comprise six, four - membered (SnO) 2  rings, each of 
which is spanned by a carboxylate group that forms a bridge between two Sn 
atoms. A detailed observation of the stannoxane framework revealed that the six -
 membered rings had a chair - like conformation, with each Sn atom being bonded 
to three framework oxygen atoms, while the Sn – O bonds all had comparable 
lengths ranging from 208 to 210 pm. The six Sn atoms were seen to be hexacoor-
dinated, with the coordination sphere being completed by a  n  - butyl group and two 
oxygen atoms from two different carboxylate groups. The Sn – O bonds to the bridg-
ing carboxylate atoms were longer than the core bonds, and ranged from 215 to 
218 pm.   

 The reaction conditions used to prepare  3  from 2 - phenoxyacetic acid were 
applied to the fullerene building blocks G1 - 3CO 2 H. The organostannoxane deriva-
tives  4 – 6  were thus obtained in almost quantitative yields (Figures  22.9  and  22.10 ). 
These compounds are highly soluble in common organic solvents such as CH 2 Cl 2 , 
CHCl 3 , C 6 H 6  or toluene, and complete spectroscopic characterization was easily 
achieved. The  1 H and  13 C NMR spectra of  4 – 6  clearly revealed the characteristic 
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signals of the starting carboxylic acid precursors  4 – 6 , as well as the expected 
additional resonances arising from the  n  - butyl chains. Importantly, the spectra 
clearly showed that all the peripheral fullerene subunits were equivalent in  4 - 6 , 
as might be expected for a sixfold symmetric assembly with a drum - shaped 
organostannoxane core. In addition, a single resonance was observed at approxi-
mately  − 480   ppm in the  119 Sn NMR spectra of  4 – 6  recorded in C 6 D 6 . This charac-
teristic signature of tin - drum clusters provided defi nitive evidence for the formation 
of  4 – 6 .   

 The absorption spectra obtained from CH 2 Cl 2  solutions of compounds  4 – 6  were 
identical to those recorded for the corresponding starting carboxylic acid precur-
sors; this demonstrated an absence of any signifi cant infl uence of the stannoxane 
core on the electronic properties of the fullerene moieties. To further confi rm that 
the characteristics of the fullerene subunits would be maintained for  4 – 6 , their 
electrochemical properties were investigated using  cyclic voltammetry  ( CV ). For 
the sake of comparison, electrochemical measurements were also carried out with 
 3  and G1CO 2  t Bu. All of these experiments were conducted at room temperature 

     Figure 22.8     Top: Preparation of compound  3 . Bottom: X - ray 
crystal structure of  3  (C   =   pale gray, O   =   black, Sn   =   gray) and 
detailed view of the Sn 6 O 6  core. Selected bond lengths: 
Sn(1) - O(1): 2.084(3)  Å , Sn(2) - O(1): 2.075(4)  Å , Sn(2) - O(2): 
2.097(3), Sn(2) - O(3): 2.093(3)  Å , Sn(3) - O(1): 2.101(3)  Å .  
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     Figure 22.9     Structural formulae of compounds  4  and  5 .  
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     Figure 22.10     Structural formula of compound  6 .  

in CH 2 Cl 2  solutions containing tetra -  n  - butylammonium tetrafl uoroborate (0.1    M ) 
as the supporting electrolyte, with a Pt wire as the working electrode and a  satu-
rated calomel electrode  ( SCE ) as a reference. The potential data for all of these 
compounds are collected in Table  22.1 .   

 In the anodic region, all of the studied compounds presented at least one irre-
versible peak at approximately +1.7 – 1.9   V versus SCE that could likely be attributed 
to oxidation of the dialkyloxyphenyl and/or alkyloxyphenyl units. Whereas, model 
compound  3  was found to be electrochemically silent in the cathodic region, the 
fullerene - substituted stannoxane derivatives  4 – 6  revealed the typical electrochemi-
cal response of fullerene derivatives  [28] . Indeed, the electrochemical behavior 
of  4 – 6  appeared to be similar to that of the model compound G1CO 2  t Bu. This 
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 Table 22.1     Electrochemical data on the reduction of  4 – 6  and 
 G1CO  2  t Bu determined by cyclic voltammetry on a Pt working 
electrode in CH 2 Cl 2    +   0.1    M n Bu 4 NBF 4  at room temperature. 
Values shown are for ( E  pa    +    E  pc )/2 (in Volts) versus  SCE  and 
 Δ  E  pc  (in milliVolts) (in parentheses) at a scan rate of 0.1   V   s  − 1 . 

         E  1       E  2       E  3   

  G1CO 2  t Bu     − 0.51 (75)     − 0.89 (75)     − 1.34 (65)  
  4     − 0.53 (85)     − 0.91 (80)     − 1.35 (110)  

  5     − 0.54 (75)     − 0.92 (90)     − 1.33 (110)  

  6     − 0.54 (80)     − 0.92 (90)     − 1.34 (110)  

indicated that all methanofullerene moieties in  4 – 6  behaved as independent redox 
centers, and that their electrochemical properties were not affected by the stan-
noxane core.  

  22.5 
 Conclusions 

 The preparation of covalent, fullerene - rich dendrimers is diffi cult and involves 
a signifi cant number of synthetic steps, thus limiting their accessibility and 
therefore their applications. Recent obtained results on the self - assembly of fuller-
ene - containing components, by using supramolecular interactions rather than 
covalent bonds, have shown clearly that this strategy represents an attractive alter-
native for their preparation. Indeed, fullerene - rich derivatives are thus easier to 
produce, and the range of systems that can be prepared is not severely limited by 
the synthetic route. In this way, in - depth investigations of their properties are 
possible, and the use of fullerene - rich materials for specifi c applications can be 
envisaged. Despite some remarkable recent achievements, it is clear that the 
examples discussed in this chapter represent only the fi rst steps towards the design 
of fullerene - rich molecular assemblies that can display functionality at the macro-
scopic level. Clearly, further research is required in this area to fully explore the 
possibilities offered by these materials, for example, in nanotechnology or in 
photovoltaics.  
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   23.1 
 Introduction 

  Carbon nanotube s ( CNT s) are allotropes of carbon, composed up of rolled - up 
graphene sheets with a unique combination of properties that include excellent 
electrical, optical, and mechanical properties  [1] . Such properties have opened up 
a great range of new possibilities for these fascinating materials in a wide range 
of research, including electronics, optics, high - performance fi bers, composites, 
and biotechnology, as well as other fi elds of materials science.  

  23.2 
 Structure and Properties 

 The chemical bonding of nanotubes is composed entirely of sp 2  bonds, similar 
to those of graphite. The strength of the sp 2  carbon – carbon bonds gives the 
CNTs amazing mechanical properties, as these bonds are much stronger than 
the sp 3  bonds found in diamonds. Such properties, when coupled with the low 
specifi c weight of CNTs, provides these materials with great potential over a 
wide range of applications. The extraordinary electronic properties of CNTs are 
due to the quantum confi nement effect, which is based on a unique structure 
that allows electrons to propagate only along the nanotube axis. Depending on 
how the  two - dimensional  ( 2 - D ) graphene sheet is  “ rolled up, ”  the CNTs may 
be either metals or semiconductors. Three types of nanotubes are possible, 
referred to as  armchair ,  zigzag , and  chiral  nanotubes. 

 Despite the great potential that CNTs offer, many fundamental challenges 
remain to be met before such potential can be fully utilized. This includes the 
purifi cation, dispersion, debundalization, and chiral - selective separation of nano-
tubes. The major hurdle results from the natural tendency of CNTs to remain 
in highly aggregated states, due to their intrinsic van der Waals interactions. In 
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fact, under normal conditions this property not only makes it practically impos-
sible to solubilize the materials in any type of solvent but also hampers their 
electrical, optical, and mechanical properties. Consequently, the functionalization 
of nanotubes holds much promise as it provides processability and also helps 
when studying the materials ’  properties using solution - based techniques. In 
order to explore the potential of nanotubes, they have been functionalized in 
many ways, including direct covalent reaction with a variety of reagents, indirect 
reaction with different functional moieties starting from oxidized precursors, via 
organometallic routes, and noncovalent interactions. The reactions of nanotubes 
with polymers, whether by grafting or by using the nanotubes as an anchor to 
initiate polymerization, has led to the production of a range of nanotube - based 
polymer composites  [2, 3] . Functionalization with well - defi ned chemistry has 
also helped in the design of nanotube - based  “ smart ”  devices, by modifying their 
properties. 

 Today,  single - walled carbon nanotube s ( SWNT s) are attracting increasing 
attention in biomedical research  [4 – 6] . Because of their unique physical and 
chemical properties, they offer the promise for the development of novel diag-
nostic and therapeutic methods, high - sensitivity biosensors, and biofuel cells. 
When SWNTs absorb energy from  near - infrared  ( NIR ) light they emit heat    –    a 
property which can play important role in the design of novel biomedical devices 
or novel therapeutic agents. In developing such applications, the challenges of 
 in vivo  detection and biocompatibility are the most essential. The functionaliza-
tion of biomolecules not only offers biocompatibility, but also provides new 
possibilities in the material world for the advancement of future technology. 
DNA and proteins represent major classes of biopolymers with extensive poten-
tial in both the natural as well as the synthetic world. In this chapter, an attempt 
has been made to summarize recent developments on the functionalization of 
CNTs using these polymers, with special attention on noncovalent functiona-
lization. The aim also is to highlight some of the key challenges, and future 
prospects.  

  23.3 
 Debundalization 

 Due to their inherent van der Waals interactions and their special geometric 
structures, CNTs normally aggregate to form large bundles. Unfortunately, this 
process of  “ bundalization ”  causes the most outstanding characteristics of 
CNTs    –    namely their electrical  [7] , mechanical  [8] , and optical  [9]  properties    –    to be 
diminished. As an example, it has been shown experimentally that an individual 
SWNT has a tensile strain of  ∼ 280% and can undergo superplastic deformation 
by reducing its diameter 15 - fold before breaking  [10] . Yet, bundled SWNTs  [11]  
and  multi - walled carbon nanotube s ( MWNT s)  [12]  will break at strains of less than 
 ∼ 6% and 12%, respectively. This provides a clear picture of the importance of 
including debundalized nanotubes in nanocomposites. Moreover, the develop-
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ment of effi cient techniques to produce stable dispersions of debundalized 
nanotubes is a clear prerequisite to many applications, ranging from molecular 
electronics to nanocomposites. 

 In an effort to overcome these problems, many research groups worldwide have 
investigated the debundalization or individualization of SWNTs. The debundaliza-
tion of SWNTs has been achieved via two routes, namely covalent  [13]  or noncova-
lent  [14]  modifi cation/functionalization  [3] , with the former approach causing 
inevitable damage to the sidewalls of the nanotubes that altered their chemical 
and physical properties  [15] . As a consequence, a range of studies has focused on 
noncovalent approaches to obtaining individual nanotubes by using different 
agents and polymers. 

 Previous studies have been focused on using synthetic polymers or sur-
factants. For example, Smalley and coworkers  [9]  obtained individual nanotubes 
by encasing each one in cylindrical micelles. This was made possible by ultra-
sonically agitating an aqueous dispersion of raw SWNTs in  sodium dodecyl 
sulfate  ( SDS ), followed by ultracentrifugation to remove tube bundles and resid-
ual catalyst. The absorbance spectra hold the key role to determining the degree 
of debundalization. The quasi - one - dimensionality of the SWNTs produces sharp 
van Hove peaks in the density of electronic states  [16] . In this respect, for 
example in the case of HiPCO - SWNTs, the optical absorption spectrum consists 
of a series of transitions: fi rst van Hove transitions of   met  - SWNT s ( metallic -
 SWNT ) (M 11 ) ( ∼ 400 and  ∼ 600   nm); second van Hove transitions of   sem  - SWNT s 
( semimetallic - SWNT ) (S 22  ) ( ∼ 550 to 900   nm); and fi rst van Hove transitions of 
 sem  - SWNTs (S 11 ) ( ∼ 800 to  ∼ 1600   nm). The well - resolved absorbance feature is a 
key indication of the debundalization, as otherwise the spectra are broadened 
(Figure  23.1 ).   

 In the bulk state, the individualization can be further confi rmed by recording 
fl uorescence spectra, which have been observed directly across the band gap of 
 sem  - SWNTs. A fl uorescence spectrum can only be obtained in the debundalized 
state, because otherwise the presence of  met  - SWNTs will quench the electronic 
excitation on adjacent  sem  - SWNTs in the bundle, which prevents luminescence. 
This approach of direct fl uorescence observation from individual SWNTs in 
solution has great importance for the development of SWNT - based optical d
evices. Different surfactants  [17] , synthetic polymers, and also biopolymers  [3]  
were each found to be excellent dispersing agents for SWNTs, especially 
for making them disperse individually in aqueous media. A study was conducted 
to identify the best dispersing agent for SWNTs by comparing various anionic, 
cationic, and nonionic surfactants and polymers  [17] . Each of these agents was 
compared with respect to their ability to suspend individual SWNTs, and the 
quality of the absorption and fl uorescence spectra. For ionic surfactants,  sodium 
dodecylbenzene sulfonate  ( SDBS ) was found to provide well - resolved spectral 
features, and this correlated directly with the most favorable ionic surfactant for 
debundalization. For the nonionic systems, surfactants with a higher molecular 
mass could suspend more SWNT material and had more pronounced spectral 
features.  
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  23.4 
 Noncovalent Functionalization 

 Covalent functionalization weakens the strength of all interband transitions in 
both the semiconducting and metallic SWNTs, because the saturated bonds func-
tion as defects. This perturbs the periodicity of the pseudo -  one - dimensional  ( 1 - D ) 
lattice and eventually destroys the electronic band structure altogether. However, 
the largest effects of covalent functionalization occur in metallic SWNTs, because 
the metallic state should be extremely sensitive to the occurrence of defects intro-
duced by saturation of the delocalized electronic structure. In particular, these 
effects should be most strongly manifested in the transitions at  E  F  because these 
transitions are characteristic of a metal, which is a species without a gap in the 
energy band spectrum. 

 On the other hand, the noncovalent functionalization of CNTs represents one 
of the best alternatives for preserving the sp 2  - structure of nanotubes and, thus, 
their electronic characteristics. The advantage is the possibility of attaching chemi-
cal functionalities to the surface, without disrupting the bonding network of the 

     Figure 23.1     Schematic diagram of the dispersion - dependent 
energy transfer in nanotubes, and evidence of isolated 
nanotubes by optical spectroscopy. (a) Model of energy -
 transfer quenching in a matrix with bundled nanotubes; 
(b) Model of fl uorescent emission, if nanotubes are 
individually isolated; (c) Absorbance and emission spectra of 
individually isolated nanotubes in a protein solution.  
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nanotubes. Thus, the noncovalent functionalizaton of CNT with different poly-
mers or organic molecules has attracted great attention.  

  23.5 
 Dispersion of Carbon Nanotubes in Biopolymers 

 Synergetic effects with biomolecules on CNTs has attracted much attention for a 
wide range of biotechnological applications, including sensors, cancer therapy  [18] , 
drug delivery  [19] , tissue engineering, and antimicrobial surfaces  [20] . The results 
of recent studies have shown CNTs to be compatible with mammalian cells and 
neurons  [21] , with CNT - based composites having been identifi ed as excellent 
materials for scaffolds for neuron growth  [22]  and bone proliferation  [23] , as well 
as having potential for tissue engineering  [24] . These types of bio - focused com-
posites have been prepared using a variety of natural biopolymers, including 
different polysaccharides, polypeptides, and polynucleotides (Figure  23.2 )  [2] . 
Interestingly, the biopolymers have shown much promise, since  “ mother Nature ”  
has provided an abundance of well - designed polymers for defi ned applications. 
The exploration of these molecules in conjunction with nanotubes not only facili-
tates the creation of suitable products from abundantly available resources, but 
also assists in mimicking their smart functions for the advancement of nanotube -
 based devices. For example, a degree of success has been achieved in preparing a 
unique supramolecular conjugate of nanotubes and  lysozyme  ( LSZ ), one of the 
most common proteins. In this way, novel properties could be induced (i.e., pH -
 sensitive dispersion and debundalization of the nanotubes) that directly gave their 
signal simply by switching photoluminescence. A similar success was achieved 
when nanotubes were individually dispersed, using different proteins.   

 Recently, biopolymer integration has attracted much attention due to their 
increased compatibility with biological systems compared to synthetic materials. 
Consequently, a variety of biopolymers was chosen in order to monitor their effi -
ciency for the dispersion of CNTs. For example, Rozen  et al.   [25]  used the water -
 soluble polysaccharide  gum arabica  to obtain a stable dispersion of individual, 
full - length tubes in an aqueous solution from as - produced SWNTs. Wenseleers 
 et al.   [26]  reported an effi cient isolation of pristine SWNTs in bile salts, such as 
the sodium salts of  deoxycholic acid  ( DOC ) and their taurine - substituted analogue 

     Figure 23.2     Schematic diagram of the wrapping of single -
 walled carbon nanotubes by biopolymers.  
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 taurodeoxycholic acid  ( TDOC ), simply by stirring at room temperature. When 
using this process it is possible to avoid damage induced on the walls of the 
SWNTs during ultrasonication. The effi ciency of debundalization of the SWNTs 
was monitored using NIR, fl uorescence, and Raman spectroscopies. Most interest-
ingly, a dramatically improved resolution of the  radial breathing mode s ( RBM s) 
in the Raman spectra with multi - peaks was obtained with the bile salts, in contrast 
to the single peak obtained in most previous studies with arc discharge tubes. 
When the ability of the salts to disperse the SWNTs was compared with other 
common surfactants, by using NIR spectroscopy, among the most common 
surfactants, both DOC and TDOC (i.e., anionic, nonionic, cationic) showed the 
highest dispersion powers (fi ve -  to 20 - fold higher). 

 A water - soluble product also has great potential in the design of an electrode for 
bioelectrochemical sensors, by taking advantage of the noncovalent interactions 
of chitosan with CNTs  [27] . Hasegawa  et al.  showed that biopolymers such as 
Schizophyllan (s - SPG) and curdlan were capable of wrapping SWNTs, creating a 
 “ periodical ”  helical structure that refl ected the helical nature of the SPG main -
 chain on the SWNT surface  [28] . Kim  et al .  [28]  reported a simple, but effi cient, 
process for the solubilization of SWNTs with amylose in aqueous  dimethylsulfox-
ide  ( DMSO ), by using sonication. The former step separated the SWNT bundles, 
while the latter step provided a maximum cooperative interaction of SWNTs with 
amylose, leading to an immediate and complete solubilization. Both,  scanning 
electron microscopy  ( SEM ) and  atomic force microscopy  ( AFM ) images of the 
encapsulated SWNTs appeared as loosely twisted ribbons wrapped around the 
SWNTs, which were locally intertwined as a multiple twist; however, no clumps 
of the host amylose were seen on the SWNT capsules. 

 The potential of CNTs for the development of novel bioelectronic devices has 
been realized and, indeed, biomolecules have been immobilized on CNTs  [29] . 
The major benefi t in choosing biomolecules is to take advantage of their ampho-
teric nature to render the nanotubes processable, while simultaneously utilizing 
their unique properties to design novel artifi cial systems. In this respect, a variety 
of biomolecules hold great promise for this type of development. 

 Here, attention is focused on DNA and proteins for the interaction with CNTs. 
The major motivation to use these polymers includes: (i) their unique features and 
typical characteristics, as well as their diversity, which controls almost every living 
system in Nature; and (ii) the potential to bring about novel possibilities by uniting 
them, as this can have huge impact on both basic and applied research.  

  23.6 
 Interaction of  DNA  with Carbon Nanotubes 

 The interaction of DNA with CNTs has been a major focus of recent research 
 [30 – 32] , due mainly to the unique structure of DNA (Figure  23.3 ) and its properties 
with regard to both biological and nonbiological applications. For instance, recent 
reports have already focused on several applications as a new material, including 
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drug delivery  [33, 34] , molecular electronics, nanoscale robotics  [35] , computation 
 [36] , self - assembly, 1 - D electron conduction  [34] , and photonics  [37] . When con-
sidering the huge potential of CNTs, a combination of DNA with CNTs in the 
quest to identify new and advanced performances for a wide range of synthetic 
systems has been of vast interest. Yet, the major attraction for DNA has been based 
on a recent breakthrough which described its ability to individually disperse CNTs 
in aqueous solutions, under controlled conditions  [32, 38, 39] , and this has in turn 
led to many other possibilities.   

 The fi rst report on the direct interaction of DNA with CNT was made by Tsang 
 et al ., in a study which was based on the visualization of CNT by platinated oligo-
nucleotides  [40] . The major breakthrough in this fi eld was based on the ability of 
DNA to disperse CNTs individually in water  [30, 38] , while others reported on a 
DNA - assisted dispersion of CNTs  [39, 41] . All of these studies were based on the 
noncovalent functionalization of DNA with nanotubes. The covalent bonding of 
DNA with SWNTs  [42]  has been also reported, while fi eld effect transistors  [43]  
using such materials have also been studied. 

 Previously, the use of mechanochemical reactions has been suggested  [44]  as a 
generally effi cient technique for various processes and, by using the same approach, 
supramolecular adducts of DNA – CNT conjugates have been reported  [39] . Highly 
reactive centers generated on the CNTs by the mechanical energy in the solid state 
helped to promote good interactions with DNA (Figure  23.4 ), which in turn led 
to a short - length, highly water - soluble, CNT - based product in a single step. This 

     Figure 23.3     Schematic showing the chemical structure of 
DNA, which is composed of the four different bases, sugar 
(ribose), and phosphate groups.  
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technique has also been used successfully to prepare both fullerene derivatives 
 [45]  and alcohol - functionalized CNTs  [46]  Interestingly, this soluble CNT product 
appeared fully wrapped with DNA and seemed to differ from that described in 
previous reports on mechanochemical reactions for covalently functionalized 
products  [46] .   

 Zheng  et al.  obtained individual SWNTs in a solution of  single - stranded DNA  
( ssDNA )  [30, 38, 47] . Notably, removal of the free DNA by either anion - exchange 
column chromatography or nuclease digestion did not cause any fl occulation of 
the nanotubes, indicating that binding of the DNA to the SWNTs was very strong. 
In order to obtain putative binding structures and to approximately quantify the 
thermodynamics of binding, Zheng ’ s group simulated interactions between 
ssDNA molecules and nanotubes with a (10,0) - chiral vector. As a consequence, it 
appeared that the short ssDNA strands could bind in many ways to the nanotube 
surface, including helical wrapping with right -  and left - handed turns, or simply 
by surface adsorption with a linearly extended structure. The bases could extend 
from the backbone and stack onto the nanotube, whereas the sugar - phosphate 
backbone could lead to solubilization of the SWNTs. The phosphate groups of the 

     Figure 23.4     Scanning electron microscopy images. (a) Pristine 
CNT; (b) CNT – DNA conjugate; (c) Self - assembly of the 
CNT – DNA conjugate; (d) UV - visible - NIR absorbance spectra 
of DNA (gray) and DNA – MWNT dispersion (black). The inset 
shows the van Hove transitions of the semiconducting 
nanotubes.  
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product provided a negative charge density on the surface and affected the surface 
charge of the nanotubes, which was directly related to the electronic properties of 
the SWNTs. In this respect, DNA -  met  - SWNTs were found to have a lower surface 
charge than DNA -  sem  - SWNTs, due to the greater positive charge created in the 
 met  - SWNTs. This led to a successful separation of  met  - SWNTs from  sem  - SWNTs 
by using ion - exchange liquid chromatography. Moreover, by measuring the elec-
tronic absorption spectra for all fractions, a remarkable difference was noted 
between the early fractions, which were enriched with  met -  SWNTs, and the later 
fractions, which were enriched with  sem  - SWNTs.  

  23.7 
 Interaction of Proteins with Carbon Nanotubes 

 The main focus of preparing debundalized SWNTs with the aid of proteins was 
motivated by the outstanding properties that each of these proteins display in the 
natural environment. This offers the possibility to bring functionality into syn-
thetic systems, if the correct technology were to be developed. A broad range of 
different types are available in Nature, which allows complicated synthetic proce-
dures to be avoided and their compatibility with biological systems to be enhanced, 
when compared to synthetic materials. In addition, the intrinsic smart function 
in a synthetic system may be mimicked  [2, 48] . Functionalization is possible by 
both the covalent and noncovalent approaches. For example, CNTs may be func-
tionalized by the protein  bovine serum albumin  ( BSA ) via a diimide - activated 
amidation, under ambient conditions  [49] . The nanotube – BSA conjugates thus 
obtained are highly water - soluble, and form dark - colored aqueous solutions. 
Results from characterizations using AFM,  thermal gravimetric analysis  ( TGA ), 
Raman spectroscopy and gel electrophoresis showed that the conjugate samples 
indeed contained both CNTs and BSA proteins, and that the protein species were 
intimately associated with the nanotubes. When the bioactivity of the nanotube -
 bound proteins was evaluated using a total protein microdetermination assay, the 
results showed that 90% of the protein species present in the nanotube – BSA 
conjugates remained bioactive  [49] . 

 Zorbas  et al.   [50]  isolated long, individual SWNTs wrapped with a specially 
designed peptide in aqueous solution by sonication and centrifugation. Based on 
AFM studies, it was observed that the product contained SWNTs with an average 
length of 1.2    ±    1.1    μ m and an average diameter of 2.4    ±    1.3   nm. Furthermore, the 
peptide – peptide interactions apparently assisted the assembly of the SWNT struc-
tures, specifi cally in the formation of Y - , X - , and intraloop junctions. In this way, 
apart from the debundalization and biocompatibility of the peptide – SWNT 
product, their properties showed great potential for the development of SWNT -
 based, higher - ordered structures. Similarly, the importance of aromatic groups of 
the amino acid residues on the interaction with CNTs has been observed  [51] . 
Various systematically designed peptides with different types of amino acid 
showed a stronger selectivity for CNTs than did peptides with a higher aromatic 
residue content. 
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 A study was conducted to evaluate the affi nity of aromatic amino acids toward 
SWNTs in the absence of complications from peptide folding or self - association, 
by synthesizing a series of surfactant peptides  [52] . Each surfactant peptide was 
designed with a lipid - like architecture: two Lys residues at the C - terminus as a 
hydrophilic head; fi ve Val residues to form a hydrophobic tail; and the testing 
amino acid at the N - terminus. Both, Raman and  circular dichroism  ( CD ) spectro-
scopic studies revealed that the surfactant peptides had a large, unordered struc-
tural component, which was independent of the peptide concentration. This 
suggested that the peptides had undergone minimal association under experimen-
tal conditions, thus removing this interference from any interpretation of the 
peptide – CNT interactions. A lack of peptide self - association was also indicated by 
sedimentation equilibrium data. The optical spectroscopy of the peptide – CNT 
dispersions indicated that, among the three aromatic amino acids, tryptophan had 
the highest affi nity for CNTs (both bundled and individual states), when incorpo-
rated into a surfactant peptide, while the Tyr - containing peptide was more selective 
for individual CNTs. A protein - assisted solubilization of nanotubes was also 
reported  [53] . Although these recent fi ndings have opened novel possibilities for 
nanobiohybrid systems, it remains an overt issue as to whether there is any selec-
tivity and any effect of the proteins on the nanotubes. In addition, it is very impor-
tant to note that these natural polyampholytes are highly pH - sensitive, and that 
their solubility and ionizability can easily be tuned with respect to pH. This, simul-
taneously, should infl uence the nanotube dispersion, which might offer novel 
options for the precise control of selectivity towards nanotubes. 

 The present authors studied highly dispersed and debundalized CNTs (Figure 
 23.5 ), which had been prepared in an aqueous solution of LSZ, using a combina-

     Figure 23.5     High - resolution transmission electron microscopy 
images of (a) SWNT and (b, c)  L  - SWNT. The inset in 
(b) shows the magnifi ed image of a nanotube.  
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tion of ultrasonication and ultracentrifugation  [14] . The product showed a pH -
 sensitive dispersion, which remained in a highly dispersed state at pH    <    8 and 
pH    >    11, and in an aggregated state at pH   =   8 – 11 (Figure  23.6 ). Photoluminescence 
measurements showed that, by changing the pH, a reversible conversion of the 
highly dispersed state to the aggregated state could be observed, or  vice - versa  
(Figure  23.7 ).   

 It is important to understand the nature of the interactions involved between 
the LSZ and the SWNTs. LSZ has long been considered a structurally stable 

     Figure 23.6     Zeta potential of  L  - SWNT at different pH values. 
The inset shows vials containing the products at different pH 
values: (a) 2.95; (b) 6.5; (c) 9.0; (d) 11.15; (e) 12.47.  

     Figure 23.7     Photoluminescence spectrum of  L  - SWNT, 
showing the pH - dependent reversibility in emission. The black 
(solid), black (dotted), and gray (solid) curves are from the 
solution at pH 12.5, same solution adjusted to pH 9.0, and 
again readjusted to pH 12.5, respectively.  
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protein; hence, in order to appreciate the state of LSZ in the product, a CD analysis 
of the samples was carried out in the far -  and near - UV regions (Figure  23.8 ). It 
has been well established that shorter wavelengths refl ect the secondary structure, 
whereas longer wavelengths arise from the tertiary structure of proteins. A strong 
negative band was appeared in the range of 200 – 260   nm. The signal intensity at 
208   nm was greater than at 222   nm, which was characteristic for an  α    +    β  protein. 
These data confi rmed that the secondary structure had remained intact in the 
product.   

 In an attempt to understand the effi ciency of common proteins for SWNT dis-
persion, a selection of eight common proteins (histone [HST], hemoglobin [HBA], 
myoglobin [MGB], ovalbumin [OVB], bovine serum albumin [BSA], trypsin [TPS], 
glucose oxidase [GOX] and lysozyme [LSZ]), with a variety of molecular masses 
and isoelectric points, was selected. The basic physical data of the proteins are 
listed in Table  23.1 . In a typical experiment, the SWNTs were ultrasonicated in an 
aqueous solution of the proteins, followed by a double - step ultracentrifugation 
process. This resulted in highly dispersed and debundalized SWNTs in the 
aqueous system. Schematic diagrams of the protein - stabilized SWNTs are shown 
in Figure  23.9 .     

 The vials containing products from the different proteins are shown in Figure 
 23.10 , each at three different pH values (intrinsic, acidic, and basic). It is clear 
from the fi gure that the color of the solution varies with respect to pH, ranging 
from a colorless - transparent liquid to a dark - gray solution. This color change cor-
responds directly to variations in the yields of nanotubes in the solutions.   

 Microscopic studies of the dispersed nanotubes using  high - resolution transmis-
sion electron microscopy  ( HR - TEM ) showed that the starting material consisted 
of bundled ropes assembled from a few tens to a hundred tubes, whereas HR - TEM 
images of the product HST – SWNT showed debundalized tubes, well separated 

     Figure 23.8     Far - UV - CD (a) and near - UV - CD (b) spectra of 
 L  - SWNT (black) and lysozyme (gray).  
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 Table 23.1     Comparison of the dispersion limits and yields of debundalized  single - wall nanotube s ( SWNT s) 
with different proteins, and some physical parameters of the proteins. The proteins are arranged in 
alphabetic order. 

   Protein     Code     Molar 
mass 
(kg   mol  − 1 )   a     

   Isoelectric 
point  

   Initial 
pH   b     

   Final 
pH   c     

   Dispersion 
limit 
(mg   l  − 1 )   d     

   Debundalized 
SWNTs 
(mg   l  − 1 )   e     

   Debunda -
 lization 
degree 
(DD) (%)   f     

  Bovine 
serum 
albumin  

  BSA    69.293    4.7    1.8    1.5    2.44    0.98    1  
  7.4    6.7    25.44    6.38    10  

  11.4    11.2    132.71    43.41    65  

  Glucose 
oxidase  

  GOX    131.2764    4.2    1.6    1.8    0.33    0    0  

  6.9    4.5    0.14    0    0  

  11.2    11.3    1.39    0.01    0  

  Hemoglobin    HBA    61.933    9.4    1.7    1.5    179.96    36.46    55  

  6.4    5.9    7.09    0.74    1  

  11.5    11.1    134.52    27.09    41  

  Histone    HST    15.316    11.7    1.9    1.8    67.00    11.66    17  

  5.7    4.2    196.78    66.70    100  

  11.6    11.5    17.59    2.85    4  

  Lysozyme    LSZ    14.313    10.7    1.4    1.5    197.8    54.03    81  

  6.5    4.7    255.3    58.97    88  

  11.6    11.2    2.19    0.49    1  

  Myoglobin    MGB    16.953    7.2    1.9    1.6    91.93    28.96    43  

  6.6    5.8    42.58    15.54    23  

  11.6    11.5    119.42    37.12    56  

  Ovalbumin    OVB    42.861    4.6    1.6    1.6    67.78    20.53    31  

  6.9    6.6    143.99    29.12    44  

  11.2    11.2    153.40    45.49    68  

  Trypsin    TPS    23.783    9.2    1.8    1.7    0.13    0.01    0  

  4.2    4.1    9.98    2.65    4  

  11.8    11.6    42.78    12.56    19  

    a  Molar masses were calculated based on the sequence downloaded from the protein data bank.  
   b  pH of the solution before sonication.  
   c  pH of the solution after sonication.  
   d  Concentration of SWNTs in the supernatant solution from the fi rst step (centrifugation for 3   h at 18   000 ×  g ).  
   e  Concentration of SWNTs in the supernatant solution from the fi nal step (centrifugation for 4   h at 120   000 ×  g ).  
   f  HST - SWNT (which has the highest DD at the intrinsic pH) was considered as 100% DD; values for other 

products were calculated with respect to this value.   
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     Figure 23.10     Vials containing the SWNT products obtained 
from different proteins at different pH values. From left: 
 bovine serum albumin  ( BSA ),  glucose oxidase  ( GOX ), 
hemoglobin (HBA), histone (HST), lysozyme (LSZ), 
 myoglobin  ( MGB ),  ovalbumin  ( OVA ), and  trypsin  ( TPS ). The 
arrow in each row indicates the pH range of the respective 
solutions.  

     Figure 23.9     Schematic representations of the 
 single - walled carbon nanotube  ( SWNT ) 
adducts with different proteins: glucose 
oxidase (GOX - SWNT), hemoglobin (HBA -
 SWNT), histone (HST - SWNT), human serum 
albumin (HSA - SWNT), lysozyme (LSZ –

 SWNT), myoglobin (MGB - SWNT), ovalbumin 
(OVB - SWNT), trypsin (TPS - SWNT). Color -
 coding: secondary structure for GOX, MGB, 
and TPS; amino acid residue sequence for 
HST and LSZ; and strand for HAS, HBA, and 
OVB.  
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from the bundles. The majority of the tubes were found to be individual, although 
small bundles of two to four tubes also existed. The irregular coating seen around 
the nanotube surface was the protein, as confi rmed by the detection of nitrogen 
in the  energy - dispersive X - ray  ( EDX ) spectrum. Likewise, this confi rmed that the 
nanotubes had become well dispersed in the protein solution. The AFM images 
of the product showed a nanotube diameter distribution of between 1 and 5   nm, 
with a majority of tubes being  > 3   nm in size. Similar observations were made for 
the other products. These data illustrate clearly that, during sonication, the nano-
tubes became simultaneously debundalized due to strong interactions of the 
proteins with the nanotube surface, and this resulted in highly dispersed 
protein – nanotube adducts in the aqueous systems. During high - speed ultracen-
trifugation, the bundled adducts were precipitated due to their higher density, and 
this resulted in highly individual or less - bundalized protein – nanotubes in the 
supernatant. 

 In order to quantify the yield and to check the effi ciency of the proteins, the 
concentrations of nanotubes in the products were measured using absorbance 
spectroscopy at 500   nm (Figure  23.11 ). The concentrations were calculated using 
optical absorbance data fi tted to a Beer – Lambert plot. The values (which are sum-
marized in Table  23.1 ) showed clearly that the highest yield of debundalized nano-
tubes was obtained from HST at the intrinsic pH, followed by LSZ. However, the 
yield was exclusively dependent on the pH. In the cases of HBA, OVB, BSA, and 
MGB, the yields were much higher at basic pH. In contrast, under similar condi-
tions TPS showed a slight improvement, but for GOX the value was almost zero.   

 In a bid to understand these diverse phenomena, the primary structure of these 
proteins was investigated. Numerous forces, including van der Waals, electro-
static, hydration, steric, hydrophobic, and chemically specifi c interactions, are 
known to act between the colloidal particles in solution. Proteins serve as a rich 
source of different functionalities due to the presence of different types of amino 
acid residues (Table  23.2 ) and the different interactions that are responsible for 
their interaction with substrates. Hence, the coordinates of these proteins were 
downloaded from a protein data bank and the different types of residues present 
in each sequence calculated (Table  23.3 ). For a better understanding of the major 
interactions responsible for the dispersion, an attempt was made to correlate the 
effi ciency of proteins for the nanotube dispersion with the residues. The correla-
tion of the  debundalization degree  ( DD ) of SWNTs at the intrinsic pH with respect 
to percentage of  hydrophobic residue s ( HR ),  aromatic residue s ( ArR ),  polar resi-
due s ( PR ),  acidic residue s ( AcR ),  basic residue s ( BR ), and  charged residue s ( CR ) 
contained in each protein is shown as a three - dimensional plot in Figure  23.12 .      

  23.8 
 Technology Development Based on Biopolymer - Carbon Nanotube Products 

 A variety of novel materials has been developed by combining biopolymers with 
nanotubes. Some important contributions of these materials are outlined in the 
following sections. 
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     Figure 23.11     NIR absorbance spectra of the SWNT adducts 
with different proteins at (a) intrinsic pH, and (b) basic pH. 
At basic pH, the enhanced intensity of the nanotubes 
confi rmed the high yield of nanotubes in the products. S 11  and 
S 22  correspond to the fi rst and second interband transitions of 
semiconducting nanotubes; M 11  corresponds to the fi rst 
transition of metallic nanotubes.  
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 Table 23.2     Amino acid residues and their basic chemical and physical parameters. 

   Amino Acid     Symbol     Structure     Type(s)     Isoelectric point   a     

  Alanine    A, Ala  

      

  Hydrophobic    6.01  

  Arginine    R, Arg  

      

  Basic Hydrophilic 
 Polar  

  10.76  

  Asparagine    N, Asn  

      

  Hydrophilic 
 Polar  

  5.41  

  Aspartic acid    D, Asp  

      

  Acidic 
 Polar 
 Hydrophilic  

  2.85  

  Cysteine    C, Cys  

      

  Hydrophobic 
 Nonpolar  

  5.05  

  Glutamine    Q, Gln  

      

  Hydrophilic 
 Polar  

  5.65  
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   Amino Acid     Symbol     Structure     Type(s)     Isoelectric point   a     

  Glutamic acid    E, Glu  

      

  Acidic 
 Hydrophilic 
 Polar  

  3.15  

  Glycine    G, Gly  

      

  Hydrophobic    6.06  

  Histidine    H, His  

      

  Basic 
 Hydrophilic 
 Polar  

  7.60  

  Isoleucine    I, Ile  

      

  Hydrophobic    6.05  

  Leucine    L, Leu  

      

  Hydrophobic    6.01  

  Lysine    K, Lys  

      

  Basic 
 Hydrophilic 
 Polar  

  9.60  

Table 23.2 Continued.
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   Amino Acid     Symbol     Structure     Type(s)     Isoelectric point   a     

  Methionine    M, Met  

      

  Hydrophobic 
 Nonpolar  

  5.74  

  Phenylalanine    F, Phe  

      

  Hydrophobic 
 Aromatic 
 Nonpolar  

  5.49  

  Proline    P, Pro  

      

  Hydrophobic 
 Nonpolar  

  6.30  

  Serine    S, Ser  

      

  Hydrophilic 
 Polar  

  5.68  

  Threonine    T, Thr  

      

  Hydrophilic 
 Polar  

  5.60  

  Tryptophan    W, Trp  

      

  Hydrophobic 
 Aromatic 
 Nonpolar  

  5.89  

Table 23.2 Continued.
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   Amino Acid     Symbol     Structure     Type(s)     Isoelectric point   a     

  Tyrosine    Y, Tyr  

      

  Aromatic 
 Polar 
 Hydrophilic  

  5.64  

  Valine    V, Val  

      

  Hydrophobic    6.00  

    a   http://en.wikipedia.org/wiki/Amino_acid ;  Doolittle, R.F. (1989) Redundancies in protein 
sequences, in  Predictions of Protein Structure and the Principles of Protein Conformation  (G.D. 
Fasman, ed.) Plenum Press, New York, pp. 599 – 623; Nelson, D.L. and Cox, M.M. (2000) 
 Lehninger, Principles of Biochemistry , 3rd ed., Worth Publishers.    

Table 23.2 Continued.

 Table 23.3     Calculation of different types of residue content in different proteins. 

   Protein     Hydrophobic 
residue (V, I, 
L, M, F, W, C)  

   Aromatic 
residue 
(F, W, Y, H)  

   Basic residue 
(R, K, H)  

   Acidic 
residue 
(E, D)  

   Charged 
residue 
(R, K, E, D)  

   Polar residue 
(R, K, D, E, 
N, Q)  

  HST    28.9    2.8    23.1    17.3    39    39  
  LSZ    30.4    10.1    14    7    20.2    33.4  

  OVB    34.5    10.4    10.9    12.1    21.2    29.5  

  MGB    28.8    13.1    19.6    14.4    28.1    34.7  

  HBA    31.5    14.9    16.4    9.4    19.2    24.1  

  BSA    31.5    11.7    17    16.3    30.5    36.1  

  TPS    30    10.3    9    5.3    12.5    23.2  

  GOD    28.2    12.6    9.6    11    17.3    26.6  

  23.8.1 
 Diameter -  or Chirality - Based Separation of Carbon Nanotubes 

 Another very important challenge remaining in nanotube research is the separa-
tion of nanotubes based on their electronic properties. This is feasible because, 
during the synthesis of nanotubes (notably of SWNTs) they may be semi - conduct-
ing, semi - metallic, or metallic, depending on the rolling vector. However, none of 
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the synthetic techniques reported to date can be used produce a single type of 
SWNT; rather, a heterogeneous mixture of SWNTs is usually obtained. More 
importantly, as the electrical and optical properties depend heavily on the chirality 
and diameter of the nanotubes, a separation of these tubes according to type is a 
prerequisite for further development of the technology. For example, when fabri-
cating optical devices based on photoluminescence,  sem  - SWNTs are essential, but 
the presence of  met  - SWNTs leads to a quenching of these properties. Moreover, 
the problem is worsened due to the nature of nanotubes remaining in aggregation 
or bundalization, based on the strong van der Waals interactions of the parallel 
tubes. Although efforts have been made to overcome this problem, an effective 
and simple technique, which preferably could easily be scaled up, has yet to be 
developed. One of the major achievements when using DNA for the dispersion of 
nanotubes is its property to separate the nanotubes selectively, based on their 
electronic properties  [47] . Different experiments have confi rmed that the DNA -
 based approach using chromatography (both, ion - exchange and size exclusion) is 
highly effective for metal/semiconducting CNT separations, and single - chirality 
CNT enrichment for certain small - diameter tubes. Such separation is possible due 
to the selective interaction ability of the designed polynucleotide being synthesized 
with a specifi c sequence. For example, an improved metal/semiconductor separa-
tion was possible with shorter (guanine/thymine) n  sequences. 

     Figure 23.12     Three - dimensional plot showing the 
 debundalization degree  ( DD ) with respect to the percentage 
of  hydrophobic residue s ( HR ),  aromatic residue s ( ArR ),  polar 
residue s ( PR ),  charged residue s ( CR ),  acidic residue s ( AcR ), 
and  basic residue s ( BR ) contained in each protein.  
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 By taking advantage of natural proteins under controlled conditions, it was 
possible to obtain metallic - enriched nanotubes in the fi nal products, which 
ranged from  ∼ 33% (pristine nanotubes) to  ∼ 63% (fi nal product) (Table  23.4 ). 
This unique and simple technique to enrich metallic nanotubes has had 
a major impact on metallic - semiconducting nanotube separation in bulk, on a 
large scale.    

  23.8.2 
 Fibers 

 Recently, DNA - dispersed nanotube products have been used to sort nanotubes 
based on chirality  [30] , to synthesize polymers  [54] , as well as serving as tem-
plates for nanoparticles  [55] . In addition, these products have been shown to 
prepare liquid crystals  [56] , fi bers  [57] , and coatings  [20] . Whilst the future pros-

 Table 23.4     Enrichment factors of metallic ( met  -  SWNT  s ) and 
semiconducting ( sem  -  SWNT  s ) single - wall carbon nanotubes 
( SWNT  s ) of small and large diameters in the products using 
the 532   nm and 632.8   nm Raman excitation laser lines. 

   Product     Enrichment factor   a         met:sem    a     

    (met) s     b         (met) L     c         (sem) s     c         (sem) L     b     

   BSA  - SWNT   d       1.71    1.31    0.44    1.09    1.08   :   1  
   HBA  - SWNT   e       1.42    1.31    0.53    1.23    1.68   :   2  

   HBA  - SWNT   d       1.24    1.54    0.5    1.55    1.57   :   2  

   HST  - SWNT   f       1.74    1.08    0.47    1    1   :   1  

   LSZ  - SWNT   e       1.45    1.62    0.34    1.36    1.12   :   1  

   LSZ  - SWNT   f       1.63    2.38    0.34    1.09    1.61   :   1  

   MGB  - SWNT   e       1.47    1.38    0.41    1.18    1.06   :   1  

   MGB  - SWNT   f       1.53    1.62    0.5    1.23    1.01   :   1  

   MGB  - SWNT   d       1.55    1    0.47    1.14    1.71   :   2  

   OVB  - SWNT   f       1.68    1.46    0.38    1.09    1.23   :   1  

   OVB  - SWNT   d       1.71    1.39    0.5    1.14    1.01   :   1  

   TRP  - SWNT   d       1.34    2    0.63    1    1.04   :   1  

    a  Calculated according to the method of Samsonidze, G.G., Chou, S.G., Santos, A.P.  et al . 
(2004)  Appl. Physics Lett .  85  (6), 1006 – 1008. ( met ) s    =   small diameter metallic SWNTs; 
( met )  L     =   large diameter metallic SWNTs;  (sem)  s    =   small diameter semiconducting SWNTs; 
 (sem) L     =   large diameter semiconducting SWNTs.  

   b  Calculated from 633   nm laser.  
   c  Calculated from 532   nm laser.  
   d  Basic pH.  
   e  Acidic pH.  
   f  Intrinsic pH.   
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pects of CNTs in biomedical research continue to rise, the preparation of CNT -
 based biofi bers has been introduced only recently  [57 – 60] . DNA - based SWNT 
fi bers were fi rst produced via wet spinning using poly(vinyl alcohol) in the coag-
ulation bath  [57] , this being possible only due to the excellent dispersion ability 
of DNA for the SWNTs. Typically, a concentration of 1   wt% SWNTs was able to 
disperse very well in 1   wt% salmon DNA, which made it feasible to produce 
DNA – SWNT fi bers via wet spinning. Of note, this is almost impossible using 
surfactants, where ratios of surfactant to SWNTs of at least 2   :   1  [61]  or 3   :   1  [62]  
are necessary. The fi bers exhibited excellent mechanical properties, with a 
Young ’ s modulus of up to 14 – 19   GPa    –    much higher than for the fi bers obtained 
using sodium dodecyl sulfate (5   GPa), one of the most commonly used sur-
factants for CNT dispersion. Recently, other fi bers based on heparin – SWNT, 
chitosan – SWNT, and hyaluronic acid – SWNT fi bers have also been processed 
 [58] . In this way, the unique nature of each of these biopolymers, and its effect 
on the CNTs, may open wide possibilities for future exploration. Indeed, com-
bining the excellent conductivity and mechanical strength of CNTs with the 
inherent properties of different biomolecules might one day bring about new 
and exciting products.  

  23.8.3 
 Sensors 

 The size - dependent properties of nanomaterials have made them attractive for the 
development of highly sensitive sensors and detection systems. This is especially 
the case in the biological sciences, where the effi ciency of a detection system is 
refl ected by the size of the detector and the amount of sample required for detec-
tion. In this respect, CNTs hold much promise due to their typical size, which 
offers a great potential for enhancing the sensitivity of detection and diagnostics, 
while reducing the sample size (which may consist of a few individual proteins 
and antibodies). As carbon atoms dominate the surface of the SWNTs, the binding 
of proteins or antibodies to their surfaces can alter the surface state, and this in 
turn may result in a varied electrical and optical functionality. DNA - coated CNTs 
have a great potential in the design of a variety of sensors, and several research 
groups are currently working on this direction with electrochemical sensors  [63] . 
In addition, protein -  or DNA - incorporated CNTs can be used as a base for detecting 
biological surface reactions in a single protein or antibody attached to the CNT 
surface. 

 The other main advantages of nanotubes include their optical activity, as long 
as they are neither aggregated nor chemically altered. Under appropriate condi-
tions, semiconducting SWNTs show a bandgap fl uorescent emission in the NIR 
spectral region at wavelengths characteristic of their specifi c (n,m) - structure. As 
natural biomolecules are relatively transparent and nonemissive in this range, the 
sharp spectra of SWNTs can be detected even in a complex biological environment. 
By taking advantage of these properties different sensors have been designed, 
including those used to detect glucose  [15] .  
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  23.8.4 
 Therapeutic Agents 

 Today, functionalized CNTs are emerging as a new family of nanovectors for the 
delivery of different types of therapeutic molecules. A recent study proved that 
functionalized CNTs can penetrate into cells, with the CNTs being loaded with 
bioactive molecules via stable covalent bonds or supramolecular assemblies based 
on noncovalent interactions. When the cargos have been carried into the different 
cells, tissues, and organs, they are able to express their biological function. 
Recently, Cheruki and coworkers  [64]  injected debundled, chemically pristine 
SWNTs into rabbits and monitored their characteristic NIR fl uorescence. The 
nanotube concentration in the blood serum decreased exponentially, with a half -
 life of 1   h. 

 The ability of CNTs to convert NIR light into heat provides an opportunity to 
create a new generation of immunoconjugates for cancer phototherapy, with high 
performance and effi cacy. The fact that biological tissue is relatively transparent 
to NIR suggests that targeting CNTs to tumor cells, followed by noninvasive 
exposure to NIR light, would cause tumor ablation within the range of accessibil-
ity of the NIR light. Recently, it was shown that antibody - functionalized SWNTs 
operated very effi ciently to kill targeted tumor cells  [65] , this being achieved by a 
specifi c binding of antibody - coupled CNTs to tumor cells  in vitro , followed by their 
highly specifi c ablation with NIR light. For this, biotinylated polar lipids were used 
to prepare the stable, biocompatible, and noncytotoxic CNT dispersions that were 
then attached to antibodies. Following exposure to NIR light, the CNT – antibody 
construct was shown to have killed the targeted cells with great specifi city  [65] .   

  23.9 
 Conclusions 

 The functionalization of nanotubes with biopolymers has achieved good progress 
in a relatively short time. When compared to the programmed properties and 
functions they possess in a natural environment, the technological development 
achieved to date remains in its infancy. It may be premature at this stage to claim 
advancements of the different fi elds using these materials, and especially for the 
biotechnological sector, where issues of toxicity have not yet been fully resolved. 
Nonetheless, the vast potential for these materials will surely offer rapid research 
and development in this direction. There is also no doubt in anticipating that this 
fi eld will bring future breakthroughs for the advancement of humankind.  
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   24.1 
 Introduction 

 Functionalized nanoparticles have attracted remarkable academic and industrial 
interest due to their unique chemical, biological, catalytic, optical, and electronic 
properties, as well as their potential applications in electronic devices, sensors, 
molecular reagents, and catalysis  [1 – 3] . Nanoparticles protected by a polymeric 
ligand have been employed to prepare nanoscale building blocks for functional 
materials. Polymeric stabilizers such as thiolated polymers  [4 – 6]  and electrostatic 
polymer multilayers  [7 – 9]  have been used for the stabilization of metal nanopar-
ticles. Nanoparticles have also been modifi ed with polymer chains covalently 
bound to the surface using  “ grafting from ”  reactions, such as  atom transfer radical  
( ATR ) polymerization, living cationic ring - opening polymerization, and surface -
 immobilized  ring - opening metathesis polymerization  ( ROMP )  [10 – 12] . 

  Dendrimers  have attracted an intense interest because of their well - defi ned 
structures with interior cavities and chemical versatility  [13 – 15] . Dendrimers also 
often have provided some of the most versatile tools to building blocks used in 
the construction of  three - dimensional  ( 3 - D ) organic/inorganic nanostructures  [16] . 
The current research on dendrimers is mostly focused on the development of 
functionalized dendrimers with an active core or external surface groups  [17 – 19] . 
These functional dendrimers have shown a variety of applications in the fi elds of 
medicinal chemistry (e.g., magnetic resonance imaging and drug delivery), host –
 guest chemistry, and catalysis  [17 – 19] . Signifi cant research progress has also been 
made in the use of dendritic frameworks to surround functional core molecules 
such as rotaxane, porphyrin, and fullerene  [20 – 23] . 

 Due to the interesting properties of metal nanoparticles  [1] , the incorporation 
of nanoparticles into the dendrimer templates has been attempted  [24 – 33] . For 
example, monometallic nanoparticles of gold, palladium, platinum, copper, and 
silver were incorporated into the dendrimers by reduction of their metal salts with 
NaBH 4  in the presence of  “ Tomalia - type ”  poly(amidoamine) dendrimers  [24 – 26] . 
These materials were synthesized using a template approach in which metal ions 
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were fi rst extracted into the interior of dendrimers and then subsequently reduced 
by chemical reactants to yield quite monodisperse particles having dimensions of 
less than 5   nm. Both, bimetallic and semiconductor nanoparticles have also been 
incorporated into the dendrimers by similar routes  [28, 29] . These materials have 
a number of applications, but are especially useful in catalysis (e.g., hydrogena-
tions, Heck coupling, Stille, and Suzuki reactions)  [30 – 33] . Several reviews have 
been prepared detailing the synthesis, characterization, and application of den-
drimer - encapsulated nanoparticles  [23 – 25] . 

 Structurally well - defi ned, inorganic, cluster - cored dendrimers have also 
attracted interest. Dendrimers supported by the [Re 6 Se 8 ] 2+  metal cluster were 
synthesized by Zheng and coworkers  [34] , this being the fi rst example of utiliz-
ing metal clusters to construct cluster - cored metallodendrimers. These dendrim-
ers exhibited dramatic color changes with only slight variations in the structure 
of dendrons, which suggested their interesting    –    and potentially impor-
tant    –    optical tunability. Gorman  et al.  reported the synthesis and characteriza-
tion of iron – sulfur [Fe 4 S 4 ] cluster - cored dendrimers  [35, 36] . Here, it was 
recognized that the iron – sulfur cluster employed as the core unit in these den-
drimers displayed redox potentials that were very sensitive to environments 
such as the generation of dendrons and the solvent media. Dendrimers based 
on  polyhedral oligomeric silsesquioxane  ( POSS ) cores were also prepared, and 
provided an increased selectivity in hydroformylation reactions due to a positive 
dendrimer effect  [37] . 

 Nanoparticle - cored dendrimers represent an organic – inorganic hybrid nanos-
tructure with a nanoparticle core and well - defi ned dendritic wedges (Figure  24.1 ) 
 [38 – 58] . The preparation of nanoparticle - cored dendrimers represents an impor-
tant advance in the control and preparation of new organized nanostructures. 
Dendritic scaffolds offer an enhanced stability and well - defi ned property to the 
materials, and can provide some segregation of external groups and internal nano-
particle core. While the external functionality mainly controls the overall solubility 
and reactivity of  nanoparticle - cored dendrimer s ( NCD s), internal functionality 
provides a completely different environment for the nanoparticle core from that 
of the bulk solution and the exterior. Another important structural feature of NCDs 

     Figure 24.1     General structure of  nanoparticle - cored dendrimer s ( NCD s).  



is the large void spaces present inside; these may act as guest cavities and also 
function as  “ reaction vessels ”  for catalytic reactions.   

 In this chapter we present a concise review of synthetic strategies for nanopar-
ticle - cored dendrimers, along with their properties and applications. The most 
popular synthetic approach    –    the  direct method     –    uses a modifi ed Schiffrin reaction 
with dendrons containing thiols or disulfi des  [38 – 49] . In contrast, the  indirect 
method  involves two - step reactions, namely the synthesis of monolayer - stabilized 
nanoparticles followed by the ligand - place exchange of thiolated dendrons  [47, 
50 – 54] . A third synthetic strategy is also described, in which single or multistep 
organic reactions are employed to build dendritic architectures around a monol-
ayer - protected metal nanoparticle  [55 – 58] . Finally, the synthesis of nanoparticle -
 cored hyperbranched polymers is introduced as the convenient alternate for 
nanoparticle - cored dendrimers. In this approach, well - defi ned hyperbranched 
polymers are grafted onto a nanoparticle by self - organization  [59 – 61] . The chemi-
cal and physical properties, and also the technological applications, of nanoparti-
cle - cored dendrimers and hyperbranched polymers are described with regards to 
the synthetic methods for these nanostructures.  

  24.2 
 Synthesis of Nanoparticle - Cored Dendrimers via the Direct Method, and their 
Properties and Application 

 When, in 1994, Schiffrin  et al.  reported the convenient two - phase synthesis of 
isolable and soluble alkanethiolate - protected gold nanoparticles, this had a major 
impact on nanoparticle research and development  [1] . In this reaction,   AuCl4

−  was 
transferred to toluene, using tetraoctylammonium bromide as the phase - transfer 
reagent. The addition of alkanethiol to organic - phase   AuCl4

− , followed by reduc-
tion with NaBH 4 , generated alkanethiolate - protected gold nanoparticles. The fi rst 
examples of nanoparticle - cored dendrimers were synthesized using a modifi ed, 
two - phase Schiffrin protocol (Scheme  24.1 ).   

 Shultz, Linderman, Feldheim, and their coworkers reported that the alkene -
 terminated tripodal ligand ( 1 ; Figure  24.2 ), which contained a branched structure 
with a single thiolate group on one end and three alkene - terminated hydrocarbon 
chains on the other end, could be used for the stabilization of gold nanoparticles 
that were approximately 5   nm in diameter  [38] . The alkene - terminated tripodal 
ligand was used in order to maximize polymeric crosslinking, which led to the 
formation of structurally rigid hollow capsules following removal of the gold nano-
particle. The dimensions of the capsules ( ∼ 10    ±    2.5   nm) agreed well with the 
diameter expected based on the size of the template gold nanoparticle and 
the length of the alkylthiol spacer. Crosslinking was carried out by olefi n metath-
esis of the thiol - derivatized nanoparticles using a catalytic quantity of Grubbs cata-
lyst  [62] .   

 Similarly, poly(oxymethyl) dendrons with a single thiol group ( 2 ; Figure  24.2 ) at 
the focal point were used as the stabilizer, and produced dendron - stabilized gold 
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nanoparticles  [39] . This approach afforded highly stable gold nanoparticles with 
average diameters of 2.4 to 3.1   nm. Generation - one [G - 1], two [G - 2], and three [G - 3] 
dendron - stabilized gold nanoparticles were highly stable, both in solution and in 
the solid state. These NCDs remained unchanged after standing overnight at 
elevated temperatures (at 50    ° C in solution, and at 160    ° C in the solid state). The 
high stability of NCDs protected by dendrons with a thiol group was a clear 
improvement over that of dendrimer - encapsulated nanoparticles. The core size 
and size distribution of the nanoparticle - cored dendrimers, when examined with 
 high - resolution transmission electron microscopy  ( HR - TEM ), were not signifi -
cantly affected by the use of different molar ratios of dendrons/HAuCl 4  in this 
study  [39] . 

 Torigoe  et al.  also used  poly(oxymethylphenylene) dendron s ( PPD s) ( 3 ; Figure 
 24.2 ) of generations 1 – 4 functionalized with a thiol group at the focal point as 
capping ligands for gold nanoparticle - cored dendrimers  [40] . The average particle 
size was 1.5 and 1.4   nm for [G - 1] and [G - 2], respectively with a relatively small 
standard deviation. The particle size was increased for higher - generation dendrons 
(2.2   nm for [G - 3] and 3.8   nm for [G - 4]), with a much broader size distribution. The 
spontaneous formation of  one - dimensional  ( 1 - D ) arrays of [G - 1] and [G - 2] NCDs 
was observed over a larger area. This suggested that the dendron ligands had a 
strong tendency to crystallize due to an intermolecular  π  –  π  stacking interaction of 
thiol - terminated PPDs, as in the case of the pyridine derivative system in which 
 two - dimensional  ( 2 - D ) superlattices have been observed  [63] . The formation of 1 - D 
arrays over a larger area would provide more elaborate nanoelectronic systems. 

 The systematic characterization of stable gold nanoparticle - cored dendrimers 
with different generations ([G - 1] to [G - 5]) prepared by the Schiffrin reaction using 
polyaryl ether dendritic disulfi de as a capping reagent, was reported by Whitesell 
and Fox in 2003 ( 4 ; Figure  24.2 )  [41] . Results obtained with  transmission electron 
microscopy  ( TEM ) suggested that the nanoparticle core of NCDs exhibited a rela-
tively high polydispersity. The average core sizes were increased from [G - 1] NCDs 
to [G - 4] NCDs, and then showed a decrease as the dendron wedge sizes increased 
to [G - 5]. The structure and composition of NCDs were more carefully studied 

     Scheme 24.1     Synthesis and structure of nanoparticle - cored 
dendrimers (NCDs), where Gn represents a dendritic wedge 
of variable generation number.  Reproduced with permission 
from Ref. [41];  ©  2003, The American Chemical Society.   



using  ultraviolet  ( UV ),  Fourier transform infrared  ( FT - IR ) and  nuclear magnetic 
resonance  ( NMR ) spectrosocopies in this study. The surface plasmon bands 
( ∼ 520   nm) of these NCDs were similar to those for arenethiolate - protected clusters 
reported elsewhere  [1, 3] . The IR spectra of NCDs and their dendritic disulfi de 
precursors were almost identical. In the  1 H NMR spectra, the peaks appeared very 
similar for dendrons and NCDs, except for broadened peaks in the bases. The 

     Figure 24.2     Dendron thiols and disulfi des used for the 
synthesis of nanoparticle - cored dendrimers.  
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number of dendron units on a nanoparticle core, which was obtained via TEM 
and  thermogravimetric analysis  ( TGA ), decreased with the increased generation 
of the dendrons, with values falling from 2.18   nm  − 2  for [G - 2] NCDs to 0.27   nm  − 2  
for [G - 5] NCDs. Therefore, for the higher - generation NCDs a large fraction of the 
surface area of the metal nanoparticle was not passivated and thus available for 
the catalytic reaction. Based on these characteristics, transition metal - based NCDs 
were recognized as being good catalysts for many organic reactions. 

 Whitesell and Fox prepared [G - 3] Pd NCDs (as shown in Scheme  24.2 ) and 
investigated their catalytic properties  [42] . A combination of data acquired using 
TEM and TGA showed that, for the Pd NCDs, more than 90% of the nanoparticle 
surface was unpassivated. If most of the unpassivated surface atoms were to be 
available for catalysis, and the required reagents could penetrate the dendritic 
exterior to reach the metal surface, then these NCDs might serve as excellent cata-
lysts for many organic reactions. The Heck and Suzuki reactions (Scheme  24.3 ), 
both of which are normally carried out on Pd - phosphine catalysts, were tested on 
these Pd NCDs. The  turnover number  ( TON ; calculated as moles of product per 
mole catalyst) and  turnover frequency  ( TOF ; calculated as moles of product per 
mole catalyst per hour) for both the Heck and Suzuki reactions were very high. 
In addition, the absence of any side product other than the starting compound, 
products, and solvent for both reactions indicated the high effi ciency of Pd NCDs 
as a new catalytic system.   

 Whitesell and Fox also reported the synthesis of NCDs stabilized by polyaryl 
ether dendrons with ester groups on the periphery, using the Schiffrin reaction 
 [43] . The ester - terminated NCDs were converted to the corresponding carboxylate -
 functionalized NCDs by treatment with sodium hydroxide (Scheme  24.4 ). The 
sodium salts of carboxylate - terminated NCDs were soluble in water and exhibited 
micelle - like properties in solution; this was an important point because dendritic 
micelles can be used as catalysts in water and as drug - delivery agents. The micellar 
properties of NCDs were probed by the spectral shifts of dye molecules (Figure 

     Scheme 24.2     Synthesis of Pd - G - 3 NCDs.  Reproduced with 
permission from Ref. [42];  ©  2003, The American Chemical 
Society.   



 24.3 ). In aqueous solution,  pinacyanol chloride  ( PC ) showed absorption bands at 
549 and 601   nm, but these were red - shifted to 564 and 610   nm, respectively, in 
NCD micelles. Such a result suggested that NCDs could act as micellar hosts and, 
potentially, also as water - soluble catalysts.   

 Chechik, Smith, and coworkers reported the synthesis of  l  - lysine based den-
dron - stabilized gold nanoparticles using the modifi ed one - phase Schiffrin reaction 
( 5 ; Figure  24.2 )  [44] . The size of the nanoparticle core was found to decrease with 
increasing dendron generation, a fi nding which contrasted with data reported for 
other NCD systems  [39, 41, 45] . These differences suggested that the structure and 

     Scheme 24.3     Heck reaction (top) and Suzuki reaction 
(bottom) with Pd - G - 3 NCDs. TON   =   turnover number; 
TOF   =   turnover frequency.  Reproduced with permission from 
Ref. [42];  ©  2003, The American Chemical Society.   

     Scheme 24.4     Basic hydrolysis of ester - terminated NCDs to 
produce unimolecular micelles.  Reproduced with permission 
from Ref. [43];  ©  2003, The American Chemical Society.   
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functionality of the dendron ligands must play an important role in determining 
the characteristics of the gold core. Such a size relationship could be explained in 
terms of steric effects, as the much more bulky higher - generation dendritic system 
would be expected to pack more effi ciently around a small core, thus favoring a 
smaller particle size. The thermal stability of the NCDs in solution was governed 
by the extent of branching in the surrounding dendron ligands. A different order 
of thermal ripening was observed at 120    ° C, which increased in size in the order 
[G - 1]    >    [G - 2]    >    [G - 3]. 

 Astruc and colleagues synthesized redox - active NCDs using the Schiffrin reac-
tion from a 1:1 mixture of dodecanethiol and nonaferrocenyl thiol dendrons 
(Scheme  24.5 )  [46, 47] . However, this approach resulted in NCDs without any open 
catalytic sites on the nanoparticle core. Smaller dodecanethiols could be coassem-
bled on the nanoparticle surface, so that the integrity and solubility of NCDs was 
suitable for their applications in the electrochemical sensing of anions. The gold 
nanoparticle core was seen to be surrounded by  ∼ 360 silylferrocenyl units, such 
that the general structure of these NCDs closely resembled that of large metal-
lodendrimers. These redox - active NCDs were capable of selectively recognizing 
  H PO2 4

−  anions and adenosine - 5 ′  - triphosphate (ATP 2 −  ) with a positive dendritic 
effect, even in the presence of other anions such as Cl  −   and   HSO4

− . The titration 
of NCDs using anions resulted in a shift of the  cyclic voltammetry  ( CV ) wave to 
a less positive potential. The nonaferrocenyl thiol dendron - functionalized nano-
particles could be deposited on the Pt electrode by dipping it into the NCD solu-
tion. This modifi ed electrode was quite robust and was capable of recognizing 
different anions. Moreover, the salt of these anions could be easily removed simply 

     Figure 24.3     Absorption spectra of pinacyanol chloride 
(1    ×    10  − 5    M) in water (PC) and in aqueous solutions of 
(a) Au - G1(CO 2 Na), (b) Au - G2(CO 2 Na), (c) Au - G3(CO2Na), 
and (d) Au - G4(CO2Na). [Au - G n (CO 2 Na)] were  ∼ 0.1   mg   ml  − 1  
water.  Reproduced with permission from Ref. [43];  ©  2003, 
The American Chemical Society.   



     Scheme 24.5     Direct synthesis of NCDs containing the 
nonaferrocenyl thiol dendron.  Reproduced with permission 
from Ref. [47];  ©  2003, The American Chemical Society.   
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by dipping the electrode in CH 2 Cl 2 , the consequence being that the electrode could 
be re - used many times.   

 Phenothiazine - terminated NCDs were prepared by Fujihara and coworkers 
using the two - phase Schiffrin reaction ( 6 ; Figure  24.2 )  [48] . The gold nanoparticles 
with a higher - generation dendron bearing a long chain alkanethiol at the focal 
point had a smaller core size with a narrow size distribution. These NCDs under-
went the spontaneous formation of 1 - D arrays (Figure  24.4 ), and exhibited an 
interesting one - electron transfer behavior. The intermolecular  π  –  π  stacking inter-
action of the thiol - terminated phenothiazine is believed to be the driving force for 
this self - organization. The 1 - D assembly of redox - NCDs not only provides a good 
model to study the size - dependent electronic and optical properties of metal nano-
particles, but may also play an important future role in nanoelectronics.   

 Dendrons with another focal group that is capable of metal complexation were 
reported by Zheng  et al.   [45] . The Oct 4 N +  - AuCl 4  in toluene was reduced by NaBH 4  
in the presence of 4 - pyridone - functionalized dendrons ( 7 ; Figure  24.5 ) as a capping 
reagent, and this resulted in stable, gold nanoparticle - cored dendrimers. There is 
no known example of monolayer formations of pyridone derivatives on bulk gold 
surfaces due to the chemical instability of such monolayers. Therefore, these 
results suggests that the high surface curvature of the gold nanoparticles can 
support the high - density packing of the capping ligands, which have only weak 
metal surface - binding properties. An examination using TEM highlighted the 
correlation between the particle size and the generation of dendrons, with higher -
 generation dendrons producing larger particles ([G - 1], [G - 2], [G - 3]   =   2.0, 3.3, 
5.1   nm, respectively). However, the [G - 3] NCDs were less stable than [G - 1] and 
[G - 2] NCDs, because the larger dendrons led to an increased open space between 
the ligands. The resultant weaker force between the dendrons and the particle 
caused a more rapid particle agglomeration of [G - 3] NCDs.   

     Figure 24.4     Transmission electron microscopy image of 
one - dimensional arrays of phenothiazine - terminated NCDs. 
 Reproduced with permission from Ref. [48];  ©  2006, The 
Royal Society of Chemistry.   



 Dendrons with an ester focal point were also used for the synthesis of polyaryl 
dendron - protected Pd nanoparticles ( 8 ; Figure  24.5 )  [49] . Briefl y, H 2 PdCl 4  was 
phase - transferred into the organic phase using tetraoctylammonium bromide. The 
dendrons were then added to the reaction mixture before addition of N 2 H 4  as 
reducing agent. The resultant mixture was stirred under dry argon for an addi-
tional 24   h at room temperature. The Pd nanoparticle - cored dendrimers formed 
had mostly a spherical shape, and an average core size which ranged from  ∼ 10 to 
 ∼ 70   nm. The Pd core size was seen to increases with the decreasing molar ratio 
of dendrons to metal ions.  

  24.3 
 Synthesis of Nanoparticle - Cored Dendrimers by Ligand Exchange Reaction, and 
their Properties and Applications 

 Nanoparticles with protecting monolayers composed of thiolate ligands can be 
functionalized by a partial ligand - replacement  [1] . In this exchange reaction, the 
incoming ligands replace the thiolate ligands on nanoparticles by an associative 
reaction, while the displaced thiolate becomes a thiol. Ligand - exchange reactions 
of dodecanethiolate - protected gold nanoparticles with triferrocenyl thiol dendrons 
in dichloromethane were fi rst reported by Astruc  et al.  (Scheme  24.6 )  [46, 47] . 
Although an excess of functional thiol dendrons was used, the percentages of 
dendron thiols introduced as ligands in dodecanethiolate - protected gold nanopar-
ticles were less than 5% of the overall ligands. The limit of the ligand - exchange 
reaction was even greater with larger dendrons. Attempts to synthesize NCDs with 
nonaferrocenyl thiol dendrons resulted in the incorporation of very small amounts 
of dendrons (less than one per nanoparticle). As the rate of ligand - exchange 

     Figure 24.5     Structure of dendrons with other functional 
groups used for the synthesis of nanoparticle - cored 
dendrimers.  
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between thiols is dependent on the chain length and/or steric bulk of the initial 
monolayers on nanoparticles, the bulky or very small incoming ligands are diffi cult 
to replace the original ligands on the nanoparticle surface due to either kinetic 
(e.g., steric hindrance) or thermodynamic effects, respectively. Thus, the main 
short - coming of the ligand - exchange reaction, when using larger dendrons, was 
in fact quite consistent with previous results on ligand - place exchange reactions 
of alkanethiolate - protected nanoparticles  [1, 3] . In contrast, the exchange between 
ligands having different functional groups was much more effi cient.   

 Peng  et al.  synthesized hydrophilic NCDs by the ligand - exchange of citrate -
 capped gold nanoparticles using hydroxy - functionalized dendron thiols ( 9 ; Figure 
 24.6 )  [50] . The citrate reduction of HAuCl 4  in water led to citrate - capped gold 
nanoparticles with core sizes that ranged from 10 to 150   nm  [3] . Such nanoparticles 

     Scheme 24.6     Synthesis of NCDs using the thiol - ligand 
exchange reaction.  Reproduced with permission from Ref. 
[47];  ©  2003, The American Chemical Society.   



are typically useful when a rather loose shell of ligands is required around the gold 
core for ligand - exchange  [64] . Peng also performed ligand - exchange reactions of 
 trioctylphosphine oxide  ( TOPO ) - capped CdSe nanoparticles with hydroxy - func-
tionalized dendron thiols (Scheme  24.7 )  [50, 51] . Dendron thiols can rather easily 
replace the loosely bound TOPO groups, which have a weak binding property with 
CdSe nanoparticles. The chemistry related to CdSe NCDs can be applied for devel-
oping photoluminescence - based labeling reagents for biomedical applications. 
The photochemical, thermal, and chemical stability of both CdSe and Au NCDs 
was exceptionally good compared to that of the corresponding alkanethiolate -

     Figure 24.6     Structure of hydroxy - functionalized dendrons 
used for the synthesis of nanoparticle - cored dendrimers.  

     Scheme 24.7     Schematic process for converting hydrophobic 
semiconductor nanoparticles into hydrophilic and chemically 
processable NCDs.  Reproduced with permission from Ref. 
[50];  ©  2002, The American Chemical Society.   
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 protected nanoparticles. The stability of CdSe NCDs could be further enhanced by 
a global crosslinking of the dendron ligands around a nanoparticle core  [51] . Such 
crosslinking of alkene - terminated CdSe NCDs was achieved via ring - closing 
metathesis, and led to each nanoparticle being sealed in a dendron box. Another 
strategy    –      dendrimer bridging      –    was also reported by Peng for the simultaneous for-
mation and functionalization of a biocompatible and bioaccessible dendron box 
with a semiconductor nanoparticle core  [52]  (Scheme  24.8 ). The dendrimer bridg-
ing involved an activation of the hydroxyl terminal groups of CdSe NCDs with a 
homobifunctional crosslinker,  N,N  - disuccinimidyl carbonate, followed by a 
crosslinking reaction with [G - 2]  polyamidoamine  ( PAMAM ) dendrimers. 
The resulting amine box nanoparticles were very stable chemically, thermally, 
and photochemically. In addition, the amine groups on the surface of the box 
nanoparticles provided reactive sites for the conjugation of biological entities. 

     Scheme 24.8     Synthesis of amine - functionalized box 
nanoparticles.  Reproduced with permission from Ref. [51]; 
 ©  2003, The American Chemical Society.   



     Figure 24.7     Simanek (melamine) - type dendron - coated iron oxide nanoparticles.  

Bioconjugation and biodetection using box nanoparticles were each successfully 
demonstrated with the avidin – biotin system  [52] .   

 Liu and Peng reported the synthesis of highly luminescent water - soluble CdSe/
CdS core – shell NCDs by ligand - exchange reactions  [53] . A dendron ligand with 
eight hydroxyl terminal groups and two carboxylate anchoring groups was found 
to replace alkylamine ligands on CdSe/CdS nanoparticles in toluene, and to 
convert the particles to water - soluble NCDs ( 10 ; Figure  24.6 ). The resultant water -
 soluble NCDs retained 60% of the photoluminescence value of the alkylamine -
 protected CdSe/CdS core – shell nanoparticles in toluene. Compared to the dendron 
thiol - protected NCDs, the photoluminescence value of these NCDs was much 
higher (about sixfold). Moreover, the UV - brightened photoluminescence could be 
retained for several months. 

 Dendron (with a shell of Simanek) - fuctionalized superparamagnetic (iron oxide) 
nanoparticles were prepared by Gao  et al.  using ligand - exchange methods (Figure 
 24.7 )  [54] . The resulting Fe 2 O 3  NCDs exhibited a switchable solubility in a variety 
of solvents, depending on the terminal groups of the dendritic shells, and were 
examined as soluble matrices for supporting magnetically recoverable homogene-
ous Pd catalysts for Suzuki crosscoupling reactions in organic solvents. For this, 
Gao immobilized a Pd - triphenyl phosphine moiety to the termini of dendron -
 protected iron oxide nanoparticles for catalysis. The Fe 2 O 3  NCDs were also inves-
tigated as potential contrast agents for  magnetic resonance imaging  ( MRI ) in 
aqueous media.    
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  24.4 
 Synthesis of Nanoparticle - Cored Dendrimers by Dendritic Functionalization, and 
their Properties and Applications 

 The direct synthesis of NCDs was somewhat problematic because it required a 
large excess of dendronized thiols or disulfi des, especially for the synthesis of 
NCDs with a small and monodispersed nanoparticle core  [39 – 41] . The direct 
method also provided little control over the nanoparticle core dimension. NCDs 
with different core size were produced, when dendrons with different sizes (or 
generations) were used. In addition, the NCDs synthesized by the direct method 
often contained small amounts of trapped tetraoctylammonium bromide that 
could not be removed completely, even by repeated extraction with solvent. The 
indirect method using the ligand - exchange reaction was also somewhat limited 
considering a low exchange rate, especially for the synthesis of metal nanoparticle -
 cored dendrimers, as described in Section  24.3 . A more convenient and cost - effi -
cient synthetic methodology for the synthesis of NCDs with controlled particle 
core sizes, generations, and dendritic wedge density has been considered highly 
desirable for the basic understanding of structure – property relationships of these 
nanostructures. 

 The present authors ’  approach is based on a strategy in which the synthesis of 
monolayer - protected nanoparticles is followed by building the dendrimer architec-
ture on the nanoparticle surface, using either the convergent or divergent approach 
(Scheme  24.9 ). A convergent synthesis of NCDs ( 11 ) can be accomplished by the 
coupling of reactive nanoparticles with functionalized dendrons. As the reaction 
only takes place at the functional groups on the surface of nanoparticles, this 
approach eliminates the need for a large excess of functionalized dendrons, and 
also maintains an intact core size for the synthesis of NCDs with different interior 
layers (generations) and dendritic wedge densities. The divergent approach 

     Scheme 24.9     General reaction schemes for the synthesis of 
nanoparticle - cored dendrimers by ( 11 ) convergent and ( 12 ) 
divergent approaches.  



involves an iterative sequence of reaction steps, which lead to the addition of a 
branch (or branches) to the  monolayer - protected cluster  ( MPC ) framework ( 12 ).   

  24.4.1 
 Nanoparticle - Cored Dendrimers by the Convergent Approach 

 The convergent synthesis of NCDs (Scheme  24.10 ) was accomplished by the ester 
coupling reaction of 11 - mercaptoundecanoic acid - functionalized gold nanoparti-
cles with hydroxy - functionalized  “ Fr é chet - type ”  dendrons ([G - 1] - OH, [G2] - OH, and 
[G - 3] - OH) in the presence of ester coupling reagents ( 1,3 - dicycohexylcarbodiimide  
[ DCC ] and  4 - dimethylaminopyridine  [ DMAP ])  [56 – 58] . This synthetic approach 
provided an access to functionalized NCDs, which contain multiple reactive 
(COOH) functional groups inside dendritic wedges, even after the coupling of 
dendrons. These unreacted COOH groups resulted from the steric repulsion of 
dendrons during the synthesis of NCDs. The appearance of a new band at  ∼ 1735   cm  − 1  
in FT - IR spectroscopy after the reaction indicated a formation of ester bonds due 
to a successful coupling reaction between 11 - mercaptoundecanoic acids and [G - n] -
 OH. The  1 H NMR results showed the same peak - broadening effect, as do monolay-
ers of alkanethiolate - protected nanoparticles generated from alkanethiols. This 
peak - broadening effect also confi rmed that [G - n] - OH was reacted with 11 - mercap-
toundecanoic acid - functionalized gold nanoparticles and bonded onto the surface 
of nanoparticles. The increased organic fractions were also observed by TGA.   

 The dendritic encapsulation of a functional molecule provides a site isolation, 
which mimics principles from biomaterials because dendritic scaffolds can provide 
the segregation of external and internal functionality. The incorporation of elec-
troactive compounds onto the surfaces of nanoparticles in dendritic architecture 
should provide an opportunity to tune their electrochemical properties. The incor-
poration of redox - active groups in NCDs was achieved by a simple coupling reac-
tion of ferrocene methanol with the remaining COOH groups inside dendritic 
wedges of NCDs ([G - 2] conv  NCDs), as shown in Scheme  24.11   [56, 58] . After an 
ester coupling reaction between [G - 2] conv  NCDs and ferrocene methanol, the IR 
spectrum of the NCD - encapsulated ferrocene (Fc@NCDs) showed an increase in 
the intensity of a band at 1735   cm  − 1  (ester), in addition to the strong band around 
1450   cm  − 1  which indicated the presence of cyclopentadienyl groups. The NMR 
spectrum of Fc@NCDs showed additional broad bands at  ∼ 4.10   ppm, which was 
corresponding to the signals from cyclopentadienyl groups. Cyclic voltammetry 
was employed to compare electrochemical behaviors of ferrocene methanol and 
Fc@NCDs. Both, ferrocene methanol and Fc@NCDs exhibited well - defi ned vol-
tammetric peaks corresponding to ferrocenyl groups. From the voltammogram of 
ferrocene methanol, it could be seen that there was a pair of voltammetric waves 
with a peak splitting of 233   mV at 100   mV   s  − 1 , indicating a quasi - reversible electron -
 transfer processes. Interestingly, the peak splitting was found to be 112   mV at 
100   mV   s  − 1  for Fc@NCDs, which was only half of that for the ferrocene methanol; 
this was most likely due to either multielectron transfer or to the adsorption of 
particles onto the electrode.    
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     Scheme 24.10     Synthesis of [G - n] conv  NCDs by an ester coupling reaction.  



  24.4.2 
 Nanoparticle - Cored Dendrimers by the Divergent Approach 

 The NCDs ( 6 ) were grown in a stepwise manner from a central nanoparticle involv-
ing the amide coupling reaction with 1,2 - diaminoethane (NH 2 CH 2 CH 2 NH 2 ) in the 
presence of DCC and the Michael addition reaction with methyl acrylate (CH 2 CH-
CO 2 CH 3 )  [11] . The repetition of the two reactions in the divergent approach was 
attempted for the synthesis of higher - generation NCDs (Scheme  24.12 )  [55, 57] . 
The IR spectra of  11 - mercaptoundecanoic acid  ( MUA ) MPCs showed a strong 
carbonyl (C = O) stretching band at  ∼ 1710   cm  − 1 , the disappearance of which and the 
appearance of a new band at  ∼ 1650   cm  − 1 , after completion of the fi rst reaction, 
indicated the formation of amide bonds. This was evidence of the successful cou-
pling reaction between the COOH groups and 1,2 - diaminoethane. The excess 
(10/1   =   [1,2 - diaminoethane]/[COOH of MUA MPCs]) of 1,2 - diaminoethane was 
used to prevent the intermolecular crosslinking of COOH groups on the clusters. 
These amine - functionalized MPCs ([G - 0.5] div  NCDs) were reacted with excess 
methyl acrylate, such that the conjugate addition of the amine moiety occurred in 
 “ cascade ”  form (2:1 molar ratio of methyl acrylate to amine functional group) to 
generate [G - 1] div  NCDs with terminal ester groups. The appearance of an ester 
band at  ∼ 1730   cm  − 1  was a clear indication of the successful addition reaction. The 
amide bands at  ∼ 1650   cm  − 1  indicated the presence of internal amide groups. Fol-
lowing the amide coupling reaction of [G - 1] div  NCDs with 1,2 - diaminoethane, the 
disappearance of the ester band at 1730   cm  − 1  was clearly observed, indicating the 

     Scheme 24.11     Incorporation of a ferrocene moiety in NCDs.  
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     Scheme 24.12     Synthesis of [G - 1] div  NCDs and [G - 2] div  NCDs.  

formation of amine - functionalized [G - 1.5] div  NCDs. The reaction was again fol-
lowed by the Michael addition reaction of [G - 1.5] div  NCDs; this resulted in the 
reappearance of ester bands in the IR spectra of [G - 2] div  NCDs. However, the rela-
tively low intensity of this band suggested that the reaction had not been com-
pleted. Further iterative reactions of [G - 2] div  NCDs were no longer effective and 
did not involve incorporation of methyl acrylate, as evidenced by an absence of 
ester bands in the IR spectra of [G - 2] div  NCDs. A TEM image of the [G - 1] NCDs 
showed the presence of slightly fused domains upon evaporation of the solvent. 
Additional TEM images of higher - generation NCDs prepared by the divergent 
approach showed that the multistep reactions of NCDs had resulted in the forma-
tion of large aggregates. Such aggregate formation prevented or minimized 
any further dendritic branching reactions for the higher - generation NCDs. This 
aggregation behavior of  “ Tomalia - type ”  NCDs during the iterative reactions 
probably resulted from the presence of strong inter - cluster hydrogen - bonding 
interactions.     
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  24.5 
 Synthesis of Nanoparticle - Cored Hyperbranched Polymers by 
Grafting on Nanoparticles 

 Further studies regarding the synthesis and characterization of NCDs are impor-
tant for a fundamental understanding of nanostructures, and could also generate 
interesting technological applications in areas such as catalysis and sensing. 
However, one weakness of investigations involving NCDs is that multiple reaction 
steps and purifi cation processes must be included in the synthesis of functional-
ized dendrons. As hyperbranched polymers may have properties and structures 
which are quite similar to those of dendrimers (even though the synthetic proce-
dure requires only a direct, one - pot grafting reaction), the substitution of dendron -
 capping ligands with hyperbranched polymer ligands would defi nitely benefi t 
in realizing some of the proposed technological applications in the real world, 
and the commercialization of these nanostructures. Some examples of grafting 
hyperbranched polymers on either silica or zinc oxide nanoparticle surfaces have 
recently been reported  [59 – 61] . 

 The fi rst example of  nanoparticle - cored hyperbranched polymer s ( NCHP s) was 
prepared by self - condensing vinyl polymerization via  atom transfer radical polym-
erization  ( ATRP ) from OH - functionalized silica nanoparticle surfaces (Scheme 
 24.13 )  [59] . For polymerization, the ATRP initiators were covalently attached to the 

     Scheme 24.13     Synthesis of nanoparticle - cored hyperbranched 
polymers by self - condensing vinyl polymerization via atom 
transfer radical polymerization.  
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surface of silica nanoparticles. Well - defi ned hyperbranched polymer chains with 
multifunctional bromoester end groups were confi rmed by  gel permeation chro-
matography  ( GPC ), GPC/viscosity, and NMR. These NCHPs can be designed to 
have a fairly open structure, allowing the functional materials (such as metal ions) 
to penetrate the ligands more easily than in conventional linear polymer layers. 
Therefore, a well - controlled synthesis for these NCHPs might lead to the creation 
of novel core – shell hybrids that are controllable on the nanoscopic scale, and have 
chemically sensitive interfaces.   

 A similar ATRP reaction involving a surface - initiated self - condensing vinyl 
polymerization of  p  - chloromethyl styrene was used for the preparation of NCHP 
from NH 2  - functionalized silica nanoparticles  [60] . The surface Br atom of the 
NCHP could initiate another surface - initiated ATRP of methyl methacrylate and 
produce a dendritic - graft copolymer grafted onto silica nanoparticles. The same 
strategy was applied for the synthesis of ZnO nanoparticle - cored hyperbranched 
polymers with multifunctional chlorobenzyl functional end groups  [61] .  

  24.6 
 Conclusions and Outlook 

 Nanoparticle - cored dendrimers or hyperbranched polymers can be prepared using 
four different synthetic strategies: (i) a direct method, using a modifi ed Schiffrin 
reaction; (ii) an indirect method, involving a ligand - place exchange reaction; (iii) 
the dendritic functionalization of nanoparticles; and (iv) the surface grafting of a 
hyperbranched polymer. The direct method is especially useful for the synthesis 
of nanoparticle - cored dendrimers with a large fraction of unpassivated metal nano-
particle surface, which is ideal for catalytic reaction. The indirect method, using a 
ligand - place exchange reaction, is ideal for the loading of functionalized dendrons 
on the surface of nanoparticle core. Dendritic functionalization is most versatile in 
terms of controlling the structure and composition of nanoparticle - cored dendrim-
ers, while surface grafting of hyperbranched polymers might be the most conven-
ient method as it can eliminate the multistep organic reactions involved in the 
synthesis of dendrons. Today, the synthetic procedures developed for nanoparticle -
 cored dendrimer preparation permits near - complete control over the critical molec-
ular design parameters, such as core size, dendron wedge density, surface/interior 
chemistry, fl exibility/rigidity, and solubility/micelle - like properties. The availability 
of effective methods to prepare distinct nanoparticle - cored dendrimers and hyper-
branched polymers will allow investigators to exploit these materials in a variety of 
ways, including dendritic catalysis, energy storage, sensors, and drug delivery.  
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   25.1 
 Introduction 

 This chapter begins with some basic defi nitions, followed by a review of the early 
studies conducted by Ashby and von Foerster. Some actual systems recognized as 
exemplars of self - assembly are then examined, after which self - assembly as a valid 
approach to nanofacture is considered; in this context it is usually known as 
 “ bottom - up ”  manufacture. There follow some brief notes on useful ideas for 
understanding the self - assembly processes. The aim is not to discuss ordering 
related to phase transitions  [1]  (this will be detailed in a forthcoming article), or 
reaction - diffusion systems leading to striation and other regular patterns, nor 
phenomena such as spinodal dewetting  [2]  and other types of segregation (e.g., in 
block copolymers). 

  Assembly  means gathering things together and arranging them (fi tting them 
together) to produce an organized structure. A boy assembling a mechanism from 
 “ Meccano ”  captures the meaning, as does an assembly line where the workers and 
machines progressively build a complicated product such as a motor - car from 
simpler components; or when an editor assembles a newspaper from copy pro-
vided by journalists. In all of these examples the component parts are subject to 
constraints    –    otherwise they would not fi t together    –    and their entropy  S  must nec-
essarily decrease. Since the free energy  Δ  G    =    Δ  H     −     T  Δ  S  must then necessarily 
increase, in general the process will not, by itself, happen spontaneously. On the 
contrary, a segregated arrangement will tend to become homogeneous. Hence, in 
order for self - assembly to become a reality, something else must be included. 
Typically, enthalpy  H  is lost through the formation of connections (bonds) between 
the parts, and provided that | Δ  H | exceeds | T  Δ  S | there is at least the possibility that 
the process can occur spontaneously    –    which is presumably what is meant by  “ self -
 assembly. ”  The fi nal result is generally considered to be in some sort of 
equilibrium. 

 As  entropy  is always multiplied by the temperature  T  in order to compute the 
free energy, it should be noted that the relevant temperature is not necessarily 
what is measured with a thermometer. Rather, only the (typically small number 
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of) relevant degrees of freedom should be taken into account; the temperature is 
the mean energy per degree of freedom. 

 If slightly sticky granules are thrown into a rotating drum, or stirred in a mixing 
bowl, they will all eventually clump together to form a  “ random ”  structure (e.g., 
Figure  25.1 a), but one which is evidently less random than the initial collection of 
freely fl owing granules. An alternative example might be the dry ingredients of 
concrete (sand and cement) when thrown into a  “ cement mixer, ”  to which a small 
amount of water is added. Indeed the entropy is lowered, but each time the experi-
ment is repeated the result will be different in detail. Thus, if the system were 
really ergodic, and if there were suffi cient time to make all the repetitions, the 
ergodicity would only be broken because of insuffi cient time.   

 The goal of an ideal self - assembly process is for the same structure to be formed 
each time the constituent particles are mixed together (Figure  25.1 b), as was 
imagined by von Foerster  [3] . Of course, energy must be put into the system; in 
the  “ purest ”  form of self - assembly, the energy is thermal (random), but it could 
also be provided by an external fi eld (e.g., electric or magnetic). 

 If we are satisfi ed by the constituent particles being merely joined together in a 
statistically uniform fashion and, moreover, the process happens spontaneously, 
then it is more appropriate to speak of  “ self - joining ”  or  “ self - connecting. ”  The 
mixing of concrete referred to above is, at least at fi rst sight, an example of such 
a self - connecting process; more generally, one can refer to  “  gelation . ”  On approach-
ing the phenomenon from a practical viewpoint, it is clear that gelation is almost 
always triggered by a change of external conditions imposed upon the system, 
such as a change of temperature, or dehydration, and the spontaneity implied by 
the prefi x  “ self -  ”  is absent. The only action that can be imposed upon the system 
without violating the meaning of  “ self -  ”  is that of bringing the constituent particles 

     Figure 25.1     (a) The result of mixing isotropically sticky 
cubelets; (b) Putative result of mixing selectively sticky 
cubelets.  
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together. Note that even here we diverge from the everyday meaning of the term 
 “ assembly, ”  which includes the gathering together of people, either spontaneously 
as when a group of people wish to protest against some new measure introduced 
by an authoritarian government, or by decree as in the case of the event with which 
the day is begun in many British schools. 

 If the process in which we are interested is deemed to begin at the instant the 
constituent particles are brought together, then we can place the mixing of con-
crete into the category of self - joining, because we could (although it is not usually 
done in this way) bring the wetted particles of sand and cement together, where-
upon they would indeed spontaneously join together to form a mass. The meaning 
of self - joining (of which self - connecting is a synonym) is then the property pos-
sessed by certain particles of spontaneously linking together with their neighbors 
when they are brought to within a certain separation. One can also imagine there 
being kinetic barriers to joining, which can be overcome given enough time. Note 
that the particles each need more than one valency (unit of combining capacity), 
otherwise dimers would be formed and the process would then stop. A good 
example is when steam condenses to form water. We can suppose that the steam 
is fi rst supercooled, which brings the constituent particles (H 2 O molecules) 
together; the transition to liquid water is actually a fi rst - order phase transition that 
requires an initial nucleus of water to be formed spontaneously.  “ Gelation ”  then 
occurs by the formation of weak hydrogen bonds (a maximum of four per mole-
cule) throughout the system. 

 Strictly speaking, it is not necessary for all the constituent particles to be brought 
together instantaneously, as implied above. Once the particles are primed to be 
able to connect themselves to their neighbors, they can be brought together one 
by one. This is the model of  diffusion - limited aggregation  ( DLA )  [4] . In Nature, 
this is how biopolymers are formed    –    the monomers (e.g., nucleic acids or amino 
acids) are joined sequentially by strong covalent bonds to form a gradually elongat-
ing linear chain. The actual self - assembly into a compact  three - dimensional  ( 3 - D ) 
structure involves additional weak hydrogen bonds between neighbors that may 
be distant according to their positions along the linear chain (see Section  25.3.7 ); 
some of the weak bonds formed early are broken before the fi nal structure is 
reached. 

 In the chemical literature,  “ self - assembly ”  is often used as a synonym of self -
 organization. A recapitulation of the examples already discussed shows, however, 
that the two terms cannot really be considered synonymous. The diffusion - limited 
aggregate is undoubtedly assembled, but can scarcely be considered to be organ-
ized, not least because every repetition of the experiment will lead to a result that 
is different in detail, and only the same when considered statistically.  “ Organized ”  
is an antonym of  “ random ” ; therefore, the entropy of a random arrangement is 
high while that of an organized arrangement is low. It follows that inverse entropy 
may be taken as a measure of the degree of organization, and this notion will be 
further refi ned in the following section. 

 The diffusion - limited aggregate differs from the heap of sand only insofar as 
the constituent particles are connected to each other. An example of organization 
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is shown in Figure  25.1 b. The impossibility of self - organization is proved by 
Ashby, as will be described in Section  25.2.2 . 

 Before discussing self - organization, we must fi rst discuss organization, of which 
self - organization is a part. If the elements in a collection (here we shall not say 
 “ system, ”  because that already implies a degree of organization) are organized to 
some degree, that implies they are in some way connected to each other, which 
can be considered as a kind of communication, and are hence subject to certain 
constraints. In other words, if the state of element B is dependent on the state of 
A to some extent, then we can say that B ’ s state is conditional on that of A. Like-
wise, the relationship between A and B may be conditional on the state of C. 
Whenever there is conditionality, there is  constraint : B is not as free to adopt states 
as it would be in a totally unorganized system  [5] .  

  25.2 
 Theoretical Approaches to Self - Organization 

  25.2.1 
 Thermodynamics of Self - Organization 

 Consider a universe U comprising a system S and its environment E; that is, 
U   =   S    ∪    E (Figure  25.2 ). Self - organization (of S) implies that its entropy spontane-
ously diminishes; that is:  

   δ δS tS < 0.     (25.1)   

 Accepting the Second Law of Thermodynamics, such a spontaneous change can 
only occur if, concomitantly,

   δ δS tE > 0,     (25.2)   

 with some kind of coupling to ensure that the overall change of entropy is greater 
than or equal to zero. If all processes were reversible, the changes could exactly 

     Figure 25.2     Universe U comprising system S and its 
environment E.  
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balance each other, but since (inevitably, we may suppose) some of the processes 
involved will be irreversible, overall

   δ δS tU > 0.     (25.3)   

 Therefore, although the system itself has become more organized, overall it has 
generated more disorganization than the organization created, and it is more 
accurate to call it a  self - disorganizing system   [3] . Hence, the  “ system ”  must properly 
be expanded to include its environment: it is evidently intimately connected with 
it, since without it there could be no organization. Despite its true nature as a 
self - disorganizing system having been revealed, nevertheless we can still speak of 
a self - organizing  part  S of the overall system that consumes order (and presumably 
energy) from its environment. It follows that this environment must necessarily 
have structure itself, otherwise there would be nothing to be usefully assimilated 
by the self - organizing part. 

 The link between entropy (i.e., its inverse) and organization can be made explicit 
with the help of relative entropy  R  (called  redundancy  by Shannon); this is defi ned 
by

   R S S= −1 max,     (25.4)  

where  S  max  is the maximum possible entropy. With this new quantity  R , self -
 organization implies that   δ R /  δ t     >    0. Differentiating Equation  25.4 , we obtain
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 our criterion for self - organization (that  R  must spontaneously increase) is plainly
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 The implications of this inequality can be seen by considering two special 
cases  [3] : 

  1.     The maximum possible entropy  S  max  is constant; therefore d S  max /d t    =   0 and d S /
d t     <    0. Now, the entropy  S  depends on the probability distribution of the 
constituent parts (at least, those that are to be found in certain distinguishable 
states); this distribution can be changed by rearranging the parts, which von 
Foerster supposed could be accomplished by an  “ internal demon ”  (see Ref.  [6]  
for an updated description of James Clerk Maxwell ’ s original invention)  

  2.     The entropy  S  is constant; therefore d S /d t    =   0 and the condition that d S  max /
d t     >    0 must hold; that is, the maximum possible disorder must increase. This 
could be accomplished, for example, by increasing the number of elements, 
but care must be taken to ensure that  S  then indeed remains constant, which 
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probably needs an  “ external ”  demon. Looking again at inequality (Equation 
 25.6 ), we see how the labor is divided among the demons: d S /d t  represents the 
internal demon ’ s efforts, and  S  is the result; d S  max /d t  represents the external 
demon ’ s efforts, and  S  max  is the result. There is therefore an advantage (in the 
sense that labor may be spared) in cooperating. For example, if the internal 
demon has worked hard in the past, the external demon can get away with 
putting in a bit less effort in the present. Yet, one should not underestimate 
the burden placed on the demons    –    particularly the external one    –    which must 
evidently possess an almost divine omnipotence.     

  25.2.2 
 The  “ Goodness ”  of the Organization 

 Examining again Figure  25.1 , it can be asserted that both putative results of 
mixing slightly sticky cubelets together are organized, although most people 
would not hesitate to call the structure in (b) better organized than that in (a). 
Evidently, there is some meaning in the notion of  “ good organization, ”  even 
though it seems diffi cult to formulate an unambiguous defi nition. Can a system 
spontaneously (automatically) change from a bad to a good organization? This 
would be a reasonable interpretation of  “ self - organization, ”  but has been proved 
to be formally impossible  [5] . Consider a device that can be in any one of three 
states, A, B or C, and the device ’ s operation is represented by some transforma-
tion, for example:

   ↓
A B C
B C A

  

 Now suppose that we can provide an input  f  to the device, and that the output is 
determined by the value of  f , for example:

   ↓ A B C
B C A
A A A
A B C

A

B

C

f
f
f

  

 Spontaneous (automatic) operation means that the device is able to autonomously 
select its input. The different possible input values are here represented by a 
subscript indicating the state of the device on which the input now depends. 
However, this places severe constraints on the actual operation, because  f  A (B) (for 
example) is impossible; only  f  A (A),  f  B (B) and  f  C (C) are possible, hence the operation 
necessarily reduces to the simple transform, lacking any autonomy:

   
↓

A B C
B A C

  

 Any change in  f  must therefore come from an external agent.  
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  25.2.3 
 Programmable Self - Assembly 

 The results summarized in the two preceding subsections might well engender a 
certain pessimism regarding the ultimate possibility of realizing true self - assem-
bly. Yet in biology, numerous examples are known (see also Section  25.3.5 ): the 
fi nal stages of assembly of bacteriophage viruses  [7] , of ribosomes  [8] , and of 
microtubules  [9] , which occur not only  in vivo , but which can also be demonstrated 
 in vitro  by simply mixing the components together in a test - tube. As apparent 
examples of what might be called  “ passive ”  self - assembly, in which objects pos-
sessing certain asymmetric arrangements of surface affi nities are randomly mixed 
and expected to produce ordered structures  [3] , they seem to contradict the predic-
tions of Sections  25.2.1  and  25.2.2 . 

 It has long been known that biomolecules are constructions  [10] ; that is, they 
have a small number of macroscopic (relative to atomic vibrations) degrees of 
freedom, and can exist in a small number ( ≥ 2) of stable conformations  [11] . 
Without these properties, the actions of enzymes, active carriers such as hemo-
globin, and the motors that power muscle, for example, are not understandable. 
Switching from one conformation to another is typically triggered by the binding 
or dissociation of a small molecule; for example, the  “ substrate ”  of an enzyme, or 
 adenosine triphosphate  ( ATP )  [12] . The initial collision of two particles is followed 
by a conformational change in one or both of them; for example:

   A B C A B* C A B* C,+ + → − + → − −     (25.7)  

where the asterisk denotes a changed conformation induced by binding to A; C 
has no affi nity for B, but binds to B *   [7] . This process is illustrated in Figure  25.3 , 
and is called  “  programmable self - assembly . ”  It has recently been modeled by  graph 
grammar , which can be thought of as a set of rules encapsulating the outcomes of 

     Figure 25.3     Illustration of programmable self - assembly, with a primitive local rule.  
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interactions between the particles  [13, 14]  (cf. stigmergic assembly; Section  25.3.5 ). 
The concept of graph grammar has brought about a signifi cant advance in the 
formalization of programmable self - assembly, including the specifi cation of 
minimal properties that must be possessed by a self - assembling system (e.g., the 
result implying that no binary grammar can generate a unique stable assembly 
 [15] ).     

  25.3 
 Examples of Self - Assembly 

  25.3.1 
 The Addition of Particles to the Solid/Liquid Interface 

 A chemically and morphologically unstructured surface of the solid substratum is 
prepared and brought into contact with a fl uid medium. Self - assembly is initiated 
by replacing the pure fl uid by a suspension of particles, the buoyancy of which in 
the fl uid is such that they move purely by diffusion (Brownian motion) and are 
not infl uenced by gravity. Occasionally, those particles in the vicinity of the inter-
face will strike it; the materials of substratum (1), fl uid medium (2) and particle 
(3) are chosen such that the interfacial free energy   ΔG123

�  is negative. 1)  In some 
cases   ΔG123

�  is positive, but   ΔG13
�  (i.e., when all the intervening fl uid is eliminated) 

is negative. This signifi es that there is an energy barrier hindering adsorption of 
the particle to the solid substratum. The rate of arrival of the particles at the sub-
stratum is proportional to the product of particle concentration  c b   in the suspend-
ing medium and the diffusion coeffi cient  D  of a particle, the constant of 
proportionality depending on the hydrodynamic r é gime; this rate will be reduced 
by a factor   1 1123∫ ( )( ) −[ ]∞

�o dexp ΔG z k T zB  in the presence of an energy barrier; 
the reduction factor could easily be a hundred -  or a thousand - fold. 

 Once a particle of radius  r  adheres to the substratum, evidently the closest the 
center of a second particle can be placed to the fi rst one without overlapping it is 
at a distance 2 r  from the center of the fi rst; in effect, the fi rst particle creates an 
 exclusion zone  around itself (Figure  25.4 ). If the particles interact with each other 
apart from via hard body (Born) repulsion, then the effective radius must be 
increased to the distance at which the particle – particle interaction energy  Δ  G  323 ( z ) 
equals the thermal energy  k B T   [17] . A corollary of the existence of exclusion zones 

1)  Please refer to Ref.  [16]  for details of the 
calculation of   ΔG123

� . The subscript  |  |  refers 
to the interfacial free energy between infi nite 
parallel surfaces of materials 1 and 3 
separated by the closest distance of approach 
  ℓ   0 , when Born repulsion sets in (it is 
considered to be about 0.16   nm) and medium 
2. The magnitude of the interfacial free 

energy between an infi nite planar surface of 1 
and a sphere of 3 separated by an arbitrary 
distance  z  can be calculated from   ΔG123

�  
using the Derjaguin approximation  [16] ; for 
many purposes this might not even be 
necessary, especially if only the sign of the 
interfacial interaction is really needed. 
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is that the interface will be jammed (i.e., unable to accept a further particle) at a 
surface coverage of substantially less than 100%. The actual value of the jamming 
limit depends on the shape of the particle; for spheres, it is about 54% of the 
complete surface coverage  [18] .   

 This process is known as  random sequential addition  ( RSA ). Although a random 
dispersion of particles in three dimensions is thereby reduced to a  two - 
dimensional  ( 2 - D ) layer, the positions of the particles remain random: the radial 
distribution function is totally unstructured  [19] . Even if the particles can move 
laterally, allowing the interface to equilibrate in a certain sense, it is still jammed 
at a surface coverage of well below 100%. If, however, the particles can adhere to 
each other on the interface, the possibility for organizing arises. This has been 
very clearly demonstrated when lateral mobility was expressly conferred on the 
particles by covering the surface with a liquid - crystalline lipid bilayer and anchor-
ing the particles (large spherical proteins) in the bilayer through a hydrophobic 
 “ tail ”   [20] . The particles structure themselves to form a 2 - D ordered array. When 
such an affi nity exists between the particles trapped at the interface, the exclusion 
zones are annihilated. From this fact alone (which can be very easily deduced from 
the kinetics of addition  [20] ), one cannot distinguish between random aggregation 
forming a diffusion - limited aggregate  [4]  (cf. reaction - limited aggregation  [21] ) and 
2 - D crystallization; these can generally be distinguished, however, by the fact that 
the crystal unit cell size is bigger than the projected area of the particle. 2)  The 
process of 2 - D crystallization has two characteristic time scales, namely the interval 
  τ  a   between the addition of successive particles to the interface

   τ φ θa aF= ( )[ ]1     (25.8)  

where  a  is the area per particle,  F  is the fl ux of particles to an empty surface (pro-
portional to the bulk particle concentration and some power  < 1 of the coeffi cient 

     Figure 25.4     Diagram to illustrate the concept 
of exclusion zone. The projected area of a 
spherical particle is hatched; the area 
enclosed by the dashed circles represents the 

exclusion zone, with twice the radius of the 
actual particle. The cross - hatched area marks 
the overlap of the exclusion zones of particles 
2 and 3.  

2)  This is especially to be expected if the particle 
is a protein; typically about 70% of the 

volume of three - dimensional protein crystals 
is solvent. 
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of diffusion in three dimensions), and   φ   is the fraction of the surface available for 
addition, which is some function of   θ  , the fractional surface coverage of the par-
ticles at the interface; and the characteristic time   τ  D   for rearranging the surface by 
lateral diffusion (with a diffusion coeffi cient  D  2 )

   τ θD a D= ( )2 .     (25.9)   

 If   τ  D      >>      τ  a  , then lateral diffusion is encumbered by the rapid addition of fresh 
particles before self - organization can occur and the resulting structure is indistin-
guishable from that of random sequential addition. Conversely, if   τ  a      >>      τ  D   there 
is time for 2 - D crystallization to occur. Note that some affi nity - changing confor-
mational change must be induced by the interface; otherwise the particles would 
already aggregate in the bulk suspension. In the example of the protein with the 
hydrophobic tail, when the protein is dissolved in water the tail is buried in the 
interior of the protein, but partitions into the lipid bilayer when the protein arrives 
at its surface. 

 An intriguing example of interfacial organization is the heaping into cones of 
the  antifreeze glycoprotein  ( AFGP ) consisting of repeated alanine – alanine – 
glycosylated threonine triplets added to the surface of a solid solution of nanoc-
rystalline Si 0.6 Ti 0.4 O 2   [22] . Under otherwise identical conditions, on mica the 
glycoprotein adsorbs randomly sequentially. It is indeed possible that in this, as 
in other cases, we are seeing examples of programmable self - assembly (Sections 
 25.2.3  and  25.3.7 ), but current limitations in resolving the shapes of nanometer -
 sized biomolecules adsorbed at interfaces mean that it can only be inferred (e.g., 
from the overall kinetics of the assembly process), rather than observed directly. 

  25.3.1.1   Numerically Simulating  RSA  
 The process is exceptionally easy to simulate. For each addition attempt, one 
selects a point at random: if it is further than 2 r  from the center of any existing 
particle then a new particle is added (the available area for less symmetrical shapes 
may have to be computed explicitly), but if it is closer then the attempt is aban-
doned. The success of this simple algorithm is due to the fortuitous cancellation 
of two opposing processes: correlation and randomization. In reality, if a particle 
cannot be added at a selected position because of the presence of a previously 
added one, it will make another attempt in the vicinity of the fi rst, because of the 
Rabinowitch ( “ cage ” ) effect  [23] ; successive attempts are strongly positionally cor-
related. On the other hand, as a particle approaches the interface through the bulk 
fl uid, it experiences  hydrodynamic friction , which exerts a randomizing effect; the 
two effects happen to cancel out each other  [24] .   

  25.3.2 
 Self - Assembled Monolayers ( SAM  s ) 

 If particles randomly and sequentially added to the solid – liquid interface are asym-
metrical (i.e., elongated) and have an affi nity for the solid substratum at only one 
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end (but an ability to move laterally at the interface), and with the  “ tail ”  (the rest) 
poorly solvated by the liquid, they will tend to adsorb in a compact fashion, by 
strong lateral interaction between the tails (Figure  25.5 ).   

 Self - assembled monolayers were discovered by Bigelow  et al.   [25] . The original 
example was eicosyl alcohol (C 20 H 41 OH) dissolved in hexadecane (C 16 H 34 ) adsorb-
ing onto silica glass. Later, molecules with R   =    – SH (thiol or mercaptan), which 
bind strongly to metals such as Au, Ag, Cu, Hg, and so on, were investigated  [26, 
27] , as well as organosilanes, which bind strongly (covalently) to silica. If the tail 
moiety X is poorly solvated by the liquid, its fl exibility may enable it to be compacti-
fi ed while the molecule is in the bulk solution, tending to prevent self - aggregation, 
and only unfurling itself after R has attached to the solid surface; this can be seen 
as a rudimentary form of programming. 

 SAMs provide a very convenient way to change the wettability of a solid surface. 
Bigelow  et al.  ’ s monolayers were both hydrophobic and oleophobic. An octade-
canethiol (L   =    – H) fi lm adsorbed onto gold would be both oil -  and water - repellent; 
if L   =    – OH it would be hydrophilic. Equilibrium wetting is quantifi ed by Young ’ s 
equation; if wetting is complete, then the contact angle of a droplet of liquid L on 
solid S in the presence of vapor V is zero, and Young ’ s equation becomes

   0 = − −γ γ γSV SL LV     (25.10)  

where   γ   LV  is the interfacial tension of liquid L (or an epitaxially grown solid) in 
contact with its vapor, and  mutatis mutandis  for the other symbols. Out of equilib-
rium, the spreading coeffi cient  S  introduced by Cooper and Nuttall  [28]  is useful:

   S = − −γ γ γ�SV SL LV     (25.11)  

     Figure 25.5     A (fragment of a) self - assembled 
monolayer (SAM). The component molecules 
have the general formula LXR, where X is an 
apolar chain (e.g., alkyl), and R is a reactive 
group capable of binding to the substratum, 

S. X can be functionalized at the end opposite 
from R with a group L to form molecules 
L – XR; the nature of L can profoundly change 
the wetting properties of the SAM.  
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where   γ �SV  is the interfacial tension of a  dry  (unwetted) solid S in contact with 
vapor V. Three r é gimes can be defi ned: 

  1.      S    >    0.      This corresponds to   γ γ�SV SV> ; that is, the wetted surface has a lower 
energy than the unwetted one. Hence, wetting takes place spontaneously. The 
thickness  h  of the fi lm is greater than monomolecular if  S     <<      γ   LV . The difference 
  γ γ�SV SV−  can be as much as 300   mJ   m  − 2  for water on metal oxides. Such systems 
therefore show enormous hysteresis between advancing and receding contact 
angles.  

  2.      S   =   0.      This occurs if   γ �SV  practically equal to   γ   SV , as is typically the case for 
organic liquids on molecular solids.  

  3.      S    <    0.      This is partial wetting. Films thinner than a certain critical value, usually 
 ∼ 1   mm, break up spontaneously into droplets.    

 More elaborate groups L can be incorporated into SAMs; however, if they are bulky 
the functionalized molecules should be mixed with unfunctionalized ones so as 
to avoid packing defects. Mixtures with different chain lengths (e.g., X   =   C 12  and 
C 22 ) produce liquid - like SAMs. 

 The biologically ubiquitous lipid bilayer membrane could be considered to 
belong to this category. The component molecules are of type XR, where X is an 
alkyl chain as before, and R is a rather polar  “ head group, ”  the volume of which 
is typically roughly equal to that of X. Placing XR molecules in water and gently 
agitating the mixture will lead spontaneously to the formation of spherical bilayer 
shells called   vesicles  . The vesicles will coat a planar hydrophilic substratum with a 
lipid bilayer when brought into contact with it  [29] . 

 If the substratum is electrifi ed (via the Gouy – Chapman mechanism) and the 
dissolved molecule is a polyion with an electrostatic charge of opposite sign, then 
it will adsorb onto the surface and invert the charge; the strong correlations within 
the polymeric ion render the Gouy – Chapman mechanism invalid  [30] . The polyion -
 coated substratum can then be exposed to a different polyion of opposite sign, 
which will in turn be adsorbed and again invert the charge; this process can be 
repeated  ad libitum  to assemble thick fi lms  [31] .  

  25.3.3 
 Quantum Dots ( QD  s ) 

 Whereas SAMs can be prepared with very simple equipment, a somewhat analo-
gous process    –     molecular beam epitaxy  ( MBE )    –    which was developed at the AT  &  
T Bell Laboratories during the late 1960s, takes place in ultrahigh vacuum and 
requires elaborate and expensive equipment for its realization. In this process, 
the material to be assembled is evaporated from a store and beamed onto the 
substratum. A very slow deposition (a fraction of a nanometer per second) is the 
key to achieving epitaxy; ultrathin layers with atomically sharp interfaces are 
capable of being deposited. Equation  3.11  also applies. If  S     >    0, we have the 
Frank – van der Merwe r é gime, where the substratum is wet and layer - by - layer 
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growth takes place. If  S     <    0, we have the Volmer – Weber r é gime, where there is 
no wetting and  three - dimensional  ( 3 - D ) islands grow. But, if  S     >    0    –    for the fi rst 
layer at least    –    and if there is a geometric mismatch between the lattices of the 
substratum and the deposited layer, then strain will build up in the latter, this 
being subsequently relieved by the spontaneous formation of monodisperse 
islands (the Stranski – Krastanov r é gime); it can be thought of as  “ frustrated 
wetting ”   [42] . The main application of this process is to fabricate QDs for lasers 
 [43] . 3)  In this application, the main diffi culty is to ensure that the dots comprising 
a device are uniformly sized. If not, the density of states is smeared out and the 
behavior reverts to bulk - like. Initially, the QDs were prepared by conventional 
semiconductor processing  [44] , but it proved to be very diffi cult to eliminate 
defects and impurities. The Stranski – Krastanov self - assembly process does not 
introduce these problems.  

  25.3.4 
 Crystallization and Supramolecular Chemistry 

 It is a remarkable fact that many (or even most) organic molecules, despite their 
usually very complicated shapes, are able spontaneously to form close - packed 
crystals. Perhaps only familiarity with the process prevents it from occupying a 
more prominent place in the world of self - assembly. In seeking to better under-
stand this remarkable phenomenon, Kitaigorodskii formulated an Aufbau princi-
ple  [32] , according to which the self - assembly of complicated structures takes place 
in a hierarchical fashion in the following sequence: 

   •      at stage zero, we have a single molecule (or a fi nite number of independent 
molecules)  

   •      in stage one, single molecules join up to form linear chains  
   •      in stage two, the linear chains are bundled to form 2 - D monolayers  
   •      in stage three, the 2 - D monolayers are stacked to form the fi nal 3 - D crystal.    

 Many natural structures are evidently hierarchically assembled. Wood, for 
example, derives its structural strength from glucose polymerized to form cel-
lulose chains, which are bundled to form fi brils, that are in turn glued together 
using lignin to form robust fi bers. It should be noted that the interactions between 
the molecular components of the crystal may be signifi cantly weaker than the 
covalent chemical bonds that hold the atomic constituents of the molecules 
together. Such weakness enables defects to be annealed by local melting of the 
partially formed structure. 

 There is an obvious analogy between  “ crystallization ”  in two dimensions and 
tiling a plane. Since tiling is connected to computation, self - assembly    –    which can 

3)  Quantum dot lasers are a development of 
quantum well lasers. The carriers are 
confi ned in a small volume and population 
inversion occurs more easily than in large 

volumes, leading to lower threshold currents 
for lasing. The emission wavelength can be 
readily tuned by simply varying the 
dimensions of the dot (or well). 
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perhaps be regarded as a type of generalized crystallization    –    has in turn been 
linked to computation  [33] . 

 Just as QDs containing several hundred atoms can in some sense (e.g., with 
regard to their discrete energy levels) be regarded as  “ superatoms, ”  so can supramo-
lecular assemblies (typically made up from very large and elaborate molecules  [34] ) 
be considered as  “ supermolecules. ”  The obtainable hierarchically assembled struc-
tures provide powerful demonstrations of the Kitaigorodskii Aufbau principle 
 [35 – 39] , and an enormous literature has subsequently accumulated. The use of 
metal ions as organizing centers in these assemblies has been a particularly sig-
nifi cant practical development  [35, 40, 41] .  

  25.3.5 
 Biological Examples 

 The observation that preassembled bacteriophage components (head, neck, and 
legs) could be mixed in solution  [7]  provided profound inspiration for the world 
of  “ shake and bake ”  advocates. These components are essentially made up of 
proteins    –    heteropolymers made from irregular sequences chosen from the 20 
natural amino acids of the general formula H 2 N – C (    α    ) HR - COOH, where R is 
naturally one of 20 different side chains (residues), ranging from R = H in glycine, 
the simplest amino acid, to elaborate heterocycles such as R = CH 2  – [C 8 NH 6 ] in 
tryptophan. The conformation    –    and hence affi nity    –    of a protein depends on envi-
ronmental parameters such as the pH and ionic strength of the solution in which 
it is dissolved  [7] . Indeed, this is one mechanism for achieving programmability 
in assembly, as the local pH and ion concentration around a protein molecule 
will depend on the amino acids present at its surface. These factors also deter-
mine the conformation of the highly elongated, so - called  “ fi brous ”  proteins such 
as fi bronectin, which are now known to consist of a large number of rather 
similar modules strung together  [45] . Some other examples of biological self -
 assembly have already been mentioned in Section  25.2.3 . A further example is 
provided by the remarkable S - layers with which certain bacteria are coated  [46] . 
DNA is discussed in Section  25.3.6 . Mention should also be made here of the 
oligopeptides found in fungi and the stings of bees and wasps, which self - assemble 
into pores when introduced into a bilayer lipid membrane (see, e.g., Ref.  [47] ). 
Yet, biological self - assembly and self - organization is by no means limited to the 
molecular scale: the development of an embryo consisting of a single cell into 
a multicellular organism is perhaps the most striking example of self - organization 
in the living world. The process of cell differentiation into different types can 
be very satisfactorily simulated on the basis of purely local rules enacted by the 
initially uniform cells (see Ref.  [48]  for the modeling of neurogenesis). On a yet 
larger scale, it is likely that the construction of nests by social insects such as 
ants and wasps relies on simple rules held and enacted by individual agents (the 
insects), according to local conditions  [49] ; this process has been called  stigmergy  
and is evidently conceptually the same as the programmable self - assembly 
modeled by graph grammars (Section  25.2.3 ).  
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  25.3.6 
  DNA  

 The importance of  deoxyribonucleic acid  ( DNA ), both as the quasi - universal carrier 
of genetic information in living creatures and as a suffi ciently robust material to 
serve as the basis for synthetic self - assembling systems, warrants it having a sub-
section of its own. Similar to proteins, DNA is a heteropolymer, the monomers of 
which comprise an invariant backbone [in this case, of alternating sugar (deoxyri-
bose) and phosphate units] and a variety of four  “ bases ” , adenine (A), cytosine (C), 
guanine (G) and thymine (T). The rather specifi c base pairings between A and T, 
and between C and G, which are due to respectively two and three interbase 
hydrogen bonds  [50] , are responsible for the famous  “ double helix ”   [51]  in which 
genetic information is stably stored in living cells and many viruses. The combi-
natorial uniqueness even of base strings of fairly modest length is exploited in the 
fabrication of  “ gene chips ”   [52]  used to identify genes and genomes. In these 
devices, the sample to be identifi ed (e.g., the nucleic acids extracted from bacteria 
found in the bloodstream of a patient) is dispersed over the surface of the chip, 
which comprises an array of contiguous microzones containing known oligomers 
of nucleic acids complementary to the sought - for sequences (e.g., the fragment 
GATTACA is complementary to CTAATGA). 

 Seeman was the fi rst to point out that the specifi c complementary base pairing 
could form the basis of employing DNA as a structural nanomaterial  [53, 54] : 
oligonucleotides could be artifi cially synthesized according to what are now 
straightforward, routine procedures and randomly stirred together, assembling in 
a unique fashion (Figure  25.6 ). This fi eld has now grown enormously to encom-
pass very elaborate constructions (e.g., Refs  [55, 56] ) and is connected with tile 
assembly and computation  [57, 58] . Fragments of DNA have also been fastened 
to nanoparticles to confer selective affi nity upon them (e.g., Ref.  [59] ).    

  25.3.7 
  RNA  and Proteins 

 Although  ribonucleic acid  ( RNA ) differs only very slightly from DNA, heteropoly-
mers formed from its four bases (the same as in DNA, except that uracil (U) 

     Figure 25.6     Four oligonucleotides, which can only assemble 
in the manner shown. Long dashes represent strong covalent 
bonds; short dashed lines represent weak hydrogen bonds.  
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replaces thymine (T)) do not assemble into a double helix, but rather  “ fold. ”  That 
is, the linear polymer chain    –    each monomer of which is bonded covalently only 
to its two nearest neighbors    –    typically assembles into a compact 3 - D structure 
(though not all sequences will do so) with additional base - pairing (A = U and C ≡ G) 
bonds between distant monomers. Predicting the fi nal 3 - D structure is  prima 
facie  a diffi cult problem. Energetics are clearly involved, because bonds between 
distant monomers form spontaneously (if geometric constraints are satisfi ed), 
releasing enthalpy and hence lowering the free energy. On the other hand, this 
raises the entropy because the chain becomes more constrained. At one time it 
was believed that the observed stable folded confi gurations were the result of 
minimizing the free energy of the molecule, and were found by systematically 
searching confi guration space. It was, however, quickly realized that for a large 
molecule with thousands of atoms this was a practically impossible task that 
might take longer than the age of the universe. Both,  in vivo  and  in vitro , it can 
be observed that biopolymers can typically fold within an interval of the order of 
seconds, and the only way that this can be achieved is for the system to fi nd a 
pathway expeditiously leading to the goal (which is evidently some form of energy 
minimum, even if not the global one). This in turn suggests that a least - action 
principle might be operating. The action is the integral of the Lagrangian  L  
(=    L     −     F  for conservative systems, where  L  and  F  are respectively the kinetic and 
potential energies). The most expedient path is found by minimizing the action. 
This is, in fact, an inerrant principle for fi nding the correct solution of any 
dynamical problem; the diffi culty lies in the fact that there is no general recipe 
for constructing  L , and it can often be found only by  “ fi ddling around, ”  as has 
been remarked by Feynman. 

 Folded RNA contains certain characteristic structures, notably loops and  “ hair-
pins ” . Loop closure is considered to be the most important folding event.  F  (the 
potential) is identifi ed with the enthalpy; that is, the number  n  of base pairings 
(contacts), and  L  corresponds to the entropy  [60] . At each stage in the folding 
process, as many as possible new favorable intramolecular interactions are formed, 
while minimizing the loss of conformational freedom (the principle of  sequential 
minimization of entropy loss ,  SMEL   [60] ). The entropy loss associated with loop 
closure is  Δ  S  loop  (and the rate of loop closure    ∼    exp( Δ  S  loop )); the function to be 
minimized is therefore exp( −  Δ  S  loop / R )/ n , where  R  is the universal gas constant. A 
quantitative expression for  Δ  S  loop  can be found by noting that the  N  monomers in 
an unstrained loop ( N     ≥    4) have essentially two possible conformations, pointing 
either inwards or outwards. For loops smaller than a critical size,  N  0 , the inward 
loops are in an apolar environment, as the nano - enclosed water no longer has bulk 
properties  [61] , while the outward loops are in polar bulk water. For  N     <     N  0 , 
 Δ  S  loop    =    −  RN  ln 2 (for  N     >     N  0 , the Jacobson – Stockmayer approximation based on 
excluded volume yields  Δ  S  loop     ∼     R ln N   [60] ). 

 A similar approach can be applied to proteins  [62] , although in proteins the main 
intramolecular structural connector (apart from the covalent bonds between suc-
cessive amino acid monomers) is the backbone hydrogen bond. This form of 
hydrogen bond is responsible for the appearance of characteristic structures such 



 25.4 Self-Assembly as a Manufacturing Process  783

as the alpha helix but, being single, is necessarily weaker than the double and 
triple hydrogen bonds in DNA and RNA. They must therefore be protected from 
competition for hydrogen bonding by water, and this can be achieved by bringing 
amino acids with apolar residues to surround the hydrogen bonds  [63] . This addi-
tional feature, coupled with the existence of multiple conformational states already 
referred to in Section  25.2.3 , means that proteins are particularly good at engaging 
in programmable self - assembly    –    a possibility that is, of course, made abundant 
use of in Nature.   

  25.4 
 Self - Assembly as a Manufacturing Process 

 Practical, industrial interest in self - assembly is strongly driven by the increasing 
diffi culty of reducing the feature sizes that can be fabricated by semiconductor 
processing technology  [44] . Self - assembly is positioned as a rival to the so - called 
 “ top - down ”  processes, which also include precision engineering (Figure  25.7 )  [64] . 
For certain engineering problems, it may already be useful to manufacture regular 
structures such as dots or stripes over an indefi nitely large area; passive self -
 assembly might be able to produce such structures with feature sizes at the 
molecular scale of a few nanometers. These could be used either as masks for 
photolithography (as a cheaper and faster method than electron beam writing for 
creating such small features), or they might be useful in their own right (e.g., as 
nanoporous membranes for separating vapors  [65] ). Self - assembly is a particularly 
attractive option for the fabrication of molecular electronic components  [66, 67] , 
for in this case    –    almost by defi nition    –    conventional semiconductor processing is 
useless.    

     Figure 25.7     Different possible modes of nanomanufacture 
(nanofacture)  [64] .  
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  25.5 
 Useful Ideas 

  25.5.1 
 Weak Competing Interactions 

 It is known from biological self - assembly (e.g., of compact RNA structures) that 
bonds must be broken and reformed before the fi nal structure is achieved. This 
is particularly apparent because these molecules are synthesized as a linear 
polymer, which begins to fold spontaneously as soon as a few tens of monomers 
have been connected. As the chain becomes longer, some of these earlier bonds 
must be broken so as to allow connections between points more distant along the 
chain to be made. Since hydrogen bonds have only about one - tenth of the strength 
of ordinary covalent bonds, they have an appreciable probability of being melted 
(broken) even at room temperature. Furthermore, the polymer is surrounded by 
water, each molecule of which is potentially able to participate in four hydrogen 
bonds (although at room temperature only about 10% of the maximum possible 
number of hydrogen bonds in water are broken; see also Section  25.5.4 ). Hence, 
there is ceaseless competition between the intramolecular and intermolecular 
hydrogen bonds. 

 If the competing interactions have a different sign and range, then ordered 
structures can assemble spontaneously  [68] . Consider nanoparticles suspended in 
water and weakly ionized, such that they all carry the same electrostatic charge. 
When the suspension is stirred, suppose that the repulsive electrostatic force is 
too weak to overcome the attractive van der Waals force when two particles happen 
to collide. Therefore, every collision will lead to sticking, and aggregates will slowly 
form. The van der Waals force is, however, very short ranged and can only act 
between nearest neighbors. The electrostatic force, on the other hand, has a much 
longer range, and can therefore be summed over the entire aggregate. Ultimately, 
the aggregate will become large enough for the summed electrostatic repulsion to 
exceed the van der Waals nearest - neighbor attraction; the result is monodisperse 
 “ superspheres ”  (i.e., aggregates of small, perhaps spherical, particles).  

  25.5.2 
 Percolation 

  Percolation  can be considered to be a formalization of gelation. Initially, in a fl ask 
we have isolated sol particles, which are gradually connected to each other in 
nearest - neighbor fashion until the gel is formed. Although the particles can be 
placed anywhere in the medium, subject only to the constraint of hard - body exclu-
sion, it is convenient to consider them placed on a 2 - D square lattice (imagine a 
G ō  board). Two particles are considered to be connected if they share a common 
side (this is called  “ site percolation ” ). Alternatively, neighboring lattice points are 
connected if they are bonded together ( “ bond percolation ” ). 

 In principle the lattice is infi nite, but in reality it is merely very large. Percolation 
occurs if one can trace the continuous path of connections from one side to the 
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other. Initially, all the particles are unconnected. In site percolation, the lattice is 
initially considered to be empty, and particles are added. In bond percolation, 
initially all particles are unconnected and bonds are added. The problem is to 
determine what fraction of sites must be occupied, or how many bonds must be 
added, in order for percolation to occur. 

 In the remainder of this subsection we shall consider site percolation. Let the 
probability of a site being occupied be  p  (and of being empty,  q    =   1    −     p ). The average 
number of singlets per site is  n  1 ( p )   =    pq  4  for the square lattice, as each site is sur-
rounded by four shared sides. The average number of doublets per site is 
 n  2 ( p )   =   2 p  2  q  6 , as there are two possible orientations. A triplet can occur in two 
shapes, straight or bent, and so on. Generalizing,

   n p g s t p qs
s t

t

( ) = ( )∑ ,     (25.12)  

where  g ( s ,  t ) is the number of independent ways that an  s  - tuplet can be put on the 
lattice, and  t  counts the different shapes. If there is no  “ infi nite ”  cluster (i.e., one 
spanning the lattice from side to side) then

   sn p ps

s

( ) =∑ .     (25.13)   

 The fi rst moment of this distribution gives the mean cluster size

   S p
s n p

p

s( ) =
( )∑ 2

.     (25.14)   

 Writing this as a polynomial in  p  using Equation  25.12 , it will be noticed that for 
 p     <     p c   the value of the series converges, but for  p     >     p c   the value of the series diverges. 
The  “ critical ”  value  p    =    p c   corresponds to the formation of the  “ infi nite ”  cluster. 
For site percolation on a square lattice,  p    =    p c     =   0.5; the universal Galam – Mauger 
formula  [69] 

   p a d qc
b= −( ) −( )[ ]−1 1 ,     (25.15)   

 with  a    =   1.2868 and  b    =   0.6160 predicts, with less than 1% error, all known thresh-
olds for lattices of connectivity  q  embedded in space of dimension  d . The larger 
the lattice, the sharper the transition from not percolating to percolating. For a 
3    ×    3 lattice there can be no percolation for two particles or less, but the probability 
of randomly placing three particles in a straight line from edge to edge is evidently 
one - third.  

  25.5.3 
 Cooperativity 

 When considering the interactions between precursors of a self - assembly process, 
it has tacitly been assumed that every binding event is independent. Similarly, 
when considering conformational switches, it has been assumed that each 
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molecule switches independently. This, however, is often not the case: switching 
or binding of one facilitates the switching or binding of neighbors, whereupon 
we have cooperativity (if it hinders rather than facilitates, then it is called 
 anticooperativity ). 

 A cooperative processes can be conceptualized as two subprocesses, nucleation 
and growth. Let our system exist in one of two states (e.g., bound or unbound, 
conformation A or B), which we shall label 0 and 1. We have  [70] 

   nucleation: � � � ⇀��↽ ��� � �000 010
σS

    (25.16)  

and

   growth: � � � ⇀�↽ �� � �001 011
S

    (25.17)   

 Let {1}   =     θ   denote the probability of fi nding a  “ 1 ” ; we have {0}   =   1    −      θ  . The param-
eter   λ    − 1  is defi ned as the conditional probability of  “ 00 ” , given that we 
have a  “ 0 ” , written as (00) and equal to {00}/{0}. It follows that (01)   =   1    −    (00)   =
   (  λ      −    1)/  λ  . 

 According to the  mass action law  ( MAL ), for nucleation we have

   S =
{ }
{ }

=
( )
( )

011

001

11

00
    (25.18)   

 from which we derive (11)   =    S /  λ  , and hence (10)   =   1    −    (11)   =   (  λ      −     S )/  λ  . Similarly, 
for growth

   S S=
( )( )

( )
= −( ) −( )01 10

00
12 λ λ .     (25.19)   

 Solving for   λ   gives

   λ σ= + + −( ) +⎡⎣ ⎤⎦1 1 4 22S S S .     (25.20)   

 To obtain the sought - for relationship between   θ   and  S , we note that 
  θ     =   {01}   +   {11}   =   {0}(01)   +   {1}(11), which can be solved to yield

   λ σ= + −( ) −( ) +1 1 1 4

2

2S S S
.     (25.21)    

  25.5.4 
 Water Structure 

 So many self - assembly processes take place in water (not least all the biological 
ones) that it is advisable to bear some salient features of this remarkable liquid 
into account. Water (H – O – H) can participate in four  hydrogen bond s ( HB ). The 
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two - electron  lone pair s ( LP s) on the oxygen atom are electron donors, and hence 
HB acceptors. The two hydrogens at the ends of the hydroxyl groups (OH) are HB 
donors, and hence electron acceptors. The equilibrium

   H O OH LPfully bonded free free2 	 +     (25.22)   

 is such that at room temperature about 10% of the OHs and LPs are nonbonded 
(i.e., free). It is especially noteworthy that the concentrations of the free species 
are seven to eight orders of magnitude greater than the concentrations of the 
perhaps more familiar entities H +  and OH  −  , and their chemical signifi cance is 
correspondingly greater. 

 The OH moiety has a unique infrared absorption spectrum, which differs 
according to whether it is hydrogen - bonded or free, and can therefore be used to 
investigate the reaction in Equation  25.22  (e.g., the effect of adding ionic cosolutes; 
see Ref.  [16]  for further discussion).   

  25.6 
 Conclusions and Challenges 

 The most promising direction seems to be programmable self - assembly. Although 
some wholly synthetic examples have already been demonstrated  [71] , we can 
expect signifi cant progress in the future to derive from the convergence of 
understanding of cooperative switching transitions in biomolecules with graph 
grammar or other formalisms for describing the assembly process. The fi nal 
challenge will then be to reverse - engineer a device in order to specify the com-
ponents (and environmental conditions) that should be stirred together for its 
assembly.       
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   26.1 
 Introduction 

 Gels comprise an intermediate state of matter that is neither solid nor liquid. 
Generally speaking, gels are at least binary systems that consist of a crosslinked 
network swollen by a liquid, which constitutes the major component of the system. 
Due to their inherently high concentration of liquid, gels tend to be soft and 
possess the cohesive properties of a solid but the diffusive properties of a liquid 
 [1] . Although they are largely liquid, gels behave mechanically as solids because 
the dominant liquid species is entrapped in a solid  three - dimensional  ( 3 - D ) 
network by capillary forces and adhesion. The underlying network responsible for 
gel behavior is stabilized by crosslink sites, and gels may be classifi ed on the basis 
of the nature of their crosslinks. In  chemical gels , the crosslinks are permanent 
(i.e., thermally irreversible) due to the formation of covalent bonds. Chemical gels 
are routinely produced by either connecting individual polymer chains with a bi -  
(or higher) functional crosslinking agent, or synthesizing macromolecular net-
works from small molecules in the presence of a crosslinking agent with at least 
trifunctionality  [2] . In most cases, chemical gels are examples of molecular gels, 
wherein crosslink sites cannot be experimentally delineated from the remainder 
of the network. 

  Physical gels , the subject of this chapter, can be generated when microphase 
separation or weak physical interactions (e.g., hydrogen bonding, ion complexa-
tion, van der Waals forces, conformational changes and  π  –  π  stacking) promote 
the formation of crosslinks and, hence, contiguous networks. Because microphase 
separation is generally enthalpically - driven and the interactions involved in creat-
ing such crosslinks are on the order of  kT  (where  k  denotes the Boltzmann con-
stant and  T  the absolute temperature), the formation of crosslinks is usually 
thermoreversible, which means that physical gels frequently exist as liquids at 
elevated temperatures and undergo reversible gelation upon cooling. One of the 
best - known examples of a physical gel involves the protein  gelatin  in water. 
Gelatin molecules possess a random coil conformation at elevated temperatures, 
but spontaneously adopt a triple helix conformation at 37    ° C, thereby crosslinking 
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individual molecules and forming a thermoreversible network that can be dis-
solved upon reheating above 37    ° C  [3, 4] . Although gelatin provides an excellent 
example of a system known to form a physical gel in water, only physical gels 
that develop in organic solvents (to yield so - called  “ organogels ” ) are consid-
ered here. Moreover, attention is focused specifi cally on systems capable of 
generating discrete nanoscale crosslink sites that can be experimentally 
interrogated. 

 While physical gels are often (and sometimes mistakenly) identifi ed on the basis 
of a liquid - rich system undergoing solidifi cation (at temperatures well above the 
fusion temperature of the liquid) upon cooling, a more scientifi cally rigorous, 
quantitative defi nition of a gel remains a matter of discipline - specifi c debate. One 
of the most widely accepted defi nitions of a gel derives from its response to 
dynamic mechanical deformation, and is thus of rheological origin. In dynamic 
rheology, a relatively soft specimen, such as a physical gel, is subjected to oscilla-
tory shear deformation between two metal surfaces. The magnitude and frequency 
of deformation can be independently adjusted and used in concert to probe struc-
ture existing within the specimen. Measurements are normally expressed in terms 
of the dynamic storage modulus ( G  ′ ) and the dynamic loss modulus ( G  ′  ′ ), which 
correspond to the in - phase and out - of - phase components, respectively, of the 
response of the specimen to oscillatory deformation  [5] . In the specifi c case of 
classifying systems as gels, Kramer and coworkers  [6]  recommend the following 
criteria: 

  1.     No experimentally discernible equilibrium modulus.  
  2.     A storage modulus that exhibits a prominent frequency - independent plateau.  
  3.     Frequency spectra wherein the  G  ′  plateau extends to time scales (i.e., reciprocal 

frequencies) on the order of seconds or more.  
  4.     Values of  G  ′  ′  that are lower than those of  G  ′  by an experimentally signifi cant 

difference (at least one order of magnitude) over all frequencies.    

 Most physical gels relax at very low frequencies, eventually causing reductions in 
both  G  ′  and  G  ′  ′ , and so the applicability of the defi nition offered above depends 
on the experimental time scale. In addition, some physical gels  “ ripen ”     –    that is, 
the extent and stability of their network improves    –    over time under quiescent 
conditions, in which case suffi cient time must be permitted for such gel networks 
to mature fully. 

 This chapter is divided into two sections on the basis of the type of nanostruc-
tured network that develops spontaneously in an organic solvent due to molecular 
self - assembly. While homopolymer molecules can undergo a variety of conforma-
tional transitions, such as helix formation    –    for example, a mixture of syndiotactic 
and isotactic  poly(methyl methacrylate)  ( PMMA ) in a variety of solvents  [7] , or 
atactic polystyrene (PS) in carbon disulfi de  [8]   –  or crystallization in organic sol-
vents, these systems are not considered further due to the lack of a clearly identifi -
able network - forming nanostructure. For this reason, we likewise exclude liquid 
crystalline polymer solutions that can form gels due to intermolecular association 
between mesogenic groups along the backbone or in side chains  [9] . Instead, 
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attention is fi rst focused on macromolecular systems composed of chemically 
heterogeneous chains (e.g., block copolymers) that microphase - separate to form 
 self - assembled micellar network s ( SAMIN s). A second section addresses physical 
organogels generated when  low - molar - mass organic gelator s ( LMOG s) undergo 
specifi c interactions in organic solvents and organize into  self - assembled fi brillar 
network s ( SAFIN s).  

  26.2 
 Block Copolymer Gels 

 Block copolymers are macromolecules composed of long contiguous sequences 
( “ blocks ” ) of chemically distinct repeating units that are covalently linked together. 
If the blocks are suffi ciently incompatible, they can microphase - separate into a 
rich variety of periodic nanostructures, including spheres on a body -  (or face - ) 
centered cubic lattice, cylinders on a hexagonal lattice, bicontinuous channels 
exhibiting   Ia d3  symmetry (the  “ gyroid ” ), or alternating lamellae  [10, 11] . Micro-
phase separation results from the competition between enthalpically - driven block 
stretching to reduce repulsive contacts and entropically - driven block elasticity to 
minimize chain deformation. The resultant morphology is generally dictated by 
chain packing along the interface that divides the chemically dissimilar microdo-
mains. In many (but not all) cases, interfacial chain packing relates to molecular 
composition, expressed in terms of the number fraction ( f  ) of one of the blocks. 
As stated above, block copolymers microphase - separate if they are suffi ciently 
incompatible, where thermodynamic incompatibility is given by the coupled 
parameter   χ N  (  χ   is the temperature - dependent Flory – Huggins interaction param-
eter and  N  is the number of repeat units along the copolymer backbone  [12] ). As 
illustrated in Figure  26.1  for an AB diblock copolymer composed of A and B repeat 
units  [13] , an increase in   χ N  for a given  f  A  tends to favor microphase - ordering for 
  χ N     >    (  χ N ) ODT , where ODT denotes the order – disorder transition. Similar behavior 
is observed for block copolymers possessing different molecular architectures. The 
architecture of primary interest here is the linear ABA triblock design. Unlike their 
simple AB analogues, ABA copolymer molecules are capable of forming supramo-
lecular networks by depositing their A endblocks in different microdomains. More 
specifi cally, the ABA copolymers discussed hereafter possess glassy (PS or PMMA) 
endblocks at ambient temperature, so that the A microdomains effectively serve 
as physical crosslinks upon gel formation.   

  26.2.1 
 Concentration Effects 

 When an ABA triblock copolymer is dissolved in a B - selective organic solvent (i.e., 
the solvent is more compatible with, and thus preferentially swells, the B block), 
the A endblocks can, under propitious conditions, self - assemble to form microdo-
mains that measure on the size scale of the endblocks  [14 – 16] . Depending on 
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factors such as the copolymer composition ( f  A ), copolymer chain length ( N ) and 
copolymer concentration in the solvent ( w  BC ), the microdomains will adopt a ther-
modynamically favored morphology at a given temperature (where  T  varies 
inversely with   χ  ). In these studies, only solvated ABA systems composed of dis-
crete micelles (SAMINs) with glassy, A - rich cores are considered further. At the 
 critical micelle concentration  ( cmc ), fl ower - like micelles fi rst develop by a closed 
association mechanism characterized by dynamic equilibrium between unimers 
(u) and micelles (m) such that

   nM Mu m( ) ( )← →⎯  

where  M  denotes mass and  n  is the molecular association number of the micelle. 
In the case of a fl ower - like micelle, both A endblocks of each copolymer molecule 
co - reside in the same micelle so that the molecule forms a loop, or one endblock 
remains in the incompatible matrix to yield a dangling end. Although thermody-
namically unfavorable, the effect of dangling ends on the phase behavior and 
ordering of molecularly asymmetric A 1 BA 2  triblock copolymers possessing A end-
blocks that differ in length (  N NA A1 2≠    ) has been systematically investigated  [17]  in 
copolymer melts. In solvated systems consisting of molecularly symmetric ABA 
copolymers, dangling ends may become energetically preferable due to the entro-
pic penalty ( F  loop ) associated with midblock looping in the micellar corona, which 
can be written as  [18] 

     Figure 26.1     Theoretical phase diagram 
predicted for a solvent - free AB diblock 
copolymer wherein the thermodynamic 
incompatibility (  χ N ) is presented as a 
function of copolymer composition ( f  A ). 
Ordered morphologies are labeled in the 

diagram and depicted schematically in order 
of increasing  f  A  above the diagram. The 
order – disorder transition (ODT) is denoted by 
the dashed bold line.  Adapted from Ref.  [13]  
and used with permission from the American 
Chemical Society.   



 26.2 Block Copolymer Gels  795

   F kT Nloop B= ( )1

2
ln πχ     (26.1)   

 At copolymer concentrations beyond the cmc, copolymer chains added to a solu-
tion predominantly form micelles  [10] . The solvent molecules serve to increase the 
effective volume fraction of the copolymer midblock in the phase diagram, and 
concurrently decrease the effective   χ   by screening repulsive A – B contacts  [19] . 
Micellization is generally favored when the endblock size is large, and correspond-
ing values of  n  may be high. Conversely, when the copolymer midblock is large, 
dangling ends are favored due to the high entropy of loop formation, which leads 
to smaller association numbers  [20] . Confl icting trends of micelle association 
number and size with regards to block copolymer size and chemistry reported in 
independent studies  [18, 21]  can be attributed to variations in solvent – block inter-
actions causing one of the blocks to dominate over the other. If the concentration 
of triblock copolymer is increased further, the number and size of micelles both 
increase, which results in a lower intermicellar spacing  [22] . Due to their respective 
free energy penalties, the loops and dangling ends eventually form bridges wherein 
the endblocks locate in different micelles (cf. Figure  26.2 ), thereby generating a 
3 - D network stabilized by glassy micelles (SAMINs). The concentration at which 
a percolated SAMIN fi rst develops is termed the  critical gelation concentration  
( cgc ) and is often signifi cantly higher than the cmc under isothermal conditions. 
In the specifi c case of an ABA copolymer having glassy A endblocks and a rubbery 
B midblock, the neat copolymer is widely referred to as a  thermoplastic elastomer  
( TPE ), while the physically crosslinked, thermoreversible gel formed upon mid-
block - selective solvation has been previously termed  [23]  a  thermoplastic elastomer 
gel  ( TPEG ). Although TPEGs exhibit substantially lower moduli than their TPE 

     Figure 26.2     Illustration of the micellar morphology that 
develops due to triblock copolymer self - assembly in SAMINs. 
The three distinct conformations depicted include the 
midblock loop, midblock bridge and dangling endblock 
(labeled).  
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precursors, they tend to display remarkable elasticity, as evidenced by elongations 
to break in excess of 2000% strain  [24] .   

 The effect of copolymer concentration on molecular conformation and, hence, 
midblock bridging and network formation, is elucidated by the frequency (  ω  ) 
spectrum obtained from dynamic rheology. Below the cgc, the copolymer solutions 
exhibit terminal responses that are characteristic of a liquid:  G  ′   ∼   ω  2  and  G  ′  ′   ∼    ω  . 
At the sol – gel transition, however,  G  ′   ∼   G  ′  ′   ∼    ω    m  , according to Winter and Chambon 
 [25] . Experimental values of  m  commonly range from 0.4 to 0.7  [26] , whereas 
percolation models predict values of  m  between 0.65 and 0.75  [27] . If the gel is 
self - similar, the Kramers – Kronig relationship can be invoked to yield tan δ    =    G  ′  ′ (  
ω  )/ G  ′ (  ω  )   =   tan( m  π /2)  [26] . At copolymer concentrations above the cgc,  G  ′  ulti-
mately becomes independent of   ω  , as required by the defi nition of a gel and evi-
denced in Figure  26.3 . The plateau modulus  G  0  increases with increasing copolymer 
concentration ( c ) as  G  0   ∼   c   α  . At low  c  ( c     >    cgc), the intermicellar distance of SAMINs 
is suffi ciently large so that the micellar coronas remain unentangled and the 
modulus only incorporates contributions from bridged midblocks that behave as 
elastic springs in the unentangled - chain (Rouse) limit  [28]  with  α    =   1. The corre-
sponding plateau modulus depends on the molecular weight  M  B  of the bridge and 
is given by  [29] 

   G
RTc

M
0
Rouse

B

=     (26.2)     

 At higher  c , the midblock loops become entangled and  α  theoretically increases to 
2.25 in the presence of a good B - selective solvent  [30] . While several studies  [29, 31, 
32]  have demonstrated experimentally that  α  can be close to this theoretical value, 
others  [33, 34]  have reported values of  α  between 3 and 4 for copolymer concentra-
tions just above the cgc. This variation is attributed to the presence of a large number 

     Figure 26.3     Dynamic shear moduli ( G  ′ , open 
symbols;  G  ′  ′ , fi lled symbols) provided as a 
function of oscillatory frequency (  ω  ) for 
triblock copolymer organogels varying in 
copolymer concentration (in wt%): 1 (circles), 

4 (triangles) and 10 (squares). The solid lines 
correspond to the scaling relationships 
discussed in the text.  Adapted from Ref.  [26]  
and used with permission from the American 
Chemical Society.   
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of clusters (or fl ocs) not physically attached to the network at the gel point. Roos 
and Creton  [35]  have derived an expression for the plateau modulus in this entan-
gled regime by fi rst considering the neat ABA triblock copolymer, which can be 
envisaged as an elastomer fi lled with hard spheres. If  c  A  represents the concentra-
tion of endblock microdomains ( “ hard spheres ” ), then, according to Guth  [36] ,

   G
RT

M
c c

e
A A0

21 2 5 14 1neat( ) = + +( ). .     (26.3)  

where   ρ   is the midblock density and  M  e  is the molecular weight between entangle-
ments. The plateau modulus of the gel is consequently obtained by considering 
the copolymer in a B - selective solvent so that

   G G0
2 25

0
gel neat( ) ( )= φ .     (26.4)  

where   ϕ   is the volume fraction of copolymer. More elaborate frameworks such as 
the  Slip Tube Network  ( STN ) model proposed by Rubinstein and Panyukov  [37]  
to depict polymer networks subject to uniaxial tensile deformation provide a more 
physically realistic representation of block copolymer gels, and its applicability to 
such nanostructured gels varying in concentration and molecular weight has been 
recently established  [31] , as discussed in Section  26.2.4 . 

 Ko ň  á k  et al .  [38, 39]  have confi rmed the presence of block copolymer clusters in 
the vicinity of the cgc by probing the dynamics of a styrenic triblock copolymer in 
a midblock - selective solvent ( n  - heptane) with  dynamic light scattering  ( DLS ). Dif-
ferent dynamic modes are observed in the relaxation time distributions,  A ( τ ) (cf. 
Figure  26.4 ), depending on whether the solution resides in the dilute or semi -
 dilute regimes, which are separated by the overlap concentration ( c  * ). The overlap 
concentration is defi ned as   3 A gM N R4 3π( ) , where the gyration radius scales as  M  v  
with 0.5    <     v     <    0.6 for good solvents. At  c     <     c  * , the correlation function is a simple 
exponential decay that indicates a single diffusive dynamic mode. This single 
mode at low copolymer concentrations is attributed to the translational diffusion 
of fl ower - like micelles. However, as  c  →  c  * , the correlation function becomes the 
sum of several simple exponentials (corresponding to fl ower - like micelles) and a 
slower stretched exponential. These dynamics reveal that, close to the overlap 
concentration, individual micelles, as well as polydisperse clusters of connected 
micelles, undergo translational diffusion, with the diffusion mode of the clusters 
being slower than that of the micelles. At  c     >     c  * , three different dynamic modes 
are identifi ed. The slow and fast modes appear diffusive in nature, while the 
middle dynamic mode is a relaxation mode at low temperatures but a diffusive 
mode at temperatures above 40    ° C. The authors have hypothesized that, for suf-
fi ciently high copolymer concentrations, a gel network forms, and the fast mode 
refl ects the collective diffusion of networked micelles. The middle mode arises due 
to the relaxation of nodes comprising the network. When the temperature is 
increased, the network begins to break down as a consequence of endblock pullout, 
in which case the middle dynamic mode becomes diffusive. Although the slowest 
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diffusive mode has been previously observed  [28] , and is presumed to correspond 
to the presence of large - scale heterogeneities (impurities), its origin nonetheless 
requires further investigation.   

 Watanabe  [40, 41]  has developed a dielectric technique to experimentally ascer-
tain the fraction of midblock loops (  ϕ   L ) in a triblock copolymer melt or solution. 
Dielectric properties are dependent on the polarization ( P ) of the system under 
investigation, which, in turn, depends on the arrangement of the dipoles present. 
 Cis  - polyisoprene molecules possess  “ type - A ”  dipoles, in which case their dipoles 
orient parallel to the polymer backbone and  P  is proportional to the chain end - to -
 end vector. Thus, in a poly( styrene -  b  - isoprene -  b  - styrene ) ( SIS ) triblock copolymer 

     Figure 26.4     Relaxation time distributions, 
represented by  A (  τ  ) where   τ   denotes time, for 
triblock copolymer organogels varying in 
copolymer concentration (in wt%): (a) 0.49, 

(b) 1.50, and (c) 5.50. The solid lines 
correspond to model fi ts, as discussed in the 
text.  Adapted from Ref.  [39]  and used with 
permission from John Wiley & Sons, Inc.   
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system, dielectric measurements provide information regarding the relative move-
ment of chain ends. Since the domain boundaries are immobilized in a quiescent 
state at ambient temperature, the SIS copolymer is dielectrically inert  [40] . If dipole 
inversion is introduced at the center of the midblock,  P  is proportional to the dif-
ference between the end - to - center vectors. This type of triblock (abbreviated as 
SIIS) is dielectrically active even under quiescent conditions. Quantitative com-
parison of the dielectric behavior of SIIS triblock and matched SI diblock copoly-
mers yields  [42]  a simple expression for the fraction of looped midblocks (  ϕ   L ). For 
a triblock copolymer dissolved in  n  - tetradecane,   ϕ   L  is found to decrease from 0.8 
to 0.6 as the copolymer concentration is increased from 20 to 50   wt%. The contri-
butions to the overall modulus provided by midblock loops, due to osmotic effects 
of microlattice formation, and midblock bridges, due to physical crosslinks, 
measure on the same order of magnitude, with the latter being larger by a factor 
of 2 – 3 × . 

 A block - selective solvent can induce morphological transitions in block copoly-
mers because it serves to increase the effective volume fraction of the compatible 
block and reduce the effective   χ   of the system by screening repulsive A – B monomer 
contacts. Thus, gels initially possessing a lamellar nanostructure will be trans-
formed into gels with micellar nanostructures (cylindrical or spherical) by increas-
ing the solvent fraction  [43] . Representative  transmission electron microscopy  
( TEM ) images illustrating this morphological progression are provided in Figure 
 26.5 , in which a microphase - separated SIS triblock copolymer swollen to different 
extents in mineral oil exhibits lamellar (Figure  26.5 a), cylindrical (Figure  26.5 b), 
and spherical (Figure  26.5 c) morphologies. In these fi gures, the unsaturated 

     Figure 26.5     Transmission electron 
microscopy images of SIS triblock copolymer 
organogels portraying several morphologies 
at different copolymer concentrations. 
(a) Lamellar; (b) Cylindrical; (c) Spherical. In 
all three images, the isoprenic midblocks are 

selectively stained and appear dark. The inset 
in (c) is an enlargement that evinces the 
existence of fi ne structure in the solvent - rich 
matrix. Scale bar shown in (c) corresponds to 
200   nm for (a) and (b), and 100   nm for (c).  
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isoprenic midblocks are selectively stained and appear dark. In Figure  26.5 c, the 
coronas around the periphery of the micelles are delineated. It is important to 
recognize that nanoscale strands between and connecting neighboring micelles 
are evident in this image (and not in images wherein the styrenic endblocks are 
stained), which suggests that some bundles of bridged midblocks are suffi ciently 
correlated that they become detectable upon staining. Morphological transitions 
in solvated triblock copolymer systems can be accompanied by abrupt changes in 
mechanical properties, such as the plateau or tensile moduli  [44] , and are readily 
identifi ed by small - angle scattering patterns, such as those shown in Figure  26.6 , 
due to signature peak ratios corresponding to various ordered morphologies  [43] . 
While relatively few studies have systematically addressed the phase behavior of 
triblock copolymers in the presence of an organic solvent, Lodge and coworkers 
 [19]  have broadly scrutinized the effects of solvent concentration and selectivity on 
the phase behavior of diblock copolymers.   

 It is appropriate at this juncture to mention that several published reports 
 [45, 46]  describe diblock copolymer gels. Diblock copolymer molecules swollen in 
a selective solvent can self - organize into the same morphologies observed for 
solvated triblock copolymers, but there remains an important molecular - level dif-
ference. In a micellar morphology, for the sake of illustration, diblock copolymer 
molecules can only adopt a tail topology wherein the solvent - incompatible block 
forms the micellar core and the solvent - compatible block accounts for the solvent -
 swollen corona. Intermicellar bridging is not possible. At low copolymer concen-
trations, such systems behave as suspensions of soft particles. As the copolymer 
concentration is increased, the micelles order on a cubic lattice, a process that has 
been referred to as  “ microlattice structuring ”   [47] . Watanabe and Kotaka  [48]  have 
studied the microlattice formation of SI diblock copolymers in  n  - tetradecane, an 
I - selective solvent. In moderately concentrated solutions, overlapping coronas 

     Figure 26.6     Small - angle X - ray scattering (SAXS) patterns 
acquired from SEPS triblock copolymer organogels varying in 
morphology (as labeled) due to differences in copolymer 
concentration at ambient temperature.  
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assume random conformations to maximize the conformational entropy, but are 
forced to maintain a uniform concentration distribution to minimize the free 
energy. A compromise yields mutually correlated microdomains with overlapping 
(and thus entangled) coronal blocks. When a small strain is applied, the local 
variation in concentration promotes an osmotic pressure gradient, which, 
in turn, generates a restoring force. Micellar solutions of diblock copolymers 
at moderate or high concentrations are elastic below a  “ yield ”  point. These 
systems, although gel - like at low strains, are not strictly considered organogels, as 
they undergo relaxation at ambient temperature. The presence of bridges in tri-
block copolymer organogels serves to increase relaxation times, so that at suffi -
ciently high copolymer concentrations ( c     >    cgc) and molecular weights, the 
copolymer network never relaxes at ambient temperature, which explains why  G  ′  
is independent of frequency in rheological tests. Because of the copolymer network, 
SAMINs derived from triblock copolymers can undergo large strains and subse-
quently snap back to their original shape, indicating that they possess shape 
memory.  

  26.2.2 
 Temperature Effects 

 At ambient temperature, a TPEG behaves as an elastic solid with relatively little 
hysteresis (i.e., nonrecoverable, or permanent, strain) induced upon cycling. When 
the temperature is raised above the  T  g  of the endblocks, the network - stabilizing 
crosslinks soften, and the gel transforms into a viscoelastic liquid with a distinct 
yield stress due to pull - out of endblocks from their microdomains upon deforma-
tion. According to dynamic rheological analysis, the glass transition is manifested 
by a small decrease in the storage modulus ( G  ′ ) and a broad maximum in the loss 
modulus ( G  ′  ′ )  [49] . Care must be taken, however, not to confuse the endblock glass 
transition with other copolymer transitions, such as  order – order transition s 
( OOT s), corresponding to morphological transformations, and the  order – disorder 
transition  ( ODT ), sometimes termed the lattice - disordering transition. In the latter 
case, long - range (lattice) order is replaced by short - range (liquid - like) order, and 
 G  ′  is observed to drop precipitously. This progression  [50]  is illustrated schemati-
cally in Figure  26.7 , in which cmT denotes the critical micelle temperature (i.e., 
the temperature at which micelles spontaneously form at constant concentration). 
Structural transitions such as OOTs and the ODT lie between the cmT and the 
endblock  T  g . It must be recognized that all these transition temperatures depend 
on factors such as endblock size and endblock – solvent compatibility at elevated 
temperatures  [22] .   

 The dynamics of micelles in block copolymer gels have attracted considerable 
attention. In small - molecule (i.e., surfactant - based) micellar systems, micelle 
exchange is a well - documented phenomenon  [51] . As alluded to above, under 
favorable conditions, block copolymer organogels can exhibit similar behavior. 
Watanabe and coworkers  [52] , for instance, have investigated network disruption 
and recovery of poly( butadiene -  b  - styrene -  b  - butadiene ) ( BSB ) triblock copolymers 
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in dibutyl phthalate, an S - selective solvent, using dielectric spectroscopy. Unlike 
conventional TPEGs with endblocks that form glassy crosslinks, solvated systems 
composed of BSB copolymer molecules consist of soft, deformable crosslinks that 
can experience chain pullout. When a large stress is applied at ambient tempera-
ture ( T     >>     T  g  of the endblocks), fl ow is restricted to pre - existing lattice defects. 
During shear, bridges across the defect plane convert to loops, which has likewise 
been observed  [53]  in triblock copolymer melts. This change in chain conformation 
generates a force that causes the micelles to migrate away from the defect plane. 
Some loops produced in this fashion mix transiently with the matrix, thereby 
forming dangling ends. A full recovery of the network upon cessation of shear is 
achieved when the thermodynamically unequilibrated dangling ends reform into 
bridges. Thus, the time for recovery is a function of the thermodynamic stability 
of the dangling end, which is a shear - independent relationship. 

 Another aspect of organogel dynamics that warrants close examination pertains 
to the kinetics of ordering and disordering at temperatures in close proximity to 
the ODT. Bansil  et al .  [54]  have employed time - resolved  small - angle X - ray scatter-
ing  ( SAXS ) to probe the kinetics associated with the nanostructural (dis)ordering 
of organogels containing 20   wt% poly[ styrene -  b  - (ethylene -  co  - butylene) -  b  - styrene ] 
( SEBS ) triblock copolymer. In this case, the kinetics of ordering upon cooling are 
found to be much slower (on the order of hours) than those of disordering upon 
heating (on the order of seconds). Upon slow cooling ramps, the effective volume 
fraction of hard spheres deduced from the Percus – Yevick scattering model  [55]  
initially increases to a maximum of  ∼ 0.52 (indicating an increase in order) near 
the ODT, and then decreases slowly. At lower temperatures, Bragg peaks become 
discernible and increase in intensity, indicating that the system has ordered into 
a body - centered - cubic (bcc) lattice. This change is accompanied by a small, but 
abrupt, reduction in micelle size. The ordering transition has also been studied 
by performing a thermal quench from 140    ° C (at which the gel is completely dis-

     Figure 26.7     Schematic diagram showing the 
effect of temperature on the micellar network 
formed in triblock copolymer organogels. Not 
included here is the order – disorder transition 
(ODT), if it exists at the copolymer 

concentration of interest. This progression 
implicitly presumes that  c     >    cgc.  Adapted 
from Ref.  [50]  and used with permission from 
the American Chemical Society.   



 26.2 Block Copolymer Gels  803

ordered) to a temperature below  T  ODT , but above  T  g . Two distinguishable stages 
are evident from the results, as shown in Figure  26.8 . During an induction period 
( ∼ 1000   s or more after quenching), no change in the maximum SAXS intensity is 
evident, initially due to thermal equilibration and then to micelle supercooling. 
An analysis of the scattering curves by the Percus – Yevick model  [56]  indicates that 
the hard sphere volume fraction increases to  ∼ 0.53, which precedes the appearance 
of scattering refl ections. Nucleation and growth of the ordered nanostructure 
occur during the second stage of structural development and account for an 
increase in scattering intensity at Bragg peak positions. The duration of the induc-
tion time depends on the depth of the thermal quench, exhibiting a minimum at 
an intermediate temperature between  T  ODT  and  T  g . This observation suggests that 
a competition exists between the driving force for ordering, which increases at 
deeper quenches, and chain mobility, which is reduced at lower temperatures.   

 As alluded to earlier, block copolymer gels subjected to a thermal ramp can, 
under favorable conditions, also transform from one morphology to another at an 
OOT temperature. In this case, the initial morphology is either cylindrical or 
lamellar. Starting with a gel composed of a SEBS triblock copolymer swollen with 
a midblock - selective solvent and exhibiting the cylindrical morphology, Li  et al . 
 [57]  have examined the transformation kinetics from hexagonally packed cylinders 
to bcc spheres by performing temperature - jump SAXS. Knowing the OOT and 
ODT temperatures (127 and 180    ° C, respectively) from complementary rheological 
and SAXS measurements, temperature jumps between the OOT and ODT could 
be used to follow the mechanism of cylinder  →  sphere transformation. For tem-
peratures up to  ∼ 145    ° C, this structural evolution proceeds by a three - stage nuclea-
tion and growth process. In the fi rst (incubation) stage, the cylinders retain their 

     Figure 26.8     Time evolution of the maximum 
SAXS intensity for a triblock copolymer 
organogel with 20   wt% copolymer quenched 
from a temperature above the ODT to 
different temperatures (as labeled) below the 
ODT. The induction time (labeled for data 

acquired at 105    ° C) corresponds to the time 
before the maximum intensity undergoes a 
nearly stepwise increase.  Adapted from Ref. 
 [54]  and used with permission from the 
American Chemical Society.   
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shape, but a shift in the principal scattering peak indicates a reduction in the 
distance between cylinders. A critical number of cylinders rupture into modulated 
spheres during the second stage. These regions serve as nucleation sites to promote 
further rupture of cylinders and modulation of weakly correlated spheres in an 
outgoing ripple. Lastly, the spheres order on a bcc lattice so that the (100) plane 
of the hexagonal cylinders becomes the (110) plane of the bcc spheres and the 
cylinder axis evolves into the  < 111 >  direction of the bcc spheres, as illustrated in 
Figure  26.9 . At temperatures beyond 150    ° C, the fi rst two stages coincide, and the 
mechanism commences via spinodal decomposition in which the cylinders trans-
form directly into disordered spheres by correlated ripples. Above the ODT, the 
temperature jump permits formation of transient bcc spheres prior to disordering. 
Qualitatively similar results have been reported  [58]  for the transition from lamel-
lae to cylinders in a triblock copolymer gel consisting of an endblock - selective 
solvent. Although no studies to date have examined the kinetics of OOTs in block 
copolymer gels upon cooling, corresponding efforts performed experimentally  [59]  
and theoretically  [60]  on solvent - free copolymers have likewise revealed that the 
sphere  →  cylinder transformation occurs by a nucleation and growth process, the 
details of which are sensitive to the depth of the thermal quench used to promote 
the transition.    

  26.2.3 
 Microdomain Alignment 

 Microdomains that form by molecular self - organization in a block copolymer 
organogel, such as a TPEG, frequently appear deformed due to interfacial packing 
frustration that occurs during rapid solvent evaporation or thermal quenching. In 
either case, specimen processing can promote metastable conformations that 

     Figure 26.9     Scheme depicting the 
temperature - induced time evolution of 
hexagonally packed cylinders to bcc spheres 
in triblock copolymer organogels. Initial and 
subsequently modulated cylinders are 
displayed in (a) and (b), respectively, whereas 

cylinder break - up into spheres is portrayed in 
(c). The solid lines follow the accompanying 
crystallographic development discussed in the 
text.  Reproduced from Ref.  [57]  and used with 
permission from the American Chemical 
Society.   
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become frozen - in once the endblocks undergo vitrifi cation. It immediately follows, 
then, that increasing the temperature of such gels above the endblock  T  g  should 
give the endblocks ample opportunity to relax and redistribute, and the nanostruc-
ture time to equilibrate. Quenching of such ordered gels to temperatures below 
the endblock  T  g  should again lock - in the morphology, even though it is nonequi-
librium at the lower temperature. Independent efforts  [32, 61, 62]  have explored 
the effect of annealing on the morphologies and properties of organogels com-
posed of SEBS copolymers. Laurer  et al .  [32]  have directly observed moderately 
improved long - range order in annealed gels by TEM, whereas Soenen  et al .  [61, 
62]  have reported an increase in the number of peaks in SAXS patterns of gels 
upon annealing. Although annealing in the melt can enhance the nanostructural 
order of block copolymer organogels, it remains unclear that long - time annealing 
serves to either improve their mechanical properties or alter their phase 
behavior. 

 Similar structural results (cf. Figure  26.10 ) have been purported by Kleppinger 
 et al .  [63, 64] , who have also shown that SAXS patterns acquired from gels, 
annealed or otherwise, retain a broad structure factor maximum at high tempera-
tures, indicating that network clusters remain. For gels possessing intermicellar 
distances such that the midblocks behave as statistical coils, an abrupt transforma-
tion to the bcc morphology proceeds upon annealing in the melt  [65, 66] . This 
morphology is preserved even after cooling below  T  g . For gels with higher copoly-
mer concentrations and compressed midblocks, the bcc morphology eventually 
forms upon longer annealing times. In this case, a temperature increase promotes 
an increase in midblock gyration radius, thus improving orientational order. At 
lower temperatures, this morphology is nonequilibrium, which may result in 
lattice distortion due to frustration of close - packed spheres. An alternative route 
to improved microdomain orientation in block copolymer gels involves shear -

     Figure 26.10     SAXS patterns obtained from 
triblock copolymer organogels with 20   wt% 
copolymer under two different thermal 
conditions. (a) Quenched and unannealed; 
(b) Quenched and annealed at 90    ° C for 24   h. 

The higher - order Bragg diffraction peaks in 
(b) identify the morphology as bcc spheres. 
 Adapted from Ref.  [63]  and used with 
permission from John Wiley & Sons, Inc.   



 806  26 Nanostructured Organogels via Molecular Self-Assembly

 induced disordering and reordering  [64] . After the gel has been preannealed to 
form a bcc morphology, a large - amplitude oscillatory shear is applied to disrupt 
the nanostructure. Upon reordering, the gel exhibits a highly ordered, single -
 crystal, twinned bcc morphology, as depicted in Figure  26.11 . Thus, a combination 
of thermal and shear treatment can be used to achieve single - crystal order in block 
copolymer gels. By surveying a range of strain amplitudes and frequencies, 
Mortensen  et al .  [67]  have developed a morphology diagram (cf. Figure  26.12 ) that 
establishes the conditions under which block copolymer gels can be highly ori-
ented. Orientation refi nement is found to occur only in the frequency range where 
 G  ′  ′   ≈   G  ′ , and long shear times are required for dislocation planes to form.    

  26.2.4 
 Tensile Deformation 

 Reynaers and coworkers  [68]  have subjected disordered SEBS and poly[ styrene -  b  -
 (ethylene -  co  - propylene) -  b  - styrene ] ( SEPS ) gels to moderate uniaxial strains (up to 
100%) and elucidated the resultant nanostructure by  small - angle neutron scatter-
ing  ( SANS ), as illustrated in Figure  26.13 . Affi ne deformation of the supramolecu-
lar network is observed only at high copolymer concentrations, which favor 
entanglement of the copolymer midblocks. According to Prasman and Thomas 
 [69] , Poisson ’ s ratio must remain constant to achieve affi ne deformation. At lower 
copolymer fractions, stretching in one direction up to 100% strain promotes the 
formation of distinct diffraction spots along the strain direction (Figure  26.13 a) 
and well - defi ned layers of ordered micelles normal to the strain direction (Figure 
 26.13 b). At higher strains (up to 1000%), however, the corresponding SANS 
patterns appear markedly different  [70] . Between 200 and 400% strain, the patterns 

     Figure 26.11     Transmission electron 
microscopy image of a triblock copolymer 
organogel composed of 20   wt% copolymer 
and subjected to large - amplitude oscillatory 
shear to induce nanostructural alignment. In 

contrast to Figure  26.5 , the styrenic endblocks 
are selectively stained and appear dark. The 
inset is a 2 - D Fourier transform of the image 
to confi rm the high degree of order in this 
specimen.  
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     Figure 26.12     Normalized strain - frequency (  γ   -   ω  ) diagram 
revealing the dynamic shear conditions under which a triblock 
copolymer organogel can be highly oriented into a twinned 
bcc spherical morphology.  Adapted from Ref.  [67]  and used 
with permission from the American Chemical Society.   

     Figure 26.13     (a) 2 - D SANS patterns of 
triblock copolymer organogels consisting of 
18   wt% SEPS copolymer and subjected to 
different uniaxial tensile strains: (bottom) 0%, 
(middle) 50%, (top) 100%; (b) A clustered 
micelle arrangement consistent with 

experimental observations that SANS patterns 
do not change beyond a particular strain level. 
 Adapted from Ref.  [14]  and used with 
permission from the American Chemical 
Society.   
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become more diffuse, clearly indicating distortion of the regular layers formed at 
lower strains. Above 400% strain, no structural changes are detectable at the length 
scales probed by SANS. This observation has been interpreted to mean that (i) the 
strained network consists of large, discrete clusters similar to those that develop 
at the sol – gel transition upon initial network formation; and (ii) these clusters vary 
in the extent of their connectivity. Cluster boundaries, for instance, possess fewer 
crosslink sites than the clusters themselves, and are thus more deformable than 
the clusters, which saturate and produce no further structural changes at high 
strains. Krishnan  [71]  has employed SAXS to examine the response of SEBS gels 
to biaxial tensile deformation up to 300%    ×    300% strain, and has found, by using 
the Percus – Yevick scattering model  [72]  incorporating a square - shoulder potential, 
that the micelles remain (for the most part) spherical and that the micellar coronas 
increasingly overlap with escalating strain. Kleppinger  et al .  [73]  have likewise 
investigated the conditions responsible for affi ne behavior when SEBS gels are 
subjected to uniaxial strain. Affi ne behavior is observed in unannealed SEBS gels 
at high extension rates, while nonaffi ne behavior is dominant at low extension 
rates. If, however, a gel is preannealed so that the micellar nanostructure exhibits 
long - range order prior to deformation, then affi ne behavior is realized even at low 
extension rates.   

 Uniaxial tensile deformation of triblock copolymer gels deviates from the predic-
tions of classical rubber elasticity  [74] , and is therefore often described in terms 
of the semi - empirical Mooney – Rivlin model  [75, 76]  that initially was developed 
for chemically crosslinked elastomers. A more recent attempt to relate the bulk 
physical behavior of triblock copolymer gels to their underlying nanoscopic 
network is the STN model  [37] , as introduced in Section  26.2.1 . In this model, the 
measured nominal (or engineering) stress (  σ  ) is given by
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where  G  c  and  G  e  denote the contributions of permanent crosslinks and transient 
entanglements, respectively, to  G . Here,  g (  λ  )   =   0.74  λ     +   0.61  λ    − 1/2     −    0.35, where   λ   
represents the extension ratio, and  f ( φ , Φ ) depends on the concentration of hard 
fi ller (  φ  )    –    for example, glassy micelles, governed by the composition of the copoly-
mer    –    and the copolymer volume fraction ( Φ ). Shankar  et al .  [31]  have demon-
strated that this model can provide valuable insight into molecular factors, such 
as the copolymer chain length ( N ), that infl uence gel network formation and 
properties.  

  26.2.5 
 Network Modifi ers 

  26.2.5.1   Inorganic Nanofi llers 
 Due to a growing interest in hybrid organic – inorganic nanocomposites  [77] , 
several studies  [49, 78 – 83]  have recently addressed the effects of inorganic nano-
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scale fi llers on morphology and property development in block copolymer gels. 
Electron microscopy images of gels modifi ed with colloidal silica nanoparticles 
and a surface - modifi ed organoclay are provided in Figures  26.14  and  26.15 , and 
indicate the extent to which the additives disperse, which is of paramount impor-
tance with regard to controllable property development. Mechanical properties are 
generally found to improve when surface - modifi ed silicas  [49, 78]  and organoclays 
 [78]  are incorporated into the gel matrix. Efforts to use  carbon nanotube s ( CNT s) 
 [78]  have yielded less impressive results due to challenges associated with suffi -
cient dispersion. An enhanced modulus is achieved when the additive is more 

     Figure 26.14     Energy - fi ltered TEM image of a 
triblock copolymer organogel composed of 
10   wt% SEBS copolymer and modifi ed with 
3   wt% colloidal silica nanoparticles. The 
styrenic micelles, stained by the vapor of 

RuO 4 (aq), appear light, whereas the siliceous 
nanoparticles appear bright, due to imaging 
at an energy loss of 200   eV. Two neighboring 
individual nanoparticles are circled.  

     Figure 26.15     Energy - fi ltered TEM image of the same triblock 
copolymer organogel pictured in Figure  26.14 , but modifi ed 
with 3   wt% organoclay. The siliceous clay platelets likewise 
appear bright due to imaging under the same conditions as 
those employed in the previous fi gure.  
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compatible with the matrix (solvent and midblock), as this renders improved dis-
persion and, consequently, more effi cient stress absorption from the soft phase 
 [49] . Properties are observed  [79]  to generally improve with increasing nanofi ller 
content, even at surprisingly high (60   wt%) loading levels. The addition of nano-
particles may also expand the mechanical performance and stability of block 
copolymer organogels at high temperatures, especially if (i) the attractive interac-
tions between the nanoparticles and matrix are particularly strong  [49] ; or (ii) the 
nanoparticles themselves form a secondary, load - bearing network that remains 
thermally stable  [78] .    

  26.2.5.2   Polymeric Modifi ers 
  Endblock - Selective Homopolymer     In the previous section, the addition of inor-
ganic nanofi llers to a block copolymer gel resulted in a hybrid material wherein 
the nanofi llers were highly dispersed to yield nearly discrete nanoscale particulates 
with an ultrahigh surface - to - volume ratio. For this reason, and to avoid macro-
scopic phase separation between the nanofi llers and the gel, only very low nano-
fi ller concentrations can be considered. The addition of an endblock - selective 
homopolymer to a block copolymer gel can likewise result in several different 
scenarios, depending on factors such as endblock compatibility, molecular weight 
disparity, and homopolymer concentration  [84] . If the homopolymer is chemically 
identical (hA) to the endblocks of an ABA triblock copolymer, then only the 
molecular weight disparity ( α    =    N  hA / N  A ) and hA concentration constitute key 
design parameters. As in solvent - free block copolymers, if  α  is large ( > 1), the 
hA molecules will not be physically accommodated within the brush comprising 
the A - rich microdomains. In this case, the brush is said to remain  dry  due 
to the lack of penetration of homopolymer molecules  [85] . This entropic penalty 
favors macrophase separation between the copolymer and homopolymer 
molecules even at relatively low hA concentrations. In this limit, hA - rich domains 
measuring on the order of micrometers or larger coexist with the gel network, 
and the accompanying mechanical properties are largely dictated by the 
separating interface. The incorporation of semicrystalline  syndiotactic polystyrene  
( sPS ) into a SEBS gel, for example, results in the formation of discrete sPS 
crystals, which appear as fi laments and sheets (cf. Figure  26.16 ) that greatly 
improve the modulus due to adhesion between the crystals and the styrenic 
micelles  [86] .   

 As  α  becomes smaller, however, due to a reduction in  N  hA  or an increase in  N  A , 
the smaller hA molecules can locate within the A - rich microdomains and  wet  the 
compatible block brush. In this limit, added hA can serve to facilitate, or even 
induce, copolymer micellization because of the corresponding increase in the 
population of unfavorable A – B contacts  [87] , and it can likewise promote a change 
in interfacial curvature and, hence, gel morphology  [88, 89] . Mechanical properties 
are found  [90]  to generally improve with increasing hA fraction up to a molecular -
 weight - dependent level, beyond which macrophase separation occurs. One way to 
lessen the propensity for macrophase separation and to ensure the encapsulation 
of a homopolymer within the endblock - rich microdomains responsible for stabiliz-
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ing the gel network is to increase the homopolymer/endblock compatibility. In 
the case of gels composed of styrenic triblock copolymers (i.e., copolymers with 
PS endblocks),  poly(2,6 - dimethyl - 1,4 - phenylene oxide)  ( PPO ) constitutes an ideal 
candidate in this regard, since   χ   between these two polymers is negative over all 
compositions and a large temperature range  [91] . Moreover, since PPO possesses 
a relatively high  T  g  ( ∼ 210    ° C), it may be added to improve the service temperature 
of styrenic SAMINs  [92] . This increase has been reported  [93]  to be as high as 
 ∼ 30    ° C upon the addition of 3   wt% PPO to a SEBS gel. At higher loading levels, 
the mechanical properties improve substantially and morphological transitions 
can be expected  [91] .  

  Cosurfactant     Although a variety of midblock - selective homopolymers can be 
blended into block copolymer gels (e.g., polyolefi ns such as polypropylene  [94]  
added to gels with a primarily aliphatic solvent) to modify process or application 
properties, such modifi cation normally results in the formation of macrophase -
 separated systems consisting of homopolymer - rich and gel - rich domains that are 
discrete or cocontinuous, depending on the relative concentrations. For this 
reason, such multicomponent systems are not considered further here. Another 
means by which to alter gel properties at the molecular level involves the addition 
of an AB diblock copolymer as a cosurfactant to the ABA triblock copolymer 
network. In this scenario, the AB molecules, if suffi ciently incompatible, are forced 
to coreside with their ABA analogues, resulting in submicrodomain stratifi cation 
 [95] . Due to the presence of AB molecules, the ABA molecules are entropically 
forced to form bridges (rather than re - enter to form loops) due to coronal volume 
exclusion, in which case addition of an AB copolymer in small quantities can 
improve mechanical properties even when  c     <    cgc for the parent ABA solution (cf. 

     Figure 26.16     TEM image of a triblock 
copolymer organogel composed of 8.5   wt% 
SEBS copolymer and 1.5   wt%  syndiotactic 
polystyrene  ( sPS ). The styrenic micelles and 

crystalline sPS sheets and fi laments are both 
selectively stained and appear dark.  Adapted 
from Ref.  [86]  and used with permission from 
the American Chemical Society.   
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Figure  26.17 )  [96, 97] . Complementary SAXS studies performed by Vega  et al .  [29]  
reveal that the presence of an AB copolymer could help to prevent macrophase 
separation due to a reduction in intermicellar distance, and could, in general, be 
used to tune to the phase behavior of the system (cf. Figure  26.18 ).      

  26.2.6 
 Nonequilibrium Mesogels 

 Thermoplastic elastomer gels are normally prepared by mixing a triblock copoly-
mer and a low - volatility solvent, with or without a carrier solvent (to reduce viscos-

     Figure 26.17     Dependence of  G  ′  on the 
fraction of AB diblock copolymer added to 
triblock copolymer organogels and solutions 
varying in total copolymer concentration (in 
wt%): 15 ( � ), 11 ( � ), and 7 ( � ). Note that a 
frequency - independent modulus indicative of 

a gel network is not achieved in the system 
with 7   wt% copolymer until the diblock 
copolymer is added. The solid lines serve to 
connect the data.  Adapted from Ref.  [96]  and 
used with permission from the American 
Chemical Society.   

     Figure 26.18     Experimental phase diagram for an ABA triblock 
copolymer organogel modifi ed with an AB diblock copolymer. 
The lines serve as guides for the eye.  Adapted from Ref.  [29]  
and used with permission from John Wiley & Sons, Inc.   
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ity during mixing and evaporate thereafter), at elevated temperatures and then 
cooling the solution below the endblock  T  g  to induce glassy crosslinks that serve 
to stabilize the gel network. An alternative approach to preparing gels from the 
same copolymer and solvent pair is to introduce a solvent directly into the ordered 
copolymer by diffusion at temperatures below the endblock  T  g . As the solvent -
 incompatible endblocks    –    and hence their microdomains    –    are glassy, they do not 
dissolve as the midblocks swell. Midblock swellability depends on both the solubil-
ity of the solvent in the midblock and the extent to which the midblocks stretch 
(which is entropically unfavorable), as shown schematically in Figure  26.19 . Gels 
produced in this fashion from an ordered copolymer have been referred  [99]  to as 
 “ mesogels ”  because they retain the characteristics of the neat copolymer mes-
ophase, since fabrication occurs under nonequilibrium conditions. King  et al .  [100]  
have observed that, on progressive swelling, such gels derived from a copolymer 
possessing the lamellar morphology retain highly swollen lamellae, as evidenced 
by the TEM image shown in Figure  26.20 , even at solvent concentrations that 

     Figure 26.19     Schematic illustration of the 
procedure to generate lamellar mesogels from 
midblock - selective solvation of ABA triblock 
copolymers. (a) Microphase ordering of the 
copolymer from solvent casting or melt 
processing; (b) Reduction in temperature so 

that the A lamellae are rigid (i.e., glassy or 
semicrystalline); (c) Diffusion of solvent into 
the B lamellae to induce swelling while 
retaining a layered morphology.  Reproduced 
with permission from Ref.  [98] ;  ©  American 
Chemical Society.   

     Figure 26.20     Transmission electron 
microscopy image of a triblock copolymer 
mesogel demonstrating that the procedure 
depicted in Figure  26.19  yields intact styrenic 

lamellae (stained) in a solvent - swollen 
midblock matrix.  Reproduced with permission 
from Ref.  [100] ;  ©  American Chemical 
Society.   
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would have otherwise induced morphological transformations. Li  et al .  [101]  have 
expanded earlier theoretical efforts  [98, 99, 102]  designed to model mesogels in 
terms of swollen brushes by simulating the equilibrium swelling volume fraction 
as a function of morphology, bridge fraction and midblock – solvent interaction 
parameter. It is interesting to note that the extension and compression behavior 
of lamellar mesogels are predicted  [102]  to be dissimilar. During extension, chain 
elasticity dominates, whereas osmotic pressure governs compression. In general, 
however, mesogels tend to exhibit improved mechanical properties (expressed in 
terms of modulus  [100] ) relative to their equilibrium counterparts at the same gel 
composition.    

  26.2.7 
 Special Cases 

  26.2.7.1   Liquid Crystals 
 Generally speaking,  liquid crystal s ( LC s) can be envisaged as anisotropic, rod - like 
molecules that are capable of developing orientational and/or positional order in 
the liquid state  [103] . Of the three commonly encountered types of liquid crystal-
line mesophases reported (nematic, smectic and cholesteric, or twisted nematic), 
the nematic, wherein the molecules align along a single direction with no posi-
tional order, constitutes the simplest  [104] .  Thermotropic  LCs are temperature -
 sensitive, and an increase in temperature causes the nematic mesophase to 
disorder into an unstructured, isotropic liquid. Kornfi eld and coworkers  [105]  
have successfully synthesized thermoresponsive triblock copolymer gels contain-
ing a midblock - selective LC solvent. To ensure suffi cient compatibility between 
the copolymer and nematic solvent (4 - cyano - 4 -  n  - pentylbiphenyl; known commer-
cially as 5CB) and to avoid macrophase separation, the copolymer molecule is 
designed to have glassy (styrenic) endblocks and a midblock functionalized with 
a nematic side group. In this case, the copolymer midblock is soluble in both 
the LC and isotropic phases of 5CB. At low copolymer concentrations, the copoly-
mer endblocks are soluble in the isotropic phase, but aggregate in the nematic 
phase due to endothermic mixing and a low entropy of mixing. Unlike isotropic 
solvents, in which the solvent quality changes gradually with temperature, this 
LC solvent undergoes an abrupt change in solvent quality at the relatively sharp 
isotropic  →  nematic phase transition  [106] . In essence, the gel exhibits an  “ on – off ”  
LC response at this transition temperature, thereby imparting the gel with added 
functionality. At higher copolymer concentrations (20   wt%), the endblocks also 
become insoluble in the isotropic phase of 5CB, in which case the gel network 
remains intact even at temperatures above the nematic  →  isotropic transition. 
Mesogels of LC triblock copolymers swollen by a nematic solvent have likewise 
been investigated  [107] . An interesting fi nding is that the modulus of the gel 
can be reversibly changed by applying an electric fi eld. The gel can also be 
sheared by applying a fi eld above a certain threshold value, thus evincing 
quasi - piezoelectricity.  
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  26.2.7.2   Ionic Liquids 
  Ionic liquid s ( IL s) constitute an emerging class of functional compounds that 
exhibit electrical conductivity and possess negligibly low vapor pressure, as well 
as broadly tunable physical properties  [108] . Lodge and coworkers  [26]  have fabri-
cated thermoreversible block copolymer gels by dissolving a poly( styrene -  b  - 
ethylene oxide -  b  - styrene ) ( SEOS ) triblock copolymer in an IL at elevated 
temperatures, and allowing the glassy endblocks to self - organize and vitrify upon 
cooling. The IL used in this study remains liquid at ambient temperature. It is 
interesting to note that the same type of copolymer, with a polar midblock, has 
been used  [109]  to prepare mesogels in conjunction with  poly(ethylene glycol)  
( PEG ) for enhanced carbon dioxide separation. Characterization of the IL - based 
copolymer gel, for which the cgc is 4   wt% at 10    ° C, reveals that the temperature 
dependence of the ionic conductivity is comparable to that of the bulk ionic liquid 
in the absence of the copolymer network. Similar gels have also been produced 
 [110]  with a poly( N  - isopropyl acrylamide -  b  - ethylene oxide -  b  -  N  - isopropyl acryla-
mide) triblock copolymer, which possesses temperature - sensitive endblocks. Gela-
tion in this system can be induced due to the  lower critical solution temperature  
( LCST ) behavior of the endblock in the IL solvent. Pioneering efforts such as these 
are charting the course for future research in the bottom - up design of conductive 
gels, especially as the copolymers and solvents can be further modifi ed to improve 
both electrical and mechanical properties.  

  26.2.7.3   Multiblock Copolymers 
 Thus far, nanostructured organogels composed exclusively of ABA triblock copoly-
mers have been considered. Multiblock copolymers generically designated as 
(A  n  B  n  )  m   copolymers are likewise expected to form stabilizing network structures 
in an A -  or B - selective solvent. Similar to triblock copolymer gels containing cosur-
factant (diblock copolymer) molecules (cf. Section  26.2.5.2 ), each microdomain in 
a multiblock copolymer consists of dangling endblocks, as well as looped and 
bridged midblocks, in proportions that depend only on  n   [111] . While the morpho-
logical and property attributes of solvent - free multiblock copolymers have received 
considerable attention  [112, 113] , few studies have explored the utility of well -
 defi ned multiblock copolymer gels. Bansil and coworkers, for instance, have exam-
ined an ABABA pentablock copolymer in two different solvents: 1,4 - dioxane  [114] , 
a slightly good solvent for A and a   θ   solvent for B; and  n  - hexane  [115] , a strongly 
selective solvent for the B blocks. In 1,4 - dioxane solutions, the marginally less -
 soluble B blocks appear to be physically connected by swollen A blocks. An inter-
esting result is that a gel network does not develop in these solutions, even at the 
highest copolymer concentrations studied, due possibly to (i) an insuffi ciently low 
fraction of microphase - separated B blocks; or (ii) insuffi cient solvent selectivity. 
In the presence of  n  - hexane, macrophase separation occurs at low copolymer 
concentrations, whereas gelation is accompanied by solvent expulsion at higher 
concentrations. Gindy  et al .  [116]  have attempted to explain this result by perform-
ing Monte Carlo simulations and have proposed that, in dilute solutions, macro-
phase separation occurs when the ratio  m / n  exceeds a critical value (as observed 
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experimentally in  n  - heptane). Gelation at higher copolymer concentrations is 
attributed to the association of collapsed insoluble microdomains, similar to mul-
tiplets in ionomers. More complicated gel systems derived from randomly coupled 
multiblock copolymers possessing broad block and chain polydispersities (e.g., 
polyurethanes  [117] ) have likewise been generated and studied, but their nano-
structures are typically not well - defi ned, which is why they are not considered 
further here.  

  26.2.7.4   Cosolvent Systems 
 Although ABA triblock copolymer gels normally consist of a single, low - volatility 
solvent that is selected to be suffi ciently B - selective and A - incompatible, a mixture 
of miscible solvents can certainly be employed to fi ne - tune solvent quality and 
controllably alter the phase behavior and physical properties of the resultant gel 
 [118] . More recent studies  [71]  have demonstrated that this strategy can likewise 
be used to adjust the time - responsive dynamic nature of such gels. The addition 
of a triblock copolymer to a saturated tackifying resin, which possesses saturated 
ring groups and a  T  g  near or slightly above ambient temperature, yields a time -
 dependent viscoelastic system that, upon uniaxial or biaxial deformation, slowly 
returns to its original shape. In this case, the elastic restoring force of the copoly-
mer network is thwarted by the high viscosity of the solvent matrix. Results 
acquired from dynamic rheology confi rm that both  G  ′  and  G  ′  ′  are strong functions 
of frequency, indicating that these systems are not gels according to the rheological 
criteria listed earlier. The addition of a low -  T  g  aliphatic oil to the system, however, 
results in a composition - dependent progressive shift of the frequency spectrum 
to higher frequencies. This apparent time - composition equivalence is similar in 
effect to time – temperature equivalence  [5]  and permits the construction of a 
superpositioned frequency spectrum over a broader range than could be measured 
experimentally (cf. Figure  26.21 ). As frequency relates to reciprocal time, the 
behavior of the cosolvent gel at very long or very short times can be accurately 
assessed at ambient temperature by simply changing the cosolvent composition.      

  26.3 
 Organic Gelator Networks 

 Organic gelling agents, or  gelators , with molecular masses of less than  ∼ 2   kg   mol  − 1  
are referred to as  low molar - mass organic gelator s ( LMOG s), and constitute a 
growing class of compounds that provides fundamental insight into molecular 
self - organization and practical use for applications requiring responsive materials 
 [1, 119, 120] . In stark contrast to solvated block copolymers that form gels by 
microphase separation, LMOGs are generally classifi ed according to their molecu-
lar structure and the intermolecular interactions that promote physical gelation. 
In this case, the organogel networks are stabilized via noncovalent physico - 
chemical interactions such as hydrogen bonds,  π  –  π  stacking, or London dispersion 
forces. As with block copolymer gels, gels produced by LMOGs are thermorevers-
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ible, in which case the load - bearing networks dissolve into the surrounding liquid 
matrix upon heating above a composition - dependent dissolution temperature 
( T  dis ), but reform upon cooling. Physical gels are typically generated by fi rst heating 
a relatively low concentration (typically a few percent by mass) of the LMOG in an 
organic solvent or low -  T  g  polymeric liquid until all the components become a 
solution, or  sol , and then cooling the sol to below the gelation temperature ( T  gel ). 
The value of  T  gel  is identifi ed as the temperature at which fl ow is no longer discern-
ible over long periods  [119] . It is important to recognize that  T  gel  is generally lower 
than  T  dis , since more thermal energy is required to break apart and dissolve the 
gel network than to form it. Conversely, gel network formation may require a fi nite 
degree of supercooling to initiate either (i) crystallization; (ii) precipitation; or (iii) 
aggregation of the LMOG, thereby producing a gel  [121] . 

 The resultant gels consist of 3 - D self - assembled fi brillar networks (SAFINs) that 
are characterized by entangled nanoscale fi brils exhibiting a high surface - to - 
volume ratio. These networks have been visualized by a variety of imaging methods, 
including  scanning electron microscopy  ( SEM ), TEM and  atomic force microscopy  
( AFM ). Representative examples of SEM  [122]  and TEM  [123]  images of SAFINs 
are provided in Figures  26.22  and  26.23 , respectively, and demonstrate that the 
fi brils can range in size from nanometers to micrometers in width, and from 
micrometers to millimeters in length. Due to the large solid – liquid interfacial area, 
the matrix solvent is effectively entrapped by capillary forces within the network. 
At the macroscopic level, the total volume of solvent is immobilized, resulting in 
a solid - like material  [124] . Because the networks do not consist of long, elastic 
chains (as in block copolymer gels), LMOG - based gels tend to be exquisitely shear -
 sensitive, and their networks readily break apart during steady or large - amplitude 

     Figure 26.21     Frequency spectra shown as 
master curves for  G  ′  and  G  ′  ′  measured from 
triblock copolymer organogels composed of 
25   wt% copolymer and a cosolvent (mineral 
oil/tackifying resin) that varies in 
composition, thereby demonstrating that a 

ternary SAMIN system exhibits time –
 composition equivalence. The composition -
 dependent shift factor ( a  c ), determined using 
a reference composition of 60   wt% tackifying 
resin, is included as a function of resin 
fraction in the inset.  
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     Figure 26.22     Scanning electron microscopy 
images collected at (a) high and (b) reduced 
magnifi cation from a polycatenar organogel 
consisting of 3   wt% gelator, illustrating the 

morphology representative of SAFIN 
organogels.  Reproduced with permission from 
Ref.  [122] ;  ©  American Chemical Society.   

     Figure 26.23     Transmission electron 
microscopy image acquired from a 
1 - acetonitrile organogel consisting of 
0.07   wt% gelator, confi rming the existence of 
nanofi brils (measuring 40 – 70   nm in diameter), 

some of which exhibit helical twist with a 
pitch of  ∼ 150   nm. To improve contrast, the 
nanofi brils have been selectively stained. 
 Adapted from Ref.  [123]  and used with 
permission from John Wiley & Sons, Inc.   

oscillatory shear, but reform upon cessation of shear. The kinetics of network 
healing depend on the chemistry (and interaction mechanism) of the LMOG, the 
concentration of the LMOG, and the quality of the solvent matrix. As gels produced 
with LMOGs depend on specifi c intermolecular interactions, this section is divided 
into three types of interactions that LMOGs require to promote physical gelation, 
namely hydrogen bonding,  π  –  π  stacking, and London dispersion forces.   

  26.3.1 
 Hydrogen Bonding 

 Hydrogen bonding is the attractive force that exists between an electronegative 
atom and a hydrogen attached to another electronegative atom, thereby imparting 
the hydrogen with a partial positive charge. The electronegative atom must possess 
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one or more unshared electron pairs, and thus has a partial negative charge. 
Hydrogen bonding can occur  inter molecularly, between molecules, or  intra mo-
lecularly, between parts of the same molecule. Hydrogen bonding is weaker than 
covalent or ionic bonds, but stronger than van der Waals forces. Originally thought 
to be a random event, hydrogen bonding constitutes an example of a highly 
ordered occurrence and is ubiquitous throughout nature  [125, 126] . Characteristics 
that are common to almost all gelators include  [123] : 

   •      Molecular factors, such as the presence of long alkyl substituents, that promote 
one - directional growth which prohibits the formation of 3 - D crystal structure.  

   •      The ability of SAFINs to branch and entangle, often due to active functional 
groups that promote intermolecular interactions, and thus develop a 3 - D 
network capable of immobilizing the solvent.  

   •      At least one chiral center within the molecule.    

 It should be noted that, while this list provides guidelines for known gelators, the 
existence of any or all of these traits in a molecule does not guarantee that it can 
gel organic solvents. Mel é ndez  et al .  [127]  have suggested three common features 
of effi cient gelators that self - assemble via hydrogen bonding: (i) the presence of 
one or more hydrogen - bonding groups; (ii) long alkyl substituents; and (iii) stere-
ogenic centers within the molecule. Although these types of interaction unques-
tionably contribute to the ability of a molecule to induce gelation, this section 
focuses on the functional groups, chirality, and the self - aggregated structure of 
several important families of gelators. The aim here is to identify the common 
features that are responsible for gelation, and to classify LMOGs on the basis of 
their chemical similarity. As it is not possible to include all gelators at this point, 
several excellent reviews  [119, 128, 129] , each dedicated to LMOGs and their orga-
nogels, are recommended to the reader. 

  26.3.1.1   Amides 
 The presence of two electronegative atoms in amides allows them to produce 
highly ordered hydrogen - bonded networks that can extend in linear arrays, as well 
as form eight - membered ring dimers  [130] . The addition of long alkyl chains to 
an amide can help to prevent crystallization  [123] , thereby resulting in an effective 
gelling agent. Cyclic amide derivatives possessing butyl chains, for instance, are 
less effective at promoting gelation than the same derivatives with chains possess-
ing ten or more carbons  [131] . The formation of extended molecular sheets due 
to gelation of a diaminocyclohexane constitutes another example of how hydrogen 
bonding promotes the entanglement of SAFINs through complementary func-
tional groups  [123] . Chirality in amides can also play a critical role when determin-
ing which enantiomeric form can induce gelation in an organic or organic - containing 
solvent.  Trans  - cyclohexane - 1,2 - diamide (see Figure  26.24 ) is an effi cient gelator of 
polydimethylsiloxane (silicone) oil and liquid paraffi n, whereas the  cis  enantiomer 
is unable to produce a gel  [132] . This difference in gelling effi cacy is attributed to 
the fact that the  trans  molecule can exist in an anti - parallel arrangement that 
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maximizes the self - complementary interaction of hydrogen - bonding groups. 
Other types of amide gelators include aromatic polyamides  [133] , synthetic pep-
tides  [134] , and perfl uorinated amides  [135] .    

  26.3.1.2   Ureas 
 Ureas (also referred to as  carbamides ) have attracted much attention as another 
family of LMOGs. More specifi cally, bis - urea molecules have been used as organic 
gelators that assemble into thin rectangular sheets by hydrogen bonding and form 
thermoreversible gels  [136] . Similar to many other organic gelators, only one 
enantiomeric form,  trans  bis - urea, is capable of promoting gelation because, unlike 
its  cis  analogue, it can self - aggregate into an anti - parallel arrangement and thus 
form linear aggregates  [137] . A practical challenge with urea gelators is that the 
minimum temperature, at which the gels are stable, is much higher than ambient 
temperature ( ∼ 100    ° C)  [127] . Hamilton  [138]  has, however, successfully established 
that a group of bis - urea – amino acid conjugates can gel solvents as low as 5    ° C, 
which is unique for this molecule and highly advantageous for industrial applica-
tions.  “ Spacer ”  moieties such as azobenzenes, thiophenes and bithiophene groups 
have been incorporated between two urea molecules to synthesize new urea - based 
gelators  [139 – 141] . These designer molecules self - assemble into highly ordered 
monolayers by hydrogen bonding between the urea groups  [137] .  

  26.3.1.3   Sorbitols 
 Sorbitol is a sugar alcohol used in diverse applications in the food and medical 
industries. One commercial derivative of sorbitol is  1,3   :   2,4 - dibenzylidene sorbitol  
( DBS ), which is an effective LMOG due to its solubility in a broad range of organic 
solvents and polymers at elevated temperatures and the low concentrations of DBS 
necessary to induce gelation. The DBS molecule (Figure  26.25 ) is both chiral and 
amphiphilic, and is often described as  “ butterfl y - like ”  due to its sorbitol body and 
two phenyl  “ wings. ”  The two hydrophobic phenyl groups are largely responsible 
for the solubility of DBS in various polymers and organic solvents, while the 
hydroxyl and acetal oxygen functionalities induce intermolecular hydrogen 
bonding between DBS molecules, resulting in nanofi bril formation  [142] . Network 
formation is achieved by the aggregation of DBS nanofi brillar strands or bundles, 
which is strongly infl uenced by both DBS concentration and solvent polarity  [143] . 
The primary unit size of DBS nanofi brils has been repeatedly measured to be 
about 9 – 10   nm in diameter. Using dynamic rheology, Wilder  et al . have investi-
gated the time – temperature equivalence principle of DBS in polypropylene glycol 
and PEGs differing in endblock chemistry and, hence, polarity  [144] . The extrac-
tion of activation energies from shift factors discerned during the analysis reveals 

     Figure 26.24     Chemical structure of  trans  - cyclohexane - 1,2 -
 diamide, an example of an effi cient LMOG for SAFIN 
organogels.  
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     Figure 26.25     Chemical structure (top) and energy - minimized 
molecular confi guration (bottom) of the commercial gelator 
 1,3:2,4 dibenzylidene sorbitol  ( DBS ).  

     Figure 26.26     Activation energy discerned as a 
function of solvent polarity (expressed in 
terms of the number of hydroxyl endgroups, 
 n  OH ) from the time – temperature equivalence 
of frequency spectra collected from DBS 
organogels containing functionalized 

polyethylene glycol at two different DBS 
concentrations ( � , 2   wt%;  � , 5   wt%) and 
polypropylene glycol ( � ) at a DBS 
concentration of 0.4   wt%. The solid lines are 
linear regressions of the data.  

that DBS gelation is most energetically favored (with relatively low activation ener-
gies) in nonpolar solvents (cf. Figure  26.26 ).   

 The reason for this behavior is that, as the polarity of the solvent increases, the 
DBS molecules can hydrogen bond    –    even if only transiently    –    with solvent mole-
cules rather than with other DBS molecules, thus reducing the gelation effective-
ness and increasing the time required for gelation. Although through independent 
experimental and theoretical efforts, much insight has been gained into the mac-
roscopic properties of DBS organogels, little is known regarding the precise molec-
ular mechanism by which DBS induces gelation. Since  d , l  - DBS, a racemate of 
DBS with equal mixtures of  d  and  l  forms, is unable to form gels  [145] , the chiral-
ity of the DBS molecule appears to constitute a critical consideration in elucidating 
the self - assembly behavior of DBS molecules.  Fourier - transform infrared  ( FTIR ) 
spectroscopy has likewise confi rmed that DBS molecules self - assemble via hydro-
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gen bonding by the appearance of a broad spectral peak at 3250   cm  − 1   [145, 146] , 
although molecular modeling  [143]  suggests that phenyl stacking may also play 
an important role. One of the reasons why DBS is singled out here, other than its 
commercial availability, is that it is capable of inducing gelation in both nonpolar 
solvents and molten polymers  [147]  at relatively low concentrations (ca. 0.25   wt%), 
which makes it attractive for scientifi c enquiry and technological applications.  

  26.3.1.4   Miscellaneous  LMOG  Classes 
  Hydrazides  are hydrazine derivatives possessing a N – N covalent bond with four 
substituent groups, at least one of which is an acyl group. Tan  et al .  [148]  have 
reported that long - chain substituted benzoic acid hydrazides (cf. Figure  26.27 a) 
can form stable gels in organic solvents. Spectroscopic analysis confi rms that the 
molecules self - assemble via hydrogen bonding due to the synergistic interactions 
between the carbonyl and amine groups, and the growth of the resultant SAFINs 
in one dimension is attributed to self - alignment of the long alkyl group. Although 
it is typically essential that LMOGs possess a chiral center, Bai  et al .  [149]  have 
successfully synthesized achiral hydrazides. These compounds, composed of a 
core hydrazide unit with three exterior alkoxy chains of varying length, self - assem-
ble due to intermolecular hydrogen bonding into columnar aggregates that are 
capable of effi ciently gelling a variety of nonpolar organic solvents.  Calixarenes , 
which are cup - shaped LMOGs characterized by several repeat units (each of which 
possesses a long acyl group at the  para  position of an aromatic ring; see Figure 
 26.27 b), have likewise been shown  [150]  to generate stable gels in organic liquids 
such as alkanes, alcohols, carbon tetrachloride, and aromatic solvents. Physical 
gelation due to hydrogen bonding is attributed to the carbonyl in the acyl group, 
since alkyl groups in the  para  position do not gel common organic liquids. Because 
of the large number of possible binding sites available on calixarenes, the addition 
of metal ions provides a viable route by which to produce stable metallogels  [151] .     

  26.3.2 
  π  −  π  Stacking 

 Aromatic interactions, also known as  π  –  π  stacking, refer to noncovalent intermo-
lecular interactions between organic compounds that contain phenyl units. This 
type of interaction is caused by overlapping  p  - orbitals in  π  - conjugated systems, 

     Figure 26.27     Chemical structures of two LMOGs with long 
alkyl - chain substitution. (a) A benzoic acid hydrazide; (b) A 
calixarene.  
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and  π  –  π  interactions are strongest for fl at, polycyclic aromatic hydrocarbons such 
as anthracene, triphenylene or coronene, due to the numerous delocalized  π  -
 electrons residing in these molecules. Suffi ciently strong interactions may develop 
between coplanar aromatic rings so that these groups on neighboring molecules 
stack, in which case the molecules consequently self - assemble to form SAFINs. 
One of the most diverse classes of LMOGs that rely on  π  –  π  stacking for network 
formation derives from the cholesterol, a steroid of which the backbone consists 
of hydrocarbons arranged in three six - membered rings and one fi ve - membered 
ring (cf. Figure  26.28 a). Although cholesterol is amphiphilic due to a polar hydroxyl 
head group and hydrophobic body and tail groups, it alone is incapable of gelling 
organic liquids. Relatively simple synthetic derivatives of cholesterol, however, 
constitute excellent examples of LMOGs. Lin  et al .  [152, 153]  have established that 
molecules composed of an aromatic (A) unit connected to a steroidal (S) group 
through a functionalized linkage (L) serve as effi cient and predictable ALS - type 
gelators, and numerous variations of the ALS design motif have been investigated 
since its introduction. The aromatic group is essential for gelation to ensure  π  –  π  
stacking. On a side note, the delocalized  π  - electrons in the aromatic ring may 
likewise impart resultant organogels with electronic and optical properties that 
provide added functionality. While the stacking of aromatic units in ALS - type 
molecules is generally responsible for the formation of linear aggregates, choles-
terol derivatives, in particular, tend to self - assemble so that the aromatic groups 
are arranged helically, facing outward, at the periphery of a columnar core, as 
experimentally verifi ed by the AFM observations of Song  et al .  [154, 155] .   

 Even if the linker between the A and S segments is relatively long, ALS - type 
LMOGs still produce stable organogels due to  π  –  π  interactions. The development 
of intercolumnar aromatic – aromatic interactions further stabilizes the gel network. 
Other factors affecting the stability of the gel network include the size and shape 
of the aromatic group. For example, large polyphyrin rings or simple phenyl rings 
yield relatively weak gels unless they are simultaneously stabilized by other inter-
molecular interactions induced by (i) coexisting functionalities to promote, for 

     Figure 26.28     Chemical structures of two highly aromatic 
compounds used as LMOGs alone or modifi ed. 
(a) Cholesterol, which requires derivatization (cf. the ALS 
approach discussed in the text); (b) 2,3 - di -  n  - alkoxyanthracene, 
which can gel polar solvents.  
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instance, hydrogen bonding  [143] ; or (ii) chemical additives such as metal ions, 
amines or nucleobases  [156] . It is interesting to note that the sol – gel transition in 
ALS systems can be controlled by UV irradiation, as well as by temperature. The 
 trans  - isomer of an azobenzene ALS, for example, is able to promote gelation of 
organic solvents. Upon irradiation, it switches to the  cis  - isomer, which is incapable 
of producing a gel  [157] . Over the past decade, cholesterol - based gels have become 
more chemically complex through the strategic incorporation of inorganic com-
plexes  [158, 159] , novel linker groups  [160, 161] , and multiple LS moieties  [124] . 
In the event that gelation relies exclusively on aromatic interactions, however, 
LMOGs such as dialkoxybenzenes (cf. Figure  26.28 b) perform more effectively if 
they are symmetrically substituted  [162, 163] . Using SANS, Terech  et al .  [164]  have 
ascertained that the molecules which fi t into this classifi cation tend to self - assem-
ble into bundles possessing a hexagonal or square symmetry, which suggests that 
the molecules are shifted radially to maximize  π  –  π  interactions. Unlike other 
LMOGs that rely to different extents on hydrogen bonding, these molecules form 
gel networks solely on the basis of nonpolar interactions and can thus gel polar 
organic liquids.  

  26.3.3 
 London Dispersion Forces 

 London dispersion forces are weak compared to other noncovalent interactions 
and arise from induced dipoles between two molecules, regardless of their intrin-
sic polarity. They are typically stronger between molecules that (i) can be easily 
polarized; or (ii) contain large or electron - dense atoms. While it has been sug-
gested previously in this chapter that SAFINs require chemically complex LMOGs, 
simpler LMOGs based on functionalized long - chain  n  - alkanes are also capable of 
gelling organic liquids due to London dispersion forces. Most of these alkanes are 
at least partially fl uorinated or possess N or S heteroatoms incorporated along the 
backbone  [165, 166] . Perfl uoroalkylalkanes with a chemical structure of the form 
F(CF 2 )  n  (CH 2 )  m  H constitute examples of LMOGs that undergo self - assembly due 
to thermodynamic incompatibility between the chemically dissimilar fl uorinated 
and hydrocarbon segments. Due to this incompatibility, the two segments micro-
phase - separate into lamellar nanostructures and form gel networks stabilized only 
by London dispersion forces as a consequence of the strong dipole of the fl uori-
nated segment  [167] . The SAFINs generated by perfl uoroalkylalkanes, which 
inherently possess a low surface energy  [168] , have been utilized to create super-
hydrophobic surfaces in conjunction with organic solvents  [169] .  

  26.3.4 
 Special Considerations 

  26.3.4.1   Biologically Inspired Gelators 
 Amino acid derivatives constitute another class of organogelators that are becom-
ing increasingly important due to their ability to gel both organic and aqueous 
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liquids  [1] . Even in polar solvents, these compounds self - assemble via hydrogen 
bonding due to the large number of donor sites available per molecule, and the 
gelation effi cacy improves as the number of peptide units increases. The thermo-
dynamic balance between the hydrophobic alkyl substituent and the hydrophilic 
amide segment governs how these molecules self - assemble. According to UV -
 visible spectroscopy, these molecules can organize into one of three morphologies: 
lamellar spheres (multilamellar vesicles); helical ribbons; or tubules. Discrete 
tubules and ribbons become entangled as the solution approaches the sol – gel 
transition, which consequently promotes network formation via hydrogen bonding 
 [170] . Lamellar spheres, on the other hand, are unstable and incapable of forming 
a gel network. One amino acid commonly used as an organogelator is  l  - lysine, 
which can bind with long aliphatic chains to form fi brillar micelles  [171] , a unique 
organogel nanostructure. Further studies  [172]  with  l  - Lysine have yielded binary 
gels. An interesting feature of this system is that, while neither  α , ω  - diaminoalkane 
alone can form a gel, together the two species can mutually self - assemble and 
promote network formation. This discovery of organogels derived from amino acid 
derivatives greatly facilitates control over the conditions responsible for gelation, 
including the sol – gel transition temperature. 

 Both, linear and cyclopeptides are capable of gelling a variety of organic solvents 
and aqueous systems. In the same vein as amino acid derivatives, their gelation 
effectiveness is due, for the most part, to the large number of hydrogen - bonding 
donor cites located on these molecules. Oligopeptide - based gelators and tripep-
tides (cf. Figure  26.29 ) have attracted much attention due to their ability to self -
 assemble through intermolecular hydrogen bonding into anti - parallel  β  - sheets, 
which can be envisaged as an entangled network of rodlike fi brils  [173, 174] . Hirst 
 et al .  [175]  have investigated mixing different molecular building blocks of den-
dritic peptides to identify the key factors that infl uence the self - assembly of such 
LMOGs. These authors have reported that mixtures of molecules differing in size 
and chirality can self - organize, whereas mixing molecules differing in shape, 
defi ned as the length of the spacer connecting the peptide head groups, reduces 
the propensity for supramolecular organization. Findings such as these regarding 
LMOG mixtures are benefi cial to the rational design of organogels with tailorable 
properties.    

  26.3.4.2   Isothermal Gelation 
 Although all organogels discussed thus far are generated by a change in tempera-
ture, some can be formed isothermally by bubbling CO 2  and N 2  through solutions 

     Figure 26.29     Chemical structure of the tripeptide LMOG 
Boc - Ala - ( α  - aminoisobutyric acid) - ( β  - Ala) - Ala - Ome.  
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of primary  n  - alkanamines  [176] . This distinctive gelation process has been shown 
to be chemically reversible, which allows the sol to be recovered. Another type of 
latent organogel is achieved by bubbling HCl through amino acid derivatives of 
cholesterol to protonate the amino groups  [177] . Organogelation can also be per-
formed  in situ  in the presence of highly reactive solvents. This route not only 
eliminates the need for thermal treatment, but also shortens the gelation time as 
the crystalline state is bypassed during formation of the 3 - D fi brillar network  [178] .  

  26.3.4.3   Solvent Effects 
 Solvent polarity plays a critical role in the hydrogen - bonding (and hence gelation) 
effi cacy of many LMOGs. The degree to which the binding sites in a gelator are 
solvated affects the strength of the gel network, which explains why dramatically 
different properties can be realized with a single LMOG in different solvents. A 
recent study  [179]  has addressed the ability of the disaccharide trehalose to gel 
organic solvents on the basis of the Hildebrand solubility parameter theory. Gela-
tion is found to improve markedly as solvent – gelator interactions decrease and 
solvent polarity is low; this is consistent with the fi ndings of Wilder  et al .  [143]  
regarding the gelation effectiveness of DBS in polyethers differing in polarity due 
to endgroup substitution. Zhu and Dordick  [179]  have likewise demonstrated that, 
when the solvent – gelator interactions are low, the gel network forms from thin, 
entangled fi brils. Yet, in the presence of strong solvent – gelator interactions, clus-
ters of gelator molecules form thick, rigid fi brils. In addition to solvent polarity, 
two other criteria must be considered when matching a solvent with an appropriate 
LMOG to form a stable organogel: 

   •      The boiling and melting temperatures of the solvent and pure LMOG, 
respectively, must be high so as to avoid undesirable loss of material due to 
vaporization.  

   •      The solubility of the LMOG in the solvent of choice must be low so as to avoid 
bulk crystallization of the LMOG  [120] .    

 The organic solvents considered thus far in the design of SAFINs have all been 
isotropic liquids, but this requirement is relaxed below as we again consider orga-
nogel networks containing LCs (cf. Section  26.2.7.1 ). 

 Because the ability of LC molecules to reorient depends on external conditions 
such as temperature and electromechanical fi elds  [180] , they are used as active 
displays in watches, televisions, computer monitors, and projectors. Attempts to 
better control these functional liquids have shown  [181]  that organogels produced 
from LCs in the presence of LMOGs can yield fast electro - optical responses due 
to the low concentrations of gelator required for network formation. As in conven-
tional SAFINs, the LMOG is fi rst dispersed in an isotropic LC solution wherein 
the LMOG can, upon cooling, self - assemble into fi brils to form a thermoreversible 
gel network containing immobilized LCs  [182] . Unlike other physical gels with 
only two thermoreversible states (sol and gel), however, LC gels possess three 
distinct states: isotropic liquid, isotropic gel, and liquid - crystalline gel  [182] . Results 
obtained with FTIR spectroscopy reveal  [183, 184]  that, while hydrogen bonds are 
absent in the isotropic liquid state, such interactions develop at the sol – gel transi-
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tion. Deind ö rfer  et al .  [185]  have recently reported on the formation of photosensi-
tive gels composed of smectic LCs and capable of responding elastically to small 
stresses. The scattering of light from LC physical gels is also of tremendous sci-
entifi c and technological interest, as the degree of transparency can be controlled 
electrically without using a polarizer (see Figure  26.30 )  [186, 187] . Such gels may 
likewise display anisotropic mechanical responses and recovery, which can be 
strongly affected by temperature  [188] .      

  26.4 
 Conclusions 

 Nanostructured organogels developed from SAMINs (through, for instance, the 
use of selectively solvated triblock copolymers) or SAFINs (through the use of 

     Figure 26.30     Top: Schematic illustrations of 
organogels containing a nanostructured liquid 
crystal (LC) solvent, wherein the SAFIN 
entraps the anisotropic LC molecules 
(labeled). Bottom: Images of LC organogel 
fi lms with an applied electric fi eld off (light 

scattering, left) and on (light transmission, 
right), demonstrating the fi eld - responsive 
optical nature of these organogels. 
 Reproduced with permission from Ref.  [180] ; 
 ©  American Association for the Advancement 
of Science.   
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sparingly soluble LMOGs) afford a new class of soft materials  [189 – 191]  that 
possess a broad range of interesting and useful properties. In the fi rst case, 
supramolecular networks stabilized by nanoscale micelles are readily generated by 
allowing an incompatible block copolymer possessing at least one midblock to 
self - organize into discrete micelles in the presence of a midblock - selective solvent. 
If the micelle - forming blocks are glassy, the micelles effectively behave as physical 
crosslinks that can endow this genre of organogels with remarkable elasticity and 
shape memory, depending on factors such as copolymer composition and molecu-
lar weight. Because of their unique property attributes, SAMINs are currently 
under investigation  [24, 31, 192, 193]  as next - generation dielectric elastomers 
designed for use as synthetic muscle in microrobotics and as pumps in microfl uid-
ics. Through judicious selection of the midblock - selective solvent, SAMINs can 
likewise exhibit temperature - responsive optical  [105]  or conductivity  [26]  proper-
ties. In the case of SAFINs, high - melting LMOGs form (nano)fi brillar networks 
in various organic solvents through site - specifi c intermolecular interactions such 
as hydrogen bonds,  π  –  π  stacking or London dispersion forces. Unlike SAMINs, 
however, the stability of SAFINs tends to be exquisitely sensitive to mechanical 
deformation, as well as to temperature. Once the supramolecular network of a 
SAFIN is broken under shear, for instance, the solvent can fl ow. Upon cessation 
of shear, the network begins to reform so that, over a system - specifi c period of 
time, the initial SAFIN may be fully recovered. In addition to such mechanically 
responsive properties, SAFINs have been designed with unique optical properties 
and can be produced through nonconventional routes, such as exposure to light 
 [194] . Taken together, these two families of nanostructured organogels afford 
tremendous versatility in the fabrication of soft materials exhibiting designer 
properties for use in a wide range of mature and emerging (nano)technologies 
 [121] .  
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   27.1 
 Introduction 

 Now that the fundamental principles that underlie the self - assembly of block 
copolymers have been addressed in numerous theoretical and experimental 
studies, these materials are fi nding increasing interest in several nanotechnology 
applications, such as nanostructured membranes, templates for nanoparticle syn-
thesis and high - density information storage  [1 – 3] . The self - assembly of block 
copolymers composed of two (A and B) or more (A, B, C,  … ) chemically incompat-
ible, amorphous segments is determined by the interplay of two competitive proc-
esses  [4, 5] . On the one hand, in order to avoid unfavorable monomer contacts, 
the blocks segregate and try to minimize the interfacial area. Minimization of the 
interfacial area, however, involves chain stretching, which is entropically unfavo-
rable. It is the interplay between these two processes that determines the fi nal 
block copolymer morphology. Depending on the volume fractions of the respective 
blocks, amorphous AB diblock copolymers can form lamellar, hexagonal, spherical 
and gyroid structures. More complex morphologies can also be generated, but 
these require alternative strategies. One possibility is to increase the number of 
different blocks  [6] . Other strategies to create more complex block copolymer 
nanostructures include the introduction of more rigid or (liquid) crystalline blocks 
 [7, 8] . Often, such conformationally restricted segments introduce additional sec-
ondary interactions, such as electrostatic, hydrogen bonding or  π  –  π  interactions, 
which have an impact on the block copolymer self - assembly. In particular, rod – coil 
type block copolymers composed of a rigid (crystalline) block and a fl exible (amor-
phous) segment have attracted increased interest over the past years  [9, 10] . Mor-
phological studies on rod – coil block copolymers have revealed several 
unconventional nanoscale structures, which were previously unknown for purely 
amorphous block copolymers. These fi ndings underline the potential of manipu-
lating chain conformation and interchain interactions to further engineer block 
copolymer self - assembly. 

 The self - assembly of amphiphilic block copolymers in solution, driven by the 
incompatibility of constituents, into ordered structures in the sub - micrometer 
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range is a current topic in colloid and materials science  [11 – 15] . The basic struc-
tures of diblock copolymers in solution are, in the order of decreasing curvature, 
spherical and cylindrical micelles and vesicles; the curvature of the core – corona 
interface is essentially determined by the volume fractions of comonomers and 
environmental factors (solvent, ionic strength, etc.)  [16] . Polymer vesicles, often 
also referred to as  “ polymersomes ” , are particularly interesting as mimetics for 
biological membranes  [17 – 20] . Deviation from this conventional aggregation 
behavior and appearance of more complex superstructures occur, as in biological 
systems, when specifi c non - covalent interactions, chirality and secondary structure 
effects come into play  [21, 22] . Particularly interesting are block copolymers that 
combine advantageous features of synthetic polymers (solubility, processability, 
rubber elasticity, etc.) with those of polypeptides or polysaccharides (secondary 
structure, functionality, biocompatibility, etc.). 

 This chapter discusses the solid - state and solution structures, organization and 
properties of polypeptide - based block copolymers. Most of the block copolymers 
studied so far are composed of a synthetic block and a peptide segment and are 
an interesting class of materials, both from a structural and a functional point of 
view  [23, 24] . Peptide sequences can adopt ordered conformations, such as  α  -
 helices or  β  - strands (Figure  27.1 ). In the former case, this leads to block copoly-
mers with rod – coil character. Peptide sequences with a  β  - strand conformation can 
undergo intermolecular hydrogen bonding, which also offers additional means to 
direct nanoscale structure formation compared with purely amorphous block 
copolymers. Combining peptide sequences and synthetic polymers, however, is 
not only interesting to enhance control over nanoscale structure formation, but 
can also result in materials that can interface with biology. Such biomimetic hybrid 
polymers or molecular chimeras  [25]  may produce sophisticated superstructures 

     Figure 27.1     Illustration of the basic secondary structure 
motifs of polypeptides: (a)  α  - helix, (b) random coil and 
(c) antiparallel  β  - sheet.  
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with new materials properties.  “ Smart ”  materials based on polypeptides may 
reversibly change the conformation and, along with it, properties in response to 
an environmental stimulus, such as a change in pH or temperature  [26] . Also, 
polypeptide block copolymers may be used as model systems to study generic 
self - assembly processes in natural proteins. Obviously, such materials would 
be of great potential interest for a variety of biomedical and bioanalytical 
applications.    

  27.2 
 Solution Self - assembly of Polypeptide - based Block Copolymers 

  27.2.1 
 Aggregation of Polypeptide - based Block Copolymers 

  27.2.1.1   Polypeptide Hybrid Block Copolymers 
  Corona - forming Polypeptides     Block copolymers with soluble and thus corona -
 forming polypeptide segments include linear diblock and triblock copolymer 
samples. In most cases, studies on the aggregation behavior were carried out in 
aqueous solutions with samples consisting of a soft polybutadicne (PB) or polyiso-
prene (PI) (exhibiting a glass transition temperature,  T  g , below the freezing point 
of water) and an  α  - helical poly( l  - glutamate) (PLGlu) or poly( l  - lysine) (PLLys) 
segment. 

 The fi rst study, reported in 1979 by Nakajima  et al.   [27] , dealt with the 
structure of aggregates of symmetric triblock copolymers consisting of a coiled 
 trans  - 1,4 - PB middle - block and two  α  - helical poly( γ  - benzyl  l  - glutamate) outer -
 blocks, PBLGlu 53 – 188  -  b  - PB 64  -  b  - PBLGlu 53 – 188  (subscripts denote number averages of 
repeat units,  P n  ), so - called  “ once - broken rods ” , in chloroform. The shape and 
dimensions of the aggregates in solution were calculated on the basis of simple 
thermodynamic considerations by taking into account chain conformation and 
the interfacial free energy. Predictions were found to be in good agreement 
with the structures (of solvent - cast fi lms) observed by transmission electron 
microscopy (TEM). Depending on the composition of the copolymer, aggre-
gates had a spherical, cylindrical or lamellar structure with a characteristic size 
of about 25 – 45   nm. Similar data were also obtained for block copolymers based 
on poly( γ  - methyl  l  - glutamate) (PMLGlu) and poly( N   ε   - benzyloxycarbonyl  l  - lysine) 
(PZLLys)  [28] . These results suggest that the aggregation of rod – coil block 
copolymers might be treated in the same way as conformationally isotropic 
samples  [29] , provided that the rigid segment is dissolved in the continuous 
phase. 

 Schlaad and coworkers  [30]  and Lecommandoux and coworkers  [31]  investigated 
the aggregates of PB 27 – 119  -  b  - PLGlu 20 – 175  in aqueous saline solution by dynamic and 
static light scattering (DLS/SLS), small - angle neutron scattering (SANS) and TEM. 
Copolymers were found to form spherical micelles with a hydrodynamic radius of 
 R  h     <    40   nm (70 – 75   mol - % glutamate) or unilamellar vesicles with  R  h    =   50 – 90   nm 
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(17 – 54   mol - % glutamate); cylindrical micelles have not been observed so far. 
Against all expectations, however, Klok and Lecommandoux and coworkers  [32, 
33]  earlier reported not micelles but vesicles for a PB 40  -  b  - PLGlu 100  containing 
71   mol - % glutamate. 

 DLS and SANS showed that any pH - induced changes of the secondary structure 
of poly( l  - glutamate) from a random coil (pH    >    6) to an  α  - helix (pH    <    5) (CD 
spectroscopy) did not have a severe impact on the morphology (curvature) of the 
aggregates. SANS further suggested that aggregation numbers remained the same 
 [31] , despite equilibration of the sample and a dynamic exchange of polymer 
chains between aggregates  [30] . Coiled and  α  - helical polypeptide chains seem to 
have similar spatial requirements at the core - corona interface (see also  [27] ). 
However, as the contour length of an all -  trans  polypeptide chain is more than 
twice that of an  α  - helix, in particular the hydrodynamic size of the aggregates 
might decrease when decreasing the pH of the solution. A decrease of the hydro-
dynamic radius by 20% or less could be observed for PB 48  -  b  - PLGlu 56 – 145   [31]  but, 
however, not for PB 27 – 119  -  b  - PLGlu 24 – 64   [30] . PI 49  -  b  - PLLys 123  micelles in saline, also 
reported by Lecommandoux and coworkers  [34] , exhibited a hydrodynamic radius 
of  R  h     ≈    44   nm at pH 6 (coil) and of 23   nm at pH 11 (helix) (DLS), which corre-
sponds to a decrease in size by almost 50%. Interestingly, although the polypeptide 
segment is of nearly the same length, the effect seen for PI 49  -  b  - PLLys 123  micelles 
is much larger than that for PB 48  -  b  - PLGlu 114  ( ≈ 8%). A possible explanation might 
be that the PLGlu helices are disrupted  [28]  and/or folded and hence less stretched 
as PLLys helices. 

 It is worth noting that the coronae of micelles of PB 48  -  b  - PLGlu 114  and PI 49  -  b  -
 PLLys 178  could be stabilized using 2,2 ′  - (ethylenedioxy)bisethylamine and glutaric 
dialdehyde as cross - linking agents, respectively (Lecommandoux  et al.   [35] ). The 
size and morphology of the aggregates were not affected by the chemical modifi ca-
tion reaction. 

 Ouchi and coworkers  [36]  studied the aggregation of poly( l  - lactide) -  block  -
 poly(aspartic acid), PLL 95,270  -  b  - PAsp 47 – 270 , in pure water and in 0.2   M phosphate 
buffer solution at pH 4.4 – 8.6. Irrespective of the chemical composition of the 
copolymer (21 – 74   mol - % aspartic acid), however, only spherical aggregates with 
 R  h    =   10 – 80   nm could be observed [DLS and scanning force microscopy (SFM)]. 
The aggregation behavior of the samples was rationalized in terms of a balance 
between hydrophobic interactions in the PLL core and electrostatic repulsion and 
hydrogen - bridging interactions in the PAsp corona. That the aggregates might be 
non - equilibrium structures being kinetically trapped in a  “ frozen ”  state due to 
semi - crystallinity of PLL chains was not considered. Metastability could be an 
explanation for the exclusive formation of spherical micelles in addition to the 
seemingly arbitrary changes of the size of aggregates in buffer solutions at differ-
ent pH. 

 Klok and coworkers  [37]  used DLS/SLS, SANS and analytical ultracentrifugation 
(AUC) for the analysis of aggregates formed by PS 8,10  -  b  - PLLys 9 – 72  (PS   =   polysty-
rene) in dilute aqueous solution at neutral pH; at this pH, PLLys was in a random 
coil conformation. They observed, however, cylindrical micelles regardless of the 
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length of the PLLys segment. A conclusive explanation of this unexpected aggrega-
tion behavior could not be given.  

  Core - forming Polypeptides     Aggregates with an insoluble polypeptide core have 
been prepared with block or random copolymers having linear or branched archi-
tecture. Most studies focused on aqueous systems (designated for use as drug 
carriers in biomedical applications), and the only inverse systems investigated to 
date are PB -  b  - PLGlu in dilute tetrahydrofuran (THF) and CH 2 C1 2  solution and 
PS -  b  - PZLLys in CCl 4 . 

 Harada and Kataoka  [38 – 40]  were the fi rst to investigate the formation of polyion 
complex (PIC) micelles in an aqueous milieu from a pair of oppositely charged 
linear polypeptide block copolymers, namely of PEG 113  -  b  - PAsp 18,78  polyanions and 
PEG 113  -  b  - PLLys 18,78  polycations [PEG   =   poly(ethylene glycol)]. Complexation studies 
were carried out at pH 7.29, where both block copolymers had the same degree 
of ionization ( α    =   0.967) and were thus double - hydrophilic in nature and did not 
form aggregates in water. Mixing of the copolymers at a 1   :   1 ratio of amino acid 
residues resulted in the formation of stable and monodispersed spherical core -
 shell assemblies of 30   nm in diameter (DLS). Another interesting feature con-
nected with PIC micelles is that of  “ chain - length recognition ”   [40] . PIC micelles 
are exclusively formed by matched pairs of chains with the same block lengths of 
polyanions and polycations, even in mixtures with different block lengths. The key 
determinants in this recognition process are considered to be the strict phase 
separation between the PIC core and the PEO corona, requiring regular alignment 
of the molecular junctions at the core – corona interface, and the charge stoichiom-
etry (neutralization). 

 Yonese and coworkers  [41]  studied the aggregation behavior of PEG 113  -  b  -
 PMLGlu 20,50  and lactose - modifi ed PEG 75  -  b  - PMLGlu 32  in water. As shown by DLS, 
the copolymers formed large aggregates with a hydrodynamic radius of  R  h     ≈    250   nm. 
Contrary to what was claimed by these workers, it seems more likely that these 
aggregates were vesicles rather than spherical micelles. Key in the aggregation 
behavior might be the association of  α  - helical PMLGlu segments, as evidenced by 
CD spectroscopy, promoting the formation of plane bi - layers which then close into 
vesicles  [15] . Further systematic studies on this system and detailed analysis of 
structures are lacking. 

 Closely related to this system are PEO 272  -  b  - PBLGlu 38 – 418  and PNIPAAm 203  -  b  -
 PBLGlu 39 – 123  [PEO   =   poly(ethylene oxide), PNIPAAm   =   poly( N  - isopropylacryla-
mide)] described by Cho and coworkers  [42, 43] . The aqueous polymer solutions, 
prepared by the dialysis of organic solutions against water, contained large spheri-
cal aggregates ( R  h     ≈    250   nm) with a broad size distribution (DLS). Although the 
size suggested a vesicular structure of the aggregates, aggregation numbers 
( Z     <    100, method of determination not specifi ed) were far below the values of 
several thousands typically being reported for polymer vesicles  [18] . It is also worth 
noting that the PNIPAAm chains exhibit LCST (lower critical solution tempera-
ture) behavior. However, raising the temperature to the LCST ( ≈ 34    ° C) had no 
serious impact on the size of the aggregates. 
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 Dong and coworkers described symmetric triblock copolymers with a glyco 
methacrylate middle block and two outer poly( l  - alanine) (PLAla) or PBLGlu blocks 
 [44, 45] . The aggregates formed in dilute aqueous solution were spherical in shape 
and were 200 – 700   nm in diameter (TEM). TEM further revealed a compact struc-
ture of the aggregates as with multi - lamellar vesicles. The dimensions of the 
particles, however, were found to decrease with increasing concentration of the 
copolymer. 

 Naka  et al.   [46]  studied the aggregation behavior of poly(acetyliminoethylene) -
  block -  poly( l  - phenylalanine), PAEI 41   - b -  PLPhe 4,8 , in a 0.05   M phosphate buffer at pH 
7. Aggregates were observed despite the very low number of hydrophobic  l  - phe-
nylalanine units, and the size of which was in the order of  R  h    =   425   nm (DLS). 
The seemingly high tendency of these polymers to form aggregates was attributed 
to the establishment of hydrogen bridges between the amino acid units, as shown 
by IR spectroscopy, in addition to hydrophobic interactions. Visualization of the 
aggregates with TEM strongly suggested the presence of coacervates or large clus-
ters of small micelles but no vesicles. 

 The existence of vesicles could be demonstrated for PS 258  -  b  - PZLLys 57  in dilute 
CCl 4  solution (Losik and Schlaad  [47] ). Scanning electron microscopy (SEM) 
showed collapsed hollow spheres of about 300 – 600   nm in diameter, indicative of 
vesicles, and also sheet - like structures, supposedly bi - layers that are not yet closed 
to vesicles (Figure  27.2 A)  [15] . The preference for a lamellar structure might be, 
as in the previous examples, attributed to a stiffening of the core by the 2D - arrange-
ment of crystallizable PZLLys  α  - helices. PS 258  -  b  - PZLLys 109 , on the other hand, was 
found to form large compact fi brils being hundreds of nanometers in diameter 
and several tens of microns in length (Figure  27.2 B); these aggregates might be 
cylindrical multi - lamellar vesicles. However, the processes involved in the forma-
tion of these structures are not yet known.   

 Likewise, Lecommandoux and coworkers  [31]  found vesicles for PB 48  -  b  - PLGlu 20  
in THF and in CH 2 Cl 2  solution ( R  h    =   106 – 108   nm, DLS/SLS). The formation of 

     Figure 27.2     SEM images of the aggregates formed by 
(A) PS 258  -  b  - PZLLys 57  and (B) PS 258  -  b  - PZLLys 109  in dilute CCl 4  
solution; specimens were prepared by shock - freezing a 
0.2   wt - % polymer solution with liquid nitrogen and 
subsequent freeze - drying  [47] .  
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vesicles rather than micelles was attributed to the  α  - helical rod - like secondary 
structure of the insoluble PLGlu that forms a planar interface.   

  27.2.1.2   Block Copolypeptides 
 Besides the polypeptide hybrid block copolymers described earlier, a few purely 
peptide - based amphiphiles and block/random copolymers (copolypeptides) exist. 
In the latter case, both the core and corona of aggregates consist of a polypeptide. 
All of the studies reported so far have dealt with aggregation in aqueous media. 

 Doi and coworkers  [48, 49]  observed the spontaneous formation of aggregates 
of PMLGlu 10  with a phosphate (P) head group in water. Immediately after sonica-
tion, the freshly prepared solution contained globular assemblies (diameter: 50 –
 100   nm, TEM), which after 1   h transformed into fi brous aggregates, promoted by 
intermolecular hydrogen bonding between peptide chains. After one day, these 
fi brils assembled into a twisted ribbon - like aggregate (TEM). As its thickness 
was    ≈    4   nm, which is close to the contour length of PMLGlu 10  - P in a  β  - sheet con-
formation (CD and FT - IR spectroscopy), these workers concluded that the forma-
tion of the ribbon was driven by a stacking of anti - parallel  β  - sheets via hydrophobic 
interactions (see above)  [22] . 

 Lecommandoux and coworkers  [50]  showed that zwitterionic PLGlu 15  -  b  - PLLys 15  
in water can self - assemble into unilamellar vesicles with a hydrodynamic radius 
of greater than 100   nm (Figure  27.3 ). A change in the pH from 3 to 12 induced 
an inversion of the structure of the membrane (NMR) and was accompanied by 
an increase in the size of vesicles from 110 to 175   nm (DLS).   

 Non - ionic block copolypeptides made of  l  - leucine and ethylene glycol modifi ed 
 l  - lysine residues, PLLeu 10 – 75  -  b  - PELLys 60 – 200 , were described by Deming and cowork-
ers  [51] . The copolymers adopted a rod - like conformation, due to the strong ten-
dency of both segments to form ct - helices, as confi rmed by CD spectroscopy. The 
self - assembled structures observed in aqueous solutions included (sub - ) microm-
eter vesicles, sheet - like membranes and irregular aggregates. Here again, it was 
shown that the vesicle formation is related to the systematic presence of the 
polypeptide in a rod - like conformation in the hydrophobic part of the membrane, 
inducing a low interfacial curvature and as a result a hollow structure. 

     Figure 27.3     Schematic representation of the self - assembly of 
zwitterionic PLGlu 15  -  b  - PLLys 15  in water into unilamellar 
vesicles  [50] .  
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 Meyrueix and coworkers  [52]  performed the selective precipitation of PLLeu 180  -
  b  - PLGlu l80  and obtained nanoparticles, which could be purifi ed and further sus-
pended in water or in a 0.15   M phosphate saline buffer at pH 7.4. The colloidal 
dispersions were stable, due to the electrosteric stabilization of the particles by 
poly(sodium  l  - glutamate) brushes, containing spherical or cylindrical micelles, 
besides the large hexagonally - shaped platelets with a diameter of about 200   nm 
(TEM). Different shapes of particles were due to the heterogeneity of copolymer 
chains with respect to chemical composition (NMR): glutamate - rich chains formed 
micelles and leucine - rich ones formed platelets. CD spectroscopy and X - ray dif-
fraction suggested that the core of platelets consisted of crystalline, helical PLLeu 
segments, and the structural driving force was thus related to the formation of 
leucine zippers in a three - dimensional array.   

  27.2.2 
 Polypeptide - based Hydrogels 

 Protein - based hydrogels are used for many applications, ranging from food and 
cosmetic thickeners to support matrices for drug delivery and tissue replacement. 
These materials are usually prepared using proteins extracted from natural 
resources, which can give rise to inconsistent properties unsuitable for medical 
applications. 

 Recently, Deming and coworkers  [53 – 56]  designed and synthesized diblock 
copolypeptide amphiphiles containing charged and hydrophobic segments. It was 
found and demonstrated that gelation depends not only on the amphiphilic nature 
of the polypeptides, but also on chain conformation, meaning  α  - helix,  β  - strand or 
random coil. Specifi c rheological measurements were performed to evidence the 
self - assembly process responsible for gelation  [55] : the rod - like helical secondary 
structure of enantiomerically pure PLLeu blocks is instrumental for gelation at 
polypeptide concentrations as low as 0.25   wt - %. The hydrophilic polyelectrolyte 
segments have stretched coil confi gurations and stabilize the twisted fi brillar 
assemblies by forming a corona around the hydrophobic cores (Figure  27.4 ).   

 Interestingly, these hydrogels can retain their mechanical strength up to tem-
peratures of about 90    ° C and recover rapidly after stress. This new mode of assem-
bly was found to give rise to polypeptide hydrogels with a unique combination of 
properties, such as heat stability and injectability, making them attractive for 
applications in foods, personal care products and medicine. In this context, their 
potential application as tissue engineering scaffolds has been recently studied  [57] .  

  27.2.3 
 Organic/Inorganic Hybrid Structures 

 Recently, polypeptide - based copolymers have also been used for the stabiliza-
tion or synthesis of inorganic species. As a fi rst example, Stucky and coworkers 
 [58]  used block copolypeptides to direct the self - assembly of silica into 
spherical and columnar morphologies at room temperature and neutral pH. 
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Stucky, Deming and colleagues  [59]  also designed a double - hydrophilic block 
copolypeptide poly{ N   ε   - 2[2 - (2 - methoxyethoxy)ethoxy]acetyl  l  - lysine} 100  -  b  -
 poly(sodium  l  - aspartate) 30  (PELLys -  b  - PNaLAsp) that can direct the crystallization 
of calcium carbonate into microspheres. They incorporated PLAsp in the diblock 
because domains of anionic aspartate residues are known to nucleate calcium 
carbonate crystallization. This effect is believed to be caused by matching 
interactions between aspartate and the atomic spacing of certain crystal faces 
in the growing mineral. 

 Also worth mentioning is the application of polypeptide - based copolymers in 
the production of magnetic nanocomposite materials. Lecommandoux  et al.   [60]  
obtained stable dispersions of super - paramagnetic micelles and vesicles by com-
bining an aqueous solution of PB 48  -  b  - PLGlu 56 – 145  with a ferrofl uid consisting of 
maghemite ( γ  - Fe 2 O 3 ) nanoparticles. Incorporation of one mass equivalent of 
ferrofl uid into the hydrophobic core of aggregates did not alter their morphol-
ogy, as deduced from SLS and SANS data, but caused a substantial increase 
in the outer diameter by a factor of 6 (DLS). Interestingly, the hybrid vesicles 
underwent deformation under a magnetic fi eld, as shown by 2D - SANS experi-
ments. Held and coworkers  [61]  earlier reported that monodisperse, highly crys-
talline maghemite nanoparticles in organic solvents could be transferred into 
an aqueous medium using tetramethylammonium hydroxide stabilized at neutral 
pH. Combination of the aqueous maghemite solution with PELLys 100  -  b  - 
PAsp 30  led to the formation of uniform clusters comprising approximately 20 
nanoparticles (Figure  27.5 ).     

     Figure 27.4     Drawings showing (a) 
representation of a block copolypeptide chain 
and (b) proposed packing of block 
copolypeptide amphiphiles into twisted 
fi brillar tapes, with helices packed 

perpendicular to the fi bril axes. Polylysine 
chains were omitted from the fi bril drawing 
for clarity  (reprinted from  [55]  with permission 
of The American Chemical Society) .  
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  27.3 
 Solid - state Structures of Polypeptide - based Block Copolymers 

  27.3.1 
 Diblock Copolymers 

  27.3.1.1   Polydiene - based Diblock Copolymers 
 One of the fi rst reports on the nanoscale solid - state structure of peptide – synthetic 
hybrid block copolymers was published by Gallot and coworkers  [62]  in 1976. In 
this publication, the solid - state structure of a series of PB -  b  - PBLGlu and PB -  b  -
 PHLGln diblock copolymers was investigated using a combination of techniques, 
including infrared and CD spectroscopy, X - ray scattering and TEM. The block 
copolymers covered a broad composition range with peptide contents ranging 
from 19 to 75%. Interestingly, SAXS revealed a well - ordered lamellar superstruc-
ture characterized by up to four higher - order Bragg spacings for all of the inves-
tigated samples. The lamellar superstructure was confi rmed by electron microscopy 
experiments, which were carried out on OsO 4  - stained specimens. The intersheet 
spacings determined from the electron micrographs were in good agreement with 
the diffraction data. Wide - angle X - ray scattering (WAXS) experiments indicated 
that the  α  - helical peptide blocks were assembled in a hexagonal array. For a 
number of block copolymer samples it was found that the calculated length of 
the peptide helix was larger than the thickness of the polypeptide layer. To accom-
modate this difference, it was proposed that the peptide helices were folded in 
the peptide layer. The lamellar structure consists of plane, parallel equidistant 
sheets. Each sheet is obtained by superposition of two layers: (1) the PB chains 
in a more or less random coil conformation and (2) the  α  - helical polypeptide 
blocks in a hexagonal array of folded chains. The hexagonal - in - lamellar structure 
was also found for PB -  b -  PZLLys and PB -  b  - PLLys block copolymers by the same 

     Figure 27.5     TEM images of clusters of maghemite 
nanoparticles deposited from dispersions in water in the 
presence of PELLys 100  -  b  - PAsp 30   (reprinted from  [61]  with 
permission of The American Chemical Society) .  
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workers  [63 – 66] . In the case of the PB - PLLys block copolymers, no periodic 
arrangement of the PLLys chains in the peptide layer was found. This is due to 
the fact that the polypeptide segments in these block copolymers are not exclu-
sively  α  - helical but are composed roughly of 50% random coil, 35%  α  - helix and 
15%  β  - strand domains  [63] . 

 More recently, the solid - state nanoscale structure of PI -  b  - PZLLys diblock copoly-
mers was reported  [34] . Diblock copolymers composed of a P1 block with a 
number - average degree of polymerization of 49 and a PZLLys block containing 
61 – 178 amino acid residues were investigated with dynamic mechanical analysis 
and X - ray scattering. For the PI 49  -  b  - PZLLys 35 , PI 49  -  b  - PZLLys 61  and PI 49  -  b  - PZLLys 92 , 
the X - ray scattering data were in agreement with a hexagonal - in - lamellar morphol-
ogy. Interestingly, for PI 49  -  b  - PZLLys 92  the lamellar spacing was found to decrease 
when the samples were prepared from dioxane instead of THF/ N , N  - dimethylfor-
mamide (DMF) and suggested folding of the peptide helices. For PI 49  -  b  - PZLLys 123  
and PI 49  -  b  - PZLLys 178  a hexagonal - in - hexagonal structure was found. This morphol-
ogy is illustrated in Figure  27.6 . This structure is unprecedented for polydiene -
 based peptide hybrid block copolymers, but has also been found for low molecular 
weight PS -  b  - PBLGlu copolymers  [73] .    

  27.3.1.2   Polystyrene - based Diblock Copolymers 
 In an early study, Gallot and coworkers  [64]  reported on the bulk nanoscale struc-
ture of PS -  b  - PZLLys diblock copolymers, which were based on a PS block with a 
number - average molecular weight of  M  n    =   37   kg   mol  − 1  and had peptide contents 
ranging from 18 to 80   mol - %. X - ray scattering patterns of dry samples that had 
been evaporated from dioxane showed two sets of signals, characteristic of a 
hexagonal - in - lamellar superstructure. At very low angles, Bragg spacings charac-
teristic of a layered superstructure were found, whereas at somewhat larger angles, 

     Figure 27.6     Schematic model representation of the hexagonal 
in hexagonal (HH) morphology obtained for Pl 49  -  b  - PZLLys 178  
copolymer cast from dioxane solution.  
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there was a second set of refl ections pointing towards a hexagonal arrangement 
of peptide helices. For several samples, the calculated length of the peptide helix 
was larger than the peptide layer thickness as determined from the X - ray data. In 
these cases, it was proposed that the helical PZLLys chains were folded in the 
peptide layer. Thus, the bulk nanoscale structure of the PS -  b  - PZLLys copolymers 
can be described in terms of the same hexagonal - in - lamellar model as was also 
proposed for the PB - based block copolymer described earlier (Figure  27.7 ).   

 Removal of the of the side - chain protective groups of the peptide segment 
resulted in PS -  b  - PLLys diblock copolymers  [63] . These copolymers were not water 
soluble, but formed mesomorphic gels at water contents of less than 50%. The 
X - ray scattering patterns indicated a lamellar superstructure, both in the gel state 
and the dry samples. In contrast to the side - chain protected block copolymers, no 
evidence for a periodic arrangement of the peptide chains was found. This is not 
too surprising considering that IR spectra indicated that roughly 50% of the 
peptide blocks have a random coil conformation, 35% an  α  - helical secondary 
structure and 15% a  β  - strand conformation. 

 Along the same lines, Douy and Gallot  [66]  also studied the bulk nanoscale 
organization of PS -  b  - PBLGlu. For block copolymers composed of a PS block with 
 M  n    =   25   kg   mol  − 1  and containing 31 – 94   mol - % peptide, the same hexagonal - in -
 lamellar morphology as described above for the PS -  b  - PZLLys was found. The 
biocompatibility of PS -  b  - PBLGlu copolymers has been discussed in two publica-
tions  [67, 68] . Mori  et al.   [68]  studied diblock copolymers composed of a PS block 
with a number - average degree of polymerization of 87 and PBLGlu segments with 
number - average degrees of polymerization of 23, 52 or 83. Thrombus formation 
was assessed by exposing fi lms of the diblock copolymers and the corresponding 
homopolypeptides to fresh canine blood. It was found that thrombus formation 
on the diblock copolymer fi lms was reduced compared with the corresponding 
homopolymers. For the block copolymers, thrombus formation decreased with 
decreasing PBLGlu block length. Also, adsorption of plasma proteins such as 
bovine serum albumine, bovine  γ  - globulin and bovine plasma fi brinogen was 
reduced on the block copolymers compared with PS homopolymer. 

 The characterization of the solid - state nanoscale organization of PS - polypeptide 
hybrid block copolymers has recently been refi ned in a series of publications by 

     Figure 27.7     Schematic model representation of the hexagonal -
 in - lamellar (HL) morphology obtained for polypeptide - based 
rod – coil diblock copolymers cast from solutions.  
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Schlaad and coworkers  [69 – 71] . In a fi rst report, three PS -  b  - PZLLys diblock copoly-
mers with peptide volume fractions of 0.48, 0.74 and 0.82 were investigated  [69] . 
SAXS patterns recorded from DMF cast fi lms confi rmed the hexagonal - in - lamellar 
morphology published earlier by Gallot and coworkers  [64] . In their paper, Schlaad 
and coworkers went a step further and analyzed their SAXS data using the 
interface - distribution concept and the curvature - interface formalism. These evalu-
ation techniques suggested that the bulk nanoscale structure of the PS -  b  - PZLLys 
diblock copolymers does not consist of plain but of undulated lamellae. The 
concept of the interface - distribution function and the curvature - interface formal-
ism were also applied to compare the solid - state structures of two virtually identical 
PS based diblock copolymers; PS 52  -  b  - PZLLys 111  (  φ   peptide    =   0.82) and PS S2  -  b  - PBLGlu 104  
(  φ   peptide    =   0.79)  [70] . Analysis of the SAXS data obtained on DMF - cast fi lms indi-
cated a hexagonal - in - undulated (or zigzag) lamellar morphology for both block 
copolymers. However, the X - ray data also revealed two striking differences 
between the samples. The fi rst difference concerns the thickness of the layers, 
which are a factor of three smaller for PS 52  -  b  - PBLGlu 104  as compared with PS 52  -
  b  - PZLLys 111 . Whereas the PZLLys helices are fully stretched, the PBLGlu helices 
are folded twice in the layers. As peptide folding increases the area per chain at 
the PS - PBLGlu interface, the thickness of the PS layers also has to decrease in 
order to cover the increased interfacial area. The second difference concerns the 
packing of the peptide helices. For the PZLLys - based diblock copolymer it was 
estimated that about 180 peptide helices form an ordered domain. The level of 
ordering, however, was considerably lower for the peptide blocks of PS 52  -  b  -
 PBLGlu 104  and only  ≈ 80 helices were estimated to form a single hexagonally 
ordered domain. 

 In addition, the infl uence of the polydispersity of the polypeptide block on the 
solid - state morphology of PS -  b  - PZLLys diblock copolymers has also been studied 
 [71] . To this end, a series of fi ve diblock copolymers was prepared from an identical 
 ω  - amino - polystyrene macroinitiator ( P n     =   52; polydispersity index, PDI   =   1.03). 
The peptide content in these diblock copolymers varied between 0.43 and 0.68 and 
the PDI ranged from 1.03 to 1.64. Evaluation of the SAXS data with the interface -
 distribution function and the curvature - interface formalism confi rmed, as expected, 
the hexagonal - in - undulated (or zigzag) lamellar solid - state morphology. Fractiona-
tion of the peptide helices according to their length leads (locally) to the formation 
of an almost plane, parallel lamellar interface, which is disrupted by kinks (undula-
tions). The curvature at the PS - PZLLys interface, however, was found to be strongly 
dependent on the chain length distribution of the peptide block. Block copolymers 
with the smallest molecular weight distribution produced lamellar structures with 
the least curvature. Increasing the chain length distribution of the peptide block 
(block copolymers with PDI    ≈    1.25) leads to larger fl uctuations in the thickness of 
the PZLLys layers, which increases the number of kinks and the curvature at the 
lamellar interface. At even larger polydispersities (PDI    ≈    1.64), however, the 
number of kinks decreases again. With increasing polydispersity of the peptide 
block, the thickness fl uctuations become larger and larger, as does the interfacial 
area. At a certain point, at suffi ciently high polydispersity, the system tries to 
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compensate for the increased interfacial tension and minimizes the number of 
kinks (Figure  27.8 ).   

 Ludwigs  et al.   [72]  used SFM to investigate the formation of hierarchical struc-
tures of PS 52  -  b  - PBLGlu 104  in thin fi lms. Thin fi lms with a thickness of  ≈ 4 and 40   nm 
were prepared by spin - coating of dilute polymer solutions on silicon substrates 
and were subsequently annealed in saturated THF vapor to achieve a controlled 
crystallization of the  α  - helical PBLGlu. On the smallest length - scale, the structure 
was found to be built of short ribbons or lamellae of interdigitated polymer chains. 
PBLGlu helices were fully stretched in thin fi lms, in contrast to what has been 
observed in the 3D organized bulk mesophase (see above). Depending on the time 
of solvent annealing, different ordered structures on the micrometer length - scale 
could be observed (Figure  27.9 ).   

 The examples discussed so far have all involved relatively high molecular weight 
diblock copolymers. In these cases, the molecular weight of the polypeptide block 
is usually suffi ciently high so that it forms a stable  α  - helix and the common 
hexagonal - in - lamellar morphology is found. The situation changes, however, 
when the molecular weight of the block copolymers is signifi cantly decreased. The 
infl uence of molecular weight on the solid - state organization of polystyrene - based 
peptide – synthetic hybrid block copolymers has been studied for a series of low -
 molecular weight PS -  b  - PBLGlu and PS -  b  - PZLLys  [73, 74] . These diblock copoly-
mers consisted of a short PS block with  P n      ≈    10, a polypeptide block containing 
 ≈ 10 to 80 amino acid repeat units and were characterized by means of variable 
temperature FT - IR spectroscopy and X - ray scattering. These experiments allowed 
the construction of  “ phase diagrams ” , which are shown in Figure  27.10 . The phase 
diagrams reveal a number of interesting features. At temperatures below 200    ° C 
and for suffi ciently long polypeptide blocks, a hexagonal arrangement of the 
diblock copolymers was found, analogous to the hexagonal - in - lamellar morphol-
ogy of the high - molecular weight analogues. Upon decreasing the length of the 
peptide block, however, several novel solid - state structures were discovered. For 
very short peptide block lengths (PS 10  -  b  - PBLGlu 10 , PS 10  -  b  - PZLLys 20 , PS 10  -  b  - PZL-
Lys 40  and PS 10  -  b  - PZLLys 60 ) a lamellar supramolecular structure was found. This is 

     Figure 27.8     Schematic representation of the 
disordered zigzag lamellar morphology 
formed by polypeptide - based diblock 
copolymers with low (A), moderate (B) and 
high polydispersity (C) with respect to the 

length of helices. Polypeptide helices are 
represented as cylinders, and polyvinyl sheets 
are depicted in black  (reprinted from  [71]  with 
permission of The American Chemical 
Society) .  
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due to the fact that for such short peptide block lengths, a substantial fraction of 
the peptide blocks adopts a  β  - strand secondary structure. Self - assembly of these 
diblock copolymers in a  β  - sheet type fashion results in the lamellar structures 
observed by SAXS. For PS 10  -  b  - PBLGlu 20  a peculiar and until then unprecedented 
structure was found. This structure that consisted of hexagonally packed diblock 
copolymer molecules, which are organized in a hexagonal superlattice, has been 
referred to as the double hexagonal or hexagonal - in - hexagonal morphology. Apart 
from several unconventional solid - state nanoscale structures, another factor that 
distinguishes the phase diagrams in Figure  27.10  from those of most conventional, 
conformationally isotropic block copolymers is the infl uence of temperature. For 
a number of diblock copolymers, increasing the temperature above 200    ° C results 
in a change from a hexagonal - in - hexagonal (PS 10  -  b  - PBLGlu 20 ) or hexagonal (PS 10  -
  b  - PBLGlu 40 , PS 10  -  b  - PZLLys 80 ) to a lamellar morphology. FT - IR spectroscopy experi-
ments suggested that these morphological transitions are induced by an increase 
in the fraction of peptide blocks that have a  β  - strand conformation.    

     Figure 27.9     SFM height images of a fi lm of PS 52  -  b  - PBLGlu 104  
obtained by spin - coating from a 5   mg   mL  − 1  THF solution and 
subsequent exposure to saturated THF vapor for 3.5 (A), 22.5 
(B) and 42   h (C)  (reprinted from  [72]  with permission of The 
American Chemical Society) .  
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  27.3.1.3   Polyether - based Diblock Copolymers 
 PEG – polypeptide block copolymers are of particular interest, from both a struc-
tural and a functional point of view. Unlike the hybrid block copolymers discussed 
in the previous paragraphs, which were based on amorphous synthetic polymers, 
PEG is a semi - crystalline polymer. In addition to microphase separation and the 
tendency of the peptide blocks towards aggregation, crystallization of PEG intro-
duces an additional factor that can infl uence the structure formation of these 
hybrid block copolymers. Ma and coworkers  [75]  have investigated the solid - state 
structure and properties of three PEG -  b  - PAla copolymers that were prepared from 
a PEG macroinitiator with  M  n    =   2   kg   mol  − 1 . The diblock copolymers contained 39.8, 
49.6 and 65.5   mol - % alanine. From FT - IR spectra and DSC measurements, these 
workers proposed a microphase - separated bulk structure. 

 AB diblock and ABA triblock copolymers composed of PEG as the A block and 
random coil segments of poly( d , l  - valine -  co  -  d , l  - leucine) as the B block(s) were 

     Figure 27.10     Phase diagrams describing the 
solid - state nanoscale structure of (A) 
PS -  b  - PBLGlu and (B) PS -  b  - PZLLys diblock 
copolymers; (C) illustration of the lamellar, 
double hexagonal and hexagonal 

morphologies found for the low molecular 
weight hybrid block copolymers  (reprinted 
from  [73, 74]  with permission of The 
American Chemical Society) .  
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investigated by Cho and coworkers  [76] . DSC experiments revealed PEG crystal-
lization and showed that the PEG melting temperature was decreased compared 
with that of the PEG homopolymer. TEM micrographs suggested a larnellar micro-
phase - separated structure for one of the triblock copolymer samples.  

  27.3.1.4   Polyester - based Diblock Copolymers 
 One of the fi rst studies focusing on the solid - state properties of polypeptide – pol-
yester synthetic hybrid block copolymers was reported by J é r ô me and coworkers 
 [77] . DSC experiments on a poly( ε  - caprolactone) 50  -  block  - poly( γ  - benzyl  l  - glutamate) 40  -
 (PCL 50  -  b  - PBLGlu 40 ) diblock copolymer revealed two endotherms. The fi rst endo-
therm was found at 60    ° C and is due to the melting of the PCL. The second 
endotherm, which was located at 110    ° C, was, mistakenly, interpreted as the 
melting transition of PBLGlu. This transition, however, is not a melting transition, 
but instead refl ects the conformational transition of the PBLGlu helix from a 7/2 
to an 18/5 helical structure. Although no further structural investigations were 
carried out, the observation of two separate endotherms occurring at temperatures 
identical to the transitions found for the respective homopolymers was a fi rst 
indication for the existence of a microphase - separated structure. Similar results 
were reported by Chen and coworkers  [78]  who investigated the thermal properties 
of a series of PCL -  b  - PBLGlu copolymers composed of PCL blocks containing 13 – 51 
repeat peptide segment units with and 22 – 52 amino acid repeat units. 

 Caillol  et al.   [79]  have studied the solid - state structure and properties of a series 
of PLL -  b  - PBLGlu [PLL   =   poly( l  - lactide)] copolymers. The PLL block in these copoly-
mers contained 10 – 40 repeat units and the peptide segments were composed of 
20 – 100 repeat units. DSC thermograms of the block copolymers revealed three 
transitions corresponding to the  T  g  of PLL ( ≈ 50    ° C), the 7/2 to 18/5 helix transition 
of PBLGlu ( ≈ 100    ° C) and the melting temperature of PLL ( ≈ 160    ° C), respectively. 
This observation was already providing a fi rst hint towards a microphase - separated 
bulk morphology. SAXS experiments, which were performed at 100    ° C, indicated 
the existence of hexagonally ordered assemblies of  α  - helical PBLGlu chains. With 
decreasing glutamate content, the peaks corresponding to this hexagonal organiza-
tion decreased in intensity and another scattering peak appeared, which was 
ascribed to a lamellar assembly of PBLGlu chains with a  β  - strand secondary struc-
ture. Increasing the temperature to 200    ° C not only resulted in melting of PLL, but 
also led to a decrease in intensity of the diffraction peaks corresponding to the 
hexagonally ordered  α  - helical PBLGlu segments and an increase in the fraction of 
PBLGlu segments that are ordered in a lamellar  β  - strand fashion.  

  27.3.1.5   Diblock Copolypeptides 
 A step forward in the design of hierarchically ordered structures with biofunction-
ality has been the subject of recent reports on the synthesis of block copolymers 
based on polypeptides. In the fi rst such report  [80] , organo - nickel initiators rather 
than amines were used to avoid the unwanted  α  - amino acid  N  - carboxyanhydrides 
(NCA) side reactions, which had, for more than 50 years, hampered the formation 
of well - defi ned copolypeptides. This approach gave rise to various peptidic - based 
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block copolymers that have mainly been studied in solution (see previous section). 
A second approach addressed the side reaction problem directly by using amines 
in combination with high - vacuum techniques, to ensure the necessary conditions 
for the living polymerization of NCAs: PBLGlu -  b  - PGly (PGly   =   polyglycine) were 
prepared for the fi rst time with this methodology  [81] . 

 Despite these important synthetic efforts, the solid - state morphology of purely 
peptidic block copolymers is largely unexplored. Hadjichristidis and coworkers 
 [81]  recently investigated the self - assembly of a series of narrow polydispersity 
PBLGlu -  b  - PGly diblock copolymers within the composition range 0.67    <     f  BLGlu     <    0.97 
and the temperature range 303    <     T     <    433   K. SAXS and WAXS,  13 C NMR and DSC 
were used for the structure investigation coupled with dielectric spectroscopy for 
both the peptide secondary structure and the associated dynamics. These tech-
niques not only provided insight into the nanophase morphology but also gave 
information about the type and persistence of peptide secondary structures. Par-
ticular evidence has been found for hexagonal - in - lamellar and cylinder - on - hexag-
onal nanostructures (Figure  27.11 ). The thermodynamic confi nement of the 
blocks within the nanodomains and the disparity in their packing effi ciency results 
in multiple chain folding of the PGly secondary structure that effectively stabilizes 
a lamellar morphology for high  f  BLGlu . Nanoscale confi nement proved to be impor-
tant in controlling the persistence length of secondary peptide motifs.     

  27.3.2 
 Triblock Copolymers 

  27.3.2.1   Polydiene - based Triblock Copolymers 
 Whereas Gallot and coworkers have mainly studied the solid - state organization 
of PB - based diblock copolymers, Nakajima  et al.  concentrated on ABA - type hybrid 
block copolymers containing PB as the B component ( “ once - broken rods ” ). In a 

     Figure 27.11     Dependence of the WAXS peak 
positions on the PBLGlu (PBLG) volume 
fraction, corresponding to the distance 
between PBLGlu  α  - helices (fi lled circles) and 
PGly  β  - sheets (open circles). The interhelix 

(inter - sheet) distance increases (decreases) 
with increasing polypeptide volume fraction. 
The vertical line separates the two 
nanodomain morphologies.  
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fi rst series of publications, the structure and properties of PBLGlu -  b  - PB -  b  - PBLGlu 
triblock copolymers containing 7.5 – 32.5   mol - % (=   3.0 – 14.3   vol - %) PB were inves-
tigated  [82 – 84] . Infrared spectroscopy and WAXS experiments on fi lms of the 
triblock copolymers indicated that the PBLGlu blocks were predominantly  α  -
 helical. From the WAXS experiments, it was concluded that the PBLGlu blocks 
assembled into different structures, depending on the type of solvent that was 
used to cast the fi lms. In benzene cast fi lms, the peptide helices were relatively 
poorly ordered, similar to the so - called form A morphology of PBLGlu  [85] . In 
contrast, the PBLGlu segments in fi lms cast from CHCl 3  were well ordered and 
contained paracrystalline and mesomorphic regions. Based on TEM, a cylindrical 
microstructure was proposed for a triblock copolymer containing 8   vol - % PB. 
Electron micrographs for other samples were not reported, but based on volume 
fraction considerations it was predicted that triblock copolymers containing 12 
and 14   vol - % PB would form either cylindrical or lamellar superstructures  [83] . 
Interestingly, copolymers having the same composition but polypeptide segments 
made of either enantiomerically pure or racemic  γ  - benzyl glutamate exhibited not 
only different secondary structures ( α  - helix or random coil, respectively; FTIR 
and WAXS) but also different superstructures (TEM). A cylindrical or lamellar 
morphology was proposed in the fi rst case and a more spherical superstructure 
in the second  [86] . 

 Further support for the microphase - separated structure of the PBLGlu -  b  - PB -  b  -
 PBLGlu triblock copolymers was obtained from dynamic mechanical spectroscopy 
and water permeability experiments  [84] . The temperature dependence of the 
dynamic modulus and the loss modulus could be explained well by assuming a 
microphase - separated structure. Furthermore, the hydraulic permeability of water 
through membranes prepared from the copolymers was approximately three 
orders of magnitude larger compared with a pure PBLGlu membrane. The hydrau-
lic water permeability was found to increase with increasing PB content in the 
block copolymers. This was explained in terms of microphase - separated structure 
and the presence of an interfacial zone that separates the ordered domains formed 
by the  α  - helical PBLGlu chains from the unordered PB phase (Figure  27.12 ). The 
interfacial zone consists of amino acid residues that are located close to the 
N - terminus of the peptide block and in the vicinity of the PB segment. The amino 
acid residues in the interfacial zone do not form regular secondary structures. As 
the amide groups of the peptide chains in the interfacial zone are not involved in 
intramolecular hydrogen bonding, they are able to bind water molecules. Conse-
quently, increasing the interfacial zone, e. g., by increasing the PB content, leads 
to an increase in the water permeability.   

 The bulk and surface structure of solvent - cast fi lms from a series of PBLGlu -  b  -
 PB -  b  - PBLGlu triblock copolymers with much higher PB contents (50 – 80   mol - %) 
than the samples discussed above have been described by Gallot and coworkers 
 [87] . The organization of these copolymers was compared with that of three other 
triblock copolymers with approximately the same PB content ( ≈ 50   mol - %) but 
which were composed of poly( N   ε   - trifl uoroacetyl  l  - lysine) (PTLLys), poly( N  5  - hydrox-
yethyl  l  - glutamine) (PHLGln) or polysarcosine (PSar) as the peptide block. For any 
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sample investigated, X - ray scattering experiments indicated a hexagonal - in - lamel-
lar bulk morphology. X - ray photoelectron spectroscopy (XPS) measurements 
revealed that for the triblock copolymers with hydrophobic peptide blocks, i. e., 
PBLGlu or PTLLys, the surface composition was identical with that in the bulk of 
the sample. In contrast, the surfaces of fi lms prepared from the triblock copoly-
mers with the more hydrophilic peptide segments, i.e., PHLGln or PSar, were PB 
enriched. Furthermore, the XPS data suggested that the lamellar superstructures 
formed by the triblock copolymers were perpendicular to the air – polymer 
interface. 

 In addition, the solid - state organization and properties of PZLLys -  b  - PB -  b  - PZL-
Lys triblock copolymers have been investigated. Nakajima and coworkers  [88, 89]  
have studied copolymers composed of a central PB block with  M  n    =   3.6   kg   mol  − 1  
and PB contents ranging from 12 to 52   mol - %. WAXS patterns obtained from 
solution - cast triblock copolymer fi lms were in agreement with the  α  - helical sec-
ondary structure of the peptide blocks. The bulk microphase - separated structure 
of the fi ve different block copolymer samples could be successfully characterized 
by means of TEM. For the samples with the largest PB volume fraction (56 and 
65   vol - %), a lamellar superstructure was found. However, the electron micro-
graphs suggested cylindrical and spherical microphase - separated structures for 
triblock copolymers with smaller PB volume fractions. 

     Figure 27.12     Hydrogen - bonded water and water clusters in an 
interfacial zone formed by unordered peptide chains that 
separate the PB domains from the helical PBLGlu phase in 
fi lms of ABA triblock copolymers.  
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 Other polybutadiene - based ABA type triblock copolymers that have been inves-
tigated include PMLGlu -  b  - PB -  b  - PMLGlu and PMGlu -  b  - PB -  b  - PMGlu [PMGlu   =   poly 
( γ  - methyl  d , l  - glutamate)]  [86, 90] . Infrared spectroscopy experiments on solvent-
cast fi lms indicated that the incorporation of 50% of the  d  - isomer disrupts the 
 α  - helical secondary structure and induces a random coil conformation in signifi -
cant portions of the peptide blocks. From the infrared spectra and WAXS experi-
ments, it was estimated that the helix content of a PMGlu homopolypeptide was 
about 60% of that of the corresponding PMLGlu. TEM images of OsO 4  stained 
samples provided evidence for the microphase - separated solid - state structure. 
Interestingly, different morphologies were observed when comparing the images 
of PMLGlu -  b  - PB -  b  - PMLGlu and PMGlu -  b  - PB -  b  - PMGlu samples with the same PB 
content ( ≈ 30   mol - %). A cylindrical morphology was proposed for the fi rst and a 
spherical structure for the second  [86]  (see above). The difference in morphology 
was ascribed to the less regular secondary structure of the peptide block in the 
case of the  d , l  - triblock copolymer, which prevents a highly ordered organization 
of the peptide domains and facilitates the formation of spherical PB domains. The 
ATRIR spectra further showed that adsorption of bovine serum albumine (BSA) 
and bovine fi brinogen (BF) did not lead to denaturation. From these observations, 
these workers concluded that the surfaces of the PMGlu -  b  - PB -  b  - PMGlu mem-
branes interact only weakly or reversibly with these plasma proteins and it was 
predicted that this may also lead to a good overall biocompatibility. 

 The solid - state structure and properties of PELGlu -  b  - PB -  b  - PELGlu [PELGlu   =
   poly( γ  - ethyl  l  - glutamate)] triblock copolymers containing 31.5 – 94.5   mol - % (=   17 –
 88   vol - %) PELGlu have been studied using the same techniques as described 
above for the other triblock copolymers  [91, 92] . The secondary structure of the 
PELGlu blocks was found to be predominantly  α  - helical and the helix content 
in the triblock copolymers decreased from 95 to 60% upon decreasing the 
peptide content from 95 to 61%. Interestingly, the WAXS data suggested that 
the PELGlu helices were packed in a pseudohexagonal, i.e., monoclinic, arrange-
ment instead of the hexagonal structure observed for most of the other inves-
tigated peptide – synthetic hybrid block copolymers. TEM experiments on OsO 4  
stained fi lms indicated a microphase - separated structure. Based on the electron 
micrographs, a spherical microphase - separated structure was proposed for the 
copolymer containing 17   vol - % PB, while cylindrical and lamellar morphologies 
were suggested for triblock copolymers containing 28 and 44   vol - %, respectively, 
68 and 88   vol - % PB. The biocompatibility of the PELGlu -  b  - PB -  b  - PELGlu triblock 
copolymers was assessed by coating the samples onto a polyester mesh fi ber 
cloth, which was subsequently subcutaneously implanted in mongrel dogs for 
four weeks. It was found that the foreign body reaction and degradation of the 
PELGlu -  b  - PB -  b  - PELGlu samples were less pronounced as compared with 
PMLGlu -  b  - PB -  b  - PMLGlu, PBLGlu -  b  - PB -  b  - PBLGlu and PZLLys -  b  - PB -  b  - PZLLys 
triblock copolymers. 

 The bulk nanoscale structure of a series of PBLGlu -  b  - PI -  b  - PBLGlu copolymers 
containing 37.4 – 81.1   mol - % PBLGlu was studied by means of infrared spectros-
copy, WAXS, dynamic mechanical analysis and electron microscopy  [93] . Based 
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on the electron micrographs, a cylindrical morphology was proposed for triblock 
copolymers containing 74.6 and 81.1   mol - % PBLGlu. Water permeability measure-
ments also supported the microphase - separated bulk morphology  [94] . Further 
insight into the bulk morphology of the PBLGlu -  b  - PI -  b  - PBLGlu triblock copoly-
mers was obtained from pulsed proton NMR experiments  [95] . The NMR signals 
of the block copolymers were composed of three components with different spin –
 spin relaxation times ( T  2 ). The three different  T  2  values were attributed to the 
microphaseseparated structure, which consists of three regions (the ordered 
helical peptide domains, the unordered interfacial peptide region and the rubbery 
PI phase) with different molecular mobility. The spin – lattice relaxation times ( T  1 ) 
that were obtained provided insight into the domain sizes, which were in good 
agreement with the results from TEM. The surface structure of CHCl 3  - cast fi lms 
was studied by XPS and contact angle measurements  [96] . It was found that the 
chemical composition of the microphase - separated fi lms at the surface was differ-
ent from that in the bulk. The PI content at the fi lm surface was higher than that 
in the bulk. Water contact angle measurements indicated that the block copolymer 
fi lms were wetted easier than the respective homopolymers for the same reasons 
as the previous samples. 

 Treatment of a PBLGlu -  b  - PI -  b  - PBLGlu fi lm with a mixture of 3 - amino - 1 - propa-
nol and 1,8 - octamethylenediamine led to the formation of hydrophilic, cross -
 linked PHLGln -  b  - PI -  b  - PHLGln membranes being obtained  [97] . The swelling ratio 
of these membranes in pseudoextracellular fl uid (PECF) was found to decrease 
with increasing PI content and increasing cross - link density. Tensile tests in PECF 
revealed that the triblock copolymer membranes had a larger Young ’ s modulus, 
increased tensile strength and elongation at breaking compared with membranes 
prepared from PBLGlu homopolymer. Enzymatic degradation experiments using 
papain showed that the triblock copolymer fi lms were more resistant towards 
degradation than the corresponding homopolypeptide membranes. The half - times 
for sample degradation increased with decreasing peptide content, which was in 
agreement with the swelling behavior of the membranes.  

  27.3.2.2   Polystyrene - based Triblock Copolymers 
 Tanaka and coworkers studied ABA type triblock copolymers composed of a 
central PS block fl anked by two polypeptide segments (PBLGlu, PZLLys or PSar) 
 [98] . TEM of a CHCl 3  - cast fi lm of PBLGlu 25  -  b  - PS 165  -  b  - PBLGlu 25  that was stained 
with phosphotungstic acid revealed a lamellar phase separated structure. In con-
trast, no microphase separation was observed in a fi lm of PSar 73  -  b  - PS 421  -  b  - 
PSar 73 . These workers proposed that the different block copolymer morphologies 
could be related to the different secondary structure of the peptide block; while 
the PBLGlu segments are predominantly helical, the PSar may not form any 
regular secondary structure. Fibrinogen adsorption on the block copolymer 
fi lms was studied with ATR - IR spectroscopy and compared with that on the cor-
responding homopolymer fi lms  [98] . It was found that fi brinogen adsorption on 
PS and PSar homopolymer fi lms and on PSar -  b  - PS -  b  - PSar triblock copolymer 
fi lms led to denaturation of the protein. In contrast, protein adsorption on the 
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microphase - separated PBLGlu -  b  - PS -  b  - PBLGlu surfaces was reported to stabilize 
the protein ’ s secondary structure. Blood clotting tests suggested that thrombus 
formation was retarded compared with the respective homopolymers. 

 Samyn and coworkers  [99]  extended the investigations of ABA triblock copoly-
mers and studied the solid - state organization of three different PBLGlu -  b  - PS -  b  -
 PBLGlu copolymers containing 34, 55 and 92   wt - % PBLGlu. TEM micrographs of 
ultramicrotomed and RuO 4  stained specimens and SAXS experiments indicated 
a lamellar morphology for the copolymers with 34 and 55   wt - % PBLGlu. The 
sample containing 92   wt - % PBLGlu did not form a lamellar structure. WAXS pat-
terns yielded d - spacings refl ecting the intermolecular distance between neighbor-
ing peptide  α  - helices. Ion permeability measurements on dioxane - cast fi lms 
indicated that the bulk morphology infl uences the membrane properties  [100] . The 
membranes prepared from the lamellae forming 34 and 55   wt - % PBLGlu contain-
ing triblock copolymers showed cation selectivity. In contrast, the membrane 
prepared from the triblock copolymer containing 92   wt - % PBLGlu did not show 
such selectivity. It was proposed that uptake of cations into the triblock copolymer 
membranes was facilitated by the interactions between the cations and the ester 
functions in the block copolymers. The difference in selectivity was explained in 
terms of the interfacial zone (as discussed earlier), which separates the PS and 
PBLGlu domains only in the fi lms generated by the former two triblock 
copolymers.  

  27.3.2.3   Polysiloxane - based Triblock Copolymers 
 Imanishi and coworkers  [101]  have studied the structure, antithrombogenicity and 
oxygen permeability of ABA triblock copolymers composed of poly(dimethylsiloxane) 
(PDMS) as the B block and PBLGlu, PBGlu [poly( γ  - benzyl  d , l  - glutamate)], PZLLys 
or PSar as the A block. Several series of triblock copolymers were prepared using 
bifunctional PDMS macroinitiators and targeting various peptide block lengths. 
TEM images of DMF - cast fi lms provided evidence for a microphaseseparated 
morphology for PZLLys 49  -  b  - PDMS 400  -  b  - PZLLys 49  and PZLLys 91,160  - PDMS 256  - PZL-
Lys 91,160 . The images revealed a spherical morphology composed of PDMS islands 
in a PZLLys matrix. The formation of these spherical domains was attributed to 
the solvent that was used for sample preparation. While DMF is a good solvent 
for PZLLys, it is a poor solvent for PDMS. In a separate publication, the same 
workers also described non - spherical microphase - separated structures  [102] . In 
CH 2 Cl 2  - cast fi lms of a triblock copolymer with a very high PDMS content (PBLGlu 48  -
  b  - PDMS 508  -  b  - PBLGlu 48 , 83   mol - % PDMS) more extended, rod - like PBLGlu aggre-
gates in a matrix of PDMS were observed. The TEM experiments also provided 
insight into the effects of peptide secondary structure and the nature of the casting 
solvent on the thin fi lm morphology  [101] . 

 Thin fi lms of PBLGlu 42  -  b  - PDMS 148  -  b  - PBLGlu 42  prepared from DMF showed a 
spherical morphology. Changing the solvent from DMF (a good solvent for 
PBLGlu) to CH 2 Cl 2  (a fairly non - selective solvent) resulted in coarsening of the 
microphase - separated structures. PBGlu 42  -  b  - PDMS 148  -  b  - PBGlu 42  fi lms prepared 
from CH 2 Cl 2  also showed a microphase - separated structure in which spherical 
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PDMS domains were embedded in a PBGlu matrix. The dimensions of the spheri-
cal domains, however, were much smaller than those observed by TEM. These 
different morphologies refl ect the infl uence of the peptide secondary structure on 
the block copolymer self - assembly; PBLGlu 42  adopts an  α  - helical conformation 
and PBGlu 42  a random coil conformation. Studies on adsorption/denaturation of 
proteins and oxygen permeation measurements from these triblock copolymers 
also tend to describe the relationship between the fi lm morphology and these 
properties. In addition, a detailed study of the gas permeation properties of 
PBLGlu -  b  - PDMS -  b  - PBLGlu fi lms cast from CH 2 Cl 2  and DMF solution with PDMS 
contents ranging from 46 to 83   mol - % has been reported  [103]  and revealed that 
the oxygen permeability of the triblock copolymer fi lms in water was found to 
increase exponentially with increasing PDMS content, in agreement with a micro-
phase - separated morphology of the membranes. Similar results were reported by 
Kugo  et al. , who studied oxygen and nitrogen transport across PBLGlu -  b  - PDMS -
  b  - PBLGlu triblock copolymers containing 63 – 81   mol - % PBLGlu  [104] .  

  27.3.2.4   Polyether - based Triblock Copolymers 
 Inoue and coworkers  [105, 106]  studied the adhesion behavior of rat lymphocytes 
on solvent - cast fi lms of PBLGlu -  b  - PEG -  b  - PBLGlu triblock copolymers. The triblock 
copolymers were prepared from  α , ω  - bis - amino functionalized PEG macroinitia-
tors with molecular weights of 1.0 and 4.0   kg   mol  − 1  and had PEG contents varying 
from 11 to 33   wt - %. Rat lymphocyte adhesivity was found to decrease with increas-
ing PEG content. At the same PEG content, the adhesivity of the triblock copoly-
mers based on the macroinitiator with a molecular weight of 4   kg   mol  − 1  was lower 
than that of samples based on the macroinitiator with 1   kg   mol  − 1 . In addition to 
overall lymphocyte adhesivity, these workers also studied the adhesion of specifi c 
subpopulations: B - cells and T - cells. All triblock copolymers showed a preference 
towards B - cells. These experiments, however, revealed that the observed differ-
ences in cell adhesion behavior were neither due to differences in the conforma-
tion of the peptide blocks, nor could they be attributed to differences in surface 
hydrophilicity. It was therefore proposed that the observed effects were caused by 
differences in the higher order surface structures, i.e., in terms of the microphase -
 separated morphology and/or PEG crystallinity. 

 Kugo  et al.   [107]  studied the solid - state conformation of the peptide segment of 
a series of PBLGlu -  b  - PEG -  b  - PBLGlu copolymers containing a PEG segment with 
a molecular weight of 4   kg   mol  − 1  and 36 – 86   mol - % PBLGlu. FT - IR spectroscopy 
experiments on CHCl 3  - cast fi lms revealed that the PBLGlu blocks, which had 
degrees of polymerization of 25 – 276, had an  α  - helical secondary structure. The 
helix content of the triblock copolymer containing PBLGlu 276  blocks was found to 
be similar to that of the PBLGlu homopolymer. Swelling the triblock copolymer 
fi lms with water resulted in a decrease in helix content, as indicated by the CD 
spectra. This decrease in helicity was attributed to competition of water clusters 
to form hydrogen bonds with the peptide backbone. The effect was even more 
pronounced when pseudo - extracellular fl uid was used instead of water. 
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 A fi rst detailed study of the solid - state nanoscale structure of peptide – PEG 
hybrid block copolymers was published by Cho  et al.   [108] . They investigated thin, 
CHCl 3  - cast fi lms of PBLGlu -  b  - PEG -  b  - PBLGlu copolymers, which were composed 
of a PEG block of 2   kg   mol  − 1  and contained 25 – 76   mol - % PBLGlu. TEM micro-
graphs of RuO 4  - stained specimens revealed a lamellar morphology for triblock 
copolymers containing 25 – 64   mol - % PBLGlu. The microphase - separated structure 
was proposed to consist of chain folded, crystalline PEG domains and helical 
PBLGlu domains (IR). WAXS patterns were consistent with the ordered, crystal-
line - like solid - state modifi cation C of PBLGlu. In contrast, in fi lms cast from 
benzene, the peptide blocks only formed poorly ordered arrays. The sensitivity of 
the organization of the PBLGlu blocks towards the nature of the casting solvent 
is identical with the behavior of the PBLGlu homopolymer. 

 In a separate study, the enzymatic degradation behavior of PBLGlu -  b  - PEG -  b  -
 PBLGlu triblock copolymers was investigated  [109] . The rate of degradation was 
found to increase with increasing PEG content in the triblock copolymers from 
1.4 to 3.1 to 13.6   mol - %. A similar dependence on PEG content was observed for 
the level of swelling. Exposure of the triblock copolymer samples to a PBS solution 
without the enzyme did not result in measurable weight loss, indicating that 
hydrolytic degradation did not take place. 

 While the data reported by Cho  et al.  described the structure and organization 
of thin solvent cast fi lms of PBLGlu -  b  - PEG -  b  - PBLGlu, Floudas  et al.  have 
extensively studied the bulk nanoscale organization of these materials  [110] . To 
this end, a series of triblock copolymers with PBLGlu volume fractions ( f  PBLGlu ) 
ranging from 0.07 to 0.89 was investigated using SAXS/WAXS, polarizing optical 
microscopy (POM), DSC and FT - IR spectroscopy. For triblock copolymers with 
 f  PBLGlu     ≤    0.25, PEG crystallization was observed, however, with signifi cant under-
cooling. Triblock copolymers with  f  PBLGlu     ≥    0.43 did not show PEG crystallization. 
SAXS experiments, which were carried out at 373   K, i.e., above the melting point 
of PEG, also revealed a different behavior for triblock copolymers with small and 
large PBLGlu volume fractions. For triblock copolymers with  f  PBLGlu     ≥    0.43 only a 
weakly phase separated structure was found, whereas for samples with  f  PBLGlu     ≤    0.25 
the SAXS data clearly indicated a microphase - separated structure. WAXS patterns 
showed that in the microphase - separated state the PEG phase was semi - crystalline 
and the peptide phase consisted of hexagonally ordered assemblies of PBLGlu 
 α  - helices that coexisted with  β  - sheet structures. For triblock copolymers with 
 f  PBLGlu     ≥    0.43, PEG is amorphous and interspersed with aggregates of  α  - helical 
PBLGlu segments and unordered peptide chains. These different bulk structures 
are illustrated schematically in Figure  27.13 . This fi gure illustrates how the com-
peting interactions that promote the bulk self - assembly of the PBLGlu -  b  - PEG -  b  -
 PBLGlu triblock copolymers lead to the formation of hexagonally ordered structures 
covering different length scales. At the smallest length scale, hydrogen - bonding 
interactions stabilize peptide secondary structures ( α  - helices and  β  - strands) and 
PEG chain folding occurs. On the next higher level, peptide  α  - helices and  β  -
 strands form hexagonal assemblies and  β  - sheet structures, respectively. Finally, 
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the mutual incompatibility of the peptide and PEG block leads to microphase 
separation.   

 Additional insight into the solid - state nanoscale organization of the triblock 
copolymers just discussed was obtained by combining SAXS/WAXS with various 
microscopic techniques (TEM and AFM)  [111] . A  “ broken lamellar ”  morphology 
was observed in the TEM micrographs of PBLGlu 58  -  b  - PEG 90  -  b  - PBLGlu 58  
( f  PBLGlu    =   0.58). Annealing converted this metastable structure into a nonuniform 
microphase - separated pattern, which was proposed to consist of  “ pucklike ”  PEG 
domains in a PBLGlu matrix. For PBLGlu 105  -  b  - PEG 90  -  b  - PBLGlu 105  ( f  PBLGlu    =   0.67), 
a lamellar morphology was found in the as - cast fi lm, which was transformed into 

     Figure 27.13     Highly schematic model of the 
phase state in the PBLGlu -  b  - PEG -  b  - PBLGlu 
triblock copolymers. (a) Phase state 
corresponding to low peptide volume 
fractions depicting a microphase - separated 
copolymer consisting of all the peptide and 

PEG secondary structures. (b) Phase state 
corresponding to  f  rod     >    0.4 depicting phase 
mixing resulting in the appearance of only one 
( α  - helical) secondary structure  (reprinted 
from  [110]  with permission of The American 
Chemical Society) .  
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a  “ broken lamellar ”  structure upon annealing. Based on these results, a morphol-
ogy map was constructed. 

 In addition to PBLGlu -  b  - PEG -  b  - PBLGlu, PZLLys -  b  - PEG -  b  - PZLLys triblock copol-
ymers have also been studied. Cho  et al.   [112]  reported on the solid - state structure 
of a series of PZLLys -  b  - PEG -  b  - PZLLys composed of a PEG block with  M  n    =   2   kg   mol  − 1  
and PZLLys contents of 25.2, 49.9 and 83.0   mol - % (=   68, 86 and 98   vol - %). Infrared 
spectra of CHCl 3  - cast fi lms were in agreement with a helical secondary structure 
of the peptide blocks. DSC experiments provided a fi rst hint for the existence of 
a microphase - separated structure and revealed two  T  g  values for all samples. The 
higher  T  g  was very close to that of the PZLLys homopolymer and the lower  T  g  
approximately 20    ° C higher than that of PEG homopolymer. A PEG melting transi-
tion was not observed. These results were interpreted in terms of a microphase -
 separated structure with hard, crystalline PZLLys domains and soft, amorphous 
PEG segments. The presence of a microphase - separated structure was confi rmed 
by TEM micrographs of RuO 4  - stained thin fi lms. 

 Akashi and coworkers  [113]  reported on the solid - state nanoscale structure of 
ABA type triblock copolymers composed of a central PEG block fl anked by two 
poly( β  - benzyl  l  - aspartate) (PBLAsp) blocks. The molecular weight of the central 
PEG block was 11 or 20   kg   mol  − 1  and the degrees of polymerization of the peptide 
blocks ranged from 12 to 32. WAXS and POM studies on CH 2 Cl 2  - cast fi lms showed 
PEG crystallization in all samples. The intensity of the crystalline PEG refl ection 
peak, however, was found to decrease with increasing length of the PBLAsp block. 
The observation of PEG crystallization was interpreted as a fi rst indication for 
microphase separation. In addition to the PEG signal, the WAXS patterns also 
contained refl ections at 2  Θ     =   5.9    °  (=   15    Å ), which were assigned to a hexagonally 
packed array of PBLAsp helices, a result confi rmed by FT - IR spectroscopy. In the 
SAXS patterns of PBLAsp 25  -  b  - PEG 250  -  b  - PBLAsp 25 , PBLAsp 25  -  b  - PEG 454  -  b  - PBLAsp 25  
and PBLAsp 32  -  b  - PEG 454  -  b  - PBLAsp 32  broad and weak diffraction peaks were 
observed, indicating the formation phase separated structures. Thermal analysis 
of the triblock copolymers, however, revealed several interesting properties. DSC 
experiments showed that the melting temperature of the crystalline PEG domains 
decreased linearly with increasing PBLAsp content, refl ecting the strong infl uence 
of the peptide segments on PEG crystallization. More interestingly, these workers 
found that heating the as - cast fi lms above 333   K and cooling down to 303   K, con-
verted a certain fraction of the  α  - helical PBLAsp chains into  β  - strands and was 
accompanied by a decrease in PEG crystallinity. On a macroscopic level, this led 
to increased strength and elasticity of the fi lms. 

 Cho  et al.   [114]  have studied triblock copolymers composed of a middle block of 
poly(propylene glycol) (PPG) with a molecular weight of 2   kg   mol  − 1  fl anked by two 
PBLGlu segments. Three triblock copolymer samples were investigated with PPG 
contents of 17.0, 26.0 and 60.0   mol - %, respectively. According to infrared spectra 
that were recorded from CHCl 3  - cast fi lms, the PBLGlu blocks possessed an  α  -
 helical secondary structure. WAXS patterns revealed a 12.5    Å  interhelical spacing 
and were in agreement with a solid - state modifi cation C of PBLGlu. No further 
details on the solid - state nanoscale structure and the possibility of microphase 
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separation were reported. Platelet adhesion on glass beads coated with block 
copolymers containing 33 or 47   mol - % PPG was reduced compared with beads 
modifi ed with PMLGlu homopolymer or block copolymers with 70.0   mol - % PPG. 
These differences were attributed to differences in surface composition and mor-
phology, which, unfortunately, were not discussed further. Finally, Hayashi  et al.  
 [115]  have reported on PMLGlu -  b  - PTHF -  b  - PMLGlu [PTHF   =   poly(tetrahydrofuran)] 
triblock copolymers that were prepared from an amino - functionalized PTHF mac-
roinitiator with a molecular weight of 9.6   kg   mol  − 1 . Three different triblock copoly-
mers were studied with PMLGlu contents and degrees of polymerization of 
86.8   mol - %/460, 89.7   mol - %/605 and 91.3   mol - %/730, respectively. With respect 
to the solidstate structure and organization, only infrared spectra and WAXS data 
were discussed.  

  27.3.2.5   Miscellaneous 
 The structure and properties of an ABA triblock copolymer composed of a 
poly(ether urethane urea) (PEUU) B block with  M  n    =   15.8   kg   mol  − 1  and two 
PBLGlu 29  B blocks were described by Ito  et al.   [116] . DSC thermograms showed a 
single endotherm located between the  T  g  of the PEUU and the 7/2 to 18/5 helix 
transition of PBLGlu, suggesting that there was no phase separation. Platelet adhe-
sion on DMF - cast fi lms of the triblock copolymer was signifi cantly reduced com-
pared with the respective homopolymers and a PEUU/PBLGlu blend. Thrombus 
formation on block copolymer fi lms was found to be  ≈ 50% less compared with a 
glass surface. However, no signifi cant difference in antithrombogenicity between 
PEUU, PBLGlu, their blend and the block copolymer was observed. 

 Another, very early study focused on two PBLGlu -  b  - PBAN -  b  - PBLGlu 
[PBAN   =   poly(butadiene -  co  - acrylonitrile)] triblock copolymers  [117] . These block 
copolymers were composed of a PBAN block with  M  n    =   3.4   kg   mol  − 1  and two 
PBLGLu segments containing either 80 or 160 repeat units. TEM micrographs of 
OsO4 - stained fi lms cast from dioxane, which is a selective solvent for PBLGlu, 
revealed a lamellar morphology. When the non - selective solvent CHCl 3  was used 
for the preparation of the TEM specimens, the images were more homogeneous 
and phase separation was less distinct. This suggests that, depending on the 
solvent conditions, the PBAN block can affect PBLGlu secondary structure. 

 Electro -  and photoactive peptide – synthetic hybrid triblock copolymers have been 
prepared using bis(benzyl amine) - terminated poly(9,9 - dihexylfl uorene - 2,7 - diyl) 
(PHF) as a macroinitiator for the ring - opening polymerization of BLGlu - NCA 
 [118] . The electroactive and photoactive properties of the triblock copolymers were 
similar to those of the PHF homopolymer, indicating that the introduction of the 
PBLGlu segments did not interfere with charge injection and transport and other 
material properties. FT - IR spectra of CHCl 3  - cast fi lms of PBLGlu 23  -  b  - PHF 15  -  b  -
 PBLGlu 23  indicated an  α  - helical secondary structure. The FT - IR spectra of 
PBLGlu 16  -  b  - PHF 28  -  b  - PBLGlu 16  displayed, however, an additional peak at 1630   cm  − 1 , 
indicating the coexistence of  α  - helical and  β  - strand conformations. The thin fi lm 
morphologies of the triblock copolymers were investigated with AFM using dif-
ferent casting solvents (Figure  27.14 ). When 2,2,2 - trifl uoroacetic acid (TFA) –
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     Figure 27.14     (A) Chemical structure of 
PBLGlu -  b  - PHF -  b  - PBLGlu triblock copolymers  1  
and  2 ; (B) AFM image of a thin fi lm of  1  cast 
from TFA – CHCl 3  30/70 (v/v); (C) schematic 
representation of the spherical nanostructures 
that can be observed in (B); (D) and (E) AFM 

images of triblock copolymers  1  (D) and  2  (E) 
cast from TFA – CHCl 3  3/97 (v/v); (F) model 
proposed for the self - assembly of  1  and  2  in 
the fi brillar structures shown in (D) and (E) 
 (reprinted from  [118]  with permission of The 
American Chemical Society) .  

 CHCl 3  30/70 (v/v) was used for the preparation of samples, globular or spherical 
aggregates with diameters of about 32 and 40   nm were observed for PBLGlu 23  -  b  -
 PHF 15  -  b  - PBLGlu 23  and PBLGlu 16  -  b  - PHF 28  -  b  - PBLGlu 16 , respectively. In this solvent 
mixture, the PBLGlu chains have a random coil conformation and the triblock 
copolymers were proposed to form spherical nanostructures composed of a PHF 
core and a PBLGlu shell. When the solvent was changed to TFA – CHCl 3  3/97 (v/v), 
the SFM images revealed parallel fi brillar structures being 79    ±    25   nm (PBLGlu 23  -
  b  - PHF 15  -  b  - PBLGlu 23 ) and 83    ±    17   nm (PBLGlu 16  -  b  - PHF 28  -  b  - PBLGlu 16 ) in width and 
4 – 10    μ m in length. Under these conditions, PBLGlu adopts an  α  - helical secondary 
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structure. As the widths of the fi brils were much larger than the extended length 
of the triblock copolymers, a side - by - side antiparallel stacking was proposed to 
explain the fi bril formation.      

  27.4 
 Summary and Outlook 

 In summary, the fi rst part of this chapter described and discussed the phase 
behavior of biomimetic polypeptide - based copolymers in solution with respect to 
the occurrence of secondary structure effects. Evidently, incorporation of crystal-
lizable polypeptide segments inside the core of an aggregate has an impact on the 
curvature of the core – corona interface and promotes the formation of fi brils or 
vesicles, or other fl at superstructures. Spherical micelles are not usually observed. 
Copolymers with soluble polypeptide segments, on the other hand, seem to behave 
as conventional block copolymers. A pH - induced change of the conformation of 
coronal polypeptide chains only affects the size of aggregates, not their shape. It 
is evident that the biomimetic approach using polypeptide hybrid polymers is very 
successful in the creation of novel superstructures with hierarchical order. 
However, although begun about 30 years ago in the mid - 1970s, this fi eld is still 
in a premature state. Most systematic studies on aggregation in solution have been 
reported only during the last fi ve to ten years. A comprehensive picture of the 
processes involved in the formation of hierarchical structures is still lacking. The 
application potential of polypeptide copolymers has also not been exhausted. Most 
studies deal with ordinary micelles for the controlled delivery of drugs or genes. 
Not much attention has been, for whatever reason, paid to gel structures and other 
colloidal systems, such as emulsions, polymer latexes and inorganic – organic 
hybrid nanoparticles. 

 The solid - state structure, organization and properties of peptide – synthetic 
hybrid block copolymers were discussed in the second part. The most notable 
difference between peptide - based block copolymers and their fully synthetic and 
amorphous analogues is their hierarchical solid - state organization. In contrast to 
most synthetic amorphous block copolymers, which typically exhibit structural 
order only over a single length scale, peptide - based block copolymers can form 
hierarchically organized nanoscale structures that cover several different length 
scales. At the smallest length scale, peptide sequences fold into regular secondary 
structures, such as  α  - helices or  β  - strands. On the next higher level, peptide  α  -
 helices and  β  - strands can assemble into hexagonal superstructures and  β  - sheets, 
respectively. Finally, phase separation between the peptide and synthetic blocks 
leads to the formation of ordered domains with the largest characteristic length 
scales. For a large number of peptide - based block copolymers, lamellar phase 
separated morphologies have been observed. These lamellar structures, however, 
are often found over a much broader range of compositions compared with 
regular, fully amorphous diblock copolymers. This behavior, as in solution, can 
be explained easily considering the fl at interface that is generated from the rod – rod 
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packing. In addition to these more conventional morphologies, structural investi-
gations on peptide - based hybrid block copolymers have also led to the discovery 
of various novel phase separated structures, which were not previously known for 
fully amorphous diblock copolymers. Both observations refl ect the fact that the 
solid - state structure formation of peptide hybrid block copolymers is not solely 
dictated by phase separation, as is the case for amorphous diblock copolymers, but 
is also infl uenced by other factors such as intra -  and intermolecular hydrogen 
bonding and chain conformation. While much of the early interest in peptide –
 synthetic hybrid block copolymers was driven by their potential use as membrane 
materials or for the development of antithrombogenic surfaces, more recent 
studies revealed that these materials can also have interesting mechanical proper-
ties  [113] . 

 The major drawback of most of the block copolymers discussed in this chapter 
is that they have been prepared via the conventional amine - initiated NCA polym-
erization. The polymerization of NCAs under these conditions does not allow very 
accurate control over polymer chain length, results in rather broad molecular 
weight distributions and is also not very useful for preparing defi ned block copoly-
peptides  [119, 120] . It is obvious that these limitations possibly restrict further 
engineering of the structure and organization of peptide – synthetic hybrid block 
copolymers and could also hamper the exploration of their full practical potential. 
Over recent years, however, a number of alternative NCA polymerization strategies 
have been developed, which provide enhanced control over polypeptide chain 
length and chain length distribution and also allow access to defi ned block copoly-
peptides  [121 – 123] . In the last 5 years, a great deal of effort has been focused on 
controlling the synthesis and understanding the structural behavior of these 
polypeptide - based block copolymers. These systems, which have been known for 
a long time, are currently gaining more and more attention due to the possibilities 
of making highly ordered materials on the nano -  to micrometer - length scale and 
bio - compatible aggregates that respond to external stimuli. The door to new inno-
vations in materials science is now open.  

    This chapter has been published previously in:
  Lazzari, Massimo/Liu, Guojun/Lecommandoux, Sebasti é n (eds.) 
  Block Copolymers in Nanoscience  
 2006 
 ISBN - 13: 978 - 3 - 527 - 31309 - 9 - Wiley - VCH, Weinheim    
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  28.1 
 Introduction 

 Although the Watson – Crick double helical model  [1]  of DNA has imparted major 
impacts on modern biology for more than 50 years, the signifi cance of this 
simple    –    yet very elegant    –    model is not limited to one particular area. In 1982  [2] , 
Ned Seeman proposed the building of nanostructures from DNA, an idea which 
led to the origination of the fi eld now known as  “ structural DNA nanotechnology. ”  
During the past decade, this fi eld has witnessed much signifi cant progress, and 
in this chapter we will discuss the basic concepts and major research directions 
of structural DNA nanotechnology, the important progress that has been made in 
recent years, and some future perspectives of the fi eld. 

 DNA, which serves as the genetic information carrier in most organisms on 
Earth, is also an ideal candidate for structural nanotechnology, which targets at 
controlling and organizing matter at the nanometer scale. First, DNA is a nanom-
eter - scale object itself, with a diameter of 2   nm and a helical repeat of 10 – 10.5 
nucleotide pairs, or  ∼ 3.5   nm for the common B - form DNA. Second, DNA hybridi-
zation is highly predictable because of the well - known Watson – Crick base - pairing 
that guanine (G) pairs with cytosine (C), and adenine (A) with thymine (T). Third, 
whilst single - stranded DNA is quite fl exible, the DNA duplex is more rigid and 
has a persistence length of approximately 50   nm. It is this combined fl exibility and 
rigidity that permits the design of DNA structures to form different geometric 
shapes. Furthermore, as a results of advances in modern chemistry and molecular 
biology, DNA molecules with any designed lengths, sequences, and a variety of 
functionalities can now be synthesized conveniently, and also manipulated by 
using the wide range of enzymes that are available for the cleavage, ligation and 
amplifi cation of DNA. All of these facilities have provided scientists with an 
extreme degree of control for building DNA nanostructures and maneuvering 
DNA nanomachines. 

 Topologically speaking, DNA duplex is a  one - dimensional  ( 1 - D ) molecule. In 
order to create a  two - dimensional  ( 2 - D ) or  three - dimensional  ( 3 - D ) structure, it is 
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necessary to use branched objects. For example, Seeman proposed techniques that 
would allow DNA strands to assemble into branched junctions that could further 
self - assemble into periodic, 2 - D arrays  [3]  (Figure  28.1 a).   

 The basic building block here is the branched four - arm junction consisting of 
four single - stranded DNA oligonucleotides. To enable DNA junction building 
blocks to form higher ordered objects and lattices, single  ν  stranded DNA over-
hangs called  “  sticky ends  ”  are used to bring DNA junction molecules together. 
These sticky ends carries base sequences that are complementary to each other; 
for example, the red sticky end is complementary to the black end, and the green 
end is complementary to the blue end (Figure  28.1 a). As a result, sticky end cohe-
sion will cause the individual four - arm junctions to be  “ glued ”  together to form 
the 2 - D array. Yet, this simple scheme illustrated a powerful method for building 

     Figure 28.1     Ned Seeman ’ s original proposal of construction 
of a periodic DNA array and its application. (a) Four - arm 
junction DNA tiles with sticky ends are connected together to 
form a 2 - D periodic array through self - assembly process; 
(b) A 3 - D DNA lattice templated protein array could be used 
for X - ray crystallography.  
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DNA nanostructures: fi rst, to design the branched DNA building blocks or  “ tiles ” , 
and then to assemble them together using sticky end cohesion. 

 Although other cohesions have also been used for mortaring DNA nanostruc-
tures    –    for example,  paranemic crossover s ( PX ) cohesion  [4]  and edge - sharing 
 [5]     –    sticky end cohesion is by far the most extensively used in DNA nanostructure 
design. Studies of crystal structures have revealed that the duplex formed by com-
plementary sticky ends has an exactly identical structure to B - DNA  [6] , a feature 
which allows designers to predict and control the relative orientations of the DNA 
tiles. It is interesting to note that for sticky ends that are  N  - bases long, the number 
of unique sticky ends can be up to 4  N  , which provides a library of programmable 
molecular interactions. 

 Ideally, the DNA sequences of a DNA nanostructure should be designed to 
achieve the highest stability, so that all other less - stable competitive structures 
will be less likely to form. On a practical basis, it is necessary to choose a set of 
optimized sequences that minimizes sequence symmetry at the branch points  [7]  
so as to prevent the branch migration of DNA strands. 

 As originally proposed by Seeman, one potential application of structural 
DNA nanotechnology would be to use the highly ordered self - assembling DNA 
scaffolds to organize other types of macromolecule into 3 - D crystals. Moreover, 
if the macromolecule could be attached to a 3 - D DNA nanostructure (Figure 
 28.1 b), the self - assembly of DNA would facilitate the organization of macromol-
ecules into a periodic lattice, the periodicity and parameters of which could be 
well defi ned. This would in turn facilitate macromolecule structural analysis using 
X - ray diffraction. 

 Besides the above - described potential application, the DNA nanostructure might 
also be used as a scaffold to organize different nanomaterials. An example of this 
is the organization of nanoelectronic components into an addressable fashion, 
leading to the construction of DNA - templated nanoelectronics/nanophotonics 
devices. Indeed, recent developments in the use of 1 - D and 2 - D DNA nanostruc-
tures to template nanoparticles into rationally designed patterns have paved the 
way towards this goal.  

  28.2 
 Periodic  DNA  Nanoarrays 

 Seeman ’ s original proposal has inspired many research groups to construct 
a variety of DNA tiles with different sizes and geometries, and assemble them 
into 2 - D periodic arrays (Figure  28.2 ). For example, Mao  et al.  designed and con-
structed DNA parallelograms that would grow into micrometer - sized 2 - D arrays 
(Figure  28.2 a)  [8] .   

 A series of DNA tile molecules termed  double crossover   [9]  ( DX ) DNA molecules 
were originally created by Seeman, and subsequently utilized in many of the later 
studies. The DX tile consists of two parallel DNA helices, joined together by two 
crossovers through strand exchange. Winfree  et al.  successfully built DNA 2 - D 
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arrays through the self - assembly of DX tiles (Figure  28.2 b)  [10] . A similar design 
strategy, learned from the DX tile construction, was then used by different groups 
when designing DNA tiles containing multiple parallel DNA helices; these 
included triple crossover tiles  [11] , and four - , eight - , and 12 - helix tiles  [12, 13] . 

 Yan  et al.  used four four - arm DNA junctions to design a cross - shaped tile, 
named  “ 4    ×    4 ”  tile  [14] . In this design, four four - arm junctions are tethered 
together by a long central strand with a dT 4  loop in between (Figure  28.2 c); the 
4    ×    4 tiles then self - assembled into a 2 - D square lattice. By removing one arm 
from, or adding two more arms to the 4    ×    4 tile, Mao ’ s group were able to construct 
a three - point - star  [15]  and a six - point star tile  [16]  that could self - assemble into 2 - D 
lattices with hexagonal and triangular cavities (Figure  28.2 d). 

 Another family of tiles are tube - like tiles, including three - helix  [17] , six - helix 
 [18]  (Figure  28.2 e), and eight - helix bundles  [19] . With different sticky end 
designs, these tubes tile can be assembled to either 1 - D tubes, 2 - D arrays, or even 
3 - D lattices.  

  28.3 
 Finite - Sized and Addressable  DNA  Nanoarrays 

 For the purpose of DNA - directed macromolecule crystallization, the periodic 
arrays represent an excellent choice. However, to build a functional DNA nanoelec-
tronic device, it must be possible to control the size of a DNA array and to 
attach functional species at particular locations on the array. Such needs 
have driven research teams to develop methods for building fi nite - sized and 
addressable arrays. 

 Park  et al.   [20]  reported the construction of a square - shaped, addressable array 
consisting of sixteen 4    ×    4 tiles (Figure  28.3 a) through an hierarchical assembly 

     Figure 28.2     DNA tiles and their 2 - D periodic arrays formed 
through sticky end cohesion. (a) A DNA parallelogram tile 
consisting of four Holliday junction structures; (b) A  double 
crossover  ( DX ) tile; (c) A 4    ×    4 cross - shaped tile. Each arm of 
the cross is a four - arm DNA junction; (d) A three - point - star 
tile; (e) A six - helix - bundle tile.  
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     Figure 28.3     DNA fi nite - sized and addressable 
arrays. (a) A 4    ×    4 tile array consisting of 
16 distinctive 4    ×    4 tiles. This is a fully 
addressable array on the level of individual 
tiles. Streptavidin protein was attached onto 
certain DNA tiles to display a letter  “ D ” ; (b) A 
5    ×    5 tile array consisting of 25 eight - helix 
tiles. The number of distinctive tiles was 

reduced from 25 to 13 by taking advantage of 
the array ’ s C 2  symmetry; (c) Schematic of 
Rothemund ’ s scaffolded DNA self - assembly 
and atomic force microscopy image of a 
nanometer - scale  “ smiley face. ”  The black 
strand is the scaffold DNA that is folded by 
other short  “ staple ”  strands into the 
designed shape.  

process. In order to demonstrate that the 16 - tile array was fully addressable on the 
level of individual tiles, Park and colleagues fi rst functionalized a few tiles on the 
array with biotin groups, and then attached streptavidin molecules to the array. In 
this way, the protein molecules could be organized to display the letters,  “ D ” ,  “ N ”  
and  “ A. ”    

 It is costly to make every tile in an array unique; moreover, the more complex 
the system, the greater the chances of self - assembly errors occurring. In order to 
build fi nite - sized arrays in a cost - effi cient way, Liu  et al.   [21]  demonstrated a strat-
egy to utilize the geometric symmetry of the array to reduce the number of unique 
tiles. For a  N  - tile fi nite - size array with C m  symmetry, the number of unique tiles 
required is  N / m , if  N / m  is an integral number, or Int( N / m )   +   1, if  N / m  is a non-
integral number. Consequently, Liu and coworkers demonstrated two 25 - tile array 
examples with C 2  and C 4  fold symmetry. The 5    ×    5 array with C 2  symmetry required 
13 unique tiles instead of 25 (Figure  28.3 b), while the 5    ×    5 array with C 4  symmetry 
required only seven unique cross - shaped tiles instead of 25. 

 When comparing these two fi nite - size addressable arrays, it is possible to under-
stand the dilemma that research groups often face when designing a DNA struc-
ture. On one hand, the addressability of an array can be increased by introducing 
more unique sequences/tiles into the system, although a low yield and a high error 
rate will be expected. On the other hand, the symmetry can be utilized to reduce 
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complexity of the system so as to achieve a high yield and a low assembly error 
rate, but the high addressability would be lost. Thus, depending on the purpose 
of a DNA nanostructure, it is important for a designer to identify a good balance 
between the complexity and addressability of the system. 

 Another important approach when building an addressable DNA nanoarray is 
 “ nucleated DNA self - assembly. ”  This method uses a long natural or synthetic DNA 
strand, which serves as a scaffold, to direct the DNA strands or tiles self - assembly. 
Yan  et al.  demonstrated the use of this technique by effi ciently assembling DX 
tiles together into barcode - patterned lattices  [22] . In 2006, Paul Rothemund 
reported an exciting breakthrough, in which he used more than 200 short  “ staple ”  
DNA strands to fold 7249 base long, single - stranded M13 viral DNA into 2 - D arrays 
( “ DNA Origami ” ) with a variety of shapes  [23] . Every staple has its unique sequence, 
and can only hybridize with predefi ned parts of M13 according to a predetermined 
folding path (Figure  28.3 c). The array resulted is fully addressable at the position 
of each individual staple strand. In theory, if the scaffold strand is long enough, 
it is possible to design any arbitrarily shaped 2 - D DNA array and to functionalize 
staples at any position on that array.  

  28.4 
  DNA  Polyhedron Cages 

 One branch of structural DNA nanotechnology focuses on the construction of 3 - D 
DNA  “ cages. ”  Potentially, DNA cages can be used for applications such as target -
 specifi c drug delivery or nanoparticle site - specifi c functionalization. For delivery 
purposes, the cages can be made to encapsulate cargos during their self - assembly 
and to display target recognition tags outside the cages. Because DNA duplex is 
linear, it is not surprising that most of the DNA cages built to date are polyhedral, 
using DNA duplex(es) as straight edges and branching point(s) at the vertices. 
When Chen and Seeman assembled the fi rst DNA polyhedron, a cube consisting 
of ten DNA strands  [24] , they used endonucleases to cleave specifi c edges of the 
cube to prove the tube topology with polyacrylamide gel electrophoresis. Many 
years later, several groups have only recently developed a number of methods 
to build DNA polyhedral cages and more direct ways to prove their formation 
(Figure  28.4 ).   

 Goodman  et al.  built a DNA tetrahedron by hybridizing four single - stranded 
DNAs together in a one - step annealing process (Figure  28.4 a)  [25, 26] . In a later 
study, the same group built hairpin loops into the tetrahedron and demonstrated 
that the edge of this cage could be opened/closed by the addition of  “ fuel DNA ”  
strands  [27] . This mechanism would allow cargos to diffuse into the structure at 
the open stage, and to be captured in the close stage. Shih  et al.  used a 1.7 kilobase 
and fi ve short, single - stranded DNAs to construct an octahedron (Figure  28.4 b) 
 [28]  where the edges of the octahedron were double crossovers (DX) or paranemic 
crossovers (PX) DNA motifs. One noteworthy feature of this octahedron was that 
the 1.7 kilobase DNA was formed through  polymerase chain reaction  ( PCR ), which 
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in turn means that the DNA could be easily amplifi ed to produce large amounts 
of the DNA octahedron. 

 Aldaye  et al.  recently developed a new approach for building different - shaped 
DNA cages  [29] . They introduced organic molecules into the circular single -
 stranded DNA during the DNA synthesis process (Figure  28.4 c). This allowed the 
building of a series of DNA polygons with repeated sequences at each edge and 
branched organic molecules at the corners. Linker strands were then used to bring 
two or three polygons together to form the DNA cages. 

 Mao ’ s group reported the design and formation of tetrahedron, dodecahedron, 
and buckyballs through hierarchical DNA assembly (Figure  28.4 d)  [30] . All three 
polyhedra shared the same basic building unit, namely the three - point - star tile 

     Figure 28.4     DNA polyhedron cages. (a) DNA 
tetrahedron: schematic drawing and a physical 
model; (b) DNA octahedron model and 3 - D 
reconstruction image from cryo - electron 
microscopy (EM) experiments; (c) A series 
DNA polyhedra. Organic molecules are 

incorporated into the DNA circular strands to 
help the structures form. (d) DNA 
tetrahedron, dodecahedron, and buckyball 
assembled from three - point - star tiles. A 3 - D 
reconstruction of the cryo - EM images of these 
polyhedra is shown on the right.  
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 [15] , although at low concentrations (50 – 75   n M ) the tile tended to form discrete 
3 - D polyhedra rather than a 2 - D array. Another variable in such a design was the 
length of the single - stranded loops at the center part of the tile, which provided a 
variable fl exibility to the tile and controlled the angle at which the arms could bend 
out of the plane. Longer loops seemed to provide a higher fl exibility at the center 
of tiles and allowed them to form polyhedra that required larger bending angles 
at the vertexes. For example, fi ve - base loops were found to promote the formation 
of tetrahedrons, while three - base loops were suitable for the formation of dodeca-
hedrons. By linking two of the three - point - star tiles, a tile with four arms was 
created that could self assemble into a buckyball - shaped DNA structure. In a later 
study, a fi ve - point - star tile was shown to self - assemble into an icosahedron, using 
a similar design/assembly strategy  [31] .  

  28.5 
  DNA  Nanostructure - Directed Nanomaterial Assembly 

 As noted at the start of this chapter, one central task of DNA nanotechnology is 
to control functional materials at the nanometer scale, and the DNA templated 
self - assembly of nanomaterials represents an important direction towards this 
goal. Until now, several groups have demonstrated the assembly of nanometer -
 scale materials such as metallic nanoparticles,  quantum dot s ( QD s) and proteins 
on DNA nanostructures (Figure  28.5 ). The recognition events used to capture 
these functional materials included protein – protein/small molecule/aptamer 
( in vitro  selected short DNA or RNA that can specifi cally bind to certain protein) 
interactions, functionalized metallic nanoparticle – DNA interactions, and DNA –
 DNA hybridization.   

 By using the well - known interaction between streptavidin and biotin, streptavi-
din protein molecules can be organized onto 2 - D DNA nanoarrays with a control-
led periodicity and spacing  [32] . The streptavidin – biotin interaction has also been 
shown to be useful for organizing nanoparticles. For example, Sharma  et al.  suc-
cessfully built a patterned QD array by reacting streptavidin - coated QDs with 
biotin groups on the 2 - D DNA nanoarray  [33] . By attaching single/multiple copies 
of DNA onto the Au nanoparticle surface  [34 – 36] , Au nanoparticles could be 
rationally organized onto self - assembled DNA nanoarrays through DNA – DNA 
hybridization. Recently, Yan ’ s group demonstrated that different - sized Au nano-
particles could be used to control the conformation of DNA nanotubes (Figure 
 28.5 d)  [37] . 

 Liu  et al.  incorporated thrombin - binding aptamers into a linear, three - helix DNA 
tile array and used aptamer/protein recognition to capture thrombin proteins into 
periodic arrays  [38] . Recently, Rinker  et al.   [39]  were able to take one step further 
by displaying two different thrombin aptamers, each target at a distinctive site of 
the protein, on a DNA array. The distances between the two aptamers were sys-
tematically tuned such that a  ∼ 5.7   nm spacing led to an optimal  “ multivalent 
binding, ”  which has much higher binding affi nity than does any of the single 
aptamers (Figure  28.5 c).  
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  28.6 
 Concluding Remarks 

 The fi eld of structural DNA nanotechnology has witnessed numerous break-
throughs during the past decade, although only a small fraction of the prominent 
studies are outlined here. In that time, the complexity of the DNA structures has 
grown dramatically, from less than 100 nucleotides (four - arm DNA junction) to 
more than 10   000 nucleotides ( “ DNA Origami ” ), with series of 3 - D objects having 

     Figure 28.5     DNA nanostructure - directed nanomaterial 
assembly. (a) Streptavidin assembly on DNA 4    ×    4 periodic 
2 - D array; (b) Quantum dot assembly on a double crossover 
(DX) array; (c) Thrombin line assembled on M13 viral DNA 
scaffolded 2 - D array; (d) Gold nanoparticles were assembled 
on a DX 2 - D array and forced the array to form tubes with 
different spiral patterns.  
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been built and characterized. Today, the capability is available to attach proteins, 
metallic and semi - conducting nanoparticles onto DNA arrays so as to create a 
variety of patterns of these materials. An increasing knowledge of the rules 
to design DNA structures has led to the building of more - complex DNA self -
 assemblies, and with fewer errors. With such progress, there is much optimism 
that DNA nanotechnology can potentially be applied to build DNA nanostructure -
 based nanocircuits and to control chemical/biochemical reactions in an ordered 
fashion that mimics enzyme cascade reactions. Nonetheless, many challenges 
remain. Although some functional materials have been successfully patterned by 
DNA arrays, the key ability is still lacking to create well - controlled, multicompo-
nent nanoarchitectures. Whilst the current success with DNA 3 - D objects has been 
limited to the building of polyhedron cages for purposes such as protein encap-
sulation and drug delivery, the task remains to create a universal strategy for 
building highly ordered 3 - D structures. The  “ designer DNA ”  nanostructures pro-
duced, with their controlled geometry and topology, might fi nd their use in biologi-
cal applications such as interfacing cellular components through DNA scaffolds. 
Yet, much remains to be done in studying the biocompatibility, delivery, and 
stability of DNA nanostructures inside living systems. With the fi eld of nanotech-
nology having successfully  “ borrowed ”  DNA from biological systems, it will not 
be surprising to see DNA nanotechnology contribute to the  in vivo  applications of 
nanotechnology in the future.  
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a
active center transformation 14
acylnitroxide 328
adenosine-5′-triphosphate 750, 773
– MSN material 547
adipic acid 347
adsorbent 460
– carbon nanotube 622ff.
– removal of surface water 

contaminant 615ff.
adsorption
– 243americium(III) 638
– arsenic 637
– cadmium(II) 628
– chromium(VI) 626
– competitive 633
– copper(II) 629
– 1,2-dichlorobenzene (1,2-DCB) 640f.
– dioxin 639
– fl uoride 635
– heavy metal ion 624ff.
– lead(II) 624
– nickel(II) 632
– trihalomethane 642
– zinc(II) 630
Ag, see silver
alcohol
– oxidation 350ff.
aldehyde
– oxidation 350ff.
alginate 530
alkyl phosphonium 438
alkyl pyridinium 438
alkyltrimethyl ammonium cation 414
allografting 527
ALS approach 823
aluminium
– 27Al MAS NMR spectroscopy 485ff.
aluminium oxide (alumina) 566

– γ-Al2O3 343, 491, 508f., 635ff.
– Al2O3 343ff., 558, 570, 635
– Al2O3/CNT composite 635
– Al2O3 nanotube 220ff.
– 3Al2O3 2SiO2 558ff.
– Al2O3-X 499
– Al-TUD-1 499
– alumina membrane (AM) 196, 228, 669
– Au/Al2O3 353
– DL12 491
– ICMUV-1 495f., 509
– ID 1–11 500
– LA383 492
– mesoporous 481ff.
– MSU-γ 491
– MSU-X 486, 509
– PCL-coated 541
– SGAL 516
aluminogermanate nanotube 234
aluminosilicate 406
243americium(III) 638
amide 819
amidoacid chelating 469
amine
– hydrophilic 467
– hydrophobic 467
– selective sensor 672
amino acid residue
– chemical and physical parameter 731
(S)-(–)-2-amino-3-phenylpropan-1-ol 

(APP) 215
(3-aminopropyl)trimethoxysilane (APS, 

APTMS) 199, 298
ammonium-MMT
– quaternary 437
amoxicillin 549
anthracene (AN) 130ff., 602
– PS-b-PEP-b-PE 141ff.
– triaryl amine-terminated diimide 388
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antibody-coupled CNT 738
anticooperativity 786
antifreeze glycoprotein (AFGP) 776
antimony
– SbPS4-xSe nanotube 238
apatite layer
– biomimetic (BTAp) 543
aperture near-fi eld Raman 678
apertureless near-fi eld Raman imaging 695
aptamer/protein recognition 876
1-D architecture
– helical polymer-based 161, 176
2-D architecture
– helical polymer-based 161, 176
array
– self-organized 173f., 218
arsenic
– adsorption 637
ascorbic acid 300
atenolol 659f.
atom transfer radical (ATR) polymerization 

(ATRP) 12, 743, 763
atomic force micrsocopy (AFM) 161
– visualization of 1-D rod, semi-circle and 

circle structure 162
– visualization of 2-D self-organized 

array 173
atomic layer deposition (ALD) 218ff.
– in alumina membrane 228
– gas-phase 220
Au, see gold
autografting 527
azobenzene 51f., 105
– light-active azobenzene block copolymer 

vesicle 52
– mesogen 51
– photoisomerization 105
– photoresponsive 122
azobenzene-poly(methacrylate)-block-

poly(acrylic acid) 105

b
backbone modifi cation 81
barium titanate (BaTiO3) nanotube 233
Barrett–Joyner–Halenda (BJH) method 484
basal plane spacing 407
base-catalyzed reaction 508
battery 319ff.
– “see-through” 329
BCN nanotube 237
bentonite 460
benzoic acid (BA) 129
– crystal 130ff.
– PS-b-PEP-b-PE 141ff.

(γ-benzyl L-glutamate)-N-carboxyanhydride 
(BLGlu-NCA) 862

bilayer system
– spin-coated 185ff.
N,N′-bi(2-mercaptoethyl)-perylene-3,4,9,10-

tetra-carboxylic diimide (MEPTCDI) 279
biocompatibility 525
biofunctionality 525
biomagnifi cation 601
biomaterial 524
biomedical application 475
biomimetic hybrid polymer 836
biomimetic processing 526
biomimetics 524, 536
biomolecule
– AuNP/ITO electrode 315
biopolymer 782
– dispersion of CNT 719
– interaction with CNT 715ff.
biosensor 50, 289
bis(benzoxazolyl) stilbene (BBS) 383ff.
bis-(2-hydroxyethyl)-methyl-(hydrogenated 

tallow alkyl) ammonium cation 445
bismuth
– Bi2S3 nanotube 211f.
– Bi2Te3 nanotube 212
blending 444
block copolymer (BCP) 1ff.
– alignment 111ff.
– azobenzene containing 51ff.
– drug delivery vesicle 52
– fi lm thickness 127
– fl uorinated 48
– gel 793
– holographic material 52
– interface-active 48
– linear polypeptide-based 835ff.
– lithographic system 15
– microdomain structure 126ff.
– multilevel resist strategy 29
– nanofi bre 67ff.
– nanolithographic template 17
– nanoporous block polymer template 20
– nanoporous fi lm 36
– nanoporous monolith 34
– nanoreactor 44
– nanotube 67ff.
– rod–coil 7
– self-assembling 1ff.
– self-assembly 835
– semi fl uorinated 49
– structure direction 34
– surface interaction 127
– synthesis 9
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– thin fi lm 126
– triblock 4
block copolymer micelle 

nanolithography 47
block copolymer morphology
– alignment and ordering 111ff.
block copolymer system 1ff.
– phase-selective chemistry 1ff.
block copolypeptide 841
block-selective solvent 72
blood–brain barrier (BBB) 606
BN nanotube 235ff.
boc-phenylalanine 667
boehmite nanotube 234
bone regeneration 527
bottom-up fabrication 321, 334, 767
bovine serum albumin (BSA) 476, 723ff.
brain
– effect of engineered carbon 

nanoparticle 607
bredigite 543
broken lamellar morphology 860
Brunauer–Emmett–Teller (BET) 

method 484, 629
3-D bulk phase 175
– self-organized array 175
bulk polymerization 656
bundalization 716
tert-butoxycarbonyl (TBOC) protecting 

group 50
t-butyl methacrylate (tBMA)-block-3-

methacryloxy-propyl pentamethyldisiloxane 
(SiMA) 33

n-butylstannoic acid 708

c
cadmium
– Cd(II) adsorption 628ff.
– CdCl2 nanotube 240
– CdO nanotube 223
– CdSe nanotube 206ff.
– CdSe-ZnS quantum dot 286
– CdTe nanotube 210
– trioctylphosphine oxide (TOPO)-capped 

CdSe nanoparticle 755
cadmium sulfi de CdS
– nanotube 206
– surface-derivatized nanocrystal 547
caffeine 659ff.
calcination 483
calcium phosphate (CaP) 530
– coating 535
calixarene 822
cancer 551, 738

ε-caprolactam 347
ε-caprolactone (ε-CL) 347
carbamide 820
carbide nanotube 240
carbodiimide reagent 268
carbon dioxide (CO2) 508
– supercritical (scCO2) 508
carbon monoxide (CO) 337f., 562
– selective oxidation 337ff.
carbon nanoparticle
– bioavailability 598
– developmental effect 608
– ecological toxicology 595ff.
– engineered 595ff.
– food web 600
– stability in aquatic system 596
– tissue distribution 600
– toxicological effect 602
– uptake 598
carbon nanotube (CNT) 220, 249ff., 597f., 

615ff.
– adsorbent 620ff.
– 243americium(III) 638
– anchoring of metal nanoparticle 289
– arsenic adsorption 637
– AuNP composite 255ff.
– B2O3-coated 236
– bamboo-like (BCNT) 276f.
– chirality-based separation 734
– composite material 249
– covalent linkage 268
– deposition of AuNP 256
– diameter-based separation 734
– 1,2-dichlorobenzene adsorption 640
– dioxin adsorption 639
– dispersion in biopolymer 719
– DNA coated 737
– DNA conjugate 721
– electrical property 620
– emitter 289
– fl uoride adsorption 635
– functionalized 738
– heavy metal adsorption 624ff.
– hydrogen bonding 271
– hydrophobic interaction 271
– interaction with biomolecules 715ff.
– interaction with DNA 720f.
– interaction with modifi ed AuNP 267
– interaction with protein 723
– mechanical property 620
– memory element 289
– multiwalled (MWNT) 251ff., 597, 616ff., 

716
– nanotube aquator 289
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– noncovalent functionalization 718
– optical property 620
– polyaromatic compound adsorption 643
– property 620ff.
– removal of surface water 

contaminant 615ff.
– sensor 289
– silicon substrate 682
– single-walled (SWNT) 251ff., 598, 616ff., 

716ff.
– π–π-stacking interaction 277ff.
– structure 616
– supramolecular interaction 271
– synthesis 616
– thermal property 620
– TiO2 nanotube 240
– trihalomethane adsorption 642
– visualization of Si–C bonding 682
carbonate hydroxyapatite (CHAp) 530ff.
carbonated apatite (CA) 544
N-carboxyanhydride (NCA) 851
carboxylic acid chelating 469
catalysis
– AuNP 288
– heterogeneous 500
– oxidation 333ff.
catalyst 337, 460
cation exchange 413
cation exchange capacity (CEC) 407, 442, 

464ff.
ceramic component
– structural integrity 579
ceramics
– fracture 555
– microbioceramics 548f.
– multicomposite 585
– nanobioceramics 546
– nanoceramics 523ff.
– self-crack healing 559ff., 585
– Si–CNT bonding 682
– structural 555ff.
– temperature 571
cerium hydroxide Ce(OH)3 nanorod 233
cerium oxide (CeO2, ceria) 339ff.
– adsorbent 627
– CNT composite 637
– nanotube 233
cesium
– [(18C6)Cs(18C6)Cs(18C6)]+ 375
cetyltrimethylammonium bromide (CTAB) 

222, 299ff., 495
chemical gel 791
chemical sensor
– AuNP 288

chemical valve effect 43
chemical vapor deposition (CVD) 196, 

221ff., 618
– low-pressure (LPCVD) 689
– microwave plasma-enhanced 236
– plasma-enhanced (PECVD) 265
chirality-based separation of CNT 734
chiroptical inversion 178ff.
chiroptical memory 178ff.
– helical polysilane fi lm 178
chiroptical switch 178
chiroptical transfer 185
chlorite 404
chloroaluminum phthalocyanine 

(AlClPc) 95
cholesterol 823
– imprinted shell 658
chromium(VI) 626ff.
– adsorption 626ff.
– carbon nanotube 626ff.
chromophore
– dispersed phase 380
– organic 380
cinnamoyloxyethyl methacrylate 

(CEMA) 39
circle structure 162ff.
clay 404ff.
– chemical structure 460
– ionic 475
– layered 459ff.
– natural 460
– organophilic 477
Cloisite-Na+ 434
Cloisite 6A 437
Cloisite 10A 437
Cloisite 15A 437ff.
Cloisite 20A 438
Cloisite 25A 437ff.
Cloisite 30B 437ff.
Cloisite 93A 443
cluster
– infi nite 785
– nucleation 46
– size 785
CNT, see carbon nanotube
coating 535f.
– calcium phosphate 535
– nanocoating 535f.
– spray 536
– thick bioglass 536
cobalt
– microtubule 200
– salen complex 510
– [(Tl(18C6))4(CoCl4)][TlCl4]2 ∙ nH2O 371
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cobalt oxide
– Co3O4 nanotube 228f.
– nanowire 322
collagen
– HAp/collagen 528f.
colloidal gold, see gold nanoparticle
colloidal nanoparticle 333
compatibilizer 410ff., 425ff., 438ff.
competing interaction
– weak 784
complementary metal-oxide-semiconductor 

(CMOS) transistor 690
composite, see also micro- or nanocomposite
– morphology 408
– polymer–clay composite 408
– property 411
composite graft
– bioactive 528
concentration effect 793
conductor
– electronic 160
– ionic 160
contour length 163
convergent synthesis
– NCD 759
converging beam electron diffraction 

(CBED) 690
cooperativity 785
coordination–insertion catalyst 440
copolymer 466ff.
– amphiphilic 466
– IL-based gel 815
– volume fraction 808
copper
– catalyst 343ff.
– Cu(II) adsorption 629ff.
– CuS nanotube 206ff.
– CuSe nanotube 210
– nanocatalyst 335
coralline apatite
– nanocoated 538
core–shell emulsion polymerization 657
core–shell morphology 39
core–shell nanoparticle 658
cosolvent system 816
cosurfactant 811
covalent imprinting 654
crack
– bonding by oxidation 557
crack healing 557ff.
– atmosphere 567
– ceramics 559ff., 585
– effect 573ff.
– fracture probability 573

– machining effi ciency 577
– temperature 568
critical aggregation concentration 

(CAC) 469
critical electric fi eld strength 119
critical micelle concentration (CMC) 95, 

469, 794
critical micelle temperature (CMT) 104
critical radius 46
cross-polarization-magic angle spinning 

(CP-MAS) 375
crown ether 366
– [(A(18C6))4(MX4)][BX4]2 ∙ nH2O 366ff.
– rotation 374
crystallization 129, 779
– 2-D 172
– epitaxy 140
– directional 126ff.
– graphoepitaxy 138
Cu, see copper
curdlan 720
cyano-oligo(p-phenylene vinylene) 

(cyano-OPV) 382f.
4-cyano-4-n-pentylbiphenyl (5CB) 814
cyclic voltammetry (CV) 750
[2+2] cycloaddition 41
cyclohexane 349
trans-cyclohexane-1,2-diamide 819
L-cysteine 670

d
d-spacing 461ff., 492ff.
dahllite 532
debundalization 716
– degree 729
decorated phase 5
deep ultraviolet (DUV) radiation 22
degree of functionalization (DF) 425
Dellite 43B 443
Dellite 72T 443
dendrimer 671, 699ff.
– bimetallic nanoparticle 744
– bridging 756
– cluster-cored 744
– fullerene-functionalized 699
– fullerene-rich 708
– gold nanoparticle-cored 746ff.
– nanoparticle-cored (NCD) 743ff.
– poly(amidoamine) (PAMAM) 756
– polyhedral oligomeric silsesquioxane 

(POSS) core 744
– semiconductor nanoparticle 744
dendritic branch
– fullerene-rich 700
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dendritic functionalization 758
dendron
– Fréchet-type 759
– poly(oxymethylphenylene) (PPD) 746
– 4-pyridone-functionalized 752
– Simanek-functionalized 

superparamagnetic nanoparticle 757
density functional theory (DFT) 121, 343
deoxycholic acid (DOC) 720
deposition–precipitation (DP) 337ff.
2,3-di-n-alkoxyanthracene 823
dialkyldimethyl ammonium cation 414
dialkyl imidazolium 438
diameter-based separation of CNT 734
1,3:2,4-dibenzylidene sorbitol (DBS) 820f.
diblock copolymer 1, 800, 844
– polydiene-based 844
– polyester-based 851
– polyether-based 850
– polystyrene-based 845
diblock copolypeptide 851
1,2-dichlorobenzene (1,2-DBC) 616, 640f.
– SWNT interaction 642
N,N′-dicyclohexyl-carbodiimide (DCC) 268, 

759
dielectric material
– silicon dioxide 34
N,N′-diethyl(4-vinylphenyl)amidine 655
differential scanning calorimetry 

(DSC) 423
diffuse refl ection infrared Fourier transform 

(DRIFT) spectrum 516
diffusion coeffi cient 326
diffusion-limited aggregation (DLA) 769
N,N-dimethylacetamide (DMA) 443
1-[3-(dimethylamino)propyl]-3-

ethylcarbodiimide hydrochloride 
(EDCI) 86

4-dimethylaminopyridine (DMAP) 700, 759
trans-4-[p-(N,N-dimethylamino)styryl]-N-

vinylbenzylpyridinium chloride 655
N,N-dimethyl-N,N-dioctadecylammonium-

MMT 437
1,2-dimyristoyl-sn-glycero-3-phosphate 

(DMPA) 532
1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) 532
dioxin
– adsorption 639
dispersed phase 380
– metal nanostructure 389
– organic chromophore 380
divergent synthesis
– NCD 761

DL12 491
DNA (deoxyribonucleic acid) 781, 869
– base pair mismatch 288
– biosensor 270
– CNT conjugate 721
– dispersed nanotube 736
– double crossover (DX) 871ff.
– fi lament 172
– interaction with CNT 720
– met-SWNT 723
– nanostructure design 871
– origami 874ff.
– paranemic crossover (PX) 871ff.
– periodic DNA nanoarray 871
– polyhedron cage 874
– self-assembly 874ff.
– sticky end 870
– SWNT fi ber 737
– transfer 96
DNA assembly 878
– hierarchical 875
DNA nanoarray 871ff.
– addressable 872
– fi nite-sized 872
– nucleated DNA self-assembly 874
– periodic 871
– self-assembled 876
DNA nanotechnology
– information guided self-assembly 869ff.
– structural 869ff.
Dollimore–Heal (DH) method 484
dopamine 300
doxorubicin (DOX)
– polymeric micelle 94, 107
Drude–Lorentz–Sommerfeld theory 389
drug delivery 663
– light-active azobenzene block copolymer 

vesicle 52
– microbioceramics 548
– nanoassembly of block copolymer 91ff.
– nanobioceramics 546
– pH-sensitive nanoassembly 93
dynamic light scattering (DLS) 797

e
ecological toxicology 595ff.
– engineered carbon nanoparticle 595ff.
elastin-like polypeptide (ELP) 

nanoassembly 397
– GNR–ELP 397
electric fi eld 118
electrode
– AgNP/ITO 309
– AuNP/ITO 300ff., 315
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– biomolecule 315
– inorganic electrode-active material 322
– metal nanoparticle-attached 297ff.
– organic polymer battery 319ff.
– organic radical polymer electrode 324
– PtNC/GC 313
– PtNP/ITO 313
electrodeposition 212
electrohydrodynamic (EHD) fi lm 

instability 119
electron beam lithography (EBL) 124
electron hopping 321
electron-withdrawing group (EWG) 

328
electronic device
– AuNP 288
electroporation
– MWNT 288
electrospinning 118
emitter
– CNT 289
emulsion polymerization 657
– core–shell 657
end functionalization 85
endblock-selective homopolymer 810
endocytosis 93f.
endogenous trigger 93ff.
energy dispersive spectroscopy 

(EDS) 529
energy storage device 319ff.
enhanced permeability and retention 

(EPR) effect 93
entropy 767ff.
– relative 771
epinephrine 300
2-D epitaxial array 172
epitaxial control 129
epitaxy 126ff.
– directional crystallization 140
EPM, see ethylene–propylene (random) 

copolymer
epoxidation reaction 344ff., 509
– gold catalyst 344
17β-estradiol 662
estriol 670
etch resistance 16
1-ethyl-3-(3-dimethyl-amino-propyl)-

carbodiimide (EDC) 268
ethylene carbonate/diethylcarbonate 

(EC/DEC) 319
ethylene glycol dimethacrylate (EGDMA) 

657
ethylene terephthalate cyclic oligomer 

(ETCO) 431

ethylene–propylene (random) copolymer 
(PE–PP rubber, EPM) 410

– EPM/OLS nanocomposite 421ff.
– functionalized with diethyl maleate 

(EPM-g-DEM) 421ff.
– functionalized with maleic anhydride 

(EPM-g-MAH) 410
excimer formation 380
exclusion zone 774
exfoliation 427, 472f.
– zigzag mechanism 473
external stimulus 102
extreme ultraviolet interferometric 

lithography 124
extreme ultraviolet (EUV) radiation 17

f
fast Fourier transform (FFT) power 

spectrum 133ff.
fatigue strength 575
Fe, see iron
ferrocene
– NCD-encapsulated 759
– nonaferrocenyl thiol dendron-

functionalized nanoparticle 750
ferrocenyl-polyethylene glycol (FPEG) 100
fi ber 736
– DNA-based SWNT 737
fi brillar micelle 825
fi eld-emission scanning electron microscopy 

(FESEM) 267, 299
fl occulation 408
Flory–Huggins interaction 793
fl uorescent sensing 655
fracture 556
– criterion 556
– probability 573
– strength 581
– stress 581ff.
Frank-van der Merwe régime 778
[60]fullerene (C60) 285, 670, 699ff.
– nanostructure 699ff.
fullerodendrimer 699
fullerodendron 702ff.
– photoelectronic property 704
functional fi lm 177
– helical polymer-based 177
functionalization
– dendritic 758
– noncovalent 718

g
G1CO2tBu 700ff.
G1–5CO2tBu 703ff.
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G1CO2H 700
G2CO2tBu 700ff.
G2CO2H 700
G3CO2tBu 702ff.
G3CO2H 702
G4CO2tBu 703ff.
G4CO2H 703
G5CO2tBu 703
G5CO2H 703
Galam–Mauger formula 785
GaN nanotube 237
gas phase catalytic process 252
gel
– chemical 791
gelatin 791
gelation 768f.
– isothermal 825
gelator 816ff.
– biologically inspired 824
– oligopeptide-based 825
gene delivery
– nanoassembly of block copolymer 

91ff.
gene therapy 530
geometry
– confi ning 135
giant polymer chain 75
gill
– engineered carbon nanoparticle 607
glass
– bioactive 527
– transition temperature 22
glassy carbon (GC)
– attachment of AuNP 306
– attachment of PtNP 312ff.
glucose biosensor 289
glucose oxidase (GOx) 100, 726ff.
(3-glycidyloxypropyl) trimethoxysilane 

((glycidoxypropyl)trimethoxy silane, 
GLYMO) 35, 411

goethite nanorod 199
gold
– anion cluster 337
– Au/Al2O3 353
– Au/ICMUV-1 509
– nanocatalyst 335ff.
– nanopattern 693f.
– nanowire 285
– polymer composite 393
– silver alloy catalyst 342
– tubule 196
gold catalyst 337ff., 349ff.
– epoxidation reaction 344ff.
– titan dioxide 344

gold nanoparticle (AuNP) 249ff., 297
– alkanethiolate-capped 274
– attachment on GC 306
– attachment on ITO 302ff.
– attachment onto mesoporous TiO2 

fi lm 307
– AuNP-cored dendrimer 746ff.
– AuNP-directly attached ITO 

(AuNP/ITO) 300ff.
– catalysis 288
– chemical sensor 288
– CNT composite 255ff.
– covalent linkage 268
– dendrimer 746
– deposition on the CNT surface 256
– dibenzo[24]crown-modifi ed 275
– dodecane-thiol-modifi ed 275
– electrode 298ff., 315
– electronic device 288
– growth 306
– growth on ITO 302ff.
– hydrogen bonding 271
– hydrophobic interaction 271
– interaction between modifi ed AuNP 

and CNT 267
– 11-mercaptoundecanoic 

acid-functionalized 759
– MWNT composite 281
– seed-mediated growth method 298ff.
– silica-coated 282
– supramolecular interaction 271
– tetraoctylammonium bromide 

stabilized 272
– thiol-stabilized 288
– water-dispersable AuNP–MWNT 

hybrid 279
gold nanorod (GNR)
– elastin-like polypeptide (ELP) 

nanoassembly 397
gold nanoshell
– goethite nanorod 199
gold nanotube 197ff.
– 3-D 197
– reactive ion etching 197
grafting on nanoparticle 763
graphite substrate 174
graphoepitaxy 124, 135ff.
– directional crystallization 138
group transfer polymerization 

(GTP) 13
growth 46
gum arabica 719
gyration radius 77
gyroid network structure 4
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h
hard–soft, acid–base (HSAB) principle 44f.
healing temperature 588
hectorite 407, 460
helical polymer-based 1-D architecture 161, 

176
helical polymer-based 2-D architecture 161, 

176
helical polymer-based functional 

fi lm 177ff.
helicity 170ff.
helix–coil transition 178ff.
helix–helix (PM) transition 167, 177f.
hemoglobin (Hb) 300, 726ff.
heterogeneous catalysis 500
trans-[2-(2,2,3,3,4,4,4-heptafl uorobutylamino)

ethyl]{2-[4-(4-hexylphenylazo)phenoxy]
ethyl} dimethylammonium 
(C3F7-Azo+) 234

hexadecyltrimethylammonium 
bromide 407

high-density polyethylene (HDPE) 390f.
high-pressure carbon monoxide (HiPCO)
– method 252
– HiPCO-SWNT 693, 717
high-temperature gas turbine 588
highest occupied molecular orbital (HOMO)
– nanotube 261
highly oriented pyrolytic graphite 

(HOPG) 172ff., 342
Hildebrand solubility parameter 

theory 826
histone 726
holography 53
– azobenzene containing block 

copolymer 52f.
homochiral intermolecular 

interaction 169ff.
– superhelical assembly 169ff.
homopolymer 810
Horvath–Kawazoe model 484
hot isostatic pressing (HIP) 523
hot pressing (HP) 523
Huggins coeffi cient 78
hybrid structure
– organic/inorganic 842
hybrid triblock copolymer
– electro- and photoactive peptide 862
hydrazide 822
hydrocarbon
– selective oxidation 347ff.
hydrocoral 529
hydrodechlorination 510
hydrodesulfurization 512

hydrogel
– polypeptide-based 842
hydrogen bonding 271, 818
hydrogen peroxide
– direct synthesis 353
– mediator-free sensor 301
hydrogen plasma 48
hydrophobic interaction 271
1-hydroxy-benzotriazole (HBA) 86
hydroxyapatite (HAp) 526ff.
– antibiotic 549
– coralline apatite 538
– HAp/chitosan (CS) 530
– HAp/collagen 528
– HAp/polyethylene 528
– HAp/Ti-6Al-4V 528
– liposome 532
– nanocoating 538
– nanoparticle 537
– nanopowder 533
– nanoplatelet 533
hyperthermia 550
hypsochromic shift 389f.

i
ICMUV-1 495f.
ID 1–11 500
IL, see ionic liquid
illite 404
imidazolium salt 463
implant
– macro-textured 533
– orthopedic 532
in situ intercalative polymerization 412f.
in situ polymerization 430ff.
incompatibility parameter 5
indentation 557ff.
indigo carmine derivative 323
indium
– InVO4 nanotube 234
– nanotube 205
indium oxide
– In2Ge2O7 nanotube 234
– In2O3 nanotube 230f.
indium tin oxide (ITO) 298
– attachment of AgNP 309
– attachment of Au nanoplate 308
– attachment of AuNP 302ff.
– attachment of PdNP 311
– AuNP-directly attached ITO (AuNP/

ITO) 300ff.
– electrochemical application 300, 315
– electrode 300ff., 315
– growth of AuNP 302ff.
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– growth of AgNP 309
– growth of PdNP 311
– ITO/SnO2 706
– ITO/SnO2/(G1–5CO2tBu)m fi lm 706
– metal NP-attached ITO 315
– nonlinear optical property 315
– seed-mediated growth method 298ff.
indomethacin (IMC) 532
inductively coupled plasma (ICP) 516
infi ltration
– polymer foam 534
inorganic nanotube
– general synthetic strategy 196
– synthesis 195ff.
intercalating agent 461ff.
– low molecular weight 461
intercalation 408, 460ff.
– exfoliation 427
– intermolecular hydrogen bonding 470
– melt 434ff.
– solution 433, 442
interfacial energy 119
interlayer distance 407
interlinker 277ff.
intermaterial dividing surface (IMDS) 7
inversion 180
ionic liquid (IL) 815
IRA-410 635
iron nanotube 204
iron oxide
– dendron with Simanek-functionalized 

superparamagnetic nanoparticle 757
– α-Fe2O3 551
– α-Fe2O3 nanotube 228
– γ-Fe2O3 843
– γ-Fe2O3 nanotube 228
– Fe3O4 microspheres 550
– β-FeOOH 551
– α-FeOOH nanotube 234
iron(II) phthalocyanine 276
iron–sulfur [Fe4S4] cluster-cored 

dendrimer 744
cis-trans isomerization 51, 105
N-isopropylacrylamide (NIPAAm) 95
ITO, see indium tin oxide

j
Jacobson–Stockmayer approximation 

782

k
KA-oil 347
kaolinite 404
Kramer–Kronig relationship 796

l
LA383 492
lamellar spheres 825
lanreotide nanotube 215
lanthanum
– La0.5Sr0.5CoO3 nanotube 235
Laponite® 407
large amplitude oscillatory shear (LAOS) 

117
lattice 785, 793
layer-by-layer (LBL) self-assembly 

technique 270, 281ff.
layered-double hydroxide (LDH) 460f., 

475f.
– clay 476
LDPE/OLS nanocomposite 426
lead(II) 624f.
– adsorption 624ff.
– carbon nanotube 626
lead zirconate titanate (PZT) nanotube 233
length distribution function 75
ligand exchange reaction
– NCD 753
light
– polymeric assembly 105
light scattering (LS) 75
linear low density polyethylene 

(LLDPE) 381
liposome 531
– hydroxyapatite coated (HACL) 531f.
liquid crystal (LC) 814
– chiral nematic 159
– lyotropic 205
– thermotropic 814
liquid crystal template (LCT) 

mechanism 481
liquid crystalline (LC)
– behavior 7
– diblock copolymer 122
– phase 200
lithium cobalt oxide 320
lithium ion battery 319
lithium ion conducting electrolyte 

layer 319
lithium ion intercalating anode 319
lithography 15
– block copolymer 15
– top-down positive and negative tone 29
liver
– engineered carbon nanoparticle 607
living polymerization technique 9
– block copolymer synthesis 9
LLDPE, see linear low density polyethylene
local fracture stress 578
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London dispersion forces 824
low-molecular mass organic gelator 

(LMOG) 793, 816ff.
low-pressure chemical vapor deposition 

(LPCVD) 689
lower critical solution temperature (LCST) 

102, 839
lowest unoccupied molecular orbital 

(LUMO)
– nanotube 261
luminescence decay dynamics 374
luminescence spectroscopy
– [(A(18C6))4(MnX4)][TlX4]2 ∙ nH2O 372
luminescent dye 381ff.
lysozyme (LSZ) 719ff.

m
macroinitiator 11ff.
macrophase 3
maghemite 843
magnesium oxide nanotube 230
magnesium silicate 406f.
magnetic fi eld 118
maleic anhydride (MAH) 415
manganese
– Mn2P2S6 214
– [(Rb(18C6))4(MnCl4)][TlCl4]2 ∙ nH2O 371
– salen complex 510
material
– amphiphilic 8
– bioactive 524f.
– bioinert 524f.
– bioresorbable 524f.
matrix 566
mechanical fl ow fi eld 117
mechanical stress
– polymeric indicator 381
median rank method 574
medical application 523ff.
– nanoceramics 523ff.
melt intercalation 413, 434
membrane pore
– electrodeposition 196
memory 178
– chiroptical 178ff.
– element 289
– helical polysilane fi lm 178
– Re-Writable mode 178
– Write-once Read Many (WORM) 

mode 182
3-mercaptopropionic acid (MPA) 302
3-mercaptopropyl-trimethoxysilane 

(MPTMS) 298, 309
11-mercaptoundecanoic acid (MUA) 761

mesogel 813
– nonequilibrium 812
mesogen 51
mesoporous alumina 481ff.
– base-catalyzed reaction 508
– characterization 484f.
– epoxidation 509
– heterogeneous catalysis 500
– hydrodechlorination 510
– hydrodesulfurization 512
– olefi n metathesis 513ff.
– oxidative dehydrogenation 517
– oxidative methanol steam reforming 518
– synthesis 482ff.
mesoporous molecular sieve (M41S) 481
mesoporous silica nanoparticle (MSN) 

material 546
– vancomycin- and adenosine triphosphate 

(ATP)-loaded 547
mesoscale radical polymer 319ff.
mesostructured material 319ff.
– bottom-up fabrication 321
metal chalcogenide nanotube 206
metal nanoassembly
– optical property 389
metal nanoparticle (NP) 297
– use 391
metal nanorod 395
metal nanostructure 379ff.
– dispersed phase 389
– optically responsive polymer 

nanocomposite 379ff.
metal oxide nanotube 214
metal–boron nanotube 205
metal-chelating agent 460
metal-oxide-silicon (MOS) capacitor 25
metal/semiconducting CNT 

separation 735
methacrylic acid (MAA, MAAc) 95, 655
methyloxirane 289
methyltrioxorhenium (MTO, MeReO3) 516
– SiO–Al2O3 517
– ZnCl2//meso-Al2O3 516f.
mica 404
micelle 72, 794ff.
– formation 8
– PEG-b-PPO-b-PEG poloxamer 107
– polymeric 93ff.
micro-Raman imaging technique 683ff.
microbioceramics 548
– drug delivery 548
– radiotherapy 549
microcomposite 408
microcontact printing (μ-CP) 220
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microdomain 115ff.
– alignment 127, 804f.
– lamellar 135
microgel 664
– polymerization 664
microlattice structuring 800
micromagnetics 140
microphase 3
microphotonics 140
Millepora dichotoma 529
mini-emulsion polymerization 660
minimum fracture stress 582f.
– temperature dependence 582
molecular beam epitaxy 778
molecular imprinted polymer (MIP) 651
molecular imprinting 651ff.
– nanomaterial 651ff.
molybdenum
– 30Mo/MA(CIM) 512
– 30Mo/MA(TSM) 512
– ammonium heptamolybdate 518
– MoS2 206
molybdovanadate species 518
monolayer-protected cluster (MPC)
– amine-functionalized 761
– framework 759
– MUA 759
monolith
– nanoporous 34
montmorillonite (MMT) 404ff., 460f.
– d-spacing 466
– MMT/POP2000 471
– organophilic 442
Mooney–Rivlin model 808
MSN, see mesoporous silica nanoparticle
MSU-γ 491
MSU-X 486ff.
MUA, see 11-mercaptoundecanoic acid
mullite 558ff.
– silicon carbide composite 585f.
multiblock copolymer 815
multilevel resist strategy
– block copolymer 2
multiwall carbon nanotube (MWCNT, 

MWNT) 240, 251ff., 597, 616ff., 716
– alkylthiol-modifi ed 273
– AuNP composite 281
– carboxy-modifi ed 275
– cation-modifi ed 275
– competitive adsorption of heavy metal 

ion 633
– electroporation 288
– electrostatic interaction 280
– emitter 289

– memory element 289
– nanotube aquator 289
– nitrogen-doped 280
– noncovalent functionalization 286
– sensor 289
– water-dispersable AuNP–MWNT 

hybrid 279
myoglobin 726ff.
Mytilus edulis 1f.

n
nano-object
– photo-crosslinkable 41
nanoassembly
– oxidation- and reduction-sensitive 99
– pH-sensitive 93
– thermosensitive 102
nanobioceramics 546
– drug delivery 546
nanocatalyst 335
– Ag 335
– Au 335ff.
– Cu 335
nanoceramics 523ff.
– medical application 523ff.
nanocluster
– [(A(18C6))4(MX4)][BX4]2 ∙ nH2O 366ff.
– electronic and mechanical 

behavior 365ff.
– self-assembling 365ff.
– tetrahalometallate anion 365ff.
nanocoating 535
nanocomposite 526
– exfoliated 408
– intercalated 408
– metal nanostructure 379ff.
– optically responsive polymer 379ff.
– organic functional chromophore 379ff.
– phyllosilicate 403ff.
– poly(ethylene terephthalate) 

(PET)-based 429
– polyolefi n (PO)-based 411
– polylactide (PLA)-based 439
– processing condition 443
nanocomposite-based indicator
– mechanical stress 391
nanodiagnostics 551
nanoelectromechanical system 

(NEMS) 253
nanoelectronic device 253
nanofi ber 67ff.
– block copolymer 67ff.
– catalytic 83
– chemical reaction 81ff.
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– molecular imprinting 668
– preparation 69ff.
– superparamagnetic 83
– water-dispersible 83
nanofi ller
– inorganic 808
nanogel 526, 664
– polymerization 664
nanogold, see gold nanoparticle
nanohand 44
– optical magnetic 88
nanohydroxyapatite (nanoHAp) 526ff.
– microspheres 548
nanolithographic template 17
– block copolymer 17
nanomaterial
– block copolymer 1ff.
– molecular imprinting 651ff.
nanomaterial assembly
– DNA nanostructured-directed 876
nanomonolithic particle 667
nanoparticle (NP) 297
– calcium phosphate-based hybrid 531
– core–shell 658
– dendrimer 743ff.
– dendron with Simanek-functionalized 

superparamagnetic NP 757
– engineered carbon 595ff.
– grafting 763
– hydroxyapatite (HAp) 533
– molecular imprinted 667
– nonaferrocenyl thiol 

dendron-functionalized 750
– silica 665
– silicon carbide composite 587
– trioctylphosphine oxide-capped 

CdSe 755
nanoparticle-cored dendrimer 

(NCD) 743ff.
– CdSe/CdS core–shell 757
– Fe2O3 757
– [G-1]div NCD 761
– [G-2]conv NCD 759
– [G-2]div NCD 762
– micellar property 748
– phenothiazine-terminated 752
– redox-active 750
– synthesis 745ff., 758ff.
– Tomalia-type 762
nanoparticle-cored hyperbranched polymer 

(NCHP) 763
– grafting on nanoparticle 763
nanopatterned surface 123
– templated self-assembly 123

nanoplate
– gold nanoplate on ITO 308
nanoplatelet
– hydroxyapatite (HAp) 533
nanopore size tunability 36
nanoporous monolith
– block copolymer system 34
nanoporous surface
– functionalized 38
nanoreactor 44, 660
– block copolymer 44
nanorobotic system 253
nanoshell 104
– photoactive gold 104
nanospheres 42
nanostructure
– fullerene-rich 699ff.
– near-fi eld Raman imaging 677ff.
– polymeric self-assembled 92
– stimulus-responsive 92
nanotest-tube 82
nanotoxicology 551
nanotube 42, 195ff.
– aquator 289
– array 218
– block copolymer 67ff.
– chemical reaction 81ff.
– complex inorganic nanostructure 240
– DNA-dispersed 736
– Fe(II)-containing 82
– HOMO 261
– inorganic 195ff.
– LUMO 261
– metal 196
– metal disulfi de 206
– molecular imprinting 668
– niobate-based 233f.
– preparation 72ff.
– reinforced material 253
– spiral 234
– synthesis 195ff.
– titanate 233
– transition metal oxide 228
– triselenide 206
– trisulfi de 206
nanowire
– molecular imprinting 668
N-(1-naphthyl)ethylenediamine 280
NCD, see nanoparticle-cored dendrimer
near-fi eld Raman imaging 677ff.
– optically trapped dielectric 

microsphere 688
near-fi eld scanning optical microscopy 

(NSOM) 677ff.
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near-fi eld scanning Raman microscopy 
(NSRM) 678

– TERS 686
network modifi er 808
nickel
– microtubule 200
– Ni(II) adsorption 632
– NiMg–NP 511f.
– nitrate (Ni-IMP) 511
– oxide NiO nanotube 230
nicotinamide adenine dinucleotide hydrate 

(NADH) 302
niobate-based nanotube 233
niobium oxide nanotube 225ff.
nitroxide
– polymer 328
– radical 328
nonaferrocenyl thiol dendron-functionalized 

nanoparticle 750
noncovalent imprinting 654
nonsurfactant templating 498ff.
norepinephrine 300
nucleic acid transfer 96
nylon-6 (PA6) 347, 410
– PA6/PP blend 410
– PA6-g-PP phase 410
6,6-nylon 347

o
octadecyltrichlorosilane (OTS) 220
olefi n metathesis 513ff.
oligo(p-phenylene vinylene) 381ff.
OMMT, see organically modifi ed 

montmorillonite
once-broken rod 837, 852
one-electron-electrode reaction 324
one-step process 426
optical magnetic nanohand 88
optical tweezer mechanism 688
optically responsive polymer 

nanocomposite 379ff.
– metal nanostructure 379ff.
– organic functional chromophore 379ff.
optically trapped dielectric 

microsphere 688
– near-fi eld Raman imaging 688
order–disorder transition (ODT) 801
order–order transition (OOT) 801
organic electrode fabrication
– bottom-up strategy 323ff.
organic functional chromophore 379ff.
organic gelator network 816
organic polymer battery 319ff.
organic radical polymer electrode 324

organic/inorganic hybrid structure 842
organically modifi ed montmorillonite 

(OMMT) 427ff., 442
organics
– intercalated 466
organization
– good 772
organoclay 444, 809
– self-assembling 471
organogel
– nanostructured 791ff.
organophilic clay 414
organophilic layered silicate (OLS) 

413ff.
– dispersion 426
organophilic modifi er 443
orientation
– external fi eld 116
ovalbumin 726ff.
oxidation
– alcohol 350ff.
– aldehyde 350ff.
– crack bonding 557
– selective 337ff.
oxidation catalysis 333ff.
– nanoscale Ag 333
– nanoscale Au 333
– nanoscale Cu 333
oxidative dehydrogenation 517
oxidative steam reforming of methanol 

(OSRM) 518
oxidative stress 602ff.
– nanoparticle 602
ozonolysis 34

p
π–π-stacking interaction 277ff., 746ff., 

822ff.
palladium
– catalyst 354
– CNT 263
– G-3 Pd NCD 748
– nanostructure 200
– Pd(II) 83ff.
– PZBAA 518
– PZBAAr 518
palladium nanoparticle (PdNP) 311
– attachment on ITO 311
– growth on ITO 311
pattern molecule 653
patterning surface energy 49
pentadecylphenol (PDP) 37
peptide amphiphile (PA) nanofi ber 214
peptide–CNT interaction 724
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peptide–synthetic hybrid block 
copolymer 844ff., 855ff.

percolating network 444
percolation 784
Percus–Yevick scattering model 802ff.
periodontitis 549
perylene derivative 384
petrochemical 403
phase 2
– dispersed 380
– isotropic 7
– nematic 7
– smectic 7
phase-selective chemistry 1ff.
– block copolymer system 1ff.
phase separation 113ff.
PHEMA 52
phosphate-TSA-imprinted nanogel 664
phosphonium salt 463
photo-crosslinkable nano-object 41
photoacid generator (PAG) 28
photoactive gold nanoshell 104
photocyclodimerization 41
photoisomerization 51ff., 105
photolithographic technique 18
photoluminescence 735, 757
photon-to-photocurrent effi ciency 

(IPCE) 706f.
photonic crystal
– 2-D 136
photoresist 16, 50, 124
– etch-resistant 30
– resolution 16
photoswitchable surface energy 51
phyllosilicate 403ff.
– clay 460
– nanocomposite-based 403ff.
– structure 404
pinacyanol chloride (PC) 749
plasma-enhanced chemical vapour 

deposition (PECVD) 265
plasticization 444
platinum
– CNT 263
– nanocluster dispersedly-attached GC 

(PtNC/GC) electrode 313
– nanocluster fi lm (PtNCF) 313
– nanotube 199f.
– PtPd alloy nanotube 199
platinum nanoparticle (PtNP) 312
– attachment on ITO 312f.
– attachment on GC 312ff.
PLLA nanocomposite 445
Plumber’s Nightmare morphology 36

Pluronic® L64 486ff.
Pluronic® P65 486
Pluronic® P84 491
Pluronic® P123 203, 486ff.
pnictide nanotube 235
polarization 798
polarizing optical microscopy (POM) 859
poloxamer 107
polyacetylene fi ber
– double-stranded 159
– hierarchical helical 159
poly(acetyliminoethylene-block-L-

phenylalanine) (PAEI-b-PLPhe) 840
– PAEI41-b-PLPhe4,8 840
poly(acrylic acid) (PAA) 210
polyL-alanine (PLAla) 840
poly(amidoamine) (PAMAM) dendrimer
– Tomalia-type 743
poly(4-(2-aminoethyl)styrene-block-

styrene-block-4-(2-aminoethyl)styrene) 
(PAES-b-PS-b-PAES) 85

poly(β-benzyl L-aspartate) (PBLAsp) 861
poly(β-benzyl L-aspartate-block-ethylene 

glycol-block-β-benzyl L-aspartate) 
(PBLAsp-b-PEG-b-PBLAsp) 861

– PBLAsp25-b-PEG250-b-PBLAsp25 861
– PBLAsp25-b-PEG454-b-PBLAsp25 861
– PBLAsp32-b-PEG454-b-PBLAsp32 861
poly(γ-benzyl D,L-glutamate) (PBGlu) 

857
poly(γ-benzyl L-glutamate) (PBLGlu) 

837, 856
poly(γ-benzyl L-glutamate-block-butadiene-

block-γ-benzyl L-glutamate) 
(PBLGlu-b-PB-b-PBLGlu) 853

– PBLGlu53-188-b-PB64-b-PBLGlu53-188 837
poly(γ-benzyl L-glutamate-block-butadiene-

co-acrylonitrile-block-γ-benzyl L-glutamate) 
(PBLGlu-b-PBAN-b-PBLGlu) 862

poly(γ-benzyl L-glutamate-block-9,9-
dihexylfl uorene-2,7-diyl-block-γ-benzyl 
L-glutamate) 
(PBLGlu-b-PHF-b-PBLGlu) 862

– PBLGlu16-b-PHF28-b-PBLGlu16 862f.
– PBLGlu23-b-PHF15-b-PBLGlu23 862f.
poly(γ-benzyl L-glutamate-block-

dimethylsiloxane-block-γ-benzyl 
L-glutamate) 
(PBLGlu-b-PDMS-b-PBLGlu) 858

poly(γ-benzyl L-glutamate-block-ethylene 
glycol-block-γ-benzyl L-glutamate) 
(PBLGlu-b-PEG-b-PBLGlu) 858ff.

– PBLGlu58-b-PEG90-b-PBLGlu58 860
– PBLGlu105-b-PEG90-b-PBLGlu105 860
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poly(γ-benzyl L-glutamate-block-glycine) 
(PBLGlu-b-PGly) 852

poly(γ-benzyl L-glutamate-block-isoprene-
block-γ-benzyl L-glutamate) 
(PBLGlu-b-PI-b-PBLGlu) 855f.

poly(γ-benzyl L-glutamate-block-styrene-block-
γ-benzyl L-glutamate) 
(PBLGlu-b-PS-b-PBLGlu) 856f.

– PBLGlu25-b-PS165-b-PBLGlu25 856
poly(Νε-benzyloxycarbonyl L-lysine) 

(PZLLys) 837, 856
poly(Νε-benzyloxycarbonyl L-lysine-block-

butadiene-block-Νε-benzyloxycarbonyl 
L-lysine) (PZLLys-b-PB-b-PZLLys) 854f.

poly(Νε-benzyloxycarbonyl L-lysine-block-
dimethylsiloxane-block-Νε-
benzyloxycarbonyl L-lysine) 
(PZLLys-b-PDMS-b-PZLLys) 857

– PZLLys42-b-PDMS148-b-PZLLys42 857
– PZLLys48-b-PDMS508-b-PZLLys48 857
– PZLLys49-b-PDMS400-b-PZLLys49 857
– PZLLys91,160-b-PDMS256-b-PZLLys91,160 857
poly(Νε-benzyloxycarbonyl L-lysine-block-

ethylene glycol-block-Νε-benzyloxycarbonyl 
L-lysine) (PZLLys-b-PEG-b-PZLLys) 861

poly(bisphenyl A carbonate) (PC) 385
poly(butadiene) (PB) 837, 853
poly(butadiene-block-Νε-benzyloxycarbonyl 

L-lysine) (PB-b-PZLLys) 844
poly(butadiene-block-L-glutamate) 837ff.
– PB27-119-b-PLGlu20-175 837
– PB48-b-PLGlu56-145 843
poly(butadiene-block-Ν5−hydroxyethyl 

L-glutamine) (PB-b-PHLGln) 844
poly(butadiene-block-L-lysine) 

(PB-b-PLLys) 844
poly(butadiene-block-styrene-block-butadiene) 

(BSB) 801
poly(butadiene-co-acrylonitrile) (PBAN) 862
poly((tert-butyl acrylate-co-acrylic acid)-block-

azo methacrylate) 57
poly(butyl methacrylate-block-2-

cinnamoyloxyethyl methacrylate-block-tert-
butyl acrylate) 
(PbMA-b-PCEMA-b-PtBA) 42

poly(tert-butyl methacrylate) 33
poly(1,4-butylene succinate) (PBS) 384
poly(ε-caprolactone) (PCL) 439ff.
– alumina 527, 541
– immiscible blend PCL/PEO 410
poly(ε-caprolactone-block-γ-benzyl 

L-glutamate) (PCL-b-PBLGlu) 851
– PCL50-b-PBLGlu40 851
poly(chloromethylstyrene) 32

poly(cinnamoylethylmethacrylate-block-tert-
butyl acrylate) 57

poly(2-cinnamoyloxyethyl methacrylate) 
(PCEMA) 41

polycondensation catalyst 430
polycyclic aromatic hydrocarbon 

(PAH) 602, 643
– carbon nanomaterial 643
poly(cyclo-octene) (PCO) 386
poly(n-decyl-i-butylsilane) 185
poly(n-decyl-(S)-2-methylbutylsilane) 168, 

185
poly(n-decyl-3-methylbutylsilane) 185
poly(diallyldimethylammonium chloride) 

(PDDA) 231, 280
polydiene-based diblock copolymer 844
polydiene-based triblock copolymer 852ff.
poly(9,9-dihexylfl uorene-2,7-diyl) 

(PHF) 862
– bis(benzyl amine)-terminated 862
poly(2-(dimethylamino)ethylmethacrylate) 

(PDAEMA) 14
poly((R)-3,7-dimethyloctyl-3-

methylbutylsilane) 167
poly((S)-3,7-dimethyloctyl-3-

methylbutylsilane) 167
poly((S)-3,7-dimethyloctyl-3-

methylpentylsilane) 178
poly((S)-3,7-dimethyloctyl-n-

propylsilane) 178
poly(2,6-dimethyl-1,4-phenylene oxide) 

(PPO) 811
poly(dimethylsiloxane) (PDMS) 32, 390ff., 

819, 857
polydispersity index (PDI) 439
poly(divinylbenzene) shell 658
polyelectrolyte 231, 281ff., 329
polyester
– biodegradable 439
polyester ionomer (PETi) 438
polyester-based diblock copolymer  851
polyether-based diblock copolymer 850
polyether-based triblock copolymer 858
poly(ether urethane urea) (PEUU) 862
– PEUU/PBLGlu blend 862
poly(γ-ethyl L-glutamate) (PELGlu) 855
poly(γ-ethyl L-glutamate-block-butadiene-

block-γ-ethyl L-glutamate) 
(PELGlu-b-PB-b-PELGlu) 855

polyethylene (PE) 129f., 382, 410
– EPM/OLS nanocomposite 421ff.
– lamellae 130ff., 141ff.
– linear low density (LLDPE) 381
– matrix 392



 Index  897

– PE-g-MAH/OLS 426
– PE/OLS nanocomposite 414
– PE–PP rubber (EPM), see ethylene–

propylene (random) copolymer
poly(ethylene-block-ethylene propylene-block-

ethylene) (PE-b-PEP-b-PE) 130
poly(ethylene glycol) (PEG) 463ff., 

491, 815
poly(ethylene glycol-block-alanine) 

(PEG-b-PAla) 850
poly(ethylene glycol-block-alkyl acrylate-co-

methacrylic acid) 
(PEG-b-(PAA-co-MAAc)) 95

poly(ethylene glycol-block-aspartic acid) 
(PEG-b-P(Asp)) 94

– PEG113-b-PAsp18,78 839
poly(ethylene glycol-block-(N′-citraconyl-2-

aminoethyl)aspartamide) 
(PEG-b-P(Asp(EDA-Cit))) 98

poly(ethylene glycol-block-(ethylenediamine)
aspartic acid) (PEG-b-P[Asp(DET)]) 98

poly(ethylene glycol-block-γ-methyl 
L-glutamate)

– PEG75-b-PMLGlu32 839
– PEG113-b-PMLGlu20,50 839
poly(ethylene glycol-block-L-histidine) 

(PEG-b-P(His)) 95
poly(ethylene glycol-block-lactic acid) 

(PEG-b-PLA) 95
poly(ethylene glycol-block-L-lysine) 839
– PEG113-b-PLLys18,78 839
poly(ethylene glycol-block-(3-

morpholinopropyl) aspartamide-block-L-
lysine) (PEG-b-PMPA-b-P(Lys)) 98

poly(ethylene glycol-block-(2-nitrobenzyl 
methacrylate) (PEG-b-PNBM) 105

poly(ethylene glycol)-oligodeoxynucleotide 
conjugate (PEG-ODN) 97

– acid-labile linkage 97
– lactosylated (Lac-PEG-ODN) 97
poly(ethylene glycol-block-propylene oxide-

block-ethylene glycol) (PEG-b-PPO-b-PEG) 
poloxamer micelle 107

poly(ethylene glycol-block-propylene 
sulfi de-block-ethylene glycol) 
(PEG-b-PPS-b-PEG) 100

poly(ethylene 
glycol-block-(D,L-valine-co-D,L-
leucine)) 850

poly(ethylene glycol-block-(D,L-valine-
co-D,L-leucine)-block-ethylene glycol) 
850

poly(ethylene imine) (PEI) 96, 283f.
poly(ethylene oxide) (PEO) 486

poly(ethylene oxide-block-γ-benzyl 
L-glutamate)

– PEO272-b-PBLGlu38-418 839
poly(ethylene oxide-block-isoprene) 

(PEO-b-PI) 79
poly(ethylene oxide-block-propylene oxide-

block-ethylene oxide) (PEO-b-PPO-b-PEO, 
Pluronics®) 35, 222

– [PEO]13[PPO]30[PEO]13 486
– [PEO]19[PPO]39[PEO]19 491
– [PEO]20[PPO]69[PEO]20 491
poly(ethylene terephthalate) (PET) 200, 

386, 448, 663
– MMT nanocomposite 430f.
– nanocomposite 429f.
– OMMT 430f.
– phyllosilicate nanocomposite 429f.
– sodium-MMT 431
poly(γ-L-glutamate) 160ff.
– 2-D crystallization on surfaces 172
poly(γ-L-glutamate) derivative 162
– thermotropic behavior 160
poly(L-glutamate) (PLGlu) 837
poly(L-glutamate-block-L-lysine) 

(PLGlu-b-PLLys) 841
– PLGlu15-b-PLLys15 841
poly(glyceryl methacrylate-block-2-

cinnamoyloxyethyl methacrylate-block-
acrylamide) (PGMA-b-PCEMA-b-PAA) 
86

polyglycine (PGly) 852
polyhedral oligomeric silsesquioxane 

(POSS) core
– dendrimer 744
poly(n-hexyl isocyanate) (PHIC) 74
poly(hexyl isocyanate-block-styrene) 

(PHIC-b-PS) 7
poly(Ν5−hydroxyethyl L-glutamine) 

(PHLGln) 853
poly(Ν5−hydroxyethyl L-glutamine-block-

isoprene-block-Ν5−hydroxyethyl 
L-glutamine) (PHLGln-b-PI-b-PHLGln) 
856

poly(hydroxystyrene) (PHOST) 28f.
polyion complex (PIC) micelle 

97ff., 839
polyisocyanide
– helical 159
polyisoprene (PI) 837
poly(isoprene-block-Νε-benzyloxycarbonyl 

L-lysine) (PI-b-PZLLys) 845
– PI49-b-PZLLys35 845
– PI49-b-PZLLys61 845
– PI49-b-PZLLys92 845
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poly(isoprene-block-tert-butyl acrylate-block-
(cinnamoyloxyethyl methacrylate-co-2-
hydroxyethyl methacrylate)-block-glyceryl 
methacrylate) 
(PI-b-PtBA-b-P(CEMA-co-HEMA)-b-
PGMA) 83

poly(isoprene-block-cinnamoyloxyethyl 
methacrylate-block-tert-butyl acrylate) 
(PI-b-PCEMA-b-PtBA) 39

– PI130-PCEMA130-PtBA800 72
poly(isoprene-block-ethylene oxide) 

(Pi-b-PEO) 35, 56
poly(N-isopropylacrylamide) 

(PNIPAAm) 102f., 839
poly(N-isopropylacrylamide-block-γ-benzyl 

L-glutamate)
– PNIPAAm203-b-PBLGlu39-123 839
poly(N-isopropylacrylamide-block-butyl 

methacrylate) (PNIPAAm-b-PBMA) 102
poly(N-isopropylacrylamide-block-ethylene 

oxide-block-N-isopropylacrylamide) 815
poly(N-isopropylacrylamide-block-styrene) 

(PNIPAAm-b-PS) 102
poly(N-isopropylacrylamide-co-

dimethylacrylamide) 
(PNIPAAm-co-PDMAAm) 103

poly(2-isopropyl-2-oxazoline) (PiPrOx) 104
poly(lactic acid) (PLA) 526
– poly(butylene succinate) (PBS) blend 411
poly(lactic acid-co-glycolic acid) (PLGA) 526
poly(D,L-lactic acid-co-glycolic acid)/

nanohydroxyapatite (PLGA/HAp) 545
poly(lactide) (PLA) 439ff.
– PLA-based nanocomposite 439
– PLA/MMT nanocomposite 447
– PLA/PCL 445
poly(L-lactide-block-aspartic acid)
– PLL95,270 -b-PAsp47-270 838
poly(L-lactide-block-γ-benzyl L-glutamate) 

(PLL-b-PBLGlu) 851
poly(lactide-block-ε-caprolactone-block-lactide) 

(PLA-b-PCL-b-PLA) 446
poly(L-leucine) (PLLeu) 841f.
poly(L-leucine-block-L-glutamate) 

(PLLeu-b-PLGlu) 842
– PLLeu180-b-PLGlu180 842
poly(L-leucine-block-Νε-2[2-(2-methoxyethoxy)

ethoxy]acetyl L-lysine)
– PLLeu10-75-b-PELLys60-200 841
poly(L-lysine) (P(Lys), PLLys) 97, 837
– ethylene glycol-modifi ed (PELLys) 841ff.
polymer
– alkyl side chain 175
– compatibilizer 413ff.

– conjugated 323
– electrode-active material 323
– helical 160ff.
– hyperbranched 743ff.
– matrix 392
– metal nanostructure 379ff.
– molecular imprinted (MIP) 651ff.
– nanoparticle-cored hyperbranched 

(NCHP) 763
– optically responsive polymer 

nanocomposite 379ff.
– organic functional chromophore 379ff.
– organic polymer battery 319ff.
– organosilicon-containing 30
polymer chain
– 1-D architecture 166
– dynamics 165
– giant 75
– visualization of single chain 167
polymer composite
– fi ller 460
polymer foam
– infi ltration 534
polymer intercalation 412f.
polymer-analogous chemistry 50
polymer-analogous reaction 14
polymer–clay composite 408
polymer/layered silicates 

nanocomposite 449
polymer–metal solubility 44
polymer/particle interface 46
polymer–Pd hybrid catalytic nanofi ber 83
polymer–Pd–Ni superparamagnetic 

nanofi ber 83
polymer-wrapping technique 282
polymeric indicator
– mechanical stress 381ff.
– thermal stress 385ff.
polymeric micelle 93ff.
– DOX-loaded 102f.
polymeric modifi er 810
polymerization
– anionic 10f.
– atom transfer radical (ATRP) 12, 743, 

763
– backbiting 11
– bulk 656
– degree 3ff.
– emulsion 657ff.
– fi lling technique 413
– group transfer (GTP) 13
– in situ 430
– intrachain cyclization 11
– living 9
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– microgel 664
– nanogel 664
– precipitation 661
– reversible addition–fragmentation chain 

transfer (RAFT) 12
– ring opening (ROP) 432ff.
– ring-opening metathesis (ROMP) 13, 743
– stable free radical 11
polymersome 836
poly(methacrylic acid) (PMA) 105
poly((3-methacryloxy) propyl 

pentadimethyldisiloxane) 33
poly((3-methacryloxy) propyl 

pentadimethyldisiloxane-block-tert-butyl 
acrylate) 56

poly{Νε-2[2-(2-methoxyethoxy)ethoxy]acetyl 
L-lysine-block-sodium L-aspartate}

– PELLys100-b-PNaLAsp30 843
poly(γ-methyl L-glutamate) (PMLG, 

PMLGlu) 175, 837
– aggregate with phosphate 

(PMLGlu10-P) 841
poly(γ-methyl L-glutamate-block-butadiene-

block-γ-methyl D,L-glutamate) 
(PMLGlu-b-PB-b-PMGlu) 855

poly(γ-methyl L-glutamate-block-butadiene-
block-γ-methyl L-glutamate) 
(PMLGlu-b-PB-b-PMLGlu) 855

poly(γ-methyl L-glutamate-block-
tetrahydrofuran-γ-methyl L-glutamate) 
(PMLGlu-b-PTHF-b-PMLGlu) 862

poly(methyl methacrylate) (PMMA) 22ff., 
385, 462

– chain scission 24
– miscible system PMMA/PEO 409
– syndiotactic and isotactic 792
poly(α-methylstyrene-block-hydroxystyrene) 

(Pα-MS-b-HOST) 27, 56ff.
polynorbornene
– TEMPO-substituted 325
poly(norbornene-block-vinylalcohol) 14
polyolefi n (PO)
– matrix 414
– PO-g-MAH compatibilizer 425
– PO/OLS nanocomposite 414ff., 428
– preparation method of PO/layered silicates 

nanocomposite 412ff.
poly(oxyalkylene)-amidoacid 469
poly(oxyalkylene)-amine 462ff.
– amphiphilic 459ff.
– salt 463
poly(oxyalkylene)-diamine (POA-diamine) 

462ff.
– salt 464

poly(oxyalkylene)-polyamine salt 462
– intercalating agent 462
poly(oxybutylene)-diamine 

(POB-diamine) 465
– POB2000 465
poly(oxyethylene)-amine (POE-amine) 462
poly(oxyethylene)-diamine 

(POE-diamine) 462
– POE2000 462
poly(oxymethyl) dendron 745
poly(oxymethylphenylene) dendron 

(PPD) 746
– thiol-terminated 746
poly(oxypropylene)-amine 

(POP-amine) 462
– POP2000 464f.
– POP4000 465
– POP/MMT hybrid 472
poly(oxypropylene)-bis-amindocarboxylic acid 

salt (POP-acid) 461
polypeptide 836
– core-forming 839
– corona-forming 837
– hybrid block copolymer 837
polypeptide-based block copolymer 835ff.
– aggregation 837
– linear 835
– self-assembly 835ff.
– solid-state structure 844
– solution self-assembly 837
polypeptide-based hydrogel 842
polyplex 98
polypropylene (PP) 383, 466
– functionalized with maleic anhydride 

(PP-g-MAH) 410, 425f.
– immiscible system PP/PS 409
– PP/OLS nanocomposite 421ff.
– PP/PA blend 410
– PP-POP2000 copolymer 472
poly(propylene glycol) (PPG) 861
poly(propylene sulfi de) 100
polysaccharide 719, 836
polysarcosine (PSar) 853ff.
poly(sarcosine-block-styrene-block-sarcosine) 

(PSar-b-PS-b-PSar) 856
polysilane 160ff.
– 1-D architecture on surfaces 162
– binary helical fi lm 185
– fl uoroalkyl-containing 162
– helical 161f.
– optically active 167
polysiloxane-based triblock copolymer 857
poly(sodium L-glutamate) 842
poly(sodium 4-styrene sulfonate) (PSS) 282
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polystyrene (PS)
– atactic 792
– clay nanocomposite 462
– core 658
– dinitroxide functionalized 329
polystyrene-based diblock copolymer 845
polystyrene-based triblock copolymer 856
poly(styrene-block-γ-benzyl L-glutamate) 

(PS-b-PBLGlu) 846ff.
– PS10-b-PBLGlu10 848
– PS10-b-PBLGlu20 849
– PS10-b-PBLGlu40 849
– PS52-b-PBLGlu104 848
poly(styrene-block-Νε-benzyloxycarbonyl 

L-lysine) (PS-b-PZLLys) 839ff.
– PS10-b-PZLLys20 848
– PS10-b-PZLLys40 848
– PS10-b-PZLLys60 848
– PS10-b-PZLLys80 849
– PS52-b-PZLLys111 847
– PS258-b-PZLLys57 840
– PS258-b-PZLLys109 840
poly(styrene-block-butadiene) (PS-b-PB) 20, 

55, 123
poly(styrene-block-butadiene-block-styrene) 

(PS-b-PB-b-PS) 116
poly(styrene-block-1,2-butadiene)
– modifi ed 58
poly(styrene-block-2-cinnamoyloxyethyl 

methacrylate) (PS-b-PCEMA) 69ff.
– nanofi bre 69ff.
poly(styrene-block-2-cinnamoyloxyethyl 

methacrylate-block-acrylamide) 
(PS-b-PCEMA-b-PAA) 73

– γ-Fe2O3 hybrid nanofi ber 87
– nanotube 82ff.
– PS690-b-PCEMA170-b-PtBA200 73
poly(styrene-block-2-cinnamoyloxyethyl 

methacrylate-block-tert-butyl acrylate) 
(PS-b-PCEMA-b-PtBA) 43

poly(styrene-block-ethylene) (PS-b-PE) 147f.
poly(styrene-block-ethylene-co-butadiene-

block-styrene) (SEBS) 466, 802ff.
– SEBS-POA copolymer 467
poly(styrene-block-ethylene-co-

propylene) 390
poly(styrene-block-(ethylene-co-propylene)-

block-styrene) (SEPS) 806
poly(styrene-block-ethylene oxide) (PS-b-PEO) 

14, 40, 116ff.
poly(styrene-block-ethylene oxide-block-

styrene) (PS-b-PEO-b-PS, SEOS) 815
poly(styrene-block-ethylene propylene) 

(PS-b-PEP) 117

poly(styrene-block-ethylene propylene-block-
ethylene) (PS-b-PEP-b-PE) 141ff.

– anthracene 141ff.
– benzoic acid 141ff.
poly(styrene-block-ferrocenyldimethylsilane) 

(PS-b-PFS) 27, 123, 136
poly(styrene-block-hydroxyethyl methacrylate-

block-methyl methacrylate) 
(PS-b-PHEMA-b-PMMA) 120

poly(styrene-block-isoprene) (PS-b-PI) 7ff., 
50ff., 120, 148

– asymmetric 133
– nanofi bre 70ff.
– PS130-b-PI370 80
poly(styrene-block-isoprene-block-styrene) 

(PS-b-PI-b-PS, SIS) 798f.
poly(styrene-block-lactic acid) (PS-b-

PLA) 27, 40
poly(styrene-block-L-lactide) 56
poly(styrene-block-L-lysine) 

(PS-b-PLLys) 846
– PS8,10-b-PLLys9-72 838
poly(styrene-block-methyl methacrylate) 

(PS-b-PMMA) 18ff., 55ff., 115ff.
– surfactant-assisted orientation 128
– symmetric diblock copolymer 132ff.
poly(styrene-block-methyl methacrylate-block-

ethylene oxide) (PS-b-PMMA-b-PEO) 116
poly(styrene-block-perfl uoro-octylethyl 

methacrylate) (PS-b-PFOMA) 37
poly(styrene-block-dimethylacrylamide-block-

lactide) (PS-b-PDMA-b-PLA) 39
poly(styrene-block-2-vinylpyridine) 

(PS-b-P2VP) 47
– diblock copolymer 136
poly(styrene-block-2-vinylpyridine-block-tert-

butyl acrylate) (PS-b-P2VP-b-PtBA) 115
poly(styrene-block-4-vinylpyridine) (PS-b-

P4VP) 37, 55, 123
poly(styrene-co-maleic anhydride) 

(SMA) 466f.
– grafted with POA-amine 467
– SMA-POP copolymer 468
poly(styrene sulfonate) (PSS) 231
polytetrafl uoroethylene (PTFE) crystal 136
polytetrahydrofuran (PTHF) 862
polythiophene-based conjugated 

polymer 323
poly(Νε-trifl uoroacetyl L-lysine) 

(PTLLys) 853
poly(vinyl alcohol) (PVA) 286, 390f.
poly(vinyl methylether) (PVME)/polystyrene 

(PS) 410
poly(vinylpyridine) (PVP) 45
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poly(vinyl pyrrolidone) (PVP) 199, 308, 390
poly(N-vinyl-2-pyrrolidone) 353
poly(vinylidene fl uoride) (PVDF)/nylon-6 

(PA6) blend 410
porous anodic alumina (PAA) 265
porphyrin 671
post polymerization modifi cation 14
potassium hexaniobate nanotube 234
powder X-ray diffraction 485
precipitation polymerization 661
17-(1-prenyl)-13-oxo-hepta-decanethiol 

(PHT) 277f.
preparation method
– biodegradable polyester 439
– PO/layered silicates 

nanocomposite 412ff.
pressing 523
principle of independent surface action 

49
pristine PO 424
pristine SWNT 622, 719
process zone size failure criterion 580
processability 444
propranolol 659ff.
protein 781f.
– interaction with CNT 723
protein kinase A (PKA) 101f.
proton sponge effect 96
pseudoextracellular fl uid (PECF) 856
pyrene 667
pyrene chromophore
– photolabile 105
pyrene fl uorophore 280
1-pyrenemethylamine 280
pyridinium 12-(cholesteryloxycarbonyloxy)

dodecanesulfate (TS) 658
pyridinium 12-(4-vinylbenzyloxycarbonyl)

dodecanesulfate (PS) 658
PZBAA 518
PZBAAr 518f.

q
quantum dot (QD) 531, 778
– CdSe–ZnS 286
– molecular imprinting 669
quartz crystal microbalance (QCM) 

325ff.

r
radical group
– C-centered 324
– N-centered 324
– NO-centered 324
– O-centered 324

radical polymer
– mesoscale 319ff.
– organic radical polymer electrode 324
radiofrequency (RF)-sputtering 686
radiotherapy 549
– microbioceramics 549
random sequential addition (RSA) 775f.
re-sintering 557
– crack healing 558
reactive ion etching (RIE) 20, 136
reactive oxygen species (ROS) 605
redox capacity 329
redox polymer layer 321
redundancy 771
relative Kuhn’s dissymmetry ratio 179ff.
relative viscosity 78
relaxation 557
α-relaxation frequency 423
remodeling cycle 527
renewable thermoplastic matrix 403ff.
resist
– negative-tone 17
– positive-tone 17
reversible addition–fragmentation chain 

transfer (RAFT) polymerization 12
Re-Writable (RW) mode 178
rhenium
– [Re6Se6]2+ metal cluster 744
rhenium oxide (Re2O7) 513ff.
– Re/ALCOA 514f.
– Re/OMA 513ff.
– Re/OMA3.5 514f.
– Re/OMA6.5 514f.
– Re2O7/γ-Al2O3 513
– Re2O7/meso-Al2O3 513
ring opening metathesis polymerization 

(ROMP) 13, 743
ring opening polymerization (ROP) 

432ff.
RNA (ribonucleic acid) 781
– transfer 96
robocasting 534
rod structure 162ff.
rod–coil block copolymer 7
(S)-ropivacaine 662f.
rubidium
– [(Rb(18C6))4(MnCl4)][TlCl4]2 ∙ nH2O 371
ruboxyl
– pluronic micelle 107
rutile nanotube 220

s
SA383 512
saponite 460
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Sb, see antimony
SBA-15 343ff.
scaffolding material 527
scandium oxide (Sc2O3) 570
scanning electron microscopy (SEM) 430, 

529
scanning force microscopy (SFM) 120
scanning probe microscopy (SPM) 161
scanning tunnel microscopy (STM) 161
scattering angle 77
schizophyllan (SPG)
– single-stranded (s-SPG) 720
seed-mediated growth method 298ff.
– AuNP on ITO 298ff.
selenium nanostructure 205
selected area diffraction (SAD) 141
selected area electron diffraction 

(SAED) 203
self-assembled fi brillar network 

(SAFIN) 793, 817ff.
self-assembled micellar network 

(SAMIN) 793ff., 827f.
self-assembled monolayer (SAM) 124, 220, 

776ff.
self-assembled supramolecular 

C32H70N2ZnO4 nanotube 235
self-assembling nanocluster
– tetrahalometallate anion 365ff.
self-assembling synthetic material 2
self-assembly
– biomimetics 536
– concept 767ff.
– enantiopure 172
– gold nanoparticle 198
– information guided 869ff.
– layer-by-layer (LBL) 270, 281ff.
– linear polypeptide-based block 

copolymer 835ff.
– manufacturing process 783
– molecular 791ff.
– nanostructured organogel 791ff.
– nucleated DNA 874
– passive 773
– programmable 773
– smectic 159
– solution 837
– Stranski–Krastanov 779
– structural DNA nanotechnology 869ff.
– surfactant 215
– templated 123
self-connecting 768
self-consistent mean fi eld 3
self-crack healing 559ff.
self-disorganizing system 771

self-healing 555ff.
– atmosphere 567
– ceramics 555ff., 588
– composition 562
– fatigue strength 575
– mechanism 559
– structure 562f.
– surface crack in structural 

ceramics 555ff.
– temperature 568
self-joining 768f.
self-organization 772
– thermodynamics 770ff.
self-organized array 173f.
– 3-D bulk phase 175
– intermolecular weak van der Waals 

interaction 175
– orientation 174
– visualization 173
semi circle structure 162ff.
semiconductor nanocrystal 531
sensor 737
– CNT 289
sequential minimization of entropy loss 

(SMEL) 782
shape memory polymer (SMP) 386
shear-thinning effect 78
silicate
– copolymer hybrid 466ff.
– layered 460
– organophilic layered (OLS) 413ff.
– random platelet 472
silicon
– SiGe 689ff.
– visualization of Si–C bonding 682
silicon carbide (SiC) 557ff.
– bulk 684
– composite 569
– fi guration 563
– mullite composite 585f.
– multicomposite 585
– nanoparticle composite 587
– nanowire 240
– particle composite 571
– SiC/SiO2 core–shell nanocable 240
– whisker 563ff., 585
silicon dioxide (silica)
– dielectric material 34
– double-walled nanotube 215
– hybrid nanotube 215
– liposome–silica nanoparticle hybrid 

system 531
– molecular imprinting 653
– nanoparticle 665
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– nanotube 214f.
– Raman spectrum 687
– surface-modifi ed 809
silicon nitride (Si3N4) 557f.
– composite 569f.
– nanotube 238
silicone oil 819
silver
– Ag nanoparticle (AgNP) 309
– Ag nanowire 199, 211
– Ag2Se nanotube 211
– Ag2Te nanotube 211
– gold–silver alloy catalyst 342
– nanocatalyst 335
– nanoparticle 393
– nanorod 395
– PVA nanocomposite 394
silver catalyst 342ff., 351ff.
– epoxidation reaction 346f.
simulated body fl uid (SBF) 541ff.
single-walled carbon nanotube 

(SWNT) 251ff., 598, 616ff., 716ff.
– AuNP 286
– CdSe–ZnS quantum dot 286
– DNA-met-SWNT 723
– emitter 289
– interaction with protein 723
– LSZ 725f.
– memory element 289
– metallic (met-SWNT) 717ff., 735
– nanotube aquator 289
– noncovalent functionalization 718
– semimetallic (sem-SWNT) 717, 735
– sensor 289
siRNA transfer 96
size-exclusion chromatography (SEC) 440
slip tube network (STN) 797
small angle neutron scattering 

(SANS) 806, 837
small angle X-ray scattering (SAXS) 120, 

409, 802
smectite 404, 460
sodium
– [(Na(15C5))4Br][TlBr4]3 368
sodium dodecyl benzene sulfonate (SDBS) 

279, 717
sodium dodecyl sulfate (SDS) 215, 234, 

286, 301ff., 495
sodium montmorillonite (Na+-MMT) 461ff.
– exfoliating 473
sodium poly(acrylate) 390
sol–gel method 196, 216ff., 233ff., 536ff.
sol–gel nanohydroxyapatite 538
sol–gel processing 523

solid/liquid interface 774
solidifi cation
– directional 140
solution
– intercalation 412f.
– lyotropic 7
– self-assembly 837
solution–liquid–solid (SLS) method 234
solvated metal atom dispersion (SMAD) 

265
solvent
– effect 826
– evaporation 122
sono-electrochemical method 210
sorbitol 820
spacer 820
spin-coating technique 186
spin–lattice relaxation time 856
spirobenzopyran (SBP) 107
stable free radical polymerization 

(SFRP) 11
π–π-stacking interaction 277ff., 746ff., 

822ff.
standing wave effect 30
stannoxane 708ff.
stearyldimethylbenzylammonium 

chloride 407
stem cell 529
stencil 18
stigmergy 780
stress 556, 571, 808
stress intensity factor 556, 573
stress shielding 533
strontium
– La0.5Sr0.5CoO3 nanotube 235
– SrAl2O4 nanotube 235
structural ceramics 555ff.
– self-healing of surface crack 555ff.
structural DNA nanotechnology 869ff.
– information guided self-assembly 869ff.
substrate-enhanced electroless deposition 

(SEED) 260
sugar recognition 670
superconducting oxide 365
superconducting quantum interference 

device (SQUID) 325
superhelical assembly
– homochiral intermolecular 

interaction 169
– mesoscopic 2-D hierarchical 167
super-paramagnetism 43
supersaturation
– degree 46
superspheres 784
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supersurfactant 86
supramolecular assembly
– helical polymer 160
supramolecular chemistry 85, 779
supramolecular fi lm
– helical polymer-based 159ff.
supramolecular interaction
– AuNP and CNT 271
supermolecule 780
suprapolymer 75
surface
– low-energy 48
– fl uorinated block copolymer 48
– modifi cation 540
– nanopatterned 123
– relief grating 54
surface crack
– self-healing in structural ceramics 555ff.
surface energy 49
– photoswitchable 51
surface interaction 126
– homogeneous 126
– preferential wetting 126
surface plasmon resonance (SPR) 

frequency 389
surface water contaminant 615ff.
– CNT as adsorbent 615ff.
surface-enhanced Raman scattering 680
surface-responsive material 2
surfactant 86, 222, 286, 395
– anionic surfactant templating 492ff.
– cationic surfactant templating 495ff.
– CNT dispersion 737
– intercalating agent 438
– ionic 717
– neutral surfactant templating 486ff.
– polymerizable 658
– self-assembly 215
switch
– helical polysilane fi lm 178
– helix–coil transition 182
– reversible 180
SWNT, see single-walled carbon nanotube
synthetic material
– self-assembling 1

t
taurodeoxycholic acid (TDOC) 720
tellurium nanostructure 205
temperature
– dependence of minimum fracture stress 

582f.
– effect 801
– polymeric assembly 102ff.

temperature-programmed desorption (TPD) 
508

temperature-programmed reduction (TPR) 
511

template 17, 482
– effect 653
– nanolithographic 17
– nanoparticle 736
– nanoporous block copolymer 20
templating
– anionic surfactant 492ff.
– cationic surfactant 495ff.
– neutral surfactant 486ff.
– nonsurfactant 498ff.
tensile deformation 806ff.
teratogenicity 608
– engineered carbon nanoparticle 608
Tergitol® 15-S-9 486
Tergitol® 15-S-12 486
tetracalcium phosphate (TTCP) 534
2,3,7,8-tetrachlorodibenzo-p-dioxin 

(TCDD) 639
tetraethoxysilane (TEOS) 199
tetraethylorthosilicate (TEOS) 35
2,2,6,6-tetramethylpiperidine-1-oxyl 

(TEMPO) derivative 325
tetrakishydroxymethylphosphonium 

chloride (THPC) 199
tetramethoxymethyl glycoluril 

(TMMGU) 28
thallium
– [(Tl(18C6))4(MCl4)][TlCl4]2 ∙ nH2O 369
theophylline 659ff.
therapeutic agent 738
thermal annealing 114
thermal gradient 122
thermal shock 556
thermal stress 385ff., 556
thermoplastic elastomer (TPE) 795
– gel (TPEG) 795ff.
thermoseeds 550
thiobarbituric acid reactive substance 

(TBARS) 605
thrombin aptamer 876
time-dependent indicator (TTI) 386
tin
– Sn(2-ethylhexanoate)2 440ff.
tin oxide (SnO2) nanotube 232
tip-enhanced Raman scattering (TERS) 

679ff.
tissue distribution
– carbon nanoparticle 600
tissue engineering 527ff.
tissue interaction 524
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titanium
– Ti6Al-4V 528ff.
– Ti(O-1-C3H7)4 432
titanium dioxide (TiO2, titania)
– attachment of AuNP 307
– Brookite-type nanotube 221
– nanostructured bioceramic 547
– nanotube 216ff.
– sulfur-doped nanotubular array 220
tone chemistry
– negative 18
– positive 18
top-down process 334, 783
topology 161f.
– rod, semi-circle and circle structure 

162
– switching 165
toroid-like architecture 166
toxicology
– ecological 595ff.
– engineered carbon nanoparticle 595ff.
transition state analogue (TSA) 664ff.
transition temperature 179f.
transmission electron microscopy 

(TEM) 202, 409, 485
triblock copolymer (tri-BCP) 3, 39, 852
– organogel 803
– polydiene-based 852ff.
– polyether-based 858
– polysiloxane-based 857
– polystyrene-based 856
β-tricalcium phosphate (β-TCP) 

534, 543f.
trihalomethane (THM) 642
– CNT 642f.
N,N,N-trimethyl octadecylammonium 

bromide 432
trimethylolpropane trimethacrylate 

(TRIM) 662
trinitrotoluene (TNT) 666
trioctylphosphine oxide (TOPO)
– CdSe nanoparticle 755
triphenylsulfonium trifl ate 28
tris(8-hydroxyquinoline) gallium organic 

nanowire (GaQ3) 224
trypsin 726ff.
tumor 93
tungsten
– WS2 206
tungsten oxide
– WO3 nanotube 230
– WO3–H2O nanotube 234
turnover frequency (TOF) 748
turnover number (TON) 748

u
ultra-high molecular-weight polyethylene 

(UHMWPE) 390
uncapping trigger 546
ureas 820
uric acid 300, 670
UV-diffuse refl ectance spectroscopy 

(UV-DRS) 511

v
valproic acid (VPA) 548
vanadium 518
vanadium oxide
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