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Preface

In October 2000 when the winners of Nobel Prize in Chemistry were announced, I sent a

greeting card to Alan J. Heeger for congratulating him on this honor and his pioneering

works on conductive polymers. Professor Heeger replied me by the following note ‘‘This

Prize was awarded to the field of semconducting and metallic polymers. You, as one with

direct research experience in this field, have a right to be proud.’’ A few months later I was

in a position to defend a research proposal, and in reply to the question of one of the

panelists ‘‘Is it a well-established subject with practical potentials or just fancy subject for

academic projects’’, I had a convincing answer, and felt the glory of that award.

Nanotechnology and conductive polymers approximately have the same age, but

contrary to the field of conductive polymers, which was abruptly introduced in a Short

Communication, nanotechnology was emerged gradually through journey from micro-

technology to smaller scales. There are two distinguishable aspects about nanotechnology,

but this distinction is usually ignored: advancing our technology by taking control at

smaller scales (an advanced form of microtechnology), or entering a new world at

nanoscale because its scale is comparable with the molecular size. The fame of nanotech-

nology belongs to the latter one, but most of research studies are restricted to the first

aspect.

Due to the interdisciplinary nature of nanotechnology, researchers from various dis-

ciplines have been involved in the rapid growth of nanotechnology as a promising field of

study. One of the most active areas is polymer nanotechnology owing to the size of

polymer chains. Advancement of nanotechnology tools has provided a rare opportunity

to investigate individual chains of polymers. On the other hand, polymers as a member of

soft matter family have incredible flexibility for the preparation of various nanostructures,

particularly for nano-devices.

The emerging field of conductive polymers itself is indeed an interdisciplinary field, as

the essential conductivity has well connected this field to other disciplines (which were not

usually associated with polymer materials) from electrochemistry to electrical engineer-

ing. Now the emerging field at the interface of nanotechnology and conductive polymers

covers a vast variety of quite different disciplines; which calls for more collaboration

between researchers with different professions and knowledge. The present book and

similar volumes aim to introduce new opportunities by linking different topics involved

in this emerging field.



The present book does not claim to provide an ultimately comprehensive resource on the

field, and it is almost impossible; but as far as possible, I tried to collect most active areas

of research. More than 80 referees assisted me to assure the scientific quality of this book.

Although all chapters were solicited in advance, some of contributions were rejected as

they did not meet the required standard, and there was insufficient time to call for a

replacement by another author. In addition, some authors agreed to deliver their manu-

scripts by the given deadline but simply declined to submit their contributions in due time.

Thus, the audience may feel that some topics have been missed.

As a matter of fact, we are still far from ultimate control at nanoscale as claimed by the

mission of nanotechnology; thus, the subjects discussed here are mainly at the interface of

transition from micro- to nano-world. This is indeed a transition from the first to second

decade of third millennium. This book builds a bridge to the forthcoming decade in which

we expect to witness incredible advancement in the realms of nanotechnology. The present

book aims to lead researchers from different disciplines in this direction and somehow

unite them to think about emerging problems from quite different perspectives.

The book starts with an introductory chapter about conductive polymers. For those who

are familiar with nanotechnology, this chapter is a guiding star; and for polymer scientists,

it is a reminder that from where we have started. The two next chapters are typical ones to

introduce the realms of nanostructured conductive polymers. Polyaniline is considered as a

prototype and among most popular conductive polymers. Chapter 3 discusses some

interesting features in surface studies of conductive polymer, while surface analysis is

always a key concept in the realm of nanotechnology.

The second part of the book commences with a series of papers devoted to a variety

of nanomaterials made of conductive polymers, and later introduces some important

properties of conductive polymers and methodology of the field. Electrospining is

an effective method for the preparation of a variety of nanomaterials, and it has been

widely utilized for the fabrication of conductive polymers. Carbon nanotubes are indeed

the most dominant prototype of nanomaterials, as they are among the first prototypes of

nanomaterial which were introduced to the market in abundance; thus, nanocomposites

based on carbon nanotubes have attracted a considerable attention, particularly due to

the special conductivity of carbon nanotubes and conductive polymers. Due to the intrinsic

difference between inorganic and polymer materials (soft matter vs. rigid structure),

this type of composites has long attracted a noticeable attention. Now structural entangle-

ment at nanoscale has provided rare opportunities for the formation of interesting nano-

composites. This is of particular interest when dealing with inorganic materials and

conductive polymers which both have ionic properties and conductivity, and the resulting

nanocomposites have a wide variety of applications. Metallic nanoparticles are usually too

small, leading to severe difficulties in handling the nanomaterials, and soft structure of

polymers is an appropriate medium to host such tiny nanoparticles. Again electrical

conductivities of both ingredients of this class of nanocomposites lead to potential

applications.

Like all types of polymers, conductive polymers are first characterised by spectroscopic

techniques, and this is of particular importance for nanostructured materials too. Atomic

force microscopy (AFM) is a powerful (and relatively inexpensive) microscopic technique

for surface studies at nanoscale, and sometimes this is essential for the investigation of

conductive polymers. Despite available limitations, progress in nanodevices has provided

xvi Preface



new opportunities for the study of single molecules. Study of single wires of polymers is

quite easy due to the size of the polymer chains. An interesting feature recently reported is

the possibility of preparation of micro- and nano-containers of conductive polymers which

can have potential applications. Magnetic properties and electron transfer in nanocomposites

made of conductive polymers are complicated which need profound investigations.

An important application of conductive polymers is in solar cells, but to reach effective

performances, it is necessary to inspect charge transfer theoretically.

The last part of the book reviews some important applications of conductive polymers

which have been evolved by the birth of nanotechnology. Chemical and electrochemical

sensors based on conductive polymers have been effectively fabricated during the past

decades, and now nanomaterials have significantly improved the sensor performances. In

recent years a noticeable attention has been paid to polymer-based actuators, and accord-

ing to potential applications at smaller scales, nanostructured-based polymers play key

roles in this case. From the first electrochemical synthesis of conductive polymers, they

have been propounded for the protection of metal surfaces against corrosion as a thin layer

could be simply electrodeposited. Possibility for the coating of uniform with small thick-

ness has made this idea more practical. Electrochemically prepared conductive polymers

show excellent electrocatalytic properties (and particularly in electroactive composites)

and due to the enhanced electrochemical properties of nanostructured materials, this is an

open issue in the realms of nanotechnology. Polymers are generally a dominant category in

biomaterials, and due to the fictional prospective of nanotechnology to make a revolution

in medicine, it is always interesting to inspect biomedical applications of polymer

nanomaterials. Taking control at nanoscale provides golden opportunities; for instance,

conductive polymers are not limited to polymers which are originally conductive, but it is

possible to make conductive polymer-based nanocomposites by nanofillers.

The subjects quoted above are among hot topics in the interfacial field between

conductive polymers and nanotechnology, which have been elaborately discussed by

leading scientists. Each chapter reviews the past by citing key references through a

comprehensive review of the literature, discusses the present by reporting recent and

forthcoming achievements, and draws the future by introducing a prospective of the

topic under consideration. As emphasised before, the present book should play a role in

transition from the present to future as we are just in the beginning of a new stage in the

realms of nanotechnology. Until now we were engaged with the birth of nanotechnology,

but now it is the time for maturing this rapidly growing field. We witnessed many

incredible but random achievements in different disciplines associated with nanotechnol-

ogy; however, now we need to conduct the scientific research in desirable ways to reach

planned goals.

At last but not least, I need to thank those people whose names are not printed in this

book, but the publication of this volume would not have been possible without their hard

efforts. The list of people from scientific referees to technical staff is too long to be

incorporated here; but I must send my special thanks to Alexandra Carrick, Emma

Strickland, and Richard Davies. I could not forget how they have worked with me with

patience on a daily basis. One may think it is just formalities and as a part of publication

industry everyone does her/his duty; but the fact is that in such a complicated process,

sincere collaborations and mutual understanding between all parties involved can lead to

the publication of a brilliant volume. Definitely, it was the case for the present book, and

Preface xvii



I hope we are successful in contributing to the scientific community. Although it was

a team work, any failure returns to me as the coordinator of this book project; thus,

I strongly appreciate any comment, which will be invaluable for me in editing prospective

volumes.

Ali Eftekhari
January 2010
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Foreword

In the recent decades, the field of conductive polymers has been one of the most exciting

fields of science and technology. It has brought together scientists from many disciplines

and countries. This great progress has involved synthesis of materials closely linked to

physical characterisation. With the development of this field, a wide range of applications

have been envisaged, presenting their own research challenges and stimulating further

innovation. It discovery, provided new materials and frequently also reflected back on our

understanding at a more fundamental level. Throughout, the interplay of structure and

properties has been at the heart of the subject, and now this book reviews the field with

particular emphasis on nanostructure. It elegantly captures the key features of the field

outlined above: the quest to make materials, relate their properties to their structure, the

favourable interplay of basic and applied research, and the realisation of materials that

could only have been dreamt of in the past.

The opening chapter by Campbell Scott gives an eloquent, insightful and personal

history of the subject by a leading researcher whose career has spanned, what he

describes as, the modern age of materials. The subsequent chapters show an enormous

range of ways of synthesising and preparing nanostructured conductive polymers in

many different forms – nanofibres, nanorods, nanotubes, nanospheres and even ‘‘brain-

like’’ morphologies. Besides covering chemical and electrochemical synthesis methods,

the chapters are devoted to advanced processing techniques for nanostructure fabrica-

tion, such as electrospinning and soft lithography. Conductive polymers can be blended

with a range of other materials such as nanoparticles and carbon nanotubes, leading

to nanocomposite materials with additional properties. Many interesting examples

discussed in this volume range from magnetic composite materials to conductive

nanogreases.

The development of nanostructured conductive polymers also requires the development

of advanced characterisation techniques, and this aspect of current research is captured in

several chapters. A detailed review of Atomic Force Microscopy (AFM) covers the wide

range of related scanning probe microscopes that are particularly relevant to soft materials.

It also shows how techniques such as conductive AFM go beyond structural measurements

to image the functional properties of materials relevant to applications such as solar cells.

A wide range of spectroscopic techniques has also been reviewed, showing how they can

be applied to learn about the interactions between conductive polymers and nanostructured



hosts. In addition, rheological measurements as well as the impact of nanostructure on

electrical and optical properties have been described.

This book covers the remarkable range of applications emerging for nanostructured

conductive polymers. These applications generally exploit the increased surface area of

nanostructured materials, often to do something very new. One very important example is

of polymer solar cells, where nanoscale phase separation lies at the heart of charge

generation and extraction. Another exciting application domain is the use of nanostruc-

tured conductive polymers as biomaterials, including the development of neural interfaces.

Other applications described include sensors, actuators, corrosion protection and

electrocatalysis.

Each chapter provides a comprehensive review by a leading researcher. But a bigger

picture emerges from reading all the chapters together – it reveals how we are now working

with new classes of materials, new techniques and how the quest to link properties to

structure is advancing at the nanoscale. The ensemble of all the chapters captures the

excitement and potential of this field, whilst beautifully demonstrating the interdisciplinary

and international nature of modern science.

Ifor Samuel, St Andrews,
May 2010
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History of Conductive Polymers

J. Campbell Scott

IBM Almaden Research Center, San Jose CA

1.1 Introduction

It is generally recognized that the modern study of electric conduction in conjugated

polymers began in 1977 with the publication by the group at the University of

Pennsylvania [1] describing the doping of polyacetylene. Although there was some prior

work dating back to World War II (see the review by Hush [2]) and even reports of

electrochemical synthesis the nineteenth century [3], the Nobel Committee recognized the

seminal contribution of Heeger [4], MacDiarmid [5] and Shirakawa [6] by awarding them

the Nobel Prize for Chemistry in 2000. Shirakawa, who was based at the Tokyo Institute of

Technology, had been visiting the lab of his collaborators at Pennsylvania at the time of the

breakthrough research.

The story of polyacetylene is an example of a fortunate confluence of circumstances that

is often under-appreciated in the history of scientific progress. In the 1970s, there was

worldwide interest in the unique properties of materials with such a high degree of

anisotropy that they can be considered one-dimensional (1D) systems. The Pennsylvania

group, of which I was privileged to be a member until 1975, was jointly led by a chemist,

Tony Garito, and a physicist, Alan Heeger, and was recognized worldwide as a primary

center for that field. Early focus was on the study of charge-transfer salts, in which planar,

conjugated, small molecules were stacked like poker chips. Experiments revealed a Peierls

transition [7,8] and suggested the observation of Frölich superconductivity [9,10]. The

emphasis then shifted to linear polymers as chemist, Alan MacDiarmid, entered into a
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collaboration with Heeger, to examine poly(sulfur-nitride), a crystalline solid, consisting

of chains of alternating sulfur and nitrogen atoms, that exhibits metallic conduction [11]

down to liquid helium temperatures, and has a superconducting transition at 0.26 K [12].

In the midst of this research, MacDiarmid was traveling in Japan and visited the

laboratory of Hideki Shirakawa who was studying the Ziegler–Natta-catalyzed polymer-

ization of acetylene. Standard practice was to use a concentration of the organometallic

catalyst at the millimolar level. It is a catalyst after all. These low concentrations led to the

infamous ‘insoluble, intractable, black precipitate,’ but Shirakawa had discovered that

with concentrations closer to molar, he obtained a shiny ‘metallic’ film coating the wall of

the reaction vessel. MacDiarmid returned to Pennsylvania, where he and Heeger quickly

arranged to invite Shirakawa for a sabbatical visit.

The pieces were all in place. Scientifically, it was understood that pristine polyacetylene

is a Peierls semiconductor, as evidenced by its bond-alternating structure; it was known

that charge transfer to molecular donors or acceptors would result in partially filled bands

and that the resulting incommensurability of the Fermi wave-vector would destabilize the

Peierls phase. The interdisciplinary team had the ideal expertise: the chemists, led by

Shirakawa and MacDiarmid, brought their synthetic expertise to the preparation of the

polymer films; the physicists, led by Heeger and post-doc C. K. Chiang, brought physical

measurement and interpretation of material properties, not just electrical conductivity, but

also structural and spectroscopic. Together, they applied vapor-phase doping of molecular

acceptors (halogens) and a donor (ammonia).

The publication by Chiang et al. [1] led to a huge surge in interest in ‘synthetic metals.’

In less than a decade, most of the monomer building blocks that we know today had

been identified and many procedures for polymeric synthesis had been established. The

chemical structures are illustrated in Figure 1.1. (In the nomenclature used in Figure 1.1,

polyacetylene would be called polyvinylene. This is because some – ‘common’ – names

derive from the compound that is polymerized, while others, more correctly according to

IUPAC conventions, use the monomeric unit in the product polymer.)

An interesting sociological aspect of the research on conjugated polymers has been the

evolving target for technological application, and hence emphasis on particular physical

properties, that has motivated the research in the ensuing 30 years. Initially, and through

the early 1980s, high electrical conductivity was the primary driving force. There were

suggestions to replace (copper) electrical wiring in everything from printed circuit boards

to home, and even grid, power distribution with inexpensive, light-weight polymeric

conductors. As issues of processability, limits on conductivity, and environmental stability

became more apparent these grand schemes fell by the wayside. Nevertheless, in certain

niche applications, electrical conductivity is the primary attribute. For example, antistatic

coatings are important in many textiles and in the roll-to-roll processing of polymer webs.

Photographic film is a good example of the latter application and is the reason that Bayer

initiated, in conjunction with Agfa, their development of the Baytron series of products

based on poly(ethylenedioxythiophene) (PEDOT) doped with poly(styrene sulphonate)

PSS. (PEDOT-PSS is currently marketed by H. C. Starck Corp. as their Clarion line of

conductive coatings.)

When the Holy Grail of copper replacement receded over the horizon, the emphasis in

the late 1980s and early 1990s shifted to the optical properties. Since there is typically a

large oscillator strength in the HOMO–LUMO transition of undoped conjugated polymers,
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they are often highly colored and fluorescent. At that time there was great interest in

nonlinear optics, as researchers were developing new materials, both organic and inor-

ganic, for application in optical switches, modulators and the like. It was experimentally

demonstrated [13] and theoretically understood [14,15] that many conjugated polymers

also possess extremely high third-order optical nonlinearity. Although much interesting

science emerged from this line of research, to my knowledge no technology is based on it.

Second-order nonlinearity and electro-optic response are much more amenable to

device application. There are few conjugated polymers with intrinsic second-order non-

linearity, since homopolymers and alternating copolymers tend to have a center of

symmetry. (This is not necessarily always so, since head-to-tail polymerization of an

asymmetric monomer does not have mirror symmetry.) In 1990, the Cambridge group

under the leadership of Richard Friend was investigating the electro-optic response of

poly(phenylene vinylene). The story goes (I have heard several versions, probably with

some embellishment) that graduate student Jeremy Burroughes had turned off the lab

lights in order to minimize stray light, and applied a dc voltage to a sandwich-structured

device – just the conditions required to observe the resulting electroluminescence.

Of course, the publication of this observation [16] spawned an enormous worldwide

research effort to optimize the materials and device structures (polymer light-emitting

diodes or PLEDs) for use in flat-panel displays, signage and lighting.

The semiconductive properties of conjugated polymers are also exploited for applica-

tion in thin-film organic field-effect transistors (OFETs). The earliest materials examined

were polyacetylene [17], polythiophene [18], and an oligomer of thiophene [19]. In these
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Figure 1.1 Chemical structures for monomers of the conjugated polymers discussed in this
chapter: (a) vinylene (the repeat unit of polyacetylene); (b) ethynylene (polydiacetylene is
alternating vinylene-ethynylene); (c) phenylene; (d) thiophene; (e) leucoemeraldine form of
polyaniline; (f) pernigraniline form of polyaniline (the number of protons can vary between the
two limits); (g) pyrrole
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devices the polymer forms the channel between the source and drain electrodes of the

device. The number of charge carriers in the channel is modulated by the voltage applied to

the gate electrode. The conductance of the channel is proportional to the number of charge

carriers and to their mobility. Hence, charge-carrier mobility is the primary metric in

screening materials for use in OFETs. As several other chapters in this volume discuss in

detail, polymer morphology at the nanoscale plays a crucial role in dictating the mobility.

In any conductor a high degree of order is essential to achieve high mobility, since disorder

leads to scattering, trapping at defects, and localization. However, as discussed by Kline

et al. [20] among others, highly crystalline polymers are not necessarily ideal, because the

crystallites are typically much smaller than the channel length, in which case the mobility

is limited by transfer across grain boundaries. It seems preferable to have a high degree of

polymer chain alignment, but with few grain boundaries and with many chains bridging

between adjacent domains. Nano-morphology is key.

Another application which relies on the optical and semiconducting properties of

conjugated polymers is solar-energy conversion. In this case, each photon of solar radia-

tion is absorbed to generate an exciton – a bound electron–hole pair. The onset of

absorption is below the HOMO–LUMO gap by an energy corresponding to the exciton

binding energy. In contrast to many inorganic semiconductors used in solar cells, the

exciton binding energy in conjugated polymers is several tenths of an electronvolt and

therefore many times thermal energy (kT) at ambient temperature. Therefore excitons in

conjugated polymers do not readily dissociate to create free electrons and holes. Excitonic

solar cells rely on a hetero-junction to dissociate the excitons. In this device structure, an

electron-transport material (n-type) is adjacent to a hole-transport material (p-type). If the

energy level offsets (HOMO and LUMO of the n- and p-type materials) are sufficient

compared to the binding energy, the exciton may dissociate at the interface. The exciton

may be created in either the n- or p-type material or both, the difference being the

absorption spectra and magnitudes of the binding energy.

Here again, nano-morphology plays a key role. The exciton has a characteristic lifetime,

dictated by the sum of its radiative (re-emission) and non-radiative (heat-producing) decay

rates. It is also mobile, diffusing through one of the polymeric semiconductors with a

characteristic diffusivity. If the exciton lives long enough to diffuse to the n–p interface,

high carrier-generation efficiency can be achieved. Since the exciton diffusion length in

conjugated polymers is typically of the order of 5–10 nm, the n- and p-type materials must

be blended at this length scale. Such ‘bulk heterojunctions’ were first demonstrated by the

Santa Barbara [21] and Cambridge [22] groups.

There is an additional constraint on the nature of the mixing, namely that the hole-

transporting p-type phase be continuous to the cathode, while the electron-transporting

n-type phase connect to the anode. Controlling the morphology of such bi-continuous

networks is the goal of recent research on self-assembled block copolymers.

Most of this volume is devoted to the characterization and application of doped

conjugated polymers, i.e. to their highly conducting ‘metallic’ state. I have touched

upon some of the issues relating to the nano-morphology of undoped conjugated polymers,

and to their application as semiconductors, because it is usually helpful to understand

properties of the ‘pristine’ material prior to analyzing the effect of dopants. The remainder

of this chapter is divided into sections devoted to, respectively, the work that preceded the

Pennsylvania publication (‘archeology and prehistory’), its immediate impact (‘the dawn
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of the modern era’), and the ‘materials revolution,’ which brought careful refinement of

synthesis and processing, and thereby enables today’s applications.

1.2 Archeology and Prehistory

Today’s conductive polymer workhorses are primarily derivatives of polypyrrole, polyani-

line and polythiophene. Each of these was known to the chemical community long before

the work on doping of polyacetylene. The earliest publication that I am aware of concerns

the oxidative polymerization of ‘indigo’ (i.e. aniline) by nitric acid [23]. This was soon, at

the pace of ninteenth century science, followed by a paper ‘On the production of a blue

substance by the electrolysis of sulphate of aniline’ [3]. The background was the industrial

revolution, when chemists were exploring the usefulness of coal by-products and just post-

Faraday, electrochemistry was in its infancy. Aniline was particularly interesting because

it was a reagent in the synthesis of many of the dyes that we associate with the deep

crimsons and purples of the Victorian era. Fritsche [23] and Letheby [3] had undoubtedly

synthesized some form of polyaniline, long before the concept of linear polymerization

[24,25], and long before the concept of frontier orbitals, which is so important in under-

standing organic chromophores, was developed by Fukui [26]. More on the early history of

polyaniline can be found in the paper by Mohilner et al. [27] and in the review by

MacDiarmid and Epstein [28]. By the 60s, it was recognized that the oxidation product

of aniline was a linear oligomer or polymer [27], and the effect of acid on its conductivity

had been discovered [29].

Likewise, chemical coupling to form oligomers and polymers of pyrrole, thiophene and

many other heterocycles was begun in the nineteenth and early twentieth centuries (see

citations in [30]). The resulting materials were poorly characterized, partly because of the

rudimentary analytical techniques of the day, and partly because of their insolubility. In

particular, it was rarely clear whether the products were branched or linear. Nevertheless,

by the 60s [30], it became routine to measure the electrical conductivity of the product.

The science learned was marginally useful, but a catalog of monomers was generated for

future use.

An important development occurred in the late 60s in the studies by Wegner [31,32] of

the polymerization of diacetylenes. He showed that single crystals of the monomer

derivatives can be polymerized topotactically, essentially retaining the original crystal

structure. For the first time, a class of conjugated polymers was amenable to crystal-

lographic analysis: bond lengths and angles could be determined, and would serve as a

reference for future structural studies of less well-ordered materials, and as input to

ab initio molecular-orbital calculations. Initially, most interest on the physical properties

of polydiacetylenes focused on their photoconductivity. We shall return to their dark

conductivity below.

At the same time, in his lab in Tokyo, Hideki Shirakawa was applying Ziegler–Natta

polymerization to the simplest conceivable monomer – acetylene, C2H2. By a ‘fortuitous

error’ he discovered the effect of using 1000� the usual concentration of a particularly

soluble organometallic catalyst. When he bubbled acetylene gas through the solution, a

shiny, silvery film was deposited on the walls of the tube. The morphology of these films
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consists of well-separated fibrils, leading to a high degree of porosity and large internal

surface area, ideal for gas-phase doping. The visitor from Penn, MacDiarmid, was fasci-

nated by what he saw in his lab.

While this work was being pursued in the chemical community, several groups of

physicists, together with their chemist collaborators, were studying ‘highly conducting

one-dimensional solids’ [33]. Many of the materials of interest were organic charge-

transfer salts, of which TTF-TCNQ is probably the best-known example. The scientific

interest lay in the intriguing phenomena associated with one-dimensional electronic

structures. Peierls [7] had postulated that a 1D electronic system would spontaneously

distort, and therefore could not be metallic at low temperature. This Peierls transition was

observed in TTF-TCNQ at a temperature of about 40 K [8]. The low, and experimentally

accessible, transition temperature is due to non-negligible interchain interactions and

to the partial charge transfer from the TTF donor to the TCNQ acceptor. In contrast, in

sp2-conjugated polymers there is one p-electron per carbon atom. Thus a chain with equal

bond lengths would result in a half-filled band. The Peierls distortion is then a simple

dimerization of the chain, resulting in alternating long and short C—C bonds. The gain in

electronic energy dominates the cost in lattice energy and results in a high transition

temperature, well above the decomposition temperature of the organic polymers of

interest.

Thus by the mid-70s, much of the preparative polymer chemistry and the physical

understanding of conduction processes in 1D were well established.

1.3 The Dawn of the Modern Era [6]

Highly doped inorganic semiconductors are ‘degenerate’ because the donor (acceptor)

impurity band overlaps the bottom of the conduction band (top of the valence band),

leading to a nonzero density of states at the Fermi level. The result is a material with

conductivity similar to that of a metal, and unlike the thermally activated response of the

original semiconductor. This concept does not apply directly to doped conjugated

polymers since energy of the dopant ion is typically not close in energy to the transport

bands. The motivation to investigate the effects of doping on the conductivity of

polyacetylene arose instead from experience with charge-transfer salts. The ground

state of the system does not consist of neutral impurities that release mobile charge

carriers as the temperature is raised, but rather of charged ions (anion or cation) with the

counter-charge in the valence or conduction band of the polymer. The carriers are

attracted to the opposite charge on the ions, but because of the relatively large molecular

sizes and the screening effects of other carriers, the binding energy is low and at room

temperature the carriers are quite mobile.

This concept – mobile charge carriers in the valence (HOMO) or conduction (LUMO)

band of the polymer, with the counter-charges on ionic species – provides the fundamental

framework for the subsequent development of polymeric conductors.

Following the 1977 publication by the Pennsylvania team, the field exploded. Dozens of

research groups began programs to understand better the properties of polyacetylene and to

search for new and better materials. There was considerable emphasis on determining the
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details of (what we would now call) its nanomorphology. There are two isomeric forms of

polyacetylene (CH)x: cis and trans, which can be readily distinguished by their vibrational

(infrared and Raman) spectroscopy. The mechanism of Ziegler–Natta polymerization

leads initially to the generation of the cis form, but this is metastable at room temperature

and mild heating or exposure to vapor-phase dopants converts it to trans.

The fibrous morphology created during synthesis is highly crystalline. Since the fibrils

are only about 200 nm in diameter, about 1 mm long and randomly oriented, the X-ray

diffraction patterns yield only lattice spacings, not the full crystal structure. Ray

Baughman and others members of the polymer chemistry group at Allied Chemical

(as it then was) combined the X-ray diffraction results with molecular modeling to

elucidate the crystal structure of the pristine isomers, and to determine the approximate

location of the dopant ions [34]. Initially, iodine was of particular interest because it

formed linear polyatomic ionic species (I3
�, I5

�, etc) residing in ‘channels’ between the

polymer chains.

There was a great deal of debate about the homogeneity of doping, and its effect on the

conductivity. There were those who argued that the doping was homogeneous and random,

and that the concentration of charge carriers increases up to the point where their mutual

screening induces a Mott insulator–metal transition. Others proposed highly inhomoge-

neous doping, essentially the growth of metallic ‘islands’ in an otherwise insulating

polymer matrix. In this scenario, the macroscopically observed insulator–metal transition

is due to the growth of the islands to the point where they coalescence into percolating

conductive pathways. Although the controversy was never fully resolved to the satisfac-

tion of all parties, it was nevertheless a great motivator, driving innovative research that

ultimately contributed to a detailed understanding of the excitations of conjugated chains,

their spectral and magnetic signatures, and their interactions.

A polymer chain of trans-(CH)x has the unusual property of geometric degeneracy –

there are mirror-image distinct states, but possessing the same energy (see Figure 1.3).

(a)

(b)

Figure 1.2 (a) cis and (b) trans isomers of polyacetylene

A B

•

Figure 1.3 Bonding structure of a soliton in polyacetylene. The configurations A, to the left,
and B, to the right, are equivalent, but there is a defect where they meet. The central carbon
atom shares electrons in three �-bonds, but the fourth (p) electron is unpaired. The system is
charge-neutral, but has spin ½
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Su, Schrieffer and Heeger (SSH) [35] addressed the nature of the topological defect that

must be created at the junction between two mirror-image chains. The mathematical

description of the defect belongs to a class of solution of nonlinear differential equations,

and is known as a soliton. The solitons in trans-(CH)x exhibit reversed spin-charge

relations: the neutral species has spin ½, while the addition or removal of an electron

results in a nonmagnetic state. The soliton is not localized on a single carbon atom, as

depicted in Figure 1.3, but is spread over roughly a dozen atoms, according to the

parameters of the SSH Hamiltonian. Many of the theoretically predicted features of

solitons were subsequently confirmed by experiment over the next few years: electron

spin resonance was observed in undoped polyacetylene, and diminished at low dopant

concentrations; measurements of the hyperfine coupling strength to the protons confirmed

its delocalization; the presence of a mid-gap state was confirmed by photo-induced (pump-

probe) absorption; and the symmetry changes induced by optical excitation or by doping

were deduced from the infrared modes that appeared.

The science of polyacetylene is fascinating, but as a polymeric conductor its material

properties are not at all suited to technological application. It is insoluble in any common

solvent; it has little mechanical strength, especially in its doped state, and cannot be

molded nor effectively stretch-aligned; it is not stable in air. Immediately the effort

began to find new polymers and better ways of processing. Exploration proceeded on

many fronts, from the substitution of one or both hydrogen atoms in acetylene, to poly-

merization processes other than Ziegler–Natta catalysis, to the use of completely different

monomers and to electrochemical oxidation.

An example of side-group substitution is poly(phenylacetylene). The phenyl group

imparts considerably better stability. Due to steric packing constraints, it also

changes the conformation of the backbone from planar zig-zag to helical. However,

the crystallinity is considerably reduced, doping is not so effective and the conductiv-

ities obtained were lower than the unsubstituted polymer. The improvement in

material properties was rather modest and not sufficiently encouraging to offset the

loss in conductance, so PPA is one of many technological dead-ends encountered at

that time.

Among the more successful synthetic procedures were those developed by Feast at

Durham, [36] who developed a ring-opening synthesis procedure for polyacetylene deri-

vatives. Meanwhile Naarmann at BASF showed the benefits of dissolving the Ziegler–

Natta organometallic catalyst in a viscous solvent [37]. These routes permitted better

morphological control and led to higher conductivity in the doped state, but still suffered

from the inherent limitations of polyene chemistry.

Completely different monomers were called for. Before long, three of today’s work-

horses had been identified: pyrrole, aniline and thiophene. In Japan, Yamamoto [38] and in

Germany, Kossmehl [39] synthesized polythiophene doped with pentafluoroarsenate.

At the same time, the possibilities of electrochemical polymerization were recognized.

At the IBM Lab in San Jose, Diaz used oxidative electrochemical polymerization to

prepare polypyrrole [40] and polyaniline. [41] Electrochemical synthesis forms the poly-

mer in its doped state, with the counter-ion (usually an anion) incorporated from the

electrolyte. This mechanism permits the selection of a wider range of anions, including

those which are not amenable to vapor-phase processes, such as perchlorate and tetra-

fluoroborate. Electrochemical doping also overcomes an issue associated with dopants
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such as pentafluoroarsenate, neutral in the gas phase, but leading to hexafluoroarsenate

anions in the doped compound, with the production of other species as by-products which

are not easy to identify or trace. An additional advantage of synthesis in an electrochemical

cell is that the dopants can also be removed by applying an appropriate reverse voltage.

The polymer is neutralized (‘dedoped’), while the new covalent bonds between monomers

remain.

The polymers formed by electrochemical oxidation are also insoluble, and therefore still

not generally useful as general-purpose electrical conductors. In addition, it was not

always possible to control coupling sites between monomers. For example in polypyrrole,

2-5 coupling predominated, but reaction at the 3 or 4 sites could not be ruled out [42].

Oxidative coupling, for example with ferric chloride, was found to lead to similar poor

control over the molecular structure and to insoluble polymeric adducts. The goal of high

conductivity in a solution-processable polymer remained elusive. It would require a

further decade of painstaking chemical research to develop procedures for the large-

scale production of soluble metallic polymers.

Polyaniline is unique among the conducting polymers in its doping characteristics.

Rather than changing its oxidation state (i.e. carrier density) by addition or removal

of electrons, doping is accomplished by removal or addition of protons [28],

using strong bases (e.g. ammonium hydroxide) or protonic acids (e.g. hydrochloric or

sulfuric). The net effect is similar: electrons in partially filled frontier orbitals

are responsible for carrying the current; overall charge neutrality is maintained

by the protons bound to the backbone nitrogen atom and by the anion of the protonic

acid.

In spite of the synthetic difficulties, the wide selection of new materials being

provided by the chemists encouraged exploration of new physical phenomena among

the physical chemists and physicists. Virtually none of these new polymers exhibits the

topological degeneracy that is found in trans-(CH)x. Therefore their charge species are

not solitons, but rather polarons and, perhaps, bipolarons (see Figure 1.4). The question

arose as to whether the cost in lattice energy to form two polarons would exceed

Coulomb repulsion and lead to a net binding energy stabilizing the bipolaron.

Magnetic and spectroscopic data [43,44] reveals that bipolarons were the dominant

species in moderately doped polypyrrole. Many subsequent studies have shown that

bipolarons are the species most frequently encountered when conjugated polymers

are doped.
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Figure 1.4 Bonding structure of (a) a polaron and (b) a bipolaron in polythiophene
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1.4 The Materials Revolution

By the mid-80s it was clear to most researchers that success on the conductivity side had

taken its toll on polymer processability. Attention turned back to restoring the solubility

and mechanical properties of the polymer. Polyaniline received the most attention initially.

The nonconductive emeraldine base form is soluble in N-methylpyrrolidone [28] and films

can be cast. Subsequent doping with a protonic acid from aqueous solution, or in situ with a

photo-acid generator [45], is necessary to achieve conductivity. Polyaniline is also soluble

in sulfuric acid, not the most convenient of solvents. Nevertheless it proved possible to spin

fibers [46], cast films and extrude sheets of conductive polyaniline sulfate, but the

laboratory experiments did not make the transition into large-scale manufacturing.

A major advance in the solubilization of polyaniline was ‘self-doping’ by the attachment

of a sulfonic acid side group to the backbone ring [47,48]. The resulting material is

essentially a ‘polyzwitterion’ with the acid proton transferring to the basic amine back-

bone. The polymer is then soluble in mildly basic aqueous solutions and can be coated over

large areas.

Almost simultaneously, another breakthrough occurred when it was realized that the

protonic acid dopant could be selected or modified to act as a surfactant. Homologs of

toluene sulfonic acid were the first examples examined [49], and camphor sulphonic acid

proved to be one of the most interesting and promising acid surfactants [50], solubilizing

polyaniline in m-creosol.

During the same period, the German chemical company, Bayer AG, was developing a

soluble polythiophene derivative (PEDOT-PSS), motivated primarily by the need for

electrostatic dissipation during the coating of photographic film. At the time, Bayer

owned the photography company Agfa. Web-coating of the polymer substrate (‘celluloid’)

leads to significant static charge build-up, and uncontrolled discharge amid the vapors of

organic solvents was a major concern. The early phases of this research began in the late

80s, but the company considered it highly proprietary, applying for patents in Germany in

1988. The US patent was issued in 1991 [51]. There are no publications in the scientific

literature until the company began to consider offering evaluation quantities for other

applications [52]. Then, some of the details of the chemistry [53] and physical properties

[54] began to appear.

Thus, by the mid-90s, the scientific foundations were well established, and methods had

been developed to overcome the difficulties of achieving both conduction and processa-

bility in the same material. Many potential applications had already been identified and

patents filed. New companies were started and more established companies initiated new

business units, both on the supply side as vendors of the materials and on the demand side

as developers of technological applications. Naturally, most of this work was hidden

behind closed doors and presentations were aimed more at venture capitalists than at the

scientific community. Publicity was generated, not by talks at scientific conferences, but

rather by carefully managed press releases. The subsequent history is probably better

documented by a business analyst than by a scientist.

The scientific story, however, does not end there. The identification of new potential

applications demanded modifications and improvements in the materials, which in turn

revealed more interesting and possibly useful properties. In 1993, Joel Miller, who had
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recently moved to the University of Utah after working at Xerox and then DuPont,

published a pair of articles listing, first, the attributes and potential applications [55] and

then the existing commercially available products [56] based on conducting polymers. The

latter list is dominated by applications dependent on electrochemical properties: batteries,

electrolytic capacitors and electrodes for plating baths. Antistatic coatings, usually as

blends in other polymers, for textiles and in electronic packaging are also prevalent. The

list of potential applications spans the gamut from biochemical sensors to protection

against lightning strikes in aircraft. One barely anticipated application now represents a

major part of polymer production is in anticorrosive coatings [57]. In retrospect, it is not

surprising that these electrochemically active materials might provide some benefit, but

the detailed mechanism(s) of the protection are still an active area of research. A second

unanticipated use is for electrodes in flat-panel displays, particularly polymer light-emit-

ting diodes. The original motivation was to find a flexible replacement for indium tin oxide

(ITO)-coated glass, but the conductivity of polymers was insufficient to carry the neces-

sary current. However, it was found that a layer of various polyanilines or PEDOT [58,59]

on top of ITO led to improved device performance and greatly enhanced lifetime. This

‘hole-injection layer’ is now one of the primary uses of PEDOT-PSS.

Intrinsic, i.e. undoped, conjugated polymers are now of great interest for their semi-

conducting properties. Research, development and commercialization have continued as

applications for light-emitting diodes, field-effect transistors, photo-detectors, solar cells

and chemical sensors were identified. For these technologies exquisite control over the

chemistry is required in order to minimize defects which may limit performance and

lifetime. Attention must also be paid to termination of the polymer chains, and to the

elimination and/or removal of the trace amounts of polymerization catalysts. The methods

of polymer chemistry, developed originally for careful control of the molecular structure

of commodity polymers, were applied and adapted. Precise coupling and condensation

reactions, using functionalized monomers as precursors, ensure that the resulting polymer

has the desired linear structure. The range of chemical methods (Knoevenagel, Heck,

Suzuki, Yamamoto and others) is described in the excellent review by Kraft et al. [60],

who were primarily interested in luminescent polymers at the time.

Two of the earliest conjugated polymers are no longer the subject of active research as

conducting materials. Polydiacetylene is the most highly crystalline polymer, and there-

fore the one with the highest potential carrier mobility. However, it has proved impossible

to dope to any significant degree. It is being developed for sensor applications because of

its optical properties and biocompatibility. Polyacetylene is chemically the simplest

conjugated polymer, and although it provided a great deal of interesting science and

proved to be a model for many other materials, it is not itself technologically useful.

1.5 Concluding Remarks

The history of research on conjugated polymers reveals its highly interdisciplinary nature

and the importance of collaboration. Prior to the 70s, there was much in the chemical

literature about the synthesis of many of the materials that form the basis for today’s

inventory, but the synthetic chemists were generally not experienced in the preparation of
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samples suitable for detailed physical characterization. Similarly, although physicists had

begun to study the organic solid state, the research was mainly on small molecules which

chemical supply companies could provide. The major breakthroughs began when chemists

and physicists began to work together to design and synthesize specific molecular struc-

tures to achieve the desired physical properties.

Such ‘structure–function’ relationships form the paradigm of modern materials science,

and in the 80s and 90s many academic materials/chemical/polymer engineering depart-

ments were rebuilding to include a greater emphasis on soft-matter and electronic proper-

ties. They recruited young faculty members with degrees in chemistry or physics, with the

result that the boundaries between these various departments has become blurred.

From the very beginning of the modern era, there was strong involvement of theorists.

Theoretical physicists were particularly interested in the topological defects inherent in 1D

systems, and the reversed spin-charge relationships of solitons and polarons. Quantum

chemists focused on the molecular-orbital theory of extended structures. Both disciplines

struggled with the relative importance of electron correlations and electron–phonon

interactions.

As potential applications were identified, researchers from other engineering fields

became involved. Electrical engineers brought their expertise in electronics, optoelectro-

nics and display technology. Materials engineers joined with electrochemists to study

anticorrosion coatings. Bioengineers recognized the potential for sensors and bioanalytical

assays. The list of author affiliations of this volume testifies to the success of this

interdisciplinary approach.

A historical review such as this is not only about the science and the published literature.

It is also about the people involved and their interactions. The scientific progress which is

summarized in this chapter is the result of collective endeavor, with a large number of

scientists making contributions with various levels of impact. They came together at

several exciting international topical conferences, particularly during the 80s. The

‘Conference on Organic Conductors and Semiconductors’ was first held in Siofok,

Hungary in 1976, and took place annually until 1982. It acquired the name ‘International

Conference on Synthetic Metals’ (ICSM) in Helsingor, Denmark in 1980. Since 1982,

ICSM has been held every two years, most recently in Porto de Galinhas, Brazil, in 2008.

There had been several other ad hoc conferences and workshops during the prior decade,

notably in Saarbrucken, Germany in 1974, and at Lake Arrowhead, California in the same

year, where many of the researchers cited among the references came to know each other,

exchanged ideas and frequently engaged in heated discussions. The journal, Synthetic

Metals, was initiated in 1979 expressly to serve this subfield of the scientific community,

and continues to this day with editors, contributors and referees from around the world.

Organic Electronics began publication in 2000, and organic electronics as a topic com-

prises a major fraction of the articles in Advanced Materials, and Advanced Functional

Materials.

Advances in science do not occur in a vacuum. They are based on prior research, which

in many cases may not have seemed relevant at the time. Progress is punctuated, with

periods of great activity interspersed with times of relative quiet. Breakthroughs occur due

to the development of new instrumentation, the discovery of a new material, and/or

because of the efforts of particularly passionate and skilled scientists. In many cases, the

subjects of the initial scientific excitement turn out not to be the leading candidates for
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technological application. Their usefulness lies in the science lessons that they teach

us, and conjugated polymers from aniline and pyrrole blacks in Victorian times, to

polydiacetylene and polyacetylene in the 70s, to today’s poly(phenylene vinylene)s and

poly(spiro-bifluorene)s, have taught us many interesting lessons.
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2.1 Introduction

Polyaniline (PANI) is one of the most extensively studied conducting polymers because of its

simple synthesis [1] and doping/dedoping chemistry [2], low cost, high conductivity, and

excellent environmental stability. PANI has a wide applicability in rechargeable batteries [3],

erasable optical information storage [4], shielding of electromagnetic interference [5], micro-

wave- and radar-absorbing materials [6], sensors [7], indicators [8], catalysts [9], electronic

and bioelectronic components [10], membranes [11], electrochemical capacitors [12],

electrochromic devices [13], nonlinear optical [14] and light-emitting devices [15],

electromechanical actuators [16], antistatic [17] and anticorrosion coatings [18]. Its

electromagnetic and optical properties depend mostly on its oxidation state and degree

of protonation [19]. The green emeraldine salt form of PANI is conducting (�1–10 S cm�1

for granular powders) [1]. It contains, depending on the synthetic route, various

proportions of diamagnetic [(—B—NHþ=Q=NHþ—)n(—B—NH—)2n](A�)2n and paramag-

netic [(—B—NHþ•—B—NH—)n](A�)n units (in the preceeding formulae B, Q and A�

denote a benzenoid ring, quinonoid ring and dopant anion, respectively). The blue emer-

aldine base [(—B—N=Q=N—)n(—B—NH—)2n], the colorless leucoemeraldine base

[(—B—NH—)n], and violet pernigraniline base forms [(—B—N=Q=N—)n] are insulating.

The preparation of bulk quantities of conducting granular PANI is usually performed
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by the oxidative polymerization of aniline with ammonium peroxydisulfate (APS) in an acidic

aqueous solution (initial pH< 2.0) [1]. Colloidal PANI nanoparticles are prepared by disper-

sion polymerization of aniline in the presence of various colloidal stabilizers [20,21]. The

average size of colloidal PANI nanoparticles decreases with increasing stabilizer/aniline ratio.

PANI colloids often have nonspherical (rice grain, needle-like, etc.) core-shell morphology.

The colloidal nanoparticle core most likely has a composite nature, i.e. it is composed of both

the PANI and the incorporated stabilizer, while the shell is formed by the stabilizer.

Nowadays, conducting PANI nanostructures are the focus of intense research owing to

their significantly enhanced dispersibility and processability, and substantially improved

performance in many applications, in comparison with granular and colloidal PANI [22–27].

The continuously growing interest in the study of zero-dimensional (0-D) (solid nano-

spheres), one-dimensional (1-D) (nanofibers (nanowires), nanorods (nanosticks), nanoneedles,

rice-like nanostructures, nanotubes), two-dimensional (2-D) (nanoribbons (nanobelts),

nanosheets (nanoplates, nanoflakes, nanodisks, leaf-like nanostructures), nanorings

(cyclic nanostructures), net-like nanostructures), and three-dimensional (3-D) PANI

nanostructures (hollow nanospheres, dendritic and polyhedral nanoparticles, flower-like,

rhizoid-like, brain-like, urchin-like, and star-like nanostructures, etc.) has dramatically

increased in recent years (Figure 2.1). The major focus of research has been the prepara-

tion, characterization, processing, and application of PANI nanofibers (PANI-NFs) and

nanotubes (PANI-NTs). PANI-NFs are 1-D PANI nanoobjects of cylindrical profile with

diameters £100 nm, without a discernible internal cavity, while PANI-NTs are 1-D PANI

nanoobjects with an internal cavity. PANI nanowires (conducting or semiconducting

doped PANI-NFs) and PANI nanorods (short and straight PANI-NFs) are also referred

Figure 2.1 The number of articles devoted to the synthesis, characterization and application
of PANI nanostructures, published by the American Chemical Society, Elsevier, John Wiley &
Sons, Wiley-VCH, the Royal Society of Chemistry, Springer, and the Institute of Physics during
the last decade
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throughout the manuscript as PANI-NFs. It should be noted that numerous articles in

leading international journals, having in title or abstract terms ‘nanofibers’ (‘nanowires’,

‘nanorods’) and/or ‘nanotubes’ of PANI, are in fact devoted to the study of submicrofibrous/

submicrotubular PANI materials (100 nm £ diameters £1 mm) and their mixtures with

PANI-NFs and/or PANI-NTs.

Extensive research in a broad field of preparation and characterization of nanostruc-

tured composite PANI materials, containing PANI nanostructures and micro-/submi-

cro-/nanoparticles of various metals, oxides, organic/bio-organic compounds, and

biological materials, has developed intensively with the aim to design nanomaterials

with unique physicochemical properties and applicability. Therefore the objective of

this review is not only to provide insight into the recent developments regarding

preparation, characterization, processing, and application of pure PANI nanostructures,

but also to give comprehensive information about composite materials which contain

PANI nanostructures. It should be noted that the PANI nanocomposites prepared by the

formation of PANI thin solid films on the surface of other nanostructured materials

(nanofibers and nanotubes of various inorganic, organic and biological materials e.g.

carbon nanotubes (CNTs), nanorods of tobacco mosaic virus, etc.) are not the subject of

this review.

2.2 Preparation

2.2.1 Preparation of Polyaniline Nanofibers

2.2.1.1 Physical Methods of Preparation

Electrospinning

Unlike conventional fiber-spinning techniques (wet spinning, dry spinning, melt spinning, gel

spinning), which are capable of producing fibers of blends of nonspinnable conducting PANI

emeraldine salt (e.g. camphorsulfonate) and spinnable polymers (e.g. poly(ethylene oxide)

(PEO), poly(methylmetacrylic acid) (PMMA)) with diameters down to the micrometer range,

electrospinning is a process capable of producing corresponding submicrofibers and nanofi-

bers, as well as pure PANI-NFs [28–39]. This electrostatic processing method uses a high-

voltage electric field to form solid fibers from a polymeric blend fluid stream (solution or

melt) delivered through a millimeter-scale nozzle. Due to the inherent properties of the

electrospinning process, which can control the deposition of nanofibers onto a target sub-

strate, complex 3-D nanofiber areas can be formed. Nanofibers of blends of PANI camphor-

sulfonate and PEO have a minimum fiber diameter of 5 nm [31]. Nanofibers of pure PANI

doped with sulfuric acid (H2SO4) show conductivity of a single fiber of �0.1 S cm�1, and

average and a minimum fiber diameters of 139 nm and 96 nm, respectively [29].

Ultrasonication

Branched conducting PANI-NFs buried in the crystals of camphorsulfonic acid (CSA) have

been prepared from m-cresol solution of granular PANI and excessive CSA [40]. After the
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CSA was dissolved through ultrasonication in deionized water, networks of PANI-NFs with

spherical nodes, nanoparticles, leaf-vein-shaped nanofibers, etc. were obtained, depending on

the strength of the ultrasonic treatment. PANI–CSA nanofibers having diameters 1–2 nm

were produced by bath sonication of aqueous dispersions of larger nanofibers (30–50 nm

diameter) [41].

Spin Coating

Thin films of parallel undoped PANI-NFs have been deposited by spin coating an

N-methyl pyrrolidone solution of undoped PANI [42], synthesized by MacDiarmid’s

method [43], on freshly cleaved highly oriented pyrolytic graphite. These PANI-NFs

films preserved nanostructured morphology upon doping with CSA, while the ordering

was almost entirely lost upon doping with hydrochloric acid (HCl). Thin films of parallel

PANI-NFs doped with CSA have also been prepared by spin coating of m-cresol solution

of PANI-CSA [42].

2.2.1.2 Chemical Oxidative Polymerization of Aniline

Hard (Physical) Template Methods

Nanoporous Hard-Template Method: The standard hard-template method is an effective

and straightforward route for fabricating PANI-NFs with diameters determined by the

diameter of the pores in the template [44]. Conducting PANI-NFs have been synthesized in

a 3-nm-wide hexagonal channel system of the aluminosilicate MCM-41 [45]. Adsorption of

aniline vapor into the dehydrated host, followed by reaction with peroxydisulfate, led to

encapsulated PANI-NFs in the protonated emeraldine salt form, with chain lengths of several

hundred aniline rings. Uniform and ordered PANI-NFs were prepared within the anodic

aluminum oxide (AAO) template [46–48], and polycarbonate (PC) track-etched membrane

[48]. PANI-NFs with lengths from sub-micrometre to several micrometres and with diameters

20–250 nm were formed via the selection of pore diameter, monomer, counterions, and

synthetic conditions [49]. PANI-NFs were prepared by the oxidative polymerization of

aniline with sodium chlorite in an acidic aqueous suspension of diatomite [50]. The holes in

porous diatomite acted as a template at the early stage of polymerization. The porous structure

of diatomite was destroyed during the polymerization due to the transformation of silica in

diatomite to silicic acid, which served as a dopant in the final nanofibrillar composite material.

The disadvantages of the nanoporous hard-template method are the generally tedious

post-synthetic processes, which are required in order to remove the templates, and the

destruction of nanostructures during the post-synthetic process, i.e. the formation of

undesirable aggregated structures after removal of the templates.

Nanostructured Seed Template Method: Seeding an ordinary chemical oxidative poly-

merization of aniline with very small amounts (usually<1%) of nanofibers (inorganic or

organic), and single-walled carbon nanotube (SWCNT) bundles, changes the morphology

of the nonfibrillar PANI emeraldine salt quantitatively to nanofibers having an average

diameter in the range 20–60 nm, as has been revealed by scanning (SEM) and transmission

(TEM) electron microscopies (Figure 2.2) [51]. The general shape of the seed (nanofibers

vs. nanospheres) controls the overall morphology of the resulting precipitate, while

differences in the length, diameter, etc., of the nanostructured seed templates do not
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have a significant impact. It has been revealed that stirring of the reaction solution has a

dramatic effect on the morphology of PANI synthesized by the nanostructured seed

template method [52]. It was found that when no stirring is applied, a large amount of

new nanofibers appear in the product, while the morphological change of the pre-added

fibers is unremarkable. In contrast, if the reaction is stirred, granular nanoparticles will

gradually grow on the pre-added fibers and the surface roughness and thickness of the pre-

added fibers increase with the addition of the oxidant, leading to the formation of coral-like

fibers. PANI-NFs were also synthesized using SWCNTs [53], chlorophyllin nanorods

[54], and composite nanofibers of methyl orange/ferric chloride (FeCl3) [55], as nanos-

tructured seed templates.

PANI nanostructures formed (or present) during the very early stages of the polymer-

ization govern bulk formation of similar nanostructures. It has been proposed that

polymerization first occurs on the surface of the nanofiber template whose morphology

is mirrored by the growing polymer chain [51]. A film of pernigraniline salt has been

formed on the walls of the reaction flask, magnetic stir bar, etc., well before any precipitate

was observed in bulk. This in situ deposited film of fibrillar pernigraniline salt can then

seed fresh polymer growth, triggering a continuous seeding process that results in a bulk

precipitate in which the nanoscale morphology of the original seed template is transcribed

over many length scales.

Nanostructured Template Method: HCl-doped PANI-NFs having a long nanosize fibril

structure have been prepared by an inverse microemulsion polymerization process using

Figure 2.2 SEM images of emeraldine-HCl nanofibers synthesized by seeding the reaction using
the following: (A) 1.5 mg of emeraldine-HCl nanofibers (SEM image inset), (B) 1.6 mg of HiPco
SWNTs (SEM image inset), (C) 1.0 mg of the hexapeptide AcPHF6 (TEM image inset), and (D) 4 mg
of V2O5 nanofibers (SEM image inset) [51]. (Reprinted with permission from Journal of the
American Chemical Society, Synthesis of Polyaniline Nanofibers by ‘‘Nanofiber Seeding’’ by
Zhang, Goux and Manohar, 126, 14, 4502–4503. Copyright (2004) American Chemical Society)
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nanosize Ni particles as inorganic template [56]. By using barium ferrite nanoparticles of

different morphologies as nucleation sites, PANI-NFs/barium ferrite nanocomposites with

novel coralloid structures were synthesized [57]. Cage-like ferromagnetic PANI-NFs/

cobalt ferrite composite nanostructures, in which PANI-NFs (minimum diameter �15 nm)

entwined around an octahedral cobalt ferrite magnet acting as the nucleation site or template,

were obtained by using FeCl3 as oxidant and dopant [58]. Nanocomposites of PANI

nanorods and multi-walled carbon nanotubes (MWCNTs) coated with PANI were pre-

pared by in situ aniline polymerization in the presence of MWCNTs and perchloric acid

(HClO4) as nanostructured template and dopant, respectively [59]. PANI nanorods have

recently been synthesized by the oxidation of aniline with APS in the presence of

silicotungstic acid using Cu nanowires as the template [60].

Soft (Chemical) Template Methods

The soft-template methods are based on the use of structure-directing molecules, such as

various soluble oligomers and polymers, as well as surfactants and amphiphilic acids

which are able to form, alone or with aniline, aggregates such as cylindrical micelles, and

other supramolecular 1-D aggregates.

Oligomer- and Polymer-Assisted Synthesis: Chiral PANI-NFs (minimum diameter

20 nm) have been synthesized by the oxidative polymerization of aniline, with incremental

addition of APS as an oxidant, in concentrated CSA solutions in the presence of aniline

oligomers [61,62]. When aniline dimer 4-aminodiphenylamine (4-ADPA) was added to the

polymerization of aniline, the produced nanofibers were longer and less entangled than those

typically observed [63]. The addition of 4-ADPA can even induce nanofiber formation under

synthetic conditions that generally do not favor a nanofibrillar morphology, e.g. in concen-

trated aqueous solutions (5M) of salts such as sodium chloride, or in nonaqueous solvents

(acetonitrile). Self-dispersible conducting PANI-NFs were synthesized by the oxidative

polymerization of aniline in the presence of oligosaccharide b-cyclodextrin [64,65].

Granular PANI powder dissolved in dimethyl sulfoxide was used as a template to induce

the polymerization of aniline and hence to prepare PANI-NFs having a conductivity of

�35 S cm�1 [66]. PANI-NFs were synthesized in the presence of poly(acrylic acid)

(PAA) [67,68]. ‘Flower-like’ dendritic superstructure comprising of densely packed

PANI-NFs was obtained when polymerization was templated by a water-soluble polyelec-

trolyte copolymer poly(acrylamide-co-acrylic acid) as the dopant and support matrix [69].

Poly(3-thiopheneacetic acid) was used both as a dopant and template to prepare PANI-NFs

by the oxidation of aniline with APS and FeCl3�6H2O [70]. The diameter, crystallinity and

conductivity of the prepared PANI-NFs were strongly affected by the oxidant. In parti-

cular, the diameter of the nanofibers obtained by using FeCl3�6H2O was measured to be

20–30 nm, which was significantly thinner than that of the PANI-NFs obtained by using

APS (130 nm). Yu et al. demonstrated a facile route to the synthesis of large quantities of

uniform PANI alginate nanofibers guided by sodium alginate as a biopolymeric template

[71]. Deoxyribonucleic acid (DNA)-templated PANI-NFs and their networks were synthe-

sized using the oxidative polymerization of aniline with APS [72], hydrogen peroxide/

horseradish peroxidase (H2O2/HRP) [72–74], FeCl3�6H2O [75], or by photo-oxidation

using a Ru complex as photo-oxidant [72]. A novel method for facile synthesis of uniform

straight PANI-NFs (nanosticks) by the oxidative polymerization of aniline with APS in
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an acidic hydrogel system, in the presence of cholic acid/poly(ethylene glycol) (PEG)

400 complex as hydrogelator, has recently been reported (Figure 2.3) [76]. Ordered

PANI-NFs arrays were obtained in the presence of high concentrations (11 M of one

repeat unit) of poly(vinyl alcohol) (PVA) [77]. Promoting mass transfer for the poly-

merization carried out under very low aniline concentration in a high-viscosity aqueous

system, created by dissolving a high-molecular-weight PEO, was beneficial for the

preparation of uniform PANI-NFs [78].

Surfactant- and Amphiphilic Acid-Assisted Synthesis: PANI-NFs have been prepared

by oxidative polymerization of aniline in the presence of nonionic surfactants (Triton X-100)

[79,80], anionic surfactants (sodium dodecylsulfate (SDS)) [81,82], cationic surfactants

(cetyltrimethylammonium bromide (CTAB)) [83], a mixture of ionic surfactants (CTAB

and sodium dodecylbenzenesulfonate (SDBS)) [84], amphiphilic ionic liquid (1-hexadecyl-

3-methylimidazolium chloride) [85], and amphiphilic acids e.g., 4-{n-[4-(4-nitrophenylazo)-

phenyloxy]propyl}-aminobenzenesulfonic acid, where n¼ 2, 3, 4, 6, 8, or 10 [86,87],

azobenzenesulfonic acid [88], b-naphthalenesulfonic acid (b-NSA) [89–94],

dodecylbenzenesulfonic acid (DBSA) [91], p-aminobenzenesulfonic acid (p-ABSA) [95],

p-toluenesulfonic acid (p-TSA, Figure 2.4) [92,96,97], CSA [92], 4-[4-hydroxy-2((Z)-

pentadec-8-enyl)phenylazo]benzenesulfonic acid [98–101], 4-(3-dodecyl-8-enylpheny-

loxy)butanesulfonic acid [102], Allura Red AC [103], monosulfonated dendrons

[G3-SO3H, 12G2-SO3H] [104], saturated fatty acids [105,106], dicarboxylic acids

[107,108], amino acids [109], salicylic acid [110,111], acrylic acid [112], perfluorosebacic

acid [113,114], and perfluorooctanesulfonic acid [115]. The use of a mixture of surfactants

and acids is known to be effective, especially in the production of 3-D PANI-NF networks

[116] and PANI-NF-covered rectangular PANI submicrotubes [117]. The PANI-NFs have

also been obtained by the oxidative polymerization of aniline with APS in a CTAB–lauric

acid complex coacervate gel template [118]. Parallel arrays of PANI-NFs have

been synthesized on atomically flat surfaces using adsorbed aggregates of surfactant

molecules and aniline as templates [119]. The formation of PANI-NFs in the presence

of amphiphilic acids was found to depend mostly on the initial acid/aniline ratio.

Figure 2.3 Typical SEM images of PANI synthesized in cholic acid/PEG 400 hydrogel: (a) low
magnification; (b) high magnification. (Reprinted with permission from Macromolecules,
Facile Synthesis of Straight Polyaniline Nanostick in Hydrogel by L. Meng, Y. Lu, X. Wang
et al., 40, 2981–2983. Copyright (2007) American Chemical Society)
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Micelles of amphiphilic acids and/or corresponding aniline salts were tentatively proposed

to interpret the formation of PANI-NFs and other nanostructures. The formation of

supramolecular aggregates was indicated by dynamic light-scattering (DLS) measure-

ments in the case of NSA [89] and 4-[4-hydroxy-2((Z)-pentadec-8-enyl)phenylazo]-benzene-

sulfonic acid [100,101], and by the dependance of the concentration on emission intensity of

a luminescent dopant in the case of 4-[4-hydroxy-2((Z)-pentadec-8-enyl)phenylazo]-ben-

zenesulfonic acid [99]. However, the existence of cylindrical micelles under an applied

concentration range of acids has never been unambiguously proved for the investigated

amphiphilic acid/aniline systems. The most recent indirect proof of the existence of

cylindrical micelles in an aqueous solution of aniline and 4-[4-hydroxy-2((Z)-pentadec-

8-enyl)phenylazo]- benzenesulfonic acid [101] was based on TEM images of rod-like

nanocrystallites found in dried sample.

Nanofibers of self-doped PANI have been synthesized by the oxidation of aniline with

APS in an aqueous solution in the presence of o-ABSA [120,121] and m-ABSA [122].

Helical PANI-NFs were prepared by using chiral CSA as a dopant [123]. Chiral PANI-NFs

(nanorods) and Au microspheres, which can be easily separated, were obtained by the

oxidative polymerization of aniline with potassium tetrachloroaurate(III) in the presence

of (þ)-CSA [124]. PANI hollow microspheres containing PANI-NFs (20–30 nm in dia-

meter) were prepared by inversed microemulsion polymerization in the presence of NSA

as dopant [125]. Electromagnetic functionalized PANI composites of microspherical

hydroxyl iron magnet (core) and PANI–NSA nanofibers (shell) were prepared [126].

Synthesis of dendritic PANI-NFs in a surfactant gel was performed by Li et al. [127].

Nanocomposites containing PANI nanorods and magnetite (Fe3O4) nanoparticles were

synthesized by DBSA-assisted synthesis [128]. Combined amphiphilic acid-assisted and

hard-template synthesis of highly oriented PANI-NFs, growing out of the nanoporous

Figure 2.4 SEM image of the PANI-NFs doped with p-TSA; [APS]/[aniline]¼ 1:1, reaction
time¼ 12h; [aniline]¼ 0.2 M, [acid]/[aniline]¼ 0.5:1. (Reprinted with permission from
Macromol. Rapid Commun., Nanoscaled Polyaniline Fibers prepared by ferric chloride as an
oxidant by L. Zhang, M. Wan and Y. Wei, 27, 366–371. Copyright (2006) Wiley-VCH)
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template, was performed through 4-{3-[4-(4-nitrophenylazo)phenyloxy]propyl}-amino-

benzenesulfonic-acid-assisted oxidative polymerization of aniline with APS in the pre-

sence of a hydrophilic track-etched nanoporous alumina template [129]. The length of

these nanofibers can be roughly controlled by the polymerization time.

Template-Free Methods

It is now clear that PANI-NFs are naturally formed during chemical oxidative polymer-

ization of aniline in aqueous solutions [52,130–132]. It was found that PANI-NFs are

formed as soon as the polymerization begins (Figure 2.5b), upon slow addition of the

oxidant/dopant solution to the aniline/dopant solution (Figure 2.5a) [130]. Since the

nanofibers are exposed to aniline and oxidant, they are subject to secondary growth.

Agglomerates of PANI particles accompanied by a few nanofibers are found as a con-

sequence of severe secondary growth (Figure 2.5c). It was concluded that if secondary

growth can be suppressed, the yield of PANI-NFs in the final product could be greatly

increased. By suppressing the secondary growth of irregular particles, through a not-

shaken–not-stirred method, aqueous/organic interfacial polymerization, rapid-mixing

reactions, dilute polymerization, etc., essentially pure PANI-NFs can be obtained.

Not-Shaken–Not-Stirred Method: Highly dispersible PANI-NFs can be reproducibly

prepared from a conventional reaction simply by not mechanically agitating the reaction

and carrying it out at an elevated temperature (Figure 2.6) [52]. It was shown that

(a) (b) (c)

Figure 2.5 Schematic diagram illustrating the formation of PANI agglomerates during con-
ventional chemical synthesis [the oxidant (open circles), aniline (solid circles)]. (Reprinted with
permission from Angewandte Chemie Int. Ed., Nanofiber formation in the chemical polymer-
ization of aniline: A mechanistic study by J. Huang and R. B. Kaner, 43, 5817–5821. Copyright
(2004) Wiley-VCH)
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mechanical agitation, usually a common method for disrupting aggregates, unexpectedly

triggered aggregation of PANI during the course of the synthesis. The study of the effect of

the reaction temperature on the size of the resulting PANI-NFs has shown that nanofibers

obtained in the absence of stirring at low temperatures (0 �C) have rough surfaces and are

accompanied by granular particulates. In contrast, there are almost no granular particulates

in product prepared at elevated temperatures (60 �C) [52].

The behavior of nucleation of PANI nanoparticles plays a crucial role in the aggregation

of the resulting particulates. It was revealed that nanofibers, characterized by smooth

surfaces and fairly uniform sizes, were exclusively formed at the initial stage of conven-

tional polymerization as a result of homogeneous nucleation [52]. As the polymerization

proceeds under shear, granular nanoparticulates gradually grow on these nanofibers

(heterogeneous nucleation), leading to the formation of coral-like aggregates. The obser-

vation that a considerable amount of granular nanoparticulates appear in product prepared

with stirring suggested that stirring favors heterogeneous nucleation. It has been suggested

that the molecules to be nucleated will form transient nanoscale ordered regions or

embryos prior to nucleation. Stirring could destroy these transient ordered regions or

dilute local concentrations of PANI molecules, thereby decreasing the probability of

homogeneous nucleation. It has been noticed that the PANI chains in nanofibers have

more extended conformation in comparison with granular PANI. Mechanical shear is

likely able to make the PANI chains in the solution more coiled, hindering homogeneous

nucleation. On the other hand, mechanical shear could enhance collisions between

embryonic nuclei and the preformed particles or the reactor surfaces, which may decrease

the activation energy of heterogeneous nucleation and thereby facilitate this mode of

nucleation. In addition, mechanical agitation also enhances mass transfer in the reaction

solution and makes newly formed PANI molecules diffuse toward preformed particles

faster, leading to greater probability of heterogeneous nucleation. The observation of the

nucleation behavior of PANI under shear enabled Li and Kaner [52] to propose a new

aggregation mechanism for PANI particles. At the initial stage, as PANI-NFs form in

solution via homogeneous nucleation (Figure 2.7) they will be forced to collide with each

Figure 2.6 SEM images of PANI synthesized by reacting aniline in 1.0 M HCl with APS in
1.0 M HCl at 25 �C. (A) The APS solution was added dropwise into the stirred aniline solution.
(B) The APS solution was added dropwise into the aniline solution without stirring. (Reprinted
with permission from the Journal of the American Chemical Society, Shape and Aggregation
Control of nanoparticles: Not shaken, not stirred by D. Li and R. B. Kaner, 128, 968–975.
Copyright (2006) American Chemical Society)
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other due to mechanical shear and Brownian motion. Under shear, heterogeneous nuclea-

tion occurs on the surfaces of these particles, including the contact points of the preformed

particles. The nuclei at the collision points will function like a nanoscale glue to link the

particles together, causing aggregation of the preformed particles. Subsequent growth of

the nuclei and the formation of new heteronuclei on their surfaces will further solidify the

aggregation. In contrast, in the absence of stirring, heterogeneous nucleation is suppressed

and the nanofibers are produced continuously and therefore well dispersed.

Aqueous/Organic Interfacial Polymerization: The polymerization is performed in an

immiscible organic (carbon tetrachloride, benzene, toluene, or carbon disulfide)/aqueous

biphasic system to separate the byproducts (inorganic salts, oligomers, etc.) according to

their solubility in the organic and aqueous phases [133]. The PANI-NFs have lengths

extending from 500 nm to several micrometers. The average diameter of the nanofibers can

be tuned by the type of acid, e.g. from 30 nm using HCl to 120 nm using HClO4 (Figure 2.8)

[131]. Gram-scale products can be synthesized that contain almost exclusively nanofibers

(>95%), which tend to agglomerate into interconnected nanofiber networks rather than

bundles. The synthesis is easily scalable and reproducible. It has been demonstrated

no stirring

III I II

stirring

Figure 2.7 Schematic illustration of the formation and aggregation of PANI particles. The
green fibers and purple dots represent PANI particles that result from homogeneous and
heterogeneous nucleation, respectively. (Reprinted with permission from the Journal of the
American Chemical Society, Shape and Aggregation Control of nanoparticles: Not shaken, not
stirred by D. Li and R. B. Kaner, 128, 968–975. Copyright (2006) American Chemical Society)

Figure 2.8 Snapshots showing interfacial polymerization of aniline in a water/chloroform
system. From (a) to (e), the reaction times are 0, 1.5, 2.5, 4, and 10 min, respectively. The top
layer is an aqueous solution of 1.0 M HClO4 and APS; the bottom layer is aniline dissolved in
chloroform. (Reprinted with permission from Journal of the American Chemical Society,
A General Chemical Route to Polyaniline Nanofibers by J. Huang and R. B. Kaner, 126, 3,
851–855. Copyright (2004) American Chemical Society)

Polyaniline Nanostructures 29



[131,134] that the interfacial polymerization method is a very general route to create

PANI-NFs. The shape and size of the nanofibers does not appear to be affected by the

solvent. Therefore, an organic solvent that is heavier than water (methylene chloride, etc.)

is preferred due to safety considerations, since the water layer seals the organic vapor

within the reaction vessel. The syntheses can be accomplished in one pot with a wide

choice of reagent concentrations over a broad range of temperatures. The major disadvan-

tages of interfacial polymerization are low synthetic yields (6–10 wt %) and the waste

stream of organic solvents that must be treated.

It was observed that the reaction time significantly affects the morphology of PANI-NFs

[135,136]. A three-phase system (organic solvent/paraffin oil/water) was also used in an

interfacial polymerization [137]. The morphology and the average diameter of PANI-NFs

obtained by interfacial polymerization can be controlled by using surface-active dopants

and/or surfactants in the aqueous phase [138–140]. In the modified interfacial polymeriza-

tion method, aniline dissolved in xylene was directly added into the aqueous solution of the

oxidant with stirring [141]. The polymerization was carried out at the interface formed

between the organic liquid drops and the water. A simple, two-step process for the

synthesis of conducting PANI-NFs bound directly to the surface of an Au substrate,

using an interfacial polymerization technique, has been reported [142]. PANI-NFs were

prepared by an interfacial method in the presence of HCl [135,143–150], HCl and SDS [151],

HClO4 [152–154], CSA [53], poly(styrenesulfonic acid) (PSSA) [155,156], DL-tartaric

acid [157], DBSA [158], p-TSA [159], cerium(IV) oxide nanoparticles [160], and magne-

sium carbonate particles [161]. Long PANI-NFs with lengths of up to tens of microns,

bundled together by single PANI-NFs with diameters of ca. 3–5 nm, were prepared by the

interfacial chemical oxidative copolymerization of aniline dimers 4-ADPA and 2-ADPA

[162]. Ag nanoparticle/PANI-NF and Pt nanoparticle/PANI-NF nanocomposites were

generated by the interfacial oxidative polymerization of aniline with silver methanesulfo-

nate and hexachloroplatinic acid, respectively [149].

The measurement of in situ UV-visible spectra showed the existence of ‘expanded and

partly doped’ macromolecular intermediates in the interfacial polymerization of aniline

[163,164]. It was hypothesized that the expanded macromolecular conformation per-

formed a macromolecular template function in the formation of PANI-NFs. Interfacial

polymerization represents an effective method for suppressing secondary growth of

irregular PANI particles i.e. heterogeneous nucleation [130]. Assuming that the aniline

and the oxidant (APS) are efficiently separated by the boundary between the aqueous and

the organic phase, it was first proposed that the interfacial oxidative polymerization occurs

only at this interface, where all the components needed for polymerization come together.

PANI then forms as nanofibers. Since these newly formed nanofibers are in the doped

emeraldine salt form, they are hydrophilic and can rapidly move away from the interface

and diffuse into the water layer. In this way, as the nanofibers form they are continuously

withdrawn from the reaction front, thus avoiding secondary growth and allowing new

nanofibers to grow at this interface. However, investigation of the effect of stirring on the

interfacial polymerization of aniline has indicated that the interfacial polymerization of

aniline is much more complex process [52]. It was realized that aniline dissolved in an

organic phase can easily migrate into the aqueous acidic phase. Thus, the reaction is

similar to conventional polymerization of aniline, in which an aniline solution is added

dropwise into the oxidant solution. The essential reason for the formation of high-quality
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PANI-NFs with this method is the fact that the reaction is not stirred. It can be concluded

that interfacial polymerization without stirring represents a special case of the not-shaken–

not-stirred method. A recent morphological study of the formation of PANI-NFs has

revealed a crucial influence of the aniline concentration on the morphology of the product

of interfacial polymerization of aniline [165]. It was found that at relatively low concen-

tration of aniline (£0.05 M), pure nanofibers can be isolated at all stages of interfacial

polymerization, indicating that the interface effectively prevents secondary growth of

PANI, while the higher aniline concentration (�0.1 M) enhances the diffusion rate of

aniline from the organic phase into water phase. This leads to a rapid increase in the aniline

concentration in water, and the secondary growth of PANI is inevitable, resulting in a

larger-sized PANI product. It has recently been assumed that in interfacial polymerization

the situation at the interface corresponds roughly to polymerization in an acidity range pH

2.5–4.0, i.e. the polymerization includes the stage of slow accumulation of phenazine

nucleates [166]. The formation of initiation centres for chain growth is reduced and the

phenazine nucleates are able to self-assemble into columns or stacks, representing supra-

molecular aggregates formed in situ, which govern further PANI-NF growth.

Rapid-Mixing Method: This method is based on the idea of the consumption of all the

reactants during the primary growth of PANI-NFs. The secondary growth will be greatly

suppressed since no reactants will be available for further reaction. To achieve this goal,

the acidified oxidant (APS) solution is added into the acidic aqueous solution of aniline all

at once [130,134], rather than slowly feeding it in by titration or syringe-pumping.

Sufficient mixing should be achieved (magnetic stirrer or shaker) to evenly distribute

the oxidant and aniline molecules before polymerization. Fast-mixing reactions carried

out at different temperatures (8 �C, 20 �C, 100 �C) all yielded high-quality nanofibers

(Figure 2.9). Rapid-mixing reactions in less polar solvents have produced less perfect

Figure 2.9 SEM images showing the morphology of PANI synthesized from (a) a rapidly mixed
reaction and (b) a slowly mixed reaction. High-quality nanofibers are obtained in the rapidly
mixed reaction, while irregular agglomerates form in the slowly mixed reactions. (Reprinted
with permission from Angewandte Chemie Int. Ed., Nanofiber formation in the chemical
polymerization of aniline: A mechanistic study by J. Huang and R. B. Kaner, 43, 5817–5821.
Copyright (2004) Wiley-VCH)
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nanofibers, due to the decrease of the affinity of the hydrophylic PANI emeraldine salt for

the solvent, indicating that water is the best solvent for the synthesis of nanofibers. PANI-

NFs were successfully prepared by simply introducing an initiator into a rapidly mixed

reaction between aniline and oxidant [167]. Recent morphological studies on the

formation of PANI-NFs films [168] and powders [165] have revealed a crucial influence

of the aniline concentration on the morphology of the product of the rapid-mixing

polymerization of aniline. At lower concentration of aniline (0.005 M) pure nanofibers

were isolated at all stages of rapid-mixing polymerization, while at higher aniline con-

centration (0.05 M) the diameters of the nanofibers increased with increasing reaction

time, and the fiber surfaces became coarser, indicating the growth of PANI-NFs [165]. At

the end, mixtures of large-sized irregular PANI particles and agglomerates of PANI-NFs

with larger diameters were obtained. A morphological study of a rapid-mixing polymer-

ization with an aniline concentration of 0.5 M showed that, though the initially formed

products were all PANI-NFs, only the final PANI products prepared by using a low

molar ratio of APS/aniline (0.25–0.50) and low temperature (0 �C) were nanofibers

[169]. Two-dimensional network structures of PANI-NFs on solid substrates coated with

Au nanoparticles and modified with 4-aminothiophenol were recently obtained by rapid

mixing of aniline and APS solutions [170].

Dilute Polymerization: PANI-NFs have been successfully synthesized by chemical

oxidative polymerization of aniline at a substantially lower concentration of aniline

(£0.01 M) [171–173], compared with that used to synthesize granular PANI powders

(0.1–0.4 M) [1]. It was demonstrated that different dopant acids produced PANI-NFs

with similar length ranges up to several micrometers, and similar morphologies – nano-

fiber structures of interconnected networks. The diameters of the PANI-NFs were tunable

by the appropriate selection of dopant acids. During dilute polymerization, aligned PANI-

NFs were simultaneously formed on the available substrates present in the reaction

mixture [174]. It was revealed that a decrease in the concentration of aniline/APS leads

to the formation of less branched PANI-NFs with larger diameters [132]. A ‘stirring effect’

for dilute polymerization was observed. For the same synthetic conditions, stirred solu-

tions yielded shorter nanofibers with smaller diameters. Nonfibrous particulates were

found in all nanofibrillar PANI samples. The quantities of particulates increased with

the concentration of aniline/APS. It was proved that the morphology of PANI-NFs was

strongly dependent on the concentrations of both monomer and oxidant. The combination

of the dilute polymerization method with soft-template methods is also known. Thus,

PANI-NFs were synthesized by surfactant-assisted chemical oxidative polymerization of

aniline in dilute aqueous organic acids [41,175]. High-yield synthesis (85%) of conducting

PANI-NFs by the slow addition of an acidic (HCl) aqueous solution of aniline to a

vigorously stirred acidic (HCl, CSA, HClO4, H2SO4 and PA120) aqueous solution of

APS (pseudo highly dilute conditions) has recently been developed [176].

Large, colorless aggregates were observed by static and dynamic light-scattering mea-

surements during the induction period of an oxidative polymerization of aniline with APS

in dilute acidic aqueous solutions [177]. These aggregates are believed to be dianilinium

peroxydisulfate ion clusters whose shape (rod-like) plays an important role in the initial

formation of PANI-NFs. The formation of the interconnected, branched nanofiber net-

works by dilute polymerization was explained as follows [171]. Competition between a
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directional nanofiber growth process and formation of additional nucleation centers takes

place in the case of high aniline concentrations in solution. Once a high density of

nucleation centers is generated, the interfacial energy between the reaction solution and

nanofibers may be minimized, and hence rapid precipitation occurs in a disordered

manner, yielding irregular shapes. In a dilute solution, the number of nucleation sites

formed on the surface of the nanofibers may be reduced, thus allowing PANI to grow only

as a 1-D nanostructure. In general, molecules of aniline and oxidants are depleted in the

vicinity of initially formed nanofibers in the initial stage of polymerization (Figure 2.10).

It has been proposed that PANI-NFs are able to continuously grow and elongate in one

direction because their ends extend to the less depleted regions (Figure 2.10) [132]. The

formation of PANI-NFs by dilute polymerization has also been explained on the basis of the

proposed organization of the phenazine nucleates into stacks or cylindrical structures [166].

It was proposed that short and structurally uniform oligomers, i.e. phenazine-containing

aniline trimers, are produced under acidic conditions. The growth rate of short oligomers to

higher oligomers is low due to the low concentration of aniline. Because of that, during the

extended induction period, nucleates self-assemble into columns or stacks, which represent

templates formed in situ for further PANI-NF growth during the single exothermic phase.

Photo-Assisted Synthesis: Thin films of PANI-NFs have been synthesized using UV

irradiation of aqueous solutions of aniline, nitric acid (HNO3), and APS [178]. UV-

irradiation was used in the one-step fabrication of a PANI-NF vapor sensor [179]. The

synthesis of PANI-NFs under UV light illumination at lower temperatures has also been

reported [180]. The acceleration effect of photo-assistance on the polymerization can

promote homogeneous nucleation and elongation of the nanofibers, leading to easy

preparation of PANI-NFs with tuneable diameters. Chiral PANI-NFs were easily prepared

with low aniline concentrations, at higher CSA concentrations, at room temperature,

without stirring, and with UV-light illumination [181]. Well-confined uniform PANI-

NFs were synthesized by using photo-assisted chemical oxidative polymerization of ani-

line in the presence of different dopant acids [182].

Radiolythic Synthesis: PANI-NFs can be produced by irradiating aqueous solutions of

aniline, APS, and HCl with g-rays [183]. This template-free radiolytic synthesis of PANI-

NFs can be carried out completely in an aqueous phase. The synthesized PANI is virtually

Initially formed nanofiber

Depleted region

Less depleted region

Figure 2.10 Schematic representation of the growth and elongation of an initially formed
nanofiber in a dilute solution. (Reprinted with permission from Synthetic Metals, A Simple
Approach to Control the Growth of Polyaniline Nanofibers by N.-R. Chiou and A. J. Epstein,
153, 69–72. Copyright (2005) Elsevier Ltd)
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entirely nanostructured, with the presence of less than 5% of globular PANI structures.

Composite materials consisting of PANI-NFs decorated with noble-metal (Ag or Au)

nanoparticles have also been synthesized with g-radiolysis [184,185]. The mechanism of

formation of the PANI-NFs appears to be related to the formation, during irradiation,

of hollow spheres, which coalesce in a way reminiscent of diffusion-limited colloidal

aggregation [183].

Sonochemical Synthesis: Ultrasonic irradiation has been applied to the synthesis of

PANI-NFs in a conventional oxidant dropwise addition [186–188]. An ultrasonic

irradiation-assisted polymerization method was used to prepare PANI-NFs by using high

concentrations of mineral or organic acid [189]. The diameter of nanofibers ranged from

about 50 nm using HNO3, to more than 110 nm with HClO4 as the dopant. The sonochemical

method was combined with the not-shaken–not-stirred method and surfactant-assisted synth-

esis [99]. PANI-NFs were successfully prepared sonochemically with H2O2 as the oxidant

[190]. A single-step sonochemical procedure to synthesize hybrid vanadium(V) oxide

(V2O5)/PANI-NFs, starting from crystalline V2O5 and aniline in aqueous medium, was

presented [191]. The graphite nanosheets/PANI nanorods composites were fabricated via

ultrasonic polymerization of aniline in the presence of graphite nanosheets [192]. PANI-NFs

were chemically prepared through ultrasonic irradiated polymerization with varying ultra-

sonic power, frequency, and reaction temperature. It was found that PANI-NFs with smoother

surfaces and uniform diameters could be achieved by increasing the ultrasonic power or the

reaction temperature in the studied ranges; a higher reaction temperature was also beneficial

for producing PANI-NFs with larger aspect ratios [193].

Solid-State Mechanochemical Synthesis: Facile template-free solid-state mechano-

chemical synthesis of highly branched PANI-NFs with coralloid tree-like superstructure,

via the oxidative polymerization of aniline hydrochloride with FeCl3�6H2O, has been

demonstrated [194]. The synthetic yield (�8%) was comparable to that of the solution

interfacial polymerization method. Solid-phase mechanochemical synthesis of branched

PANI-NFs was also achieved by using anhydrous FeCl3 as the oxidant [195].

Dopant-Free Template-Free Method: The oxidative polymerization of aniline with

APS, starting in an alkaline aqueous solution and finishing at pH< 2 due to the formation

of H2SO4 as the by-product, was the first example of dopant-free template-free synthesis of

PANI-NFs (nanorods) [196]. The influence of the initial alkali concentration and reaction

temperature on the morphology of PANI-NFs, prepared by alkali-guided synthesis, has

been studied [197]. A simple way to quantitatively prepare well-controlled PANI-NFs by

changing the redox potential of the oxidants in the oxidative polymerization of aniline, in

water without added acid, has recently been revealed [198]. It has been observed that the

diameter of the nanofibers (d) significantly decreases with decreasing redox potential of

the oxidants (Eox). An experimental formula has been established:

log d¼ 0:69þ 0:71 Eox (2:1)

According to this formula, for a given oxidant the resultant nanofiber diameter can be

predicted. The dopant-free template-free method not only provides a quantitative way of

controlling the diameter of the PANI-NFs, but also simplifies the reagents. PANI-NFs

were successfully prepared by using the dopant-free template-free method through the
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oxidation of aniline with APS, cerium(IV) sulfate, FeCl3, ferric sulfate, cupric chloride,

and H2O2 (Figure 2.11). Chiou et al. have reported a successful synthesis of a highly

uniform, relatively long PANI-NFs via a self-assembly process assisted by the presence of

excess oxidant (APS), without the use of any acid in the initial step [199]. When the

oxidative polymerization of aniline was carried out with APS in dilute aniline aqueous

solution (�10�2 M) in the absence of any doping acid, a micromat of PANI-NFs with

hierarchical structure was obtained [200]. 3-D rose-like microstructures of PANI, which

are self-assembled from 2-D nanosheets consisting of 1-D nanofibers, were synthesized by

the dopant-free template-free method in the presence of APS as both oxidant and dopant

under a high relative humidity of 80% [201]. A chemical one-step method, which repre-

sents a modified dopant-free template-free method, has been proposed to prepare electro-

magnetic functional composite PANI/Fe3O4 nanofibers, with a diameter of 20 nm, which

show high conductivity and super-paramagnetic properties [202]. In this approach FeCl3
acts as the oxidant and dopant in synthesis of PANI, as well as the precursor for the

synthesis of Fe3O4.

Hydrophobic Surface Method: Manohar’s group proved that the nature of available

surfaces, such as the walls of the reaction vessel, magnetic stir bar, etc., play an important

role in PANI-NF formation [203]. Since rod-like aggregates, formed in systems that

Figure 2.11 SEM images of the PANI-NFs prepared by using the dopant-free template-free
method in the presence of different oxidants: (A) APS/aniline¼ 1, the average outer diameter d
is ca. 130 nm; (B) H2O2/aniline¼ 10, d � 85 nm; (C) cerium(IV) sulfate/aniline¼ 2, d� 45 nm;
(D) FeCl3/aniline¼ 3, d� 18 nm; (E) ferric sulfate/aniline¼ 4, d� 13 nm; (F) cupric chloride/
aniline¼ 6, d� 12 nm. Synthesis conditions: aniline¼ 0.1 M, reaction temperature: 0–5 �C;
reaction time: 15 h. (Reprinted with permission from Advanced Materials, Controlling the
diameter of polyaniline nanofibers by adjusting the oxidant redox potential by H. Ding,
M. Wan and Y. Wei, 153, 69–72. Copyright (2007) Wiley-VCH)
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yielded PANI-NFs [177] would be highly hydrophobic, it was suspected that the presence

of hydrophobic surfaces can promote the formation of PANI-NFs. Therefore a conven-

tional PANI synthesis was carried out in a glass vessel containing a rolled-up hydrophobic

sheet of poly(ethylene terephthalate) (PET) [203]. It was observed that the reaction rate

increased significantly, and the morphology changed dramatically, from granules, which

were formed without the presence of PET sheet, to entirely PANI-NFs. The reaction was

initiated on the PET surface, as evidenced by the dark blue color of in situ-deposited

pernigraniline film that was much thicker than corresponding films on a glass surface.

Miscellaneous Template-Free Methods: Self-assembled PANI-NFs have been prepared

by the oxidative polymerization of aniline with APS in an acidic aqueous solution in the

presence of HCl [172,204–206], HCl and ethanol [207], HCl and colloidal Au particles

[208], H2SO4 [204], o-phosphoric acid (H3PO4) [204], H3PO4 and Fe3O4 nanospheres

[209], HNO3 [210], tetrafluoroboric acid [204], HClO4 [59], selenious acid [211], hydro-

philic organic acids, e.g., oxalic acid [112], citric acid [112], tartaric acid [112], and

5-sulfosalicylic acid [212], PEG [213], molybdic acid [214], and gadolinium chloride

[215]. Rod-like nanostructures, as well as nano/microspheres with rod-like nanostructures

pointing out to the sphere surface, have recently been prepared by the oxidation of aniline

with APS in citrate/phosphate buffer (pH¼ 3) [216,217]. Since the oxidation was per-

formed under slightly acidic conditions (pH>2), known to be favorable for aniline

oligomerization rather than polymerization, this interesting nanostructured material

could be referred as oligoaniline rather than PANI. Besides the most frequently used

APS as the oxidant in the preparation of PANI-NFs, facile template-free syntheses of

PANI-NFs in an acidic aqueous solution using chloroauric acid [218], FeCl3
[92,205,206,219,220], vanadic acid [221], V2O5 [222], H2O2 [223,224] and silver

nitrate [225] (Figure 2.12) as the oxidants, have also been reported. Self-assembled

Figure 2.12 SEM (left) and TEM (right) of PANI-NFs–Ag composite; 0.2 M aniline was oxi-
dized with 0.5 silver nitrate in 0.4 M HNO3. (Reprinted with permission from Polymer, The
oxidation of aniline with silver nitrate to polyaniline-silver composites by N. V. Blinova,
J. Stejskal, M. Trchova et al., 50, 1, 50–56. Copyright (2009) Elsevier)
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PANI-NFs with long lengths were prepared by co-use of APS and sodium hypochlorite

[226]. PANI-NFs synthesized by using both potassium biiodate and sodium hypochlorite

as oxidants showed high electrical conductivity greater than 100 S cm�1 [227]. When

p-phenylenediamine was used as an additive for the chemical polymerization of aniline, an

increased polymerization rate resulted in improvements to the nanofibers formed [63].

It has been shown that the addition of phenol assisted the deaggregation of PANI chains

during the template-free growth of PANI-NFs [228]. High-molecular-weight PANI,

synthesized by combining a neutral salt technique with MacDiarmid’s method, showed a

mass of honeycombed clews, which are tenuous, interconnected PANI fibrillar networks

with characteristic cross-sectional fibril dimensions of a few tens of nanometers [229].

HCl-doped PANI-NFs were chemically prepared by adding inorganic salts (e.g. lithium

chloride, sodium chloride, magnesium chloride, and aluminium chloride) as the additives

via a self-assembly process, and aggregated to form chrysanthemum flower-like micro-

structures [230]. A simple method based on chemical polymerization under centrifugal

forces was used to achieve synthesis of large particles of PANI-NFs [231]. Thin PANI-NFs

of 20 nm diameter connecting the submicrometre PANI particles were observed when the

template-free polymerization took place in ice, in the presence of both strong (H2SO4) and

weak acids (acetic acid) [232]. Self-doped PANI-NFs have been prepared by chemical

polymerization of m-anilineboronic acid in 1-propanol [233]. A template-free approach to

synthesize aligned PANI-NF arrays with individual fiber diameters of�100 nm, lengths of

�600 nm and a packing density of �40 pieces mm�2 on a passivated Au substrate via a

facile wet chemical process has been reported [234]. The Au surface was first modified

using 4-aminothiophenol, followed by the oxidation of aniline with APS in an aqueous

medium in the presence of tartaric acid.

2.2.1.3 Electrochemical Oxidative Polymerization of Aniline

Electrosynthesis provides an effective and convenient approach to the production of

PANI-NFs and other nanostructures [235]. The resulting nanostructures are usually

oriented on the electrode surfaces and their properties are easily controlled.

Electrochemical Template Methods

An AAO template-based electrochemical process [236] has been adopted to fabricate

PANI-NFs by using an AAO membrane [237], a composite AAO/Au electrode attached to

a stainless steel [238] or a Pt sheet [48,239], or an AAO template on a Ti/Si substrate [240],

as the working electrode. It was shown that the morphologies of PANI-NFs synthesized

electrochemically in AAO membranes were better than those synthesized in PC track-

etched membranes [48]. The morphology of PANI-NFs grown electrochemically in AAO

templates was found to be strongly influenced by the supporting electrolyte concentration,

the potential of the electropolymerization, the growth time, and the monomer concentra-

tion [241]. Increasing the H2SO4 concentration during growth induces a transition from

solid nanofibers with tubular ends to open nanofibers. Current transient data for nanofiber

growth were interpreted quantitatively in terms of instantaneous and progressive nuclea-

tion and growth models, and this analysis was consistent with the observed concentration

and potential dependence of nanofiber vs. nanotube growth. It was emphasized that

anodization and electropolymerization can occur at the same time in a single
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electrochemical process [242]. PANI-NF–Au core-shell nanostructures have been fabri-

cated electrochemically within AAO membranes [243]. A galvanostatic method to control

both the nucleation and growth of highly porous PANI nanofiber films, using porous

poly(styrene-block-2-vinylpyridine) (PS-b-PVP) diblock copolymer films as templates,

was also reported (Figure 2.13) [244]. Highly dense arrays of ordered and aligned PANI-

NFs on indium tin oxide (ITO) substrate, found to exhibit excellent electrochemical

capacitance of 3407 F g�1, have been fabricated using supramolecular assemblies of

block copolymer as scaffold material [245].

It was found that 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin [246] and

Co-porphyrin [247], which are known to aggregate in a one-dimensional direction in

water, acted as soft templates for electrochemical polymerization of aniline to PANI-

NFs on ITO and glassy carbon electrodes, respectively. A technique for the patterning of

conducting PANI-NFs on metallic (Au, Pt) substrates was also reported [248,249].

Electrochemical template-free synthesis of PANI-NFs was initially preceded by the

formation of a thin compact 2-D layer, which had been spread horizontally from the

edge of an Au electrode across a silica float-glass surface. This encumbered nanofiber

patterning during the fabrication of nanofiber devices, since it led to electrical short-

circuiting of the metal contacts before the nanofibers had fully developed. The use of

amine-terminated self-assembled monolayers, 3-aminopropyltriethoxysilane, to inhibit

the spread of PANI-NFs growth onto adjacent silica float-glass surfaces was also

demonstrated.

The electropolymerization of aniline on both DNA monolayer and single poly(dG)–

poly(dC) DNA molecules, leading to the PANI-NFs, was reported [250]. The synthesis

includes the formation of an electrostatic complex between the negatively charged DNA

and positively charged anilinium ions, followed by electrochemical oxidation and poly-

merization of the anilinium ions on the DNA template. The polymerization was carried out

on a flame-annealed Au substrate modified with a positively charged self-assembled

4-aminothiophenol monolayer.

Micelle cores

Acetic acid

Cavitated pores

Au (b)

Polymerization of PANI

Nucleation sites

Au (c)

Overgrowth and
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Highly porous PANI film
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Figure 2.13 Schematic illustration of the process of fabricating a porous PANI-NF film by a
galvanostatic method using porous poly(styrene-block-2-vinylpyridine) diblock copolymer
films as templates. (Reprinted with permission from Langmuir, One-Step Route to the
Fabrication of Highly Porous Polyaniline Nanofiber Films by Using PS-b-PVP Diblock
Copolymers as Templates by X. Li, S. Tian, Y. Ping et al., 21, 21, 9393–9397. Copyright
(2005) American Chemical Society)
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Electrochemical Template-Free Methods

Voltammetric Methods: PANI-NFs of interconnected network-like structures have been

prepared by electrochemical oxidation of aniline in an aqueous ethanol solution of HCl

[251] and an aqueous solution of potassium nitrate/ HNO3 at pH¼ 0 [252], using the cyclic

voltammetry method. PANI-NFs with different sizes were synthesized by using cyclic-

voltammetry at different potential scan rates, in the presence of ferrocenesulfonic acid

[253,254] and CSA [255]. The potential scan rate controls the formation and growth of

PANI nuclei, which plays a key role in controlling nanofiber sizes. PANI-NFs were also

fabricated by a combined potentiodynamic electrodeposition and mechanical break junc-

tion method [256], and potentiodynamic electropolymerization from surfactant sodium

bis(2-ethylhexyl) sulfosuccinate reverse hexagonal liquid crystalline phase [257]. PANI

deposited by potentiodynamic technique on porous carbon substrate was found to possess a

network morphology of nanofibers, and superior capacitance properties [258].

Potentiodynamic electrochemical synthesis was used to controllably synthesize PANI-

NFs with a mean diameter of 48 nm on Au electrodes [259]. Hybrid films of PANI and

manganese oxide with an open nanofibrous structure, for electrochemical supercapacitors,

were obtained through potentiodynamic deposition from solutions of aniline and

manganese(II) sulfate at pH 5.6 [12]. g-Manganese(IV) oxide (g-MnO2) nanoparticle-

coated PANI-NFs on carbon electrodes were prepared by potentiodynamic deposition

of PANI and MnO2 from a single pot [260]. A standard pulse voltammetric method

was used to synthesize PANI-NFs in HCl solution on a Pt electrode [261].

Self-doped PANI-NFs were deposited on Pt electrodes by a reverse pulse voltammetric

method [262].

Potentiostatic Methods: A potentiostatic method has been used to synthesize PANI-NFs

deposited on stainless steel electrodes [263–265] and in an acidic aqueous solution

containing methanol [266]. High-quality nanofibrous PANI film was synthesized on Ti

electrodes from an aqueous solution of aniline and HNO3 by a pulse potentiostatic method

[267]. PANI-NFs were also prepared by a template-free constant potential method on a

stainless steel electrode [268]. Both the hydrophilicity and the lipophilicity of the modified

stainless steel surface were enhanced by the nanostructured PANI, and a super-amphiphi-

lic surface was obtained in this way.

Galvanostatic Methods: Conducting PANI-NFs have been grown galvanostatically on

Au electrodes modified with self-assembled monolayers of well-separated thiolated

cyclodextrins in an alkanethiol ‘forest’ [269]. Thiolated aniline monomer was anchored

to the surface within the cyclodextrin cavity and formed an initiation point for PANI-NF

growth. Large-scale oriented PANI-NFs have been synthesized by one-step galvanostatic

deposition on an Al electrode in the presence of oxalic acid [270]. The use of template-free

electrochemical polymerization at low and constant current levels to fabricate individual

PANI-NFs of controlled dimension and high aspect ratio between Au electrodes [271], or

PANI-NF–electrode junctions, in which a number of PANI-NFs of uniform diameter

intertwine to form nanoframeworks between Pt electrodes [272,273], has been described.

PANI-NFs with interconnected network-like structures have also been electrochemically

prepared on stainless steel substrates by galvanostatic electrolysis [274]. PANI and gels

(mixtures of oligomer, dopant, and aniline) have been formed simultaneously during
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electrochemical deposition. The gels play an important role in the formation of PANI-NFs.

The PANI formed in the early stage of polymerization was subject to secondary growth

along one dimension, since the nucleation sites were suppressed by the wrapped gels. The

film of PANI-NFs was deposited onto the surface of a stainless steel electrode through

galvanostatic polymerization of aniline, undoped [275,276] or doped with PSSA by a

sequential doping–dedoping–redoping process [277], resulting in a PANI-NF or PANI-NF/

PSSA spatial matrix, respectively, and utilized for the fabrication of Pt particle-loaded

catalyst electrode for the oxidation of methanol. PANI-NF/carbon black nanocomposites

have been prepared by the galvanostatic oxidative polymerization of aniline in the

presence of HClO4 and carbon black [278]. Thin films of the interconnected network of

PANI-NFs have been fabricated galvanostatically from an aqueous solution of the mono-

mer encompassing the ionic liquid, 1-ethyl-3-methylimidazolium bromide [279]. It was

demonstrated that PANI–Ag nanocomposite prepared by chronopotentiometry in water-

in-ionic liquid microemulsion was nanofibrous with homogeneously dispersed Ag nano-

particles (�5 nm diameter) [280].

Miscellaneous Electrochemical Methods

Fully sulfonated PANI-NFs have been synthesized by electrochemical polymerization of

orthanilic acid using a three-step electrochemical deposition procedure in a mixed solvent

of acetonitrile and water [281]. The uniform oriented PANI-NFs were prepared through

controlled nucleation and growth during a stepwise electrochemical deposition process in

which a large number of nuclei were first deposited on the substrate using a large current

density. After the initial nucleation, the current density was reduced stepwise in order

to grow the oriented nanowires from the nucleation sites created in the first step [282,283].

A stepwise deposition method was employed to create ordered conducting PANI-NFs

with remarkably enhanced capacitance compared with those prepared by a one-step

deposition method [284]. The unsymmetrical square-wave current method, which is

characterized by the combination of an anodic aniline polymerization and a cathodic

metal electrodeposition, was used to produce a nanocomposite film of PANI-NFs and

Ag nanoparticles [285]. A novel template-free process was developed to synthesize the

PANI-NFs using a controlled multipotential method [239]. Self-doped PANI microrings

of PANI-NFs have been successfully generated electrochemically (Figure 2.14) [286]. The

PANI-NFs forming rings had a diameter of 100 nm, and the ring diameter was tunable from

several to dozens of micrometers, depending on used current densities. The bubble

template formation mechanism of the microrings was proposed. PANI-NFs doped with

[60]fullerene have been prepared by an electrochemical method in an aqueous medium at

pH�1 through a copolymerization process of aniline and o-, m-, and p-aminobenzylamine-

C60 derivatives [287–289].

The formation of PANI-NFs during electrochemical polymerization has been attributed

to the combined effect of an electrophilic substitution reaction mainly taking place at

the para position of aniline or its oligomers, and aniline oligomers with 1-D structures

[290]. It was discovered that the PANI film formed on the electrode exhibited a lamellar

structure. Firstly, a thin compact 2-D PANI layer was formed during the initial stage of

electrodeposition. Subsequently, microgranular, nanorod-shaped, and nanofibrillar PANI

layers were formed from bottom to top, respectively.
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2.2.1.4 Miscellaneous Methods

Thin films of PANI oligomers can be gradually converted into thick conductive PANI-NFs

films doped with HCl and HNO3, using a two-pot alternate oxidation of oligoanilines with

APS and reduction of formed pernigraniline-like oligoanilines with aniline [291]. PANI-

NFs have been prepared by the oxidation of aniline with V2O5 in water without added acid,

followed by the reaction of the obtained nanocomposite powder with hexadecylamine in

ethanol solution, and hydrothermal treatment [292,293]. Dissolved granular PANI emer-

aldine base forms a nanofibrous inclusion complex with a-cyclodextrin [294,295], and a

mixture of a-cyclodextrin and a,o-diamino-PEG [296]. Since the conducting PANI-NFs

were fully covered by a-cyclodextrin molecular nanotubes as an insulator, these inclusion

complexes were regarded as insulated molecular wires. Nanofibrous PANI films were

prepared by chemical oxidative polymerization of aniline on Si substrates, which were

surface modified by amino-silane ((CH3O)3—Si—(CH2)3NH(CH2)2—NH2) self-assembled

monolayers [297]. A novel strategy was developed in order to prepare PANI-NFs on

polymer substrates [298,299]. The strategy involved two main steps, i.e. a grafting poly-

merization of acrylic acid onto the surface of a polypropylene film and a subsequent

oxidative polymerization of aniline on the grafted surface. In these structures, the PAA

brushes not only acted as templates, but also as dopants of PANI, and thereby the PANI-

NFs could be strongly bonded with the substrate. An ice-templating method has recently

been developed to prepare PANI microflakes stacked by uniform PANI-NFs with dia-

meters in the range 22–32 nm [300]. A post-synthetic method for producing PANI-NFs of

various doping (oxidation) states, by simultaneous doping and electrodeposition from

electrolyte solutions of granular PANI p-toluenesulfonate, using constant applied voltage

Figure 2.14 SEM image of microrings electrodeposited at current density of 10 mA cm�2 for
45 min in aqueous solutions of 0.05 M aniline hydrochloride and 0.05 M o-ABSA. (Reprinted
with permission from Nanotechnology, Direct electrochemical generation of conducting
polymer micro-rings by J. Song, D. Han, L. Guo and L. Niu, 17, 824–829. Copyright (2006)
Institute of Physics)
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and varying deposition time, was recently presented [301]. The highly oriented conducting

PANI-NFs were formed by an unique hierarchical self-assembly of the complexes of the

emeraldine base form of PANI with a phosphoric acid-terminated PEO (Figure 2.15)

[302]. The Langmuir–Blodgett technique was explored to produce dopant (CSA and

p-TSA)-induced nanostructures, especially nanorods and nanoparticles of the conducting

PANI emeraldine salt on a Si substrate [303]. An easily scalable method for the production

of self-doped PANI-NFs through functionalization of PANI-NFs by post-polymerization

reflux in the presence of a nucleophile has been reported [304]. The extent of carboxylate

side-chain attachment was controlled simply by altering the amount of nucleophile added

during reflux. An efficient method for fabricating PANI-NFs (50–80 nm in diameter and

up to few tens of micrometers in length) at room temperature on a microsecond timescale

was demonstrated by the irradiation of the freestanding PANI film with the pulsed electron

beam (10–200 keV) of a plasma focus device [305]. A nanofibrous PANI thin film was also

fabricated using a plasma-induced polymerization method [306]. Uniform thin films

containing PANI-NFs have recently been fabricated by a flash dry deposition method

[307]. A mixture of PANI nanorods and nanoparticles was prepared by passing aniline

vapor through an aqueous acidic solution of APS [308].

2.2.2 Preparation of Polyaniline Nanotubes

2.2.2.1 Chemical Oxidative Polymerization of Aniline

Hard (Physical) Template Methods

Nanoporous Hard-Template Methods: PANI-NTs have been prepared by the chemical

oxidative polymerization of aniline within the pores of PC nanoporous membranes

Figure 2.15 The highly oriented conducting PANI-NFs formed in the complexes of the PANI
emeraldine base with a phosphoric acid-terminated PEO (from Table of Contents of
Reference 302). (Reprinted with permission from Macromolecules, Highly Oriented
Nanowires from the Hierarchical Self-Assembly in Supramolecular Complex of Polyaniline
with !-Methoxypoly(ethylene oxide) Phosphates by B. Nandan, J.-Y. Hsu, A. Chiba et al., 40, 3,
395–398. Copyright (2007) American Chemical Society)
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[48,309–314]. The PC membrane was used as a dividing wall in a two-compartment cell

containing separated aqueous solutions of aniline and oxidant [309–311]. The aniline and

the oxidant diffuse toward each other through the pores of the PC membrane and react, to

yield the PANI-NTs. At short polymerization times, a thin skin of PANI lines the pore

walls. With increasing polymerization time, the PANI grows in thickness. In the case of the

single-compartment cell [48,312–314] it was found that the PANI is first formed in the

polymerization solution (the solution containing the monomer and oxidant, where the PC

membrane is placed), and then it precipitates within the nanopores of the PC membrane

[312,313]. A highly ordered PANI-NT array was prepared by the oxidative polymerization

of aniline with APS using a nanoporous AAO template [48,315]. An array of PANI-NTs

was synthesized by chemical oxidative polymerization of aniline in the pores of an

alumina membrane, and then an alumina/PANI-NTs membrane was used as a second-

order template for electrodeposition of Fe [316], Co [317], or Ni nanowires [318] within

the PANI-NTs. A route for producing PANI-NTs using inner eggshell membrane and fiber

mats imitating eggshell membrane (electrospun PVA fiber mats), as a template, was

demonstrated [319]. It was found that the pore size of the template played a key role in

the formation of the PANI-NTs. When the pore size of the PVA fiber mats is similar to that

of the inner eggshell membrane, PANI-NTs can be obtained. A facile approach to the

synthesis of conducting PANI-NTs decorated with uniform dispersed Ag nanoparticles,

using an UV-irradiation method and nitrocellulose fiber mats as a suitable template in the

presence of silicotungstic acid, has recently been reported [320]. Silver nitrate was used as

a single oxidant in this work. Compared with other methods, the nitrocellulose fiber mats

template can be easily removed, while the PANI/Ag tubular morphology remains.

Nanostructured Hard-Template Method: The use of sulfonated MWCNTs [MWCNT—

(OSO3H)n] as the template for the formation of PANI-NTs has been reported [321]. PANI-

NTs doped with MWCNT—(OSO3H)n were synthesized by the oxidation of aniline with

APS in an aqueous dispersion of MWCNT—(OSO3H)n, using an initial ratio of aniline/

MWCNT—(OSO3H)n� 2. A MnO2 template-based fabrication technique for PANI-NTs has

also been reported [322]. The templates used were cryptomelane-phase (b and e) MnO2

nanowires, and b-MnO2 nanotubes. These nanostructured templates shaped the PANI-NTs

and also acted as an oxidant in the aniline polymerization. This effect causes the template

to be spontaneously removed after the reaction, because the MnO2 is reduced to soluble

Mn2þ ions, whereas the aniline is oxidatively polymerized. PANI-NTs were successfully

prepared by using thin glass tubes as a single template in the presence of silicotungstic acid

and APS, which were used as dopant and oxidant, respectively [323]. The method

employed here was a simple and effective way to prepare multifunctional PANI-NTs.

The uniform PANI-NTs were prepared successfully by using natural tubular aluminosili-

cates as templates [324]. The halloysite nanotubes were coated with PANI via in situ

chemical oxidative polymerization and the templates were then etched with HCl/hydro-

fluoric acid solution. PANI-NTs were also prepared by dissolution of the PMMA core of

PANI/PMMA nanocables (PANI hydrogen-sulfate-coated PMMA nanofibers) in chloro-

form [37]. The PMMA can also be melted by heating the fibers up to 150 �C. PANI-NTs

with Pd nanoparticles attached onto their inner walls were synthesized via a three-step

nanostructured hard-template method [325]. First, sulfonated electrospun polystyrene

(PS) nanofibers were coated with Pd nanoparticles through in situ reduction of Pd2þ
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ions on the surface of sulfonated PS nanofibers. Afterwards a self-assembly method was

used to coat the composite with a PANI layer. The final product was obtained by dissolu-

tion of the sulfonated PS nanofibers in tetrahydrofuran. Self-assembled peptide (dipheny-

lalanine) nanofibers [326] and electrospun nitrocellulose nanofibers [327] were also used

as a template for the synthesis of PANI-NTs.

Soft (Chemical) Template Methods

Surfactant- and Amphiphilic Acid-Assisted Synthesis: PANI-NTs have been prepared

by the oxidative polymerization of aniline with APS in an aqueous solution in the presence

of SDS [82,328], SDBS [329], a mixture of ionic surfactants (CTAB and SDBS) [204],

polymeric acids [330] e.g. poly(methyl vinyl ether-alt-maleic acid) [331–334]

(Figure 2.16), poly(3-thiopheneacetic acid) [70], PSSA and PAA (Figure 2.16) [333],

Figure 2.16 SEM and TEM images of PANI-NTs obtained from solutions that contained
different polymeric acids: (A) PSSA, (B) PAA and (C) poly (methyl vinyl ether-alt-maleic acid).
The synthesis conditions were 0.1 M aniline, 2 wt% of the polyacid, which were reacted for
16 h at 3 �C. (Reprinted with permission from Current Applied Physics, Polyaniline nanotubes
doped with polymeric acids by L. Zhang, H. Peng, J. Sui et al., 8, 3–4, 312–315. Copyright
(2008) Elsevier Ltd)
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and amphiphilic acids e.g. 4-{n-[4-(4-nitrophenylazo)phenyloxy]propyl}-ABSA (n¼ 2, 3,

4, 6, 8, or 10) [86,87], fullerenol with six —OSO3H groups [C60(OSO3H)6] [335], a

sulfonated dendrimer containing 24 terminal groups of 3,6-disulfonaphthylthiourea

(PAMAM4.0-[naphthyl(SO3H)2]24) [335], a monosulfonated dendron [G3-SO3H] [104],

b-NSA [89,93,336,337], a-NSA [337], 1,5-naphthalenedisulfonic acid [337], azobenze-

nesulfonic acid [88], CSA [338–343], 2-acrylamido-2-methyl-1-propanesulfonic acid

[344], 4-[4-hydroxy-2((Z)-pentadec-8-enyl)phenylazo]-benzenesulfonic acid [99,101],

DBSA [345,346], naphthol blue black [347], salicylic acid [328,348], stearic acid [106],

propionic acid [349], acetic acid [232,350–354], dicarboxylic acids [107], and amino acids

[109,330,355,356]. PANI-NTs were synthesized from different aqueous buffer solutions

of aniline [citric acid/phosphate (pH 3 and pH 4) and HCl/phthalate (pH 3)] in the presence

of the amino acid alanine [357]. The probability of nanotube formation during the

amphiphilic acid-assisted synthesis depended on various factors, such as the aniline

concentration, amphiphilic acid/aniline ratio, oxidant/monomer ratio, reaction tempera-

ture, and reaction time. The PANI-NTs have also been obtained by the oxidative poly-

merization of aniline with APS in a CTAB–lauric acid complex coacervate gel template

[118]. Optically active PANI-NTs have been prepared in the presence of (S)-(–)-2-

pyrrolidone-5-carboxylic acid and (R)-(þ)-2-pyrrolidone-5-carboxylic acid [358], as

well as L-CSA and D-CSA as chiral dopants [359]. Nanotubes of self-doped PANI were

synthesized by the oxidation of aniline with APS in an aqueous solution, in the presence of

5-aminonaphthalene-2-sulfonic acid [360], o-ABSA [121,361,362], m-ABSA [363], and

1-amino-2-naphthol-4-sulfonic acid, which were incorporated into PANI chains [364].

Nanocomposites containing PANI-NTs accompanied with PANI-NFs, and Fe3O4 nano-

particles [365,366], titanium dioxide (TiO2) nanoparticles [367,368], a mixture of TiO2

nanoparticles and Fe3O4 microparticles [369,370], a mixture of TiO2 nanoparticles with

SWCNTs or MWCNTs [371], and Au nanoparticles [208] were synthesized by amphi-

philic acid (b-NSA, CSA, hexanoic acid)-assisted synthesis. Stearic acid-assisted prepara-

tion of PANI-NTs/clay nanocomposite has recently been reported [372].

The mechanism of formation of PANI-NTs in the presence of amphiphilic acids is still

open to discussion. The formation of PANI-NTs in the presence of amphiphilic acids has

been found to be highly susceptible to the initial acid/aniline ratio (the initial pH). PANI-

NTs are formed only for selected compositions with an aniline surplus, i.e. where there was

a mixture of nonprotonated aniline and its salt in aqueous solution (slightly alkaline,

neutral, or slightly acidic conditions) at the beginning of polymerization. When acid is

in substantial surplus (highly acidic reaction solutions) PANI-NTs are not formed.

Cylindrical micelles of aniline salts with amphiphilic acids have been tentatively proposed

by Wan’s group to govern the formation of PANI-NTs and other nanostructures [89],

which is why the surfactant- and amphiphilic acid-assisted synthesis is frequently referred

to as the micelle soft-template method. It is supposed that the core of micelle is made up of

hydrophobic bulky groups of amphiphilic acids, while the shell of micelle is made up of the

anions (sulfonate, carboxylate) of amphiphilic acids and anilinium cations. The nonpro-

tonated aniline diffuses into micelles forming aniline-filled micelles. The initial concen-

tration of nonprotonated aniline and the initial pH value, i.e. the initial [amphiphilic acid]/

[aniline] ratio, will influence the initial size of micelles. DLS results have shown that the

average diameters of the initially formed micelles, as well as the average diameters of the

finally formed PANI-NTs decreases with decreasing initial [amphiphilic acid]/[aniline]
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ratio. When oxidant (APS) diffuses into the aniline-filled micelles, polymerization of

nonprotonated aniline molecules will occur in the micelles. It has been proposed that the

anilinium cations on the surface of the micelles can also be oxidized. As the polymeriza-

tion proceeds, the micelles can form large spheres through accretion or tubes/fibers

through elongation, depending on the local reaction conditions. It was assumed that if

the polymerization reaction on the surface of the micelles dominates, nanotubes will be

obtained; otherwise, nanofibers are formed. It was concluded that the polymerization

process on the surface of the micelles combined with the elongation process dominates

in the case of PANI-NT synthesis. As additional indirect evidence that micelles govern the

formation of PANI-NTs by the oxidative polymerization of aniline in the presence of

amphiphilic acids, it was noticed that the diameter of PANI-NTs depends on the ionic

strength of reaction solution and the polarity of the solvent, parameters known to have

significant influence on micelle size. Xia et al. [347] have also tentatively proposed

cylindrical micelles of aniline salts with amphiphilic acids as the structure-directing

supramolecular aggregates which govern the growth of PANI-NTs. It should be noted

that, contrary to this micellar mechanistic approach, it was found that a surfactant function

of the dopant is not a prerequisite for the formation of PANI-NTs [204]. It was proved that

the addition of the surfactant and its concentration only affected the size of PANI-NTs.

Stejskal’s group criticized the concept of micellar templates and pointed out that the

existence of cylindrical template micelles had been assumed, but their presence had never

been proven [350]. In addition, the observed inner diameter of the PANI-NTs is much

larger than the diameter of the potential micelles produced by aniline salts, unless they

were considerably swollen with aniline base. It was recognized that the morphology of

PANI, granular or tubular, depends on the acidity profile of the reaction rather than on the

chemical nature of the acid (Figure 2.17). It was proposed that, during the course of aniline

oxidation, pH-dependent self-assembly of aniline oligomers rather than that of aniline

monomers, predetermined the final PANI morphology. A study of the synthesis of PANI-

NTs in the presence of acetic acid [350,351] clearly showed that the oxidative polymer-

ization process has two distinct exothermic phases (separated by an athermal period): (1)

the oxidation of the neutral aniline molecules and the initially produced low-molecular-

weight aniline oligomers at low acidity, pH> 4; followed by (2) the oxidation of the

anilinium cations after the acidity becomes higher, pH< 2. The two phases of oxidation

give different products, oligoanilines (some of them as rod-like crystals) with a molecular

weight of several thousands and the mixed ortho and para coupling of aniline molecules,

and PANI-NTs, respectively. The 2–3 wt% content of sulfur in deprotonated samples

suggests that the oxidation products are partly sulfonated/sulfated. The oxidation of ortho

coupled anilines combined with intramolecular cyclization produces phenazine units, as

indicated by FTIR spectra. It was proposed that the nanosized oligoaniline crystallites

serve as starting templates for the nucleation of PANI-NTs. Further growth of nanotubes

proceeds by the self-organization of the phenazine units or their blocks located at the ends

of the PANI chains. It has recently been assumed that during the athermal phase (pH 2.5–

4.0) chain-growth reactions are reduced and only a slow accumulation of phenazine

nucleates takes place [166]. This is favorable for the regular organization of phenazine

nucleates. Low-molecular-weight oligoanilines with a high content of phenazine rings

crystallize easily to produce 1-D structures and crystalline offshoots on the body of the

amorphous precipitate. It has been shown that such offshoots serve as templates initiating
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the growth of PANI-NTs [351]. The diameter of the offshoot determines the inner diameter

of the growing nanotube. Because they have various diameters, the inner diameters of

PANI-NTs have a broad distribution.

Miscellaneous Soft-Template Methods: Novel Y-junction PANI-NTs, accompanied

with nanorods, have been selectively prepared using in situ self-assembly of water-soluble

Fe3O4 nanoparticles coated with PEG(5)-nonylphenylether and cyclodextrin as templates

and pH control in an aqueous medium [373]. A chemical oxidative route to synthesize

oriented arrays of conducting PANI-NTs in HCl solution by hydrogen-bonding direction-

ality in the presence of a crown ether derivative (CE-SO3K) has also been reported [374].

Template-Free Methods

Falling pH Method: PANI-NTs have been synthesized by the falling pH method, i.e. the

oxidative polymerization of aniline with APS in an aqueous solution, starting at pH> 4.0

Figure 2.17 Changes in temperature (squares) and acidity (circles) during oxidation of 0.2 M
aniline with 0.25 M APS in (A) 0.1 M H2SO4, (B) 0.2 M acetic acid. Corresponding morphol-
ogies (granular, H2SO4; tubular, acetic acid) are also shown. (Reprinted with permission from
Polymer International, Polyaniline nanotubes: conditions of formation by E. N. Konyushenko,
J. Stejskal, I. Šedĕnková et al., 55, 31–39. Copyright (2005) John Wiley & Sons Ltd)
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and finishing at pH< 2.0, in the presence of inorganic acids e.g. HCl [204], H2SO4 [204],

H3PO4 [204,336], tetrafluoroboric acid [204], and molybdic acid [214]. Lower reaction

temperatures (e.g. 0–4 �C) were found to be favorable for the formation of PANI-NTs [204].

The oxidative polymerization of aniline with APS in 1 M methanol aqueous solution

acidified with HCl also led to PANI-NTs [375]. Nanocomposites containing PANI-NTs

and Fe3O4 nanoparticles were synthesized by the falling pH method in the presence of

H3PO4 [209]. PANI-NTs aggregated to form nanotube dendrites when a template-free

synthesis was performed in the presence of hydroxycarboxylic acids (lactic acid, succinic

acid, malic acid, tartaric acid, and citric acid) [112,349,376]. PANI-NTs were successfully

synthesized by the falling pH method in the presence of hydrophilic organic acids e.g.

5-sulfosalicylic acid [377].

In the absence of a surfactants or amphiphilic acids, micelles formed by anilinium cations

and inorganic or hydrophilic organic anions (hydroxycarboxylates) have been considered by

Wan’s group as soft templates [204]. As the polymerization proceeds, the micelles become

big spheres through accretion or tubes/rods through elongation, depending on the local

conditions, similarly to surfactant- and amphiphilic acid-assisted syntheses. Contrary to

the micellar model, the self-assembly of phenazine-containing oligoanilines was proposed

to govern the evolution of the supramolecular structure of the final PANI products, synthe-

sized by the falling pH method [350,377]. The dissolution of fully oxidized oligoanilines

from the core(nonconducting oligoanilines)/shell(conducting PANI) structured nanorods,

caused by their protonation at pH £ 2, has recently been proposed to contribute in the

formation of PANI nanotubes [377]. This hypothesis was supported by TEM observation

of nanorods having partly dissolved cores. The morphology evolution of PANI-NTs during a

falling pH process, in the presence of DL-tartaric acid, showed that the PANI-NTs followed

a nucleation, agglomeration, or self-growing process, sequentially [376]. It was proposed

that PANI-NTs derived, most probably, from self-growth of as-formed bubble-like ribbons.

PANI-NTs formation by self-curling has also been proposed [375]. Electron microscopy

images revealed the flake-like intermediates, formed in the initial stage of the falling pH

process of aniline polymerization, which then curled into PANI-NTs as the polymerization

proceeded [375]. It was suggested that the phenazine-like oligoaniline units served as the

axis for PANI nanotube curling. It has recently been revealed that the morphology of the

oligoanilines directly correlates with the morphology of PANI-NTs [378]. When the oli-

goanilines are rod-shaped with rectangular cross-section the resulting PANI-NTs have

rectangular holes and outer contours. PANI-NTs have circular cross-sections when the

oligoanilines are platelet-shaped.

pH-Stat Method: PANI-NTs have also been obtained by the oxidation of aniline with

APS in an aqueous solution, in the presence of p-TSA, at constant acidity (pH¼ 2, and 3)

[379]. The products of pH-3-stat synthesis are a mixture of nanotubes and nanofibers, the

yield of these nanostructures is 80–90%, while the products of pH-2-stat synthesis are a

mixture of nanotubes (10–20%) and granular particles.

Dopant-Free Template-Free Method: PANI-NTs have been prepared by the oxidative

polymerization of aniline with APS in water without added acid (Figure 2.18)

[199,350,380,381]. This is a facile and efficient approach to synthesize PANI-NTs because

it not only omits hard templates and post-treatment template removal, but also simplifies

reagents. A modification of the dopant-free template-free method of PANI-NTs synthesis
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was reported by Chiou et al. [199]. They have performed a synthesis of the highly uniform,

relatively long PANI-NTs, in addition to PANI-NFs, by using an excess of oxidant (APS).

It should be noted that the first dopant-free template-free synthesis of PANI-NTs was a

simple alkali (NaOH)-guided template-free method performed by Wang et al. [196]. The

synthesis of PANI-NTs with the introduction of methanol in aqueous solutions was

recently reported [382]. A dopant-free template-free method has recently been success-

fully used in the preparation of PANI-NTs/zeolite [383] and PANI-NTs/silica nanocom-

posites [384].

Aniline oligomers are produced in the first exothermic part of the oxidation of aniline in

water without added acid, the PANI during the second exothermic phase [381]. It has been

proposed that the aniline oligomers are insoluble in water, and that they aggregate to

constitute a template-like structure, which further predetermines the directional growth of

PANI, that is, the production of nanotubes. The occurrence of nanotubes is clearly

associated with the presence of oligoaniline crystal-like structures that act as templates

for nanotubes growth. It was recently found that the important stage of PANI-NTs self-

assembly during dopant-free template-free synthesis, as well as during pH-stat and falling

pH syntheses, seems to be based on the aggregation of small 15–30nm conducting PANI

nanoparticles onto smooth oligoaniline nanorods that act as templates [385]. The presence

of phenazine-like units in PANI, is also invariably connected with the existence of

nanotubes [381,386]. The formation of phenazine units during the dopant-free template-

free synthesis of PANI-NTs, experimentally proved by FTIR [381] and Raman spectro-

scopies [386] correlates well with the quantum-chemical predictions of the molecular

structure of fully oxidized low-molecular-weight oligoanilines (linear pernigraniline-like,

as well as branched phenazine-like (pseudomauveine)) formed during the early stages of

the oxidation of aniline with APS in water, without added acid (A, Figure 2.19) [387–389].

Recently, an alternative pathway to phenazine-containing oligoaniline intermediates in the

aniline–peroxydisulfate system was proposed [390]. Surwade et al. suggested that chemi-

cal oxidative polymerization of aniline with peroxydisulfate in aqueous solutions at pH

(a)

1um

(b)

200nm

Figure 2.18 Typical (a) SEM and (b) TEM of PANI-NTs prepared by dopant-free template-free
method. (Reprinted with permission from Macromolecular Chemistry and Physics, Formation
mechanism of polyaniline nanotubes by a simplified template-free method by H. Ding, J. Shen,
M. Wan and Z. Chen, 209, 8, 864–871. Copyright (2008) Wiley-VCH)
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2.5–10 led to oligoanilines which are believed to be mixtures of Michael-type adducts of

benzoquinone monoimine and aniline at various stages of hydrolysis (B, Figure 2.19)

[390]. It was suggested that phenazinium units act as discotics that guide the stacking of

oligomers as they are produced during the oxidation of aniline, thus providing the

necessary organization and order that predetermine the growth of nanotubes [381]. The

sulfonation and/or sulfation of PANI, occurring at the same time, may help to stabilize the

produced structures by internal protonation, that is, by ionic bonding between sulfonate/

sulfate groups and protonated imine sites in neighboring polymer chains. Chiou et al. have

proposed a micellar model based on the ‘surfactant’ role of aniline dimer cation-radicals,

which could aggregate to form different sizes and types of micelle [199]. However, the

mechanistic details of this model are not supported by quantum-chemical studies of the

early stages of the oxidative polymerization of aniline with APS [387,388]. Moreover, the

surfactant role of cation-radicals of a major aniline dimer, 4-ADPA, is not consistent with

their pronounced charge/spin delocalization [387]. A recent study of the evolution of

PANI-NTs morphology during the oxidative polymerization of aniline with APS in

aqueous solution without added acid has revealed that the morphology changes from

hollow spheres to short and long tubes [380]. It was proposed that a micelle composed

of the aniline monomer itself in aqueous solution served as a soft template in forming

PANI nanospheres at the initial stage. These nanospheres then linearly aggregate to form

PANI-NTs by the coordination of the polymerization and elongation processes, as well as

hydrogen-bond formation as the driving force.

Figure 2.19 Proposed structures of phenazine-containing oligoanilines: A [387–389]
and B [390]
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Ultrasonic Irradiation Assisted Template-Free Method: PANI-NTs containing Fe3O4

nanoparticles have been synthesized under ultrasonic irradiation of the aqueous disper-

sions of aniline, APS, H3PO4, and a quantitative amount of aniline-dimer-COOH-capped

Fe3O4 nanoparticles [391]. It has been found that PANI-NTs can be produced by an

ultrasonic irradiation-assisted template-free method when the concentration of the dopant

acid (HCl, HNO3, H2SO4, H3PO4, HClO4, CSA) is low [189].

Interfacial Polymerization: Thin PANI-NTs with an average outer diameter of 28 nm

have been synthesized by interfacial polymerization in a calcium carbonate-stabilized oil/

water emulsion [161]. PANI-NTs were synthesized by simply tuning the concentration of

APS in a two-phase (toluene solution of aniline/acetic acid aqueous solution of APS)

medium [392], or by tuning the concentration of DL-tartaric acid in a two-phase (toluene

solution of aniline/DL-tartaric acid aqueous solution of APS) medium [393]. The difference

in the PANI morphologies was attributed to the difference in the relative rates of interfacial

nucleation to aqueous nucleation.

Miscellaneous Template-Free Methods: PANI-NTs, having cavities of various dia-

meters, have been found as by-products of PANI-NF synthesis through the oxidation of

aniline with silver nitrate in aqueous solutions of HNO3 [225]. Ag was obtained as

nanoparticles accompanying macroscopic Ag flakes in the resulting PANI/Ag composite.

Electrochemical Oxidative Polymerization of Aniline

The electrochemical synthesis of PANI-NTs has been performed by using a composite Au/

Cr/PC anode [311] or Pt/PC anode [313], i.e. metallic layers deposited through evaporation

onto one side of the PC membrane, or by attaching the PC membrane to a Pt electrode with

a little bit of Ag paste [48]. Doped and dedoped PANI-NTs have been synthesized by the

electrochemical polymerization method, using alumina nanoporous templates [48,238].

It was observed that the PANI-NTs were transformed from a conducting state to a

semiconducting (or insulating) state during the template removal, using template-dissol-

ving solvents [238]. Nanoporous thin PC films supported on conductive substrates

(Au-coated Si wafers or ITO glass) were used to electrosynthesize PANI-NT brushes

[394]. PANI-NTs were synthesized electrochemically on modified ITO glass in a room-

temperature ionic liquid, 1-butyl-3-methyl-imidazolium hexafluorophosphate containing

1 M trifluoroacetic acid [395]. PANI-NTs were deposited on Al thin films using the

polarographic technique [396]. The current density–voltage profile shows a behavior

typical of Schottky diode.

Miscellaneous Methods

Au/PANI-CSA coaxial nanocables have been successfully synthesized by the oxidation of

aniline with chloroauric acid in the presence of CSA [397]. PANI-CSA nanotubes were

obtained by dissolving the Au nanowire core of the Au/PANI-CSA nanocables. Purified

flagella fibers displaying an anionic aspartate–glutamate loop peptide with 18 carboxylate

groups were used to initiate formation of PANI-NTs [398].
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2.2.3 Preparation of Miscellaneous Polyaniline Nanostructures

2.2.3.1 Nanoneedles and Rice-like Nanostructures

Single crystalline PANI nanoneedles have been synthesized using an interfacial polymer-

ization (Figure 2.20) [399,400]. Interfacial crystallization at the liquid/liquid interface

allowed PANI to form single crystalline nanocrystals in a rice-like shape with dimensions

of 63 nm� 12 nm. An important growth condition necessary to yield highly crystalline

conducting PANI was extended crystallization time at the liquid/liquid interfaces to

increase the degree of crystallization. As compared to other interfacial polymerization

methods, lower concentrations of monomer and oxidant solutions were employed to

further extend the crystallization time. While other interfacial PANI growth yielded

noncrystalline polymer fibers, this interfacial method produced single crystalline PANI

nanocrystals. The resulting PANI nanoneedles have a fast conductance switching time

between the insulating and conducting states on the order of milliseconds.

Highly crystalline PANI with uniform rice-like nanostructures, ca. 50–130 nm in dia-

meter and 130–260 nm in length were prepared in the presence of DBSA without stirring

(Figure 2.21) [401]. The formation of aniline/DBSA salts insoluble in the reaction system

without stirring is believed to be favorable for the formation of these uniform rice-like

nanostructures.

2.2.3.2 Nanoribbons

PANI nanoribbons, also known as nanobelts, have been synthesized by a self-assembly

process using the chemical oxidative polymerization of aniline in a surfactant gel, formed

by mixing an acetic acid solution of aniline and CTAB with an aqueous solution of APS
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Figure 2.20 Tunneling current vs. bias voltage for PANI nanoneedles (from Table of Contents
of Reference 399). (Reprinted with permission from ACS Nano, Liquid/liquid Interfacial
Polymerization to grow Single Crystalline Nanoneedles of Various Conducting Polymers by
N. Nuraje, K. Su, N.-I. Yang and H. Matsui, 2, 3, 502–506. Copyright (2008) American
Chemical Society)
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and cooling the mixture to �7 �C (Figure 2.22) [402]. The typical thickness and length of

these PANI nanoribbons were in the range of 40–50 nm and several micrometers, respec-

tively. FTIR and UV-vis results indicated that their molecular structure corresponds to

emeraldine. The dispersion of aniline and 4-(3-dodecyl-8-enylphenyloxy)butanesulfonic

acid in water/toluene mixture produced vesicles templates for PANI nanoribbons [102].

Grafting polymerization of acrylic acid onto the surface of a polypropylene film followed

by the oxidative polymerization of aniline on the grafted surface led to PANI nanoribbons

[299]. Fully enclosed horizontal nanochannels, in a prearranged array on a substrate and

with built-in electrical contacts and chemical access regions, were used as growth templates

for electrochemical synthesis of conducting PANI nanoribbons [403]. In this ‘grow-in-place’

Figure 2.22 (A) SEM and (B) TEM images of PANI nanoribbons. (Reprinted with permission
from Macromolecular Rapid Communications, Synthesis of Polyaniline Nanobelts by G. Li, H.
Peng, Y. Wang et al., 25, 1611–1614. Copyright (2004) Wiley-VCH)

Figure 2.21 Highly crystalline PANI with uniform rice-like nanostructures. (Reprinted
with permission from Materials Chemistry and Physics, Uniform rice-like nanostructured
polyanilines with high crystallinity prepared in dodecylbenzene sulfonic acid micelles by
J. Yang, Y. Ding and J. Zhang, 112, 2, 322–324. Copyright (2008) Elsevier Ltd)
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approach, the nanochannel templates were part of the final array structure and remained after

fabrication of the nanoribbons. The built-in electrical contacts, which provided the electrical

potential for electrochemical polymerization, also remained and became contacts/intercon-

nects to the array components. The grow-in-place architecture and methodology removed

the need for template dissolution, any post-synthesis nanoribbon ‘grow-and-then-place’

manipulation, and any post-synthesis electrical contacting. The grow-in-place approach

may also be used for chemical polymerization. However, electrochemical polymerization

is superior since it does not suffer from diffusion-limited growth and allows precise place-

ment of the nanoribbons in the growth channel. Nanoribbons of PANI doped with H2SO4 or

HCl were prepared via electrospinning by using a coagulation bath as the collector after

optimizing the fabrication parameters [404].

2.2.3.3 Cyclic and Spiral Nanostructures

Cyclic nanostructured polyanilines (Figure 2.23) have been synthesized by means of a

simple modified aqueous/organic interfacial polymerization with the aid of PAA [405].

The cyclic PANI nanostructures were formed by severe secondary overgrowth through the

electrostatic interaction between aniline/oligoaniline and PAA chains. The average dia-

meter of the obtained cyclic structure was ca. 400 nm and its conductivity was�1 S cm�1.

The synthesis of spiral PANI nanostructures (2-D ordered spirals comprised of single-

strand PANI-NFs) by chemical oxidative polymerization using a hydrated surfactant

sodium dodecylsulfonate crystallite template was recently described [406]. It was found

that a spiral dislocation structure on the surface of a hydrated sodium dodecylsulfonate

crystallite was responsible for the growth of the spiral PANI nanoarchitecture. It was

revealed that APS has a strong tendency to induce the formation of a spiral dislocation

structure in hydrated sodium dodecylsulfonate crystallites. A mechanism of adsorption of

oligoanilines on the steps of dislocation has been proposed for the growth of PANI spirals.

Figure 2.23 TEM image of the cyclic PANI nanostructure. (Reprinted with permission from
Polymer, Cyclic polyaniline nanostructures from aqueous/organic interfacial polymerization
induced by polyacrylic acid by S. Liu, K. Zhu, Y. Zhang and J. Xu, 47, 22, 7680–7683.
Copyright (2006) Elsevier Ltd)
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2.2.3.4 Nanosheets

PANI nanosheets (nanoplates, nanoflakes, nanodisks) can be assembled at the organic/

aqueous interface or in solution by controlling the diffusion rate and the induction time of

the interfacial polymerization of aniline [137]. Well-defined nanosheets with a leaf-like

morphology (3.3 mm in length, 1.4 mm in width, and 150 nm in thickness, Figure 2.24a)

were formed in the presence of PEO-poly(propylene oxide)-PEO, the amphiphilic triblock

copolymer F127 [407]. The edges of such leaf-like PANI seem to be coarse and some

fibrous structures can be observed (Figure 2.24c). The leaf-like structures of PANI are

composed of nanofibers with diameters of ca. 25 nm. Such nanofibers are aligned in

parallel along the long axis and short axis (Figure 2.24b) and then result in the mat-like

arrays (Figure 24d). Surfactant-assisted synthesis of PANI nanosheets has recently been

achieved by a one-pot process in the presence of SDS [82]. PANI nanosheets have been

synthesized successfully by the chemical oxidative polymerization of aniline by a self-

assembly process without the use of any acid [408], or in the presence of selenious acid

Figure 2.24 (a,b) SEM and (c,d) TEM images of leaf-like PANI synthesized in the presence
of F127. Synthetic conditions: [F127]¼ 1.6 � 10�4 M; [aniline]¼ 1.0 � 10�2 M; [APS]/
[aniline]¼ 1.0:1; 20 �C. (Reprinted with permission from Advanced Materials,
Nanostructure-based leaf-like polyaniline in the presence of an amphiphilic triblock copoly-
mer by J. Han, G. Song and R. Guo, 19, 2993–2999. Copyright (2007) Wiley-VCH)
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[211] and p-TSA [97]. 3-D rose-like PANI microstructures, which are self-assembled from

2-D nanosheets consisted of 1-D nanofibers, were synthesized by a template-free method

in the presence of APS as both oxidant and dopant under a high relative humidity of 80%

[201]. When the relative humidity increased from 25 to 80%, not only does the morphol-

ogy of the micro/nanostructured PANI undergo a change from 1-D nanofibers to 2-D

nanosheets to 3-D rose-like microstructures, but also an increase in crystallinity was

observed. It has been proposed that a cooperation effect of the oriented water molecules

at the vapor-water interface and a difference in hydrogen bonding energies between the

interface and the bulk induced by the relative high humidity results in the formation of the

3-D rose-like microstructures self-assembled from 2-D nanosheets.

2.2.3.5 Nanolines and Nanodots

Nanolithography of PANI nanopatterns by the enzymatic oxidative polymerization of

aniline in the presence of H2O2, using HRP-modified atomic force microscopy (AFM) tips,

has recently been developed [409]. Tailored PANI nanostructures were created through

controlled movement and positioning of the enzyme-modified AFM tip. A PANI line

nanostructure on the blank mica substrate with a length of 3 mm, a width of about 350 nm

and an average height of 5 nm was formed. Controlled biocatalytic patterning of PANI

nanodots has also been reported [409].

2.2.3.6 Solid and Hollow Nanospheres

Synthesis of colloidal PANI nanospheres (PANI-NSs) by dispersion polymerization has

been comprehensively reviewed [20,21]. Besides the dispersion polymerization, solid

PANI-NSs have also been prepared by a self-assembly method in the presence of amino

acids [109], selenious acid [211,410], and p-TSA [97]. The synthesis of PANI-NSs by

aqueous/ionic liquid interfacial polymerization [411] and a simple alkali-guided template-

free method [196,412] has been described. It has recently been shown that the oxidative

polymerization of aniline with H2O2, catalyzed with metallic Au supported on carbon

and Ti, leads to the PANI-NSs in high yields [413]. A strategy which involves two main

steps, i.e. a grafting polymerization of acrylic acid onto the surface of a polypropylene

film and subsequently an oxidative polymerization of aniline on the grafted surface, was

developed in order to prepare PANI-NSs [299]. A simple and noncovalent method for

coating MWCNTs with PANI-NSs, using a microemulsion aniline polymerization, has

recently been presented [414]. PANI-NSs/Ag nanocomposite was obtained through an

UV-irradiation method [415]. Uniform and ordered PANI-NSs were synthesized by

electropolymerization of aniline in aqueous HCl solution using the constant-potential

in the presence of a magnetic field [416]. Fully sulfonated PANI-NSs have been obtained

by electrochemical homopolymerization of orthanilic acid [281]. PANI-NSs have

recently been prepared within a lamellar liquid crystal template formed by the nonionic

surfactant Triton X-100 [417]. Structural evolution and electrocatalytic application of

nitrogen-doped carbon shells synthesized by pyrolysis of near-monodisperse PANI-NSs

have also recently been reported [418].

Hollow PANI-NSs have been synthesized by the oxidative polymerization of aniline

with APS in aqueous medium comprising poly(caprolactone)-PEO(1000)-poly(caprolac-

tone) amphiphilic triblock copolymer micelles [419]. Hollow PANI-NSs were also
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prepared by surface charge control of PS nanoparticle templates when PANI was electro-

chemically synthesized around the templates [420].

2.2.3.7 Polyhedral Nanoparticles

Using a g-irradiation technique, hexagonal PANI nanoparticles have been prepared in the

hexagonal lyotropic liquid crystalline phases of a non-ionic and biodegradable surfactant

alkyl polyglucoside (GP215 CS UP) in water and/or medium and long chain alkanes, used

as a template [421].

2.2.3.8 Comb- and Honeycomb-Shaped Nanostructures

Comb-shaped PANI nanostructures have been constructed upon complexation with zinc

dodecylbenzenesulfonate [422]. Highly conducting PANI (600–1000 S cm�1) with a

nanoporous honeycomb-like morphology was prepared using self-stabilized dispersion

polymerization [423–425]. It was suggested that the propagation reaction proceeded

stepwise at the interface of heterogeneous biphasic chloroform/water system thus

leading to the minimization of undesirable side reactions, such as ortho and meta

substitutions and cross-linking. The nanoporous honeycomb-like PANI nanostructure

became finer and the solubility of PANI was improved when PANI was prepared with

oxygen bubbling [425].

2.2.3.9 Urchin-Like Nanostructures

Urchin-like PANI nanostructures (Figure 2.25A), composed of radially aligned uniform

nanotubes (Figure 2.25B) and a core (Figure 2.25C), have been synthesized using tartaric

acid as the dopant [112]. The core is comprised of vestigial PANI nanorods and nanopar-

ticles. The PANI-NTs are often found to be linked together to form Y-junctions (Figure

2.25D) and then assembled into PANI dendrites. The geometrical shape of the individual

PANI-NT is a cone with length of several micrometers and a wall thickness of 30–50 nm

(Figure 2.25E). The outer diameters decrease from 400 to 80 nm along the length of the

cone. Urchin-like PANI micro/nanostructures were found to originate from the self-

assembly of PANI nanoplates, which then grew into microstructures with highly oriented

PANI-NFs of 30 nm diameter and 1 mm length on the surface [426]. Hollow, urchin-like

carbon spheres with electromagnetic function have recently been prepared by the carbo-

nization of template-free-synthesized urchin-like PANI micro/nanostructures containing

FeCl3 [427].

2.2.3.10 Brain-Like Nanostructures

A solid-state synthesis has been explored to prepare PANI nanostructures with many con-

volutions, which resemble the cerebral cortex of the brain (Figure 2.26), via the oxidative

polymerization of solid anilinium citrate with chlorine gas [428]. A reversible doping/

dedoping process (i.e., conducting state/insulating state) for the brain-like nanostructures

was realized by using HCl gas/ammonia gas.
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2.2.3.11 Flower-Like and Rhizoid-Like Nanostructures

Flower-like and rhizoid-like nanostructures of pure PANI doped with H2SO4 or HCl have

been prepared via electrospinning by using a coagulation bath as the collector [404]. PANI

‘sunflowers’ with arrays of oriented nanorods were synthesized by chemical oxidative

polymerization of aniline in the presence of CTAB and HNO3 [429]. A method for the

fabrication of screen-printed electrodes modified with cauliflower-like PANI nanostructures

was developed [430]. PS nanoparticles were self-assembled onto a PANI-modified screen-

printed electrode with the help of the negatively charged polyelectrolyte poly(sodium

4-styrenesulfonate) and positively charged poly(diallyldimethylammonium chloride). The

Figure 2.25 SEM and TEM images of the urchin-like PANI nanostructures: (A) low magnifica-
tion SEM image; (B), (C), and (D) show magnified SEM images of boxes 1, 2, and 3 in (A),
respectively; (E) TEM image of the edge of PANI nanostructures; (F) TEM image of a represen-
tative PANI dendrite. (Reprinted with permission from Polymer, Synthesis of radially aligned
polyaniline dendrites by G. Li, S. Pang, G. Xie et al., 47, 4, 1456–1459. Copyright (2006)
Elsevier Ltd)
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self-assembled PS nanoparticles could then act as a template for the electrosynthesis of an

additional layer of PANI. It was found that the additional layer of PANI preferred to grow

around the PS nanoparticles, and a highly nodular, cauliflower-like nanostructure of PANI

was thus formed on the electrode surface.

2.2.3.12 Net-Like, Star-Like, and Feather-Like Nanostructures

Net-like and star-like PANI nanostructures (Figure 2.27) were prepared by controlling the

monomer/stabilizer ratio (Triton X-100 and PEG-600), pH, and the reagent adding method

and rate, in diffusion polymerization [80].

Feather-like PANI nanostructures (Figure 2.28) have been fabricated by using a simul-

taneous redoping–reprecipitation approach [431]. The protonation reaction happening at

the same time as the reprecipitation was confirmed to be the key point for the formation of

the special polycrystalline nanostructures.

2.2.3.13 Miscellaneous Hierarchical Nanostructures

PANI tower-shaped hierarchical nanostructures were prepared by a limited hydrother-

mal reaction [432]. The growth process is quite different from that of traditional

inorganic layer-like superstructures. The conductivity of the superstructures was about

10�2 to 10�1 S cm�1. Fabrication of spherical and cubic PANI shells with hierarchical

nanostructures, by using MnO2 hollow hierarchical nanostructures with different

morphologies as reactive templates in a controlled manner, has also been reported [433].

Figure 2.26 SEM image of the brain-like PANI nanostructure. (Reprinted with permission
from Macromolecular Rapid Communications, A new route for the preparation of brain-like
nanostructured polyaniline by Y. Zhu, J. Li, M. Wan et al., 28, 1339–1344. Copyright (2007)
Wiley-VCH)
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2.3 Structure and Properties

2.3.1 Structure and Properties of Polyaniline Nanofibers

The spectroscopic features (FTIR, UV-vis) of both powders and films of PANI-NFs are

essentially identical to conventional nonfibrillar PANI in the emeraldine oxidation state

[51,131]. UV-vis absorption and X-ray diffraction studies have shown that the PANI-NFs,

Figure 2.27 SEM images of net-like (A) and star-like (B) PANI nanostructures. (Reprinted with
permission from Comptes Rendus Chimie, The design, synthesis and characterisation of poly-
aniline nanophase materials by J. Chen, Y. Xu, Y. Zheng et al., 11, 1–2, 84–89. Copyright (2008)
Elsevier Ltd)

Figure 2.28 SEM images of feather-like PANI nanostructures. (Reprinted with permission
from European Polymer Journal, Polycrystalline polyaniline with strong infrared absorption
by T. Dai and Y. Lu, 44, 11, 3417–3422. Copyright (2008) Elsevier Ltd)
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synthesized by dilute polymerization, have optical spectra and diffraction patterns similar

to those previously reported for nonfibrous PANI [171]. Recent solid-state 13C and
15N NMR experiments showed that the PANI-NFs synthesized by rapid mixing in the

presence of strong acid resemble standard PANI in structure [434]. These spectroscopic

findings also support the conclusion that nanofibrous PANI has a very similar chemical

structure to granular PANI. It has been noticed that the conformation of PANI chains in

nanofibers is slightly different from that of granular particles [52]. A film cast from a

nanofiber dispersion exhibited higher absorbance in the near-infrared region than a film

composed of granular particulates prepared on a glass slide via in situ deposition from the

same reaction solution, indicating a more extended conformation of the PANI chains in the

nanofibers. Resonance Raman spectral profiles of PANI-NSA nanofibers suggested a

lower protonation state than that of the emeraldine salt form, as well as cross-linking

between PANI chains [90]. The cross-linking was also indicated by nonquaternary sup-

pression 15N NMR experiment [434]. Increased cross-linking upon heating has been

observed [435]. The changes in the resonance Raman, FTIR and EPR spectra of the

PANI-NFs, prepared through interfacial polymerization, have revealed an increase in the

torsion angles of Cring
—N—Cring segments, owing to the increased formation of bipolarons

in the PANI-NFs backbone compared with PANI prepared by conventional routes [147].

Small-angle neutron scattering (SANS), NMR, and wide-angle and small-angle X-ray

scattering measurements confirmed the existence of more ordered molecular conformation

and supramolecular packing in PANI-NFs, in comparison with granular PANI [436].

SANS indicated very sharp, well-organized interfaces in the PANI-NFs.

Four-probe pressed-pellet conductivities for PANI emeraldine hydrochloride nanofibers

are in the range 2–10 S cm�1 [51], similar to conventional PANI emeraldine hydrochloride

powder [1]. Maximum conductivities of PANI-NFs prepared by various template and

template-free methods are given in Tables 2.1 and 2.2, respectively.

Table 2.2 Maximum conductivity of PANI-NFs prepared by template-free methods

Method of PANI-NFs preparation Maximum conductivity (S cm�1) Refs.

Aqeous/organic interfacial 13.5 141
Rapid mixing 20.3 169
Dilute polymerization 4.0 171
Radiolythic 0.02 184
Sonochemical 10.2 188
Dopant-free 2.6 198
Miscellaneous 112.0 227

Table 2.1 Maximum conductivity of PANI-NFs prepared by template methods

Method of PANI-NFs preparation Maximum conductivity (S cm�1) Refs.

Nanoporous hard template 0.29 50
Nanostructured seed template 21.1 54
Nanostructured template 5.2 58
Oligomer- and polymer-assisted 34.5 66
Surfactant- and amphiphilic acid-assisted 0.98 92
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There is also no significant difference between PANI-NFs and conventional PANI in

their aqueous electrochemistry: the cyclic voltammogram of PANI emeraldine hydro-

chloride nanofibers displays the two redox peaks characteristic of conventional PANI

[51]. There is, however, a significant difference in the capacitance for PANI-NFs.

A capacitance of 122 F g�1 was obtained for PANI emeraldine hydrochloride nanofibers

synthesized using PANI-NFs as the seed template, as compared to 33 F g�1 in nonfibrillar

PANI emeraldine hydrochloride [51]. Elevated capacitance values were obtained for all

seeded systems. The charge/discharge cycles were also found to be more symmetrical for

nanofibers, which is consistent with their increased available surface area, and is expected

to improve the kinetics of the various processes involved. Electrochemical performance of

PANI-NFs, synthesized by interfacial polymerization, and PANI/MWCNT composite as

electrode material for aqueous redox supercapacitors was evaluated [153]. The initial

specific capacitance of the two-electrode cell was 554 F g�1 at a constant current of

1.0 A g�1, using PANI-NFs as electrode material, but this value rapidly decreased on

continuous cycling. In order to improve the cycleability of the supercapacitor, a composite

of PANI with MWCNTs was synthesized by in situ chemical polymerization. A high initial

specific capacitance of 606 F g�1 was obtained with good retention on cycling. The

electrochemical supercapacitive behavior of PANI-NFs (nanorods) fabricated on ani-

line-primed conducting ITO substrate via electroless surface polymerization, using APS

as oxidant and selenious acid as efficient dopant, was also demonstrated [410].

Higher coloration efficiency, larger charge capacity, enhanced cycling stability and

faster color-bleach rates were observed for nanofibrillar PANI films, obtained by electro-

polymerization from an aqueous medium in the presence of an ionic liquid (1-ethyl,

3-methylimidazolium bromide), as compared to that shown by nonfibrillar PANI films

fabricated from PEG solution [279].

PANI-CSA nanofibers, synthesized by an interfacial polymerization method, are readily

dispersed in water, which could facilitate environmentally friendly processing and biolo-

gical applications [133]. The nanofibers are stable in water, in contrast to conventional

PANI/CSA thin films, which can be dedoped by water. PANI-NFs synthesized by dilute

polymerization were also easily dispersed in various solvents, polar as well as nonpolar,

and the resulting suspensions were stable for several minutes [171].

PANI-NFs prepared by interfacial polymerization have shown a bimodal distribution of

molecular weights, determined using gel permeation chromatography, similar to that of

conventional PANI [131]. However, the area under the high-molecular-weight peak

(MW¼550000–800000) was found to be considerably larger than that under the low-

molecular-weight peak (MW¼24000). This contrasts with conventional chemically

synthesized PANI, for which the low-molecular-weight fraction dominates.

It was found that the antioxidant activity of PANI-NFs was higher than that of con-

ventional PANI, and that it increased with decreasing averaged diameter of the nanofibers

[182]. The enhanced antioxidant activity was due to the increased surface area of

PANI-NFs. Conductive 3-D microstructures assembled from PANI-NFs doped with per-

fluorosebacic [113,114] and perfluorooctanesulfonic acid [115], such as hollow rambutan-

like spheres [115], hollow dandelion-like [113], and hollow box-like microstructures

[114], exhibited superhydrophobic properties. Reversible hydrogen storage behavior of

PANI-NFs at room temperature has recently been reported [437].
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2.3.2 Structure and Properties of Polyaniline Nanotubes

Hard-template-synthesized PANI-NTs have enhanced conductivity in comparison with

conventional PANI [309,310]. Polarized IR spectroscopy data showed that PANI depos-

ited directly on the pore wall is highly ordered relative to subsequently deposited PANI

[310]. This ordering of the PANI chains is responsible for the enhancement in conductiv-

ity. It was shown that the PANI chains were preferentially aligned perpendicular to the

tubule axis. The directly measured conductivity of a single PANI nanotube doped with

CSA is very high (�30 S cm�1) [339,340], and its temperature dependence follows the

three-dimensional variable range hopping model. However, the bulk conductivity of the

PANI-NTs pellets is much smaller than that of the nanotube itself (3.5� 10�2 S cm�1),

which is due to the large intertubular contact resistance. The results for temperature-

dependent conductivity of a nanotubular PANI measured over a wide range of tempera-

tures [336,339,438] have been explained on the basis of phonon-assisted tunneling theory

as a free-charge-carrier generation mechanism [439].

The magnetoresistance of single PANI-NT is found to be very small even at 2 K

(magnetoresistance< 5% at 10 T) compared with that of the pellets (40–100% at 10 T),

and no evident and stable negative magnetoresistance has been observed above 50 K,

indicating that the magnetoresistance in bulk pellet samples made of PANI-NTs is

dominated by a random network [440].

The susceptibility data cannot be simply described as Curie-like susceptibility at lower

temperatures and temperature-independent Pauli-like susceptibility at higher temperatures

[441]. Some unusual transitions were observed in the temperature dependence of suscept-

ibility, for example paramagnetic susceptibility decreased gradually with lowering tem-

perature, which suggests the coexistence of polarons and spinless bipolarons and the

possible formation of bipolarons with changing temperature or doping level.

PANI–b-NSA nanotubes show unusually high crystallinity [93]. It has been revealed

that PANI-NTs are composed of crystalline and amorphous regions [341]. The crystallinity

fraction Dg obtained from the specific heat was about 15% for the measured PANI-NTs,

which indicated that most of the PANI chains in the nanotubes were disordered.

A comparison of PANI-NTs synthesized by electrochemical and chemical methods

inside the nanopores of AAO membrane and PC track-etched membrane was made [48].

The morphologies of PANI-NTs synthesized electrochemically in AAO membrane were

found to be better than those synthesized in PC track-etched membrane. EPR spectra

revealed that the degree of delocalization of those nanotubes synthesized electrochemi-

cally in the AAO membranes was better. Nanotubes synthesized electrochemically inside

the pores of AAO membranes showed an enhancement of the electronic conductivity

compared to PANI bulk materials. PANI-NTs synthesized by an electrochemical method

showed better properties (morphology, degree of delocalization and conductivity) than the

tubes synthesized by a chemical method in the same templates.

The thermal stability and structural variation of the PANI-NT films produced on Si

windows during a treatment at 80 �C for three months were studied by FTIR and Raman

spectroscopies [442]. The morphology of the films was preserved during the degradation,

but the molecular structure had been changed. The results indicate that the spectral changes

correspond to deprotonation, oxidation, and chemical cross-linking reactions. The films of
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PANI salts lose their protonating acid and PANI bases are more stable than the salt forms

during thermal ageing. PANI-NTs films obtained in water or in the presence of acetic acid

are more stable than granular films prepared in solutions of H2SO4. The protonated

structure is more prone to cross-linking reactions than deprotonated one. The molecular

structure corresponding to the nanotubular morphology, which contains the cross-linked

phenazine- and oxazine-like groups, is more thermally stable than the molecular structure

of the granular morphology. The morphology of PANI-NTs is preserved upon carbonization

[443–445].

PANI-NTs are redox active, e.g. reduce silver nitrate to Ag nanoparticles [353], thus

forming PANI-NTs/Ag nanocomposites [446]. Granular PANI samples have unimodal

molecular weight distributions, while a bimodal distribution with a characteristic oligoani-

line peak is observed for PANI-NTs (Figure 2.29) [377].

2.4 Processing and Applications

2.4.1 Processing

Suspensions of PANI-NFs can be cast to form highly porous nanofibrous films without

deformation of the nanofiber morphology [171]. PMMA/PANI-NF [151,188] and PAA/

PANI-NF [145] composite films have been prepared by solution casting. Processable

composites of PANI–b-NSA nanotubes with water-soluble PVA were prepared by simple

mixing PANI–b-NSA dispersion in water with aqueous PVA solution, followed by film

casting to obtain composite films [93]. Conducting films were prepared by blending self-

doped PANI-NTs with low-density polyethylene [364]. Soya oil alkyd-containing nanos-

tructured PANI composite coatings have also been fabricated [447]. It has been demon-

strated that a methanol/formic acid mixture could be used as a suitable solvent system for

PANI-NFs to achieve sufficient processability [448]. Mixtures of methanol with
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Figure 2.29 Molecular weight distribution as obtained by gel permeation chromatography for
the samples prepared by the oxidation of aniline with APS using different [5-sulfosalicylic acid]/
[aniline] mole ratios: 1 (– – –, PANI granules), 0.5 (� � � � � �, PANI granules) or 0.25 (——, PANI-
NTs). (Reprinted with permission from Nanotechnology, Synthesis and characterisation of
conducting polyaniline 5-sulfosalicylate nanotubes by A. Janošević, G. Ćirić-Marjanović, B.
Marjanović et al., 19, 135606. Copyright (2008) Institute of Physics)
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increasing fractions of formic acid were used to progressively transform the morphology

of PANI, from nanofibers to compact conventional films.

Processable stabilizer-free PANI-NF aqueous colloids are readily prepared by purifying

PANI-NFs and controlling the pH, and are self-stabilized via electrostatic repulsions, thus

providing a simple and environmentally friendly way to process the conducting polymer in

its conductive state both in bulk and at the nanometer level [449,450]. Stabilizer-free

PANI-NF aqueous colloids were obtained by the direct dispersing of PANI-NFs prepared

in the presence of b-cyclodextrin [64,65]. PANI-NFs, the diameters of which are between

80 and 100 nm, can be steadily dispersed in neutral aqueous solution for about 60 days

without any steric or electrostatic stabilizer [65]. Water-dispersible PANI-NFs provide a

simple, fast, and inexpensive route towards highly concentrated CNT water dispersions

[451,452]. In order to make the isolated PANI-NTs water dispersible, their surface can be

modified by complex formation (non-covalent grafting) with hydrophilic PEO-block-

PAA copolymer [328].

Melt-processable PANI-NFs doped with superfluous DBSA were synthesized using

interfacial polymerization and thermal doping technique [453]. Conducting composites

composed of these PANI-DBSA nanofibers, low-density polyethylene, and ethylene-

acrylic acid copolymer as compatibilizer were prepared by melt processing. An enhanced

photothermal phenomenon with conducting PANI-NFs in which a camera flash causes

instantaneous welding has been reported [454]. Under flash irradiation, PANI-NFs ‘melt’

to form a smooth and continuous film from an originally random network of nanofibers

[450]. The fabrication of monolithic microstructures from PANI-NFs has been described

[455]. Electrophoretic deposition techniques were used to pattern the PANI-NFs and

through a subsequent flash-welding process the PANI-NF mat was bound together into a

coherent monolithic porous structure, retaining much of the morphology of non-coherent

fiber networks.

Processable PAA/PANI-NF and poly(2-acrylamido-2-methyl propyl-sulfonic acid-

acrylic acid)/PANI-NF conducting hydrogels with an interpenetrating polymer network

structure have recently been synthesized [456].

Performance improvement of polysulfone ultrafiltration membrane has been achieved

by blending with PANI-NFs [457]. Conducting blends of nanostructured PANI and PANI-

clay nanocomposites with ethylene vinyl acetate as host matrix have been prepared [458].

A new conducting hybrid biocompatible composite material of PANI-NFs well dispersed

in a collagen matrix was fabricated with various PANI-NFs/collagen ratios [459].

PANI-NFs doped by protonic acids can be efficiently dispersed in vinylidene fluoride-

trifluoroethylene copolymers [460]. Fabrication of MWCNTs/PANI-NF nanocomposites

via electrostatic adsorption in aqueous colloids has been reported [143]. A PANI-NFs/

carbon paste electrode was prepared via dopping PANI-NFs into the carbon paste [461].

2.4.2 Applications

2.4.2.1 Sensors

Progress in the development of nanostructured PANI for sensor applications has recently

been reviewed [23,24,462,463]. Films of PANI-NFs possess much faster gas-phase
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doping/dedoping times compared with conventionally cast films [133]. The nanofiber

films show essentially no thickness dependence in their performance. This is consistent

with the porous nature of the nanofiber films, which enables gas molecules to diffuse in

and out of the fibers rapidly. This also leads to a much greater doping or dedoping over

short times for the nanofiber films. The better performance in both sensitivity and time

response of PANI-NF film relative to its conventional bulk counterpart is caused by higher

effective surface area and shorter penetration depth for target molecules. Using an inter-

facial polymerization method for the synthesis of PANI-NFs, Kaner’s group has developed

nanofiber sensors (Figure 2.30) and compared them to conventional PANI sensors

[22,464,450]. The changes in electrical resistance were monitored as a function of time

as the thin films of PANI-NFs were exposed to the various gases. Five different response

mechanisms were explored: acid doping (HCl), base dedoping (ammonia), reduction

(hydrazine), swelling (chloroform), and polymer chain conformational changes (metha-

nol). In all cases, the PANI-NFs performed better than conventional thin films. PANI-NF

composites with metal salts can be used as a chemical sensors for hydrogen sulfide [465]

and arsine [466]. Hydrogen sensors, based on conductivity changes in PANI-NFs

[467,468] have been reported. A controlled multipotential process was used to deposit

PANI-NF arrays on a lithium niobate substrate with gold finger paired electrodes to form a

surface acoustic wave device (hydrogen sensor) [239]. The 64� YX lithium niobate surface

acoustic wave transducer coated first with aluminum nitride, and then with PANI-NFs by

rapid mixing chemical oxidative method, in the presence of CSA, has demonstrated a large

and reproducible response to different concentrations of the hydrogen gas, making it an

ideal candidate for hydrogen sensing at room temperature [469]. PANI-NFs deposited on

lithium tantalate surface acoustic wave transducers [470], Au and Pt electrodes [471] have

also been used as hydrogen gas sensors. The great sensitivity of the Pt/PANI-NF sensor can

be used to detect hydrogen at a concentration of 10 ppm [471]. Chemical gas sensors for

nitrogen dioxide detection, using PANI-NFs synthesized by an interfacial polymerization

method [144] and a plasma-induced polymerization technique [306] have been reported.

Figure 2.30 PANI-NF sensors (from Table of Contents of Reference 22). (Reprinted with
permission from Nano Letters, Polyaniline Nanofiber Gas Sensors: Examination of Response
Mechanisms by S. Virji, J. Huang, R. B. Kaner and B. H. Weller, 4, 3, 491–496. Copyright (2004)
American Chemical Society)

66 Nanostructured Conductive Polymers



Composites of PANI-NFs, synthesized using a rapid mixing method, with amines have

recently been presented as novel materials for phosgene detection [472]. Chemiresistor

sensors with nanofibrous PANI films as a sensitive layer, prepared by chemical oxidative

polymerization of aniline on Si substrates, which were surface-modified by amino-silane

self-assembled monolayers, showed sensitivity to very low concentration (0.5 ppm) of

ammonia gas [297]. Ultrafast sensor responses to ammonia gas of the dispersed PANI-

CSA nanorods [303] and patterned PANI nanobowl monolayers containing Au nanopar-

ticles [473] have recently been demonstrated. The gas response of the PANI-NTs to a

series of chemical vapors such as ammonia, hydrazine, and triethylamine was studied

[319,323]. The results indicated that the PANI-NTs show superior performance as chemi-

cal sensors. Electrospun isolated PANI-CSA nanofiber sensors of various aliphatic alcohol

vapors have been proven to be comparable to or faster than those prepared from PANI-NF

mats [474]. An electrochemical method for the detection of ultratrace amount of 2,4,6-

trinitrotoluene with synthetic copolypeptide-doped PANI-NFs has recently been reported

[475]. PANI-NFs, prepared through the in situ oxidative polymerization method, were

used for the detection of aromatic organic compounds [476].

Good biocompatibility of PANI-NFs enables them to become a simple and effective

platform for the integration of proteins/enzymes and electrodes, which can provide

analytical access to a large group of enzymes for a variety of bioelectrochemical

applications. The glucose oxidase (GOx)-PANI-NFs/glassy carbon [477] and GOx-

PANI-NFs/carbon cloth [478] electrodes have displayed good features in electrocataly-

tic oxidation of glucose. An amperometric glucose biosensor prepared by self-assembly

of GOx and dendrimer-encapsulated Pt nanoparticles on PANI-NFs has been described

[148]. The unique sandwich-like layer structure showed excellent response performance

to glucose and provided a favorable microenvironment to keep the bioactivity of GOx

and to prevent enzyme leakage. A sensitive glucose biosensor based on a composite of

conducting PANI-NFs and Au nanoparticles, which shows excellent reproducibility and

good operational stability, was also reported [224]. An amperometric glucose biosensor

which had good electrocatalytic activity toward oxidation of glucose and exhibited rapid

response, low detection limit, useful linear range, high sensitivity and biological affinity,

as well as good stability and repeatability, was developed by electrochemically entrap-

ping GOx on the inner wall of highly ordered PANI-NTs, which were synthesized using

an AAO membrane as a template [479]. CSA-doped PANI/PS nanofibers, prepared using

the electrospinning technique, have been used for sensing H2O2 and glucose [34].

Sensitive H2O2 biosensors using HRP immobilized in PS nanoparticles/cauliflower-

like nanostructured PANI [430], Au-Pt alloy nanoparticle/PANI-NT/chitosan nanocom-

posite membranes [480], and processable PANI-NF/chitosan film [159] have been

fabricated. Cholesterol biosensors based on cholesterol oxidase covalently immobilized

onto electrophoretically deposited PANI film, derived from a PANI-NF colloidal sus-

pension, has been reported [481]. A lipase/glutaraldehyde/PANI-NT/ITO bioelectrode

has recently been utilized to estimate triglyceride in serum samples using an impedi-

metric technique [482].

Sensitive electrochemical DNA biosensors based on electrochemically fabricated

PANI-NFs and methylene blue [483], as well as based on the synergistic effect between

PANI-NFs and MWCNTs in chitosan film have been successfully prepared [484]. Highly

sensitive electrochemical impedance spectroscopic detection of DNA hybridization based
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on Aunano–CNT/PANI-NFs films has recently been reported [461]. PANI-NTs doped by

poly(methyl vinyl ether-alt-maleic acid) were used to construct a simple electrochemical

oligonucleotide sensor, where oligonucleotide probes were covalently grafted onto

residual carboxylic acid functionalities on the nanotubes [330,332,485]. The potential

pulse amperometry technique was used to obtain a direct and fast electrochemical readout.

An ultrasensitive electrochemical DNA biosensor using a conducting PANI-NT array as

the signal enhancement element has also been presented [486]. A PANI-NT array with a

highly organized structure was fabricated with a well-controlled nanoscale dimension on a

graphite electrode using a thin nanoporous layer as a template, and 21-mer oligonucleotide

probes were immobilized on these PANI-NTs. In comparison with Au nanoparticle-

or CNT-based DNA biosensors, this PANI-NT-array-based DNA biosensor could achieve

similar sensitivity without catalytic enhancement, purification, or end-opening proces-

sing. The electrochemical results showed that the conducting PANI-NTs array had a

signal-enhancement capability, allowing the DNA biosensor to readily detect the target

oligonucleotide at concentrations as low as 1.0� 10�15 M. In addition, this biosensor

demonstrated good capability of differentiating the perfect matched target oligonucleotide

from one-nucleotide mismatched oligonucleotides, even at a concentration of 4� 10�14

M. This detection specificity has indicated that this biosensor could be applied to single-

nucleotide polymorphism analysis and single-mutation detection. Au nanoparticle/

PANI-NT membranes on a glassy carbon electrode were constructed for the electroche-

mical sensing of the immobilization and hybridization of DNA (Figure 2.31) [487].

The synergistic effect of the two kinds of nanomaterials, Au nanoparticles and

PANI-NTs, enhanced dramatically sensitivity for DNA hybridization recognition.

The detection limit was 3.1� 10�13 M. The biosensor also had good selectivity, stability

and reproducibility.

A nanogapped microelectrode-based PANI-NF biosensor array was fabricated for

ultrasensitive electrical detection of microribonucleic acids (miRNAs) [488]. Deposition

of conducting PANI-NFs was carried out by an enzyme-catalyzed method, where the

electrostatic interaction between anionic phosphate groups in miRNA and cationic aniline

molecules was exploited to guide the formation of the PANI-NFs on the hybridized target

miRNA. The conductance of the deposited PANI-NFs was correlated directly to the

amount of the hybridized miRNA, with a detection limit of 5.0� 10�15 M.

A fast and sensitive continuous-flow nanobiodetector for detecting micro-organism

cells in a flowing liquid, based on PANI-NFs fabricated as a freestanding nanonetwork in

a micro gap between two Au electrodes, was recently developed [489]. A direct-charge

transfer biosensor, using antibodies as the sensing element and conducting PANI-NFs as

the molecular electrical transducer, was developed for the detection of the foodborne

pathogen, Bacillus cereus [490]. A new type of nanobiodetector based on a limited

number of PANI-NFs has recently been designed and tested against bacteria Klebsiella

pneumoniae, Pseudomonas aeruginosa, Escherichia coli, and Enterococcus faecalis

[491]. The cells ‘defects’ accumulated in PANI-NFs lead to an abrupt change in their

electrical conductivity above a threshold density (the percolation limit). The device

works like an ‘on–off’ switch with nearly linear response above a threshold number of

cells in the suspension examined. Nanostructured ultrathin films of self-assembled

PANI-NFs cast onto interdigital microelectrodes have been used as efficient sensoactive

layers in taste sensors for quality assessment of orange juices [492]. Unique highly
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carbonized PANI-NTs as a new, thermally stable nanomaterial for nanosensors and

nanodevices with a wide range of possible applications, comparable to CNTs, have

been prepared [443].

2.4.2.2 Catalysts

Pd nanoparticles supported on PANI-NFs are efficient semi-heterogeneous catalysts for

Suzuki coupling between aryl chlorides and phenylboronic acid, the homocoupling of

deactivated aryl chlorides, and for phenol formation from aryl halides and potassium

hydroxide in water and air [493]. PANI-NF-supported FeCl3 as an efficient and reusable

heterogeneous catalyst for the acylation of alcohols and amines with acetic acid has

been presented [494]. Vanadate-doped PANI-NFs and PANI-NTs have proven to be

excellent catalysts for selective oxidation of arylalkylsulfides to sulfoxides under mild

conditions [412]. Heterogeneous Mo catalysts for the efficient epoxidation of olefins

with tert-butylhydroperoxide were successfully synthesized using sea urchin-like PANI

hollow microspheres, constructed with oriented PANI-NF arrays, as support [495]. Pt- and

Ru-based electrocatalyst PANI-NFs—PSSA—Ru—Pt, synthesized by the electrodeposi-

tion of Pt and Ru particles into the nanofibrous network of PANI-PSSA, exhibited an

excellent electrocatalytic performance for methanol oxidation [496]. A Pt electrode

modified by PANI-NFs made the electrocatalytic oxidation reaction of methanol more

complete [497]. Synthesis of a nanoelectrocatalyst based on PANI-NF-supported
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Figure 2.31 Schematic diagram of the immobilization and hybridization of DNA on Au/
nanoPAN/GCE. (Reprinted with permission from Analytica Chimica Acta, Enhanced Sensitivity
for deoxyribonucleic acid electrochemical impedance sensor: Gold nanoparticle/polyaniline
nanotube membranes by Y. Feng, T. Yang, W. Zhang, C. Jiang and K. Jiao, 616, 2, 144–151.
Copyright (2008) Elsevier Ltd) (See colour Plate 1)
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suprahigh density Pt nanoparticles or Pt/Pd hybrid nanoparticles, without prior PANI-NFs

functionalization, has recently been reported [498]. Highly stable and recoverable PANI-

NFs [499] and magnetic PANI-NF /iron oxide nanocomposites [500] for enzyme immo-

bilization and recovery have been developed. The covalently attached, highly active and

stable immobilized lipase could be used repeatedly. A PANI-NF/Co-porphyrin/glassy

carbon composite electrode was able to catalyze oxygen reduction with the number of

electrons involved being close to four. In 1 M HCl, this nanocomposite electrode per-

formed comparably to a Pt disk electrode, demonstrating its potential as a non-noble metal

electrocatalyst for oxygen reduction [247]. PANI-NTs with Pd nanoparticles attached to

their inner walls have been found to be a better catalyst than Pd/C in the catalytic reduction

of p-nitroaniline [325].

PANI-NTs synthesized by a template method on commercial carbon cloth have been used

as the catalyst support for Pt particles for the electro-oxidation of methanol [501]. The

Pt-incorporated PANI-NT electrode exhibited excellent catalytic activity and stability com-

pared to 20 wt% Pt supported on VulcanXC 72R carbon and Pt supported on a conventional

PANI electrode. The electrode fabrication used in this investigation is particularly attractive

to adopt in solid polymer electrolyte-based fuel cells, which are usually operated under

methanol or hydrogen. The higher thermal stability of y-MnO2 nanoparticles-coated PANI-

NFs on carbon electrodes and their activity in formic acid oxidation permits the realization of

Pt-free anodes for formic acid fuel cells [260]. The excellent electrocatalytic activity of Pd/

PANI-NFs film has recently been confirmed in the electro-oxidation reactions of formic acid

in acidic media, and ethanol/methanol in alkaline medium, making it a potential candidate

for direct fuel cells in both acidic and alkaline media [502].

2.4.2.3 Electron Field Emitters and Field-Effect Transistors

Template-synthesized nanofibrilar PANI array membrane [46], which shows a low thresh-

old electric field of 5–6 V mm�1 and a maximum emission current density of 5 mA cm�2,

was found to be a promising electron field emitter. However, despite the fact that this

finding indicated a possible significant role for PANI-NFs in the development of field-

emission display technology, no further scientific progress regarding PANI-NF electron

field emiters has been made during the last decade. The electrochemical field-effect

transistor (FET) behavior of a mesh of PANI-NFs bridging two 10-nm-wide Pt electrodes

separated by 2 mm has been investigated [273]. FETs based on single PANI-NFs were

fabricated (Figure 2.32) and characterized [503]. The 100-nm-wide and 2.5-mm-long

PANI-NF FETs were turned ‘on’ and ‘off’ by electrical or chemical signals. A large

modulation in the electrical conductivity of up to three orders of magnitude was obtained

as a result of varying the electrochemical gate potential of PANI-NFs. Single conducting

PANI-NFs FET showed higher electrical performance than FET, based on PANI nanofiber

electrode junctions and thin films in terms of their transconductance and on/off current

(Ion/Ioff) ratio. Furthermore, the performance of single PANI-NF FETs was found to be

comparable to Si nanowire FETs.

Possible applications of PANI-NTs in the construction of nanotip emitters in field-

emission displays and polymer-based transistors have been demonstrated [238]. Gate

voltage controllable p–n junction diode behavior for polymeric-acid-doped PANI-NTs

with Au contacts, configured as a FET, was reported [334].
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2.4.2.4 Corrosion Protection

It is well known that nanoparticulate colloidal dispersions of PANI in various paints at low

concentrations cause tremendous improvements in corrosion protection [504]. PANI-NFs

showed similar anticorrosive effects e.g., carbon steel coated with PANI-NFs has better

corrosion protection than that with aggregated PANI. Raman spectroscopy analysis

indicated that the surface of carbon steel coated with PANI-NFs formed a better passive

layer, which is composed of a-ferric oxide and Fe3O4 [146]. The corrosion resistance

performance of soya oil alkyd containing nanostructured PANI composite coatings has

recently been studied [447]. An array of Fe nanowires within PANI-NTs was obtained

using a two-step template synthesis [316]. This PANI-NT envelope may protect the Fe

nanowires against a corrosive atmosphere.

2.4.2.5 Data Storage

A nonvolatile digital memory device based on PANI-NFs decorated with Au nanoparticles

has been reported (Figure 2.33) [450,505,506]. The device has a simple structure consist-

ing of a plastic composite film sandwiched between two electrodes. An external bias was

used to program the ‘on’ and ‘off’ states of the device that are separated by a three-orders-

of-magnitude difference in conductivity. On–off switching times of less than 25 ns were

observed by electrical pulse measurements. The devices possess prolonged retention times

of several days after they had been programmed. Write–read–erase cycles have also been

demonstrated. The switching mechanism was attributed to an electric-field-induced charge

transfer from the PANI-NFs to the Au nanoparticles. The active polymer layer was created

Figure 2.32 Field-effect transistor based on single conducting PANI-NF. (Reprinted with
permission from Journal of Physical Chemistry C, Field-Effect Transistors based on Single
Nanowires of Conducting Polymers by A. K. Wanekaya, Mangesh A. Bangat et al., 111, 13,
5218–5221. Copyright (2007) American Chemical Society)
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by growing nanometer size Au particles within 30-nm-diameter PANI-NFs using a redox

reaction with chloroauric acid.

2.4.2.6 Actuators

Asymmetric PANI films formed by flash-welding PANI-NF mats, having a completely

dense flash-welded top layer �1 mm thick, while the underlayer of nanofibers remains

porous, have demonstrated rapid reversible actuation in the presence of select aqueous

acids and bases [507]. The collective movement of the individual nanofibers in the

asymmetric film creates a large degree of actuation resembling natural muscle. These

continuous single-component bending/curling actuators have several advantages over

conventional dual-component bimorph actuators, including ease of synthesis, large degree

of bending, patternability, and no delamination, and could be developed for use in

microtweezers, microvalves, artificial muscles, chemical sensors, and/or patterned actua-

tor structures [450]. A flexible conducting polymer actuator was fabricated using an

electrospun PVA nanofibrous mat followed by in situ chemical polymerization with

aniline [508]. The PVA/PANI hybrid mat consisted of PANI-NFs grown on the surface

of individual PVA nanofibers.

2.4.2.7 Membranes

A gas-diffusion electrode with a catalyst layer containing a mixture of Nafion and PANI-

NFs, showing good mechanical properties and acceptable electrochemical activity,

has been prepared [509]. This type of modified electrode could potentially be applied in

the development of a membrane–electrode assembly. A nanocomposite ultrafiltration

membrane with improved permeability has been prepared through the filtration of a

PANI-NF aqueous dispersion with a polysulfone ultrafiltration membrane [510], or by

blending PANI-NFs with polysulfone ultrafiltration membrane using a phase-inversion

process [457]. An unusual nanoscale photothermal effect of PANI-NFs, called ‘flash

welding’, has led to the development of new techniques for making asymmetric polymer

membranes [450].

Figure 2.33 PANI-NFs/Au nanoparticle bistable digital memory device (from Table of Contents
of Reference 504). (Reprinted with permission from Nano Letters, Polyaniline nanofiber/Gold
Nanoparticle Nonvolatile Memory by R. J. Tseng, J. Huang, J. Ouyang et al., 5, 6, 1077–1080.
Copyright (2005) American Chemical Society)
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2.4.2.8 Solar-Cell Devices

Polymer solar-cell devices based on a blend of poly(3-hexylthiophene) and [6,6]-phenyl-

C61-butyric acid methyl ester, and incorporating doped PANI-NTs as an interfacial layer,

have been fabricated [511,512]. The power-conversion efficiency of an annealed device

incorporating the PANI-NTs layer showed an increase of � 26% relative to that of the

annealed device lacking the PANI-NTs interfacial layer. The high conductivity, controlled

tubular nanoscale morphologies, and mobility of the annealed PANI-NTs layer led to

efficient extraction of photogenerated holes to the buffer layer and suppression of exciton

recombination, thereby improving the photovoltaic performance.

2.4.2.9 Rechargeable Batteries

PANI-NF/V2O5 is a promising nanocomposite material for utilization as a cathode for ion-

Li batteries [292,293]. PANI-NFs have been used as a cathode material for rechargeable

Li-polymer cells assembled with a gel polymer electrolyte [152], and in an aqueous PANI-

Zn rechargeable battery [261]. Dispersions of dedoped PANI-NFs in poly(vinylidene

fluoride-hexafluoropropylene)-based gel polymers can be used as electrolyte membranes

for rechargeable Li batteries [513]. PANI-NF and PANI-NT arrays, which show superior

electrochemical properties to the bulk counterpart, can be applied to Li-polymer thin-film

batteries, which are shape-flexible and specifically suitable for powering integrated circuit

cards and microelectromechanical systems [514,515].

2.4.2.10 Miscellaneous Applications

PANI-NF emeraldine salts have a high dispersion stability in vinylidene fluoride-trifluor-

oethylene copolymers and lead to percolative ferroelectric nanocomposites with enhanced

electric responses [460]. Nanofibrous PANI has been applied as an electrorheological (ER)

fluid [516,517] and exhibited distinctly improved suspended stability and a larger ER

effect under electric fields compared to conventional granular PANI ER fluid.

Electrospinning was used to fabricate Schottky diodes using PANI-NFs and n-doped Si

[518]. PANI-NFs (nanorods) obtained by electroless surface polymerization on a modified

ITO surface for electrochemical supercapacitors have been described [410]. Nanofibrous

PANI/manganese oxide films [12], PANI-NFs/acetylene black/polytetrafluoroethylene/

graphite composite electrode [55], activated carbon electrode modified with PANI-NFs

doped with lithium salt [150], PANI-NFs/carboxymethyl cellulose/styrene-butadiene

rubber/Ti foil [153], PANI-NFs doped with citric acid [175], PANI-NFs/Ti/Si [240], and

PANI-NF-modified stainless-steel electrode [519] were also used to assemble supercapa-

citors. New PANI-NFs materials for electrochemical redox capacitors, with advantages

including low cost, long life cycle and stability in acidic solutions at pH 3, have recently

been prepared [262]. Electromagnetic-interference-shielding composite materials were

developed from the conductive blends of nanostructured PANI and PANI-clay nanocom-

posites with ethylene vinyl acetate as the host matrix [458]. A mixture of PANI-NFs,

PANI-NTs, TiO2 nanoparticles, and Fe3O4 microparticles showed excellent microwave

absorption (>99.4%) at high frequency [370]. Blends of low-density polyethylene, p-TSA

and nanotubes of self-doped PANI were formulated into films with effective antistatic
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properties [364]. Nitrogen-containing CNTs were synthesized by the carbonization of

PANI-NTs [443–445].

2.5 Conclusions and Outlook

Breakthrough template (hard- (nanoporous, nanostructured seed) and soft-template (oli-

gomer-, polymer-, surfactant-, and amphiphilic acid-assisted syntheses)), and template-

free methods (not-shaken–not-stirred, aqueous/organic interfacial, rapid-mixing, and

dilute polymerizations; photo-assisted, radiolythic, sonochemical, solid-state mechano-

chemical, and electrochemical syntheses; dopant-free, falling pH, pH-stat, and hydropho-

bic surface methods) in the syntheses of PANI nanostructures have been developed over

the last two decades. However, simple and efficient synthesis of well-oriented arrays of

PANI nanostructures with controllable morphologies and sizes, especially on a large scale,

is still challenging. Despite the fact that a number of studies, experimental as well as

theoretical, have been devoted to the understanding of the genesis of PANI nanostructures,

the mechanisms of the formation of PANI nanostructures are still unclear. PANI nanos-

tructures possess some unique physical and chemical properties, quite different from the

ordinary granular and colloidal PANI, which opens a completely new domain of applica-

tions. PANI-NFs, PANI-NTs, and other PANI nanostructures have a wide applicability in

sensors, catalysts, electron field emitters, field-effect transistors, corrosion protection, data

storage, actuators, membranes, solar cell devices, rechargeable batteries, fuel cells, elec-

trorheological fluids, supercapacitors, electromagnetic interference shielding, microwave

absorption, and antistatic coatings. Wherever a high interfacial area between PANI and its

environment is important, nanostructured PANI offers the possibility of enhanced perfor-

mance. Taking into account that conductivity of PANI nanostructures is dominated by the

interchain and intertube/fiber contact resistance, elimination of these contact resistances is

key to observing pure metal-like behavior of PANI nanostructures and represents a

challenge in future investigations. Improved processability of conducting PANI nanos-

tructures is still a challenge in practical applications. It can be expected that the combina-

tion of desirable properties of PANI nanostructures and micro-/submicro-/nanoparticles of

various metals, oxides, organic/bioorganic compounds, and biological materials, can lead

to significant improvements in the technological performances of new composites contain-

ing PANI nanostructures.
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J. Prokeš, Polyaniline nanotubes: conditions of formation, Polym. Int., 55, 31–39 (2006).
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Synthesis and characterization of conducting polyaniline 5-sulfosalicylate nanotubes,
Nanotechnology 19, 135606 (2008).

[378] Z. Ding, R. P. Currier, Y. Zhao, and D. Yang, Self-assembled polyaniline nanotubes with
rectangular cross-sections, Macromol. Chem. Phys., 210, 1600–1606 (2009).

[379] C. Laslau, Z. D. Zujovic, L. Zhang, G. A. Bowmaker, and J. Travas-Sejdic, Morphological
evolution of self-assembled polyaniline nanostuctures obtained by pH-stat chemical oxida-
tion, Chem. Mater., 21, 954–962 (2009).

[380] H. Ding, J. Shen, M. Wan, and Z. Chen, Formation mechanism of polyaniline nanotubes by a
simplified template-free method, Macromol. Chem. Phys., 209, 864–871 (2008).
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3.1 Introduction: Inhomogeneity and Nanostructured Materials

Efficient micro- and nanostructuring of conducting polymer-based materials, or introduc-

tion of certain patterns of local modifications, is impossible without careful consideration

of the inhomogeneity of these materials. If the desired scale of modifications is less than or

equal to the typical scale of inhomogeneous features of the material, the modification will

not be uniform and thus most probably fail to achieve its goals. Furthermore, the extent of

directional modification of the material properties as a result of nanostructuring should

also be measured against the inherent distribution of the material properties that existed in

the as-prepared material before the modification. For instance, structuring a more inho-

mogeneous material would obviously require a deeper modification as compared to a less

inhomogeneous material.
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Another area where inhomogeneity is extremely important is various organic semicon-

ductor devices such as solar cells and thin-film transistors. Typical thickness of polymer

layers in such devices is of the order of 100 nm, which means that any inhomogeneity/

disorder on this or similar scale will affect the performance of devices based on such

materials. Specifically, one of the effects of inhomogeneity widely discussed in the recent

literature is the effect of disorder on the efficiency of charge transport in organic materials,

which is crucial for many applications based on conducting and semiconducting organic

polymers.

Overall, as a result of all these factors, the prevailing tendency has been to find the ways

to reduce the inhomogeneity and produce uniform, high-quality polymer films. Such films

will be also the best substrates for micro- and nanostructuring since they would require

only limited modification to drastically modify their properties. At the same time, there are

cases when inhomogeneity may be beneficial and even crucial for the functioning of

polymer-based devices. Regrettably, the scope of this chapter does not allow us to address

here in any detail the very rapidly developing fields of such inherently heterogeneous

systems as polymer blends, including those used in bulk heterojunction organic solar cells,

and polymer-based materials modified with metal nanoparticles.

The field of conducting polymers is quite special because these materials hold great

promise for a variety of uses. As a result, the inhomogeneity of such materials has been

treated in the context of many diverse applications. Furthermore, the focus of the scientific

community has shifted considerably over time, and this has also impacted studies of

polymer inhomogeneity. In the early days (roughly two decades from 1980 to 2000, but

most prominently in 1990s), most studies were focused on the metallic state of conducting

polymers and the metal-to-insulator/insulator-to-metal transitions. The polymer systems

most studied at that time were first polyacetylene and later mainly polyaniline and

polypyrrole. Electrochemical and related studies of the inhomogeneous distribution of

the doping level in such materials were also initiated at that time. In the late 1990s and

especially in the 2000s, the attention of the scientific community shifted from metallic to

semiconductor polymers and their applications, such as organic light-emitting diodes

(OLEDs), organic electronics, and plastic solar cells. As a result, polyaniline and poly-

pyrrole were no longer subjects of major interest and most studies of polymer inhomo-

geneity were performed in the context of organic electronics applications, first with

various poly(phenylene vinylene)s (PPVs) and later with various polythiophenes, espe-

cially regio-regular polythiophenes such as poly(3-hexylthiophene) (P3HT). However,

despite very different approaches, preparation techniques, and applications discussed in

the literature in 1990s and 2000s, the fact remains that all these materials are closely

related to each other and the inhomogeneity of polypyrrole and polyaniline should be

governed by the same factors as that of poly(phenylene vinylene)s and polythiophenes.

This chapter attempts to review the knowledge accumulated over time on the problem of

inhomogeneity of conducting polymers and related materials in various systems and

applications and to present a common view of the origins of the inhomogeneity of these

materials. Early studies with conducting and semiconducting p-conjugated polymers have

accumulated ample experimental evidence that these materials feature significant inho-

mogeneous disorder. More precisely, these materials were envisaged as consisting of

small, ordered, mostly crystalline domains or islands separated by amorphous disordered

matrix. These conclusions were made on the basis of indirect data such as X-ray
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measurements [1–5] or mobility/conductivity measurements/analysis of the metallic

[6–12] and semiconducting [13–20] states of the polymer materials; however, all these

studies were based on indirect measurements which could not provide any local and

especially nanoscale information and could not relate the measured properties to specific

locations or topographic features of the materials under study.

One of the main differences between early and more recent work is that over the last

decade various scanning-probe and related techniques such as AFM, SEM, TEM, EDX, as

well as various local spectroscopic techniques, have become everyday tools available to

wide circles of materials scientists. The widespread use of these techniques has enabled

scientists to routinely perform direct local studies of material properties and inhomogene-

ity on the nanometer scale and obtain unique information not available before. Therefore,

one of the main goals of this chapter is to review recent progress achieved in the local

studies of conducting polymers and related materials on the nanoscale. Special attention

will be also paid to understanding the origins of inhomogeneity, which is of great

importance from both the fundamental and practical viewpoints. The most obvious source

and manifestation of the material inhomogeneity is its morphology; however, it has not

been clear until very recently if polymer inhomogeneity and morphology are in fact even

related to each other, and even now further work is required to establish the details of this

relationship.

X-ray diffraction and related techniques, especially those using grazing incidence X-ray

scattering, have been very instrumental in establishing the degree of crystallinity and

disorder in conducting polymer films. However, in most cases, the X-ray data will be

reviewed in this chapter only insofar as they provide support for the other structural/local

data. A more detailed overview of recent literature on X-ray scattering from conducting

and semiconducting polymers is available [21].

3.2 Direct Local Measurements of Nanoscale Inhomogeneity of
Conducting and Semiconducting Polymers

3.2.1 Introduction

Before reviewing the results of direct local measurements of nanoscale properties of

conducting and semiconducting polymers available in the literature, we believe it would

be advantageous to provide in each section a short summary of the technique used for this

purpose. We do not feel there is a need to review here general well-known techniques like

basic atomic force microscopy (AFM) and scanning/transmission electron microscopy

(SEM/TEM); however, there are some techniques, particularly AFM extensions, which

may be less familiar to the reader and thus warrant some additional notes. The main

advantages of AFM extensions is that they are able to measure simultaneously not only the

sample topography, but also a host of other parameters, from which one is able to extract

information about various local properties of the samples with the same nanometer

resolution, and reference these data to exact locations on the sample surface for which

other properties, like topography, have been determined. Among the extensions that have
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been especially instrumental in studies of the inhomogeneity of conducting and semicon-

ducting conjugated polymers reviewed in this chapter are Kelvin probe force microscopy

(KFM) and electric force microscopy (EFM), which measure the nanoscale distribution of

surface electrical potential or electric field; current-sensing atomic force microscopy

(CS-AFM) (also known as conducting AFM (CAFM)), which measures the local sample

conductivity; scanning near-field optical microscopy (SNOM), which enables one to

characterize various local optical properties below the far-field diffraction limit; and

phase-imaging atomic force microscopy (PI-AFM), which provides information concern-

ing the nanoscale viscoelasticity and crystallinity of materials. All these techniques feature

the same important advantage: the ability to measure important local parameters simulta-

neously with topography imaging, and with the same high resolution; therefore, they allow

one to correlate topography information, such as the surface morphology, with the other

parameters characterizing the material inhomogeneity. Specifically, for conducting and

semiconducting polymers, this feature is instrumental in deciding if there is a relationship

between inhomogeneity and surface morphology, which is of prime importance for

elucidating the origins of nanoscale inhomogeneity in these systems.

We also feel that in this introduction we need to provide a brief summary of some of the

molecular structures of the conducting and semiconducting polymers under study. While

early studies dealt with polymers that featured relatively simple and straightforward

structures, such as polyaniline, polypyrrole, and polythiophene, including regio-random

and regio-regular poly(3-alkyl thiophene)s, in recent years, new polymeric materials have

been developed which, in many cases, feature extremely complex chemical structures. The

main driving force here was the search for various donor–acceptor materials incorporating

distinct donor and acceptor moieties in the same molecule, for instance for solar-energy

conversion and low-bandgap materials, as well as the search for regio-regular materials

with better ordering and intermolecular packing than regio-regular poly(3-hexylthio-

phene) (P3HT).

As far is the latter field is concerned, one of the design ideas was that to ensure better and

facile interdigitation of the side chains, which is the main driving force behind the excellent

ordering of regio-regular polymer materials, the side-chain density should be decreased.

One way of achieving this is to prepare a polymer in which not every thiophene ring bears a

side chain. Two examples of such polymers are poly(4,400-dioctyl-2,20:50,200-terthiophene)

(PDOTT) [22] and poly(3,3000-dialkylquaterthiophene)s (PQT) [23-27], which have two

alkyl-substituted thiophene rings flanking one (PDOTT) or two (PQT) nonsubstituted

rings. These polymers show excellent charge-carrier mobilities that are generally higher

than those found with regio-regular P3HT. Yet another design idea is to introduce various

spacer (not thiophene) subunits between regio-regular alkylthiophene units. Among

those materials are poly[(5,50-(3,30-di-n-octyl-2,20-bithiophene))-alt-(2,7-fluoren-9-one)]

(PDOBTF) [28], which combines head-to-head coupled di-n-octylthiophene and fluorenone

subunits, poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) [29] and

poly(2,6-bis(3-alkylthiophen-2-yl)dithieno[3,2-b;20,30-d]thiophene) (PBTDT) [30] with

thienothiophene and dithienothiophene spacer subunits, and others. Outside the polythio-

phene family, important materials are polyfluorenes such as poly(9,90-dialkylfluorene)s and

poly(phenylene vinylene)s, such as poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene

vinylene) (MEH-PPV). The molecular structures of some of the materials described in the

following sections is given in Figure 3.1.
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3.2.2 Atomic Force Microscopy (AFM), Kelvin Probe Force Microscopy

(KFM), and Electric Force Microscopy (EFM)

As far as can be seen from the available literature, the first locally resolved studies of

nanoscale inhomogeneity of conducting and semiconducting polymers only appeared in

Figure 3.1 Molecular structures of some of the materials described in this chapter
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1996 [31,32]. Semenikhin et al. [31] used atomic force microscopy (AFM) and its

extension, Kelvin probe force microscopy (KFM), to study the structural inhomogeneity

and doping level distribution in undoped polybithiophene (PBT). The Kelvin probe force

technique utilizes a conducting tip through which a selectable bias can be applied between

the tip and the sample. If the applied bias is equal to the contact potential difference

between the tip and the sample, the electric field between the tip and the sample is

cancelled, which can be detected with a high accuracy. Therefore, by constantly adjusting

the tip–sample bias in the process of scanning so that there is no electric field between

them, one can measure with nanometer resolution the lateral distribution of the contact

potential difference and therefore of the sample work function, from which other para-

meters such as chemical composition and/or oxidation degree can be obtained. Using AFM

and KFM, Semenikhin et al. [31] showed that electrochemically deposited PBT films

featured pronounced inhomogeneity, indicated by considerable spatial variations in the

local doping level as measured by KFM. Furthermore, the doping-level distribution

showed a strong correlation with topography: more doped portions of the polymer formed

domains with a typical size of 20–50 nm, which were located in the cores of the polymer

grains. These domains were surrounded by relatively undoped regions, predominantly

located at the grain periphery. Furthermore, they also found pronounced structural differ-

ences between the grain cores and grain periphery; molecular-resolution AFM images

obtained at the grain cores showed highly ordered crystalline structures, while the images

obtained at the grain periphery showed more disordered structures consisting of separate

and more disordered helical polymer chains (Figure 3.2). The presence of the crystalline

structure with parameters close to those derived from the molecular-resolution AFM

images was confirmed by X-ray diffraction measurements [33].

The changes in the nanoscale inhomogeneity upon electrochemical doping were also

investigated [31,34,35]. Kelvin probe force microscopy indicated that the most changes

occurred in the more disordered peripheral regions of the polymer grains both in p- and n-

type doping, thus confirming the existence of the domain structure and demonstrating that

crystalline, more-ordered domains are less open to dopant ion penetration (Figure 3.3). A

similar conclusion was later inferred from macroscopic electrochemical measurements

(however, without any local structural information) performed with semicrystalline films

of poly(3-methylthiophene) [36] and poly(3-hexylthiophene) [37].

Kelvin probe force microscopy and a closely related technique, electric force micro-

scopy (EFM), have proven to be valuable tools to study the structural inhomogeneity of

conducting and semiconducting polymers. In particular, they were used to examine the

inhomogeneity of such materials as electrochemically polymerized polypyrrole, polyani-

line, and polythiophene containing various counter-ions [38-40], as well as spin-coated

poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) [41]. It was

confirmed that all these materials have a well-defined inhomogeneous structure, with

pronounced variations in the sample work functions, in agreement with the results of

Semenikhin et al. [31,34,35]. Spin-coated films show considerably less inhomogeneity

and much smaller domains as compared to electrochemically prepared polymers [41].

KFM and EFM were also successfully used to study the inhomogeneity of Langmuir–

Blodgett (LB) films of an amphiphilic polythiophene modified with hydrophobic and

hydrophilic groups [42] and polypyrrole chemically polymerized onto sulfonated poly-

styrene [43]. Later, the KFM and EFM techniques started to be used to characterize the
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nanoscale properties of polymer blends, especially, in the context of research into bulk

heterojunction organic solar cells [44–51]; however, the inhomogeneity in these studies

was related primarily to the formation of a blend containing two or more polymers, or a

polymer and a fullerene-based electron acceptor, and thus these results cannot be readily

compared to the studies of nascent polymers. Some of these papers are described in more

detail in a recent review [52].

3.2.3 Current-Sensing Atomic Force Microscopy (CS-AFM)

Electrical conductivity is one of the defining parameters that characterize conducting and

semiconducting polymer materials. One of the most important features of these materials

is their ability to be doped and undoped, switching from a semiconducting undoped state to

electronically conducting doped state. Therefore, mapping the local values of electrical

conductivity on the micro- and nanoscale allows one to characterize the inhomogeneous

distribution of the doping level in these materials. This is especially important for materials

Figure 3.2 Molecular-resolution AFM images of electrochemically deposited PBT showing
typical structures encountered (A) at the grain periphery and (B) at the grain cores. Figure (C)
shows schematic drawings of the helical and linear polymer chains proposed for these struc-
tures. (Reprinted with permission from the Journal of Physical Chemistry, Atomic Force
Microscopy and Kelvin Probe Force Microscopy Evidence of Local Structure Inhomogeneity
and Nonuniform Dopant Distribution in Conducting Polybithiophene by Oleg A. Semenikhin
et al., 100, 48, 18603–18606. Copyright (1996) American Chemical Society)
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Figure 3.3 Simultaneous 250 nm� 250 nm KFM images of (A,C) topography and (B,D) sur-
face potential of electrochemically deposited PBT acquired in the KFM feedback mode. Bright
spots in the surface potential images (more positive surface potential) correspond to more
oxidized polymer. Images A and B represent as-grown PBT, while images C and D show
anodically doped polymer. (Reprinted with permission from the Journal of Physical Chemistry,
Atomic Force Microscopy and Kelvin Probe Force Microscopy Evidence of Local Structure
Inhomogeneity and Nonuniform Dopant Distribution in Conducting Polybithiophene by Oleg
A. Semenikhin et al., 100, 48, 18603–18606. Copyright (1996) American Chemical Society;
Reprinted with permission from Electrochimica Acta, A Kelvin probe force microscopic study
of the local dopant distribution in conducting polybithiophene by O. A. Semenikhin, L. Jiang,
T. Iyoda et al., 42, 20–22, 3321–3326. Copyright (1997) Elseveir Ltd)
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prepared by electrochemical or chemical oxidation, since, even if they are later converted

to the semiconducting undoped state, they often contain domains of residual dopant

localization, sometimes referred to as trapped charge. Local conductivity measurements

are also instrumental in localization of conducting metallic islands that are an important

feature of inhomogeneous conducting polymers near the metal-to-insulator transition

[6–12].

Current-sensing atomic force microscopy (CS-AFM) is a technique that measures,

in addition to the surface morphology, the local current flowing between a conduct-

ing tip and the area of the sample it is in contact with. To ensure the flow of the

electric current, CS-AFM requires a direct electric contact between the sample and

the tip, and is a contact-mode technique, although recently some equipment manu-

facturers have started to develop noncontact electrical characterization techniques

such as torsional resonance tunneling AFM. CS-AFM, along with scanning tunneling

spectroscopy (STS) reviewed later, is arguably the best technique to measure the

local electrical properties of materials on the nanoscale (yet another technique called

tunneling AFM, or TUNA, is essentially a version of current-sensing AFM with

higher electrical sensitivity). However, unlike STS, CS-AFM does not rely on

conductivity as the source of the topography information and can therefore be

used for poorly conducting samples such as thick films of semiconducting conju-

gated polymers.

An important question that arises with relatively thick samples is the relation between

the surface and the bulk components of the overall conductivity registered by the CS-AFM

technique. This problem does not occur when a film represents a molecular monolayer or

consists of a single layer of polymer grains or globules, which is normally the case for very

thin films of 10 nm and less [40]. Thicker films typically comprise several layers of

polymer grains or globules stacked on top of each other and a charge carrier must pass

through several polymer globules in order to travel from the support to the conducting tip

and give rise to a CS-AFM current. Therefore, more general analysis of the conductivities

of thick polymer samples should be performed using a kind of 3-D percolation approach.

However, in most practical cases it seems to be possible to assume that the most important

contribution to the overall conductivity is produced by the globules of the topmost polymer

layer. The reason for this is that the carriers traveling from the support to the topmost

polymer layer will do so using a few of the most conducting pathways. Such conducting

pathways may be polymer crystalline domains or grain boundaries. It is probable that

every grain of the topmost polymer layer will have access to at least one such conducting

pathway, provided that their number is sufficiently large, which is a reasonable assumption

for the doped conducting and partially undoped semiconducting polymers most often

studied. This mechanism essentially eliminates the variability of the bulk conductivity

component of the overall conductivity registered using the CS-AFM technique. However,

the variability of the surface conductivity component will remain, since the CS-AFM tip,

unlike the grains of the neighboring polymer layers, is in electrical contact with only one

area at the grain surface, and a carrier must pass through this area in order to be collected

and registered as a CS-AFM current. Therefore, it can be concluded that in most practical

cases the CS-AFM current information can be related to the variability in conductivity of

the morphological features of the topmost polymer layer rather than the bulk conductivity

of the sample.
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There have been several CS-AFM studies of conducting polymers and related materials,

most notably performed in the group of S.M. Park with various electrochemically

polymerized conducting polymers such as polypyrrole [53–55], polyaniline [56,57],

polythiophene and derivatives [58], and poly(3,4-ethylenedioxy-thiophene) [59], as well

as chemically polymerized poly(o-anthranilic acid) (PARA) [60]. There have also

been CS-AFM studies of chemically polymerized polyaniline [61,62] and MEH-PPV

[63], as well as spin-coated poly(3,4-ethylenedioxythiophene) polystyrenesulfonate

(PEDOT:PSS) [64,65]. All these studies universally suggested that the conducting

polymer materials, both doped and undoped, showed a considerable nanoscale inhomo-

geneity and possessed domains with higher and lower conductivity. The domain size was

generally of the order of 50–200 nm, although some studies claimed to have observed

domains of a smaller size, down to 20 nm. However, the quality of the images was

generally not very high because of inherent problems with the conducting tip coating in

the CS-AFM technique. AFM tips are generally made of doped silicon. While this

material is sufficiently conducting for surface potentiometry techniques such as KFM

and EFM, it is not conductive enough for CS-AFM. To make an AFM tip conducting

enough for use in the CS-AFM technique, the tips are coated with a conducting coating,

typically a very thin metal film. However, this conducting coating is easily damaged in

the process of contact-mode scanning, thus requiring the researchers to limit the contact

forces and thus the resolution. In particular, the cited studies did not provide a definite

answer concerning the correlation between the inhomogeneity, as revealed by CS-AFM,

and the surface morphology, as discussed above. In some cases, a correlation was

inferred; in the others, no such correlation was found. In the studies on spin-coated

PEDOT-PSS, the domain structure of local conductivity was attributed to the variation in

the content of less conducting PSS rather than to the properties of the conducting

polymer itself [64,65].

The problem of the tip coating was partially overcome with the introduction of

conducting AFM tips coated with conductive boron-doped diamond film. Such tips

were used by Kantzas et al. [66] and O’Neil et al. [41] to study the nanoscale inhomo-

geneity of electrochemically deposited semiconducting polybithiophene (PBT). Boron-

doped diamond possesses excellent electrical conductivity and superior antiwear proper-

ties, even though the process of coating makes the tips less sharp, thus limiting the

resolution as compared to uncoated tips. The use of doped diamond-coated tips allowed

Kantzas et al. and O’Neil et al. to unambiguously demonstrate that the electrical

inhomogeneity is related to the morphology of the polymer materials. Specifically (see

Figure 3.4), it was shown that there are numerous conducting domains in nominally

undoped polybithiophene, which are located in the centers of the polymer grains, while

the grain periphery is generally less conducting or insulating. These findings highlight

again the conclusion made earlier, on the basis of KFM and EFM data, that there is a

correlation between inhomogeneity and surface morphology, which has to be traced back

to the formation of the polymer films, specifically to the processes of polymer nucleation

and growth [41].

As was the case with KFM and EFM, there have been a few CS-AFM studies of

the polymer blends [67–71] generally showing inhomogeneity due to pronounced

phase segregation in these systems. Further details can be found in a recent

review [52].
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3.2.4 Scanning Tunneling Microscopy (STM) and Scanning Tunneling

Spectroscopy (STS)

Yet another powerful local characterization technique is scanning tunneling microscopy

(STM), which produces topography information by controlling the tunneling current

between a sharp conducting tip and the sample surface. While the probability of tunneling,

and the tunneling currents, generally depend on the sample local conductivity and density

of states, which is a disadvantage of the STM technique, especially for imaging semi-

conducting samples, STM does produce a very high resolution, generally better than AFM,

allowing one to more easily achieve molecular resolution, and the conductivity limitations

may not be too severe with thin film samples. Furthermore, one can use a so-called

scanning tunneling spectroscopy (STS), also known as current-imaging tunneling spectro-

scopy (CITS), to measure the tunneling current as a function of the applied bias at certain

points of interest in the STM image, and thus determine the local band structure and

conductivity of the material, again, in relation to the sample morphology. In a sense, this

approach is similar to current-sensing atomic force microscopy (CS-AFM) discussed

above; however, while the accuracy of the topography information obtained by AFM

and CS-AFM is not related in any way to the sample conductivity, the topography

information obtained by STM/CITS is directly dependent on the sample conductivity,

Figure 3.4 Simultaneous 1 mm � 1 mm CS-AFM images of topography (left) and local current
(right) obtained for electrochemically deposited PBT. Bright spots in the current image (more
positive current) correspond to more conducting polymer (the tip bias was þ500 mV). Several
large grains are contoured for easier visualization of the correlation between the topography
and the local current images. (Reprinted with permission from Electrochimica Acta, The effect
of preparation conditions on the photoelectrochemical properties of polybithiophene based
photoelectrodes by T. Kantzas, K. O’Neil and O. A. Semenikhin, 53, 3, 1225–1234. Copyright
(2007) Elsevier Ltd)
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thus complicating the deconvolution of the obtained results and somewhat reducing the

reliability of the data. Because of this factor, STM studies of organic semiconductors are

largely limited to very thin films of several monolayers at best. However, as was already

noted, current-imaging tunneling spectroscopy typically features a higher resolution

because conducting coating makes the AFM tip less sharp and thus less sensitive to fine

structural details.

While there have been several studies describing high-resolution STM imaging of

various polymers and oligomers in the literature (see, e.g., [26,72–74]), in this chapter

we will review only those STM investigations which specifically describe observations of

the nanoscale inhomogeneity of polymer materials. Yau et al. [75] applied STM and STS

to the study of nanoscale inhomogeneity of electrochemically deposited emeraldine salt,

the protonated, conductive form of polyaniline (PANi), as well as of emeraldine base, the

deprotonated, undoped form of PANi. In both cases they observed an array of conducting

and insulating domains of nanometer dimensions, with the size of conducting domains for

the conductive emeraldine salt being 20–80 nm and the insulating domains being a lot

smaller, 5–30 nm. For the deprotonated emeraldine base material, they observed pro-

nounced shrinking of the conducting domains down to ca. 30 nm, with the insulating

regions becoming much larger and forming a continuum. The different natures of the

insulating and conducting domains were also demonstrated by the shape of current-bias

dependencies. While the authors did not discuss if the domain distribution is correlated to

the film morphology, some correlation between the morphology and preferential locations

of conducting domains can be inferred from the images presented for the conductive

emeraldine salt material. The domain distribution for the undoped emeraldine base seems

to be random. At the same time, it should be remembered that the STM topography

information is dependent on the sample conductivity and the local density of states, so

any correlation with topography should be assessed with caution.

The STS technique was also used to demonstrate the formation of conducting domains

in films of another popular conducting polymer, (poly(3,4-ethylenedioxythiophene) doped

with poly(4-styrenesulfonic acid) (PEDOT:PSS) [76]. Importantly, the authors were able

to characterize the 3-D inhomogeneity of the films by employing an interesting procedure

consisting in gradual penetration of the organic material with the STM tip and producing

current (i.e., conductivity) maps at different levels of the relative tip depth. Using this

approach, they were able to discover the presence of 3-D conducting islands (a typical

diameter of ca. 20 nm) in spin-coated PEDOT:PSS films, as well as nonconducting areas.

The relative abundance of conducting and nonconducting domains varied with the imaging

depth: the sample surface was relatively nonconducting and the sample bulk featured more

conducting domains. The authors attributed such variation to enrichment of the surface

layers with the nonconducting PSS component. Significantly, the authors found pro-

nounced discrepancies between STM and AFM images of the same surface, which they

used to extract the surface conductivity information; however, this fact once again high-

lights the need to exercise caution when applying the STM technique to imaging bulk

polymer films.

Grevin et al. [77,78] described molecular-resolution STM studies of regio-regular

poly(3-hexylthiophene) (P3HT) films cast from chloroform solution onto the surface of

highly oriented pyrolytic graphite (HOPG). The images clearly show ordered crystalline

islands as well as disordered/amorphous areas. The ordered domains are indicated by
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regular folding of the polymer chains, readily observed in the STM images. The average

crystalline domain size was ca. 20 nm. Importantly, the authors observed that several

chains extended between the neighboring domains, thus providing pathways for the 1-D

transport widely discussed in literature, but on the basis of indirect measurements only.

A chain-to-chain distance of 1.4 nm was reported for regularly folded chains, which is

significantly larger than the parameters observed by molecular-resolution AFM for crys-

talline polybithiophene (PBT) [31]. The dimensions of the periodic motif of the ordered

chains along the backbone axis were also found to be at least twice as large as the

corresponding values for PBT [31]. Similar values were also reported for P3HT in papers

by Mena-Osteritz et al. [73,74]. This is understandable in view of the presence in P3HT of

large side chains necessary to produce regio-regularity; at the same time, this fact demon-

strates that the degree of close packing which can be achieved with nonsubstituted

polymers like PBT is significantly higher.

Payerne et al. [79] compared the mesoscopic organization of thin (less than a mono-

layer) films of regio-regular poly(3-hexylthiophene) (P3HT) and poly(3-dodecylthio-

phene) (P3DDT). They found the same pattern that combined the ordered and

disordered domains for P3HT; however, for P3DDT, no amorphous disordered phase

could be detected. Instead, with P3DDT they observed, in addition to the close-packed

crystalline domains, the formation of another long-range ordered supramolecular structure

with increased separation between the polymer chains. A somewhat similar pattern of the

more ordered and less ordered phases was observed by Semenikhin et al. [31] for PBT.

Parameters such as the interchain separation found for P3HT were close to those cited in

previous references [77,78], while for P3DDT they were understandably larger.

Brun et al. [28] used STM to investigate the mesoscale inhomogeneity of an even more

complex regio-regular polymer combining head-to-head coupled di-n-octylthiophene and

fluorenone subunits, poly[(5,50-(3,30-di-n-octyl-2,20-bithiophene))-alt-(2,7-fluoren-9-

one)] (PDOBTF). Similar heterogeneous structures combining ordered and disordered

domains were observed. However, it was noted that the presence of the rigid fluorenone

subunit modified the type of supramolecular organization as compared to P3HT and

P3DDT: much less chain folding was observed with PDOBFT, indicating that this polymer

is more of a rigid-rod type.

Jaroch et al. [22] used STM to study the effect of molecular weight (MW) and poly-

dispersity index on the local inhomogeneity of yet another regio-regular polythiophene,

poly(4,400-dioctyl-2,20:50,200-terthiophene) (PDOTT). This polymer has a reduced side-

chain density as compared to regio-regular P3HT and therefore is able to show even better

packing and excellent charge-carrier mobilities, generally higher than that found in regio-

regular P3HT. The authors were able to experimentally demonstrate the fundamental

importance of polydispersity as the driving force of the nanoscale inhomogeneity.

Specifically, by studying the intermolecular packing of films produced from monodisperse

and polydisperse fractions of different MWs, they showed the following: the films

obtained from polydisperse fractions possessed both polycrystalline and amorphous

domains; the monodisperse fractions formed well-defined 2-D crystals and no amor-

phous/disordered domains; an increase in the MW produced notable changes in the

supramolecular organization: the packing became more anisotropic showing more or

less separated rows of ordered polymer chains. Perhaps this factor is related to the critical

length at which a polymer chain becomes able to fold on itself. It should be noted, however,

Nanoscale Inhomogeneity of Conducting-Polymer-Based Materials 111



that the MW values studied in this work were quite low: the number-average value (Mn)

ranged from 1.6 to 3.6 kDa for the monodisperse fractions (6 to 15 thiophene units) and

was ca. 3.9 kDa for the polydisperse sample (however, the weight-average MW of the

polydisperse sample was as high as 14.3 kDa, showing the relative abundance of long

chains in that sample).

3.2.5 Phase-Imaging Atomic Force Microscopy (PI-AFM) and

High-Resolution Transmission Electron Microscopy (HRTEM):

Studies of Local Crystallinity

Phase-imaging atomic force microscopy (PI-AFM) is a very interesting technique that is

capable of characterizing the local mechanical properties of a material simultaneously and

with the same nanometer resolution as topography information [80]. It is based on the

analysis of the phase shift between the vibration of an AFM cantilever brought in inter-

mittent contact with the surface, as in tapping-mode AFM, and the vibration of the same

cantilever, but positioned far from the sample (a free-vibrating cantilever). As the AFM

cantilever with an AFM tip mounted on it is brought closer to the sample surface, at some

point an intermittent contact is established that results in partial damping of the cantilever

vibration amplitude at a given frequency. This effect is well known and is used to generate

topography information in the AFM tapping mode. However, at the same time the phase of

the cantilever vibrations is also altered depending on whether the tip–sample contact is

elastic or inelastic.

In the case of an elastic interaction, the tip ‘bounces’ back readily upon contact with the

sample and thus the phase shift of the cantilever vibrations stays near zero or becomes

positive, in the case of a strong repulsive interaction between the tip and the surface (‘hard

tapping’). Alternatively, in the case of an inelastic interaction, when a portion of the

cantilever vibration energy is dissipated within the sample, the vibrating tip ‘sticks’ to the

sample surface and thus retracts with a noticeable delay, which is registered under periodic

vibration conditions as a negative phase shift. Overall, the magnitude of the phase shift

depends on the type of the interaction (elastic/inelastic), as well as on the values of the

material density and the elastic modulus [80]. Since the phase variations are measured

simultaneously with the same high lateral resolution as the topography and can be easily

referenced to specific locations on the sample surface, phase imaging is a very powerful

technique for characterization of the nanoscale inhomogeneity of materials. Specifically,

since the densities and the elastic moduli of crystalline and amorphous materials, or the

crystalline and amorphous forms of the same material, are generally very different, phase

imaging is an excellent tool to study the distribution of crystalline and amorphous

domains. As would be expected and was confirmed by direct measurements with polymer

standards [80], more crystalline domains can be recognized from relatively more positive

phase values, while amorphous regions typically show a relatively negative phase in a

wide range of tip–sample forces (so-called moderate tapping), where most of the practical

imaging is performed.

The development of scanning probe techniques, and in particular phase-imaging AFM,

created a unique opportunity for researchers to directly study the local crystallinity and

inhomogeneity of conducting and semiconducting p-conjugated polymers. Early
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experimental and theoretical studies of these materials all led to the conclusion that these

materials consisted of small, ordered, mostly crystalline domains separated by an amorphous

disordered matrix [1–20]. However, for quite long time there were no direct local studies

that could confirm or disprove this conclusion on the basis of direct nanometer-scale local

structural information. The phase-imaging technique allowed researchers to visualize the

locations of such crystalline domains and thus not only confirmed the existing models of

nanoscale inhomogeneity of conducting and semiconducting polymers, but also provided a

clue to its origins. Very recently, local crystallinity studies using high-resolution transmis-

sion electron microscopy (HRTEM) started to appear in the literature as the HRTEM

technique became more available. When appropriate, such results are also reviewed in this

section. Two types of TEM images are generally used: bright field (BF) images that are

obtained from intensities of transmitted electrons that undergo no scattering with the

sample, and dark field (DF) images that are formed by electrons scattered mostly at

crystalline domains. Because of this feature, DF images can be used for the identification

of nanometer-size crystalline domains in conducting and semiconducting polymers

[27,81–83].

The majority of PI-AFM studies have been performed with regio-regular materials, such

as poly(3-alkylthiophene)s and later with other regio-regular polythiophenes, poly(3,3000-
dialkylquaterthiophene) (PQT) and poly(2,6-bis(3-alkylthiophen-2-yl)dithieno[3,2-b;

20,30-d]thiophene) (PBTDT). It was recognized early on that regio-regular materials can

possess quite significant advantages over regio-random ones [3,4]. A subject of particular

interest was the evolution of crystallinity with the MW of the polymer materials. Non-

regio-regular materials are largely amorphous at low MW and become semi-crystalline

only at sufficiently high values of MW [3,84,85]. Conversely, regio-regular polymers have

been shown to be highly crystalline at low MW, with the degree of crystallinity and the

lattice parameters of the crystalline phase, as determined by X-ray diffraction, exhibiting a

complex dependence on MW [86–91]. Most results suggest that that the degree of crystal-

linity in regio-regular materials actually decreases with an increase in MW; however,

despite this fact, all data show that the carrier mobilities in such materials invariably

increase with the MW, despite this decrease in the apparent degree of crystallinity.

Eventually, this paradox was related to the difference in inhomogeneity and the nanoscale

structural organization of materials with low and high MW and has become one of

the manifestations of the importance of the inhomogeneity factor in establishing the

performance of organic materials. Very recently, the importance of a related factor, the

polydispersity index (PI), which characterizes the range of MWs found in a given polymer

sample, has started to be recognized [22,27,40,41].

Osawa et al. [84] showed as early as in 1992 that the electrical conductivity of non-

regio-regular electrochemically deposited poly(3-hexylthiophene) (P3HT) greatly

depended on the MW, increasing rapidly from 10�1 to 101 S cm�1 with an increase in

MW up to ca. 25 kDa, after which the conductivity remained approximately constant. This

is readily explained by an increase in crystallinity of the polymer with increasing MW, as

confirmed by wide-angle X-ray scattering.

Kline et al. [86,87] studied the MW dependence of the field-effect mobility in regio-regular

poly(3-hexylthiophene) synthesized by different routes and prepared using different

coating techniques. They found that the mobility universally increased with MW, while

the degree of crystallinity as determined by X-ray diffraction considerably decreased. This
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apparent inconsistency was reconciled by employing locally resolved phase-imaging

AFM, which showed pronounced differences in the nanoscale morphology and local

crystallinity between low and high-MW films (Figure 3.5). The low-MW material

(Mn¼ 3.2 kDa) consisted of very distinct randomly oriented and highly anisotropic rod-

like or ribbon-like crystallites (a ‘haystack’) with lengths of ca. 100 nm and widths of less

than 10 nm, while the high-MW polymer (Mn¼ 31.1 kDa) showed a near isotropic nodule

structure featuring small round crystallites with crystallite sizes of ca. 10–20 nm.

Zen et al. [88] studied the effects of MW and post-polymerization annealing on the

carrier mobility and local crystallinity of regio-regular poly(3-hexylthiophene) (P3HT)

materials prepared from fractions with different MWs (extracted using different solvents).

X-ray data showed enhancement of crystallinity upon annealing, which was most pro-

nounced in intermediate-MW fractions. High-MW fractions showed very little crystal-

linity before annealing and some after annealing. An increase in the crystallite size upon

Figure 3.5 AFM phase images and model for charge transport in (a) low MW and (b) high MW
P3HT films. Charge carriers are trapped on nanorods (highlighted in grey) in the low MW case.
Long chains in high MW films bridge the ordered regions and soften the boundaries (marked
with an arrow). (Reprinted with permission from Macromolecules, Dependence of Regio-
regular poly(3-hexythlthiophene) Film Morphology and Field-Effect Mobility on Molecular
Weight by R. Joseph Kline et al., 38, 8. Copyright (2005) American Chemical Society)
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annealing was inferred from the decreased XRD peak width. Annealing was shown to

enhance considerably the mobilities observed for low-MW fractions, but the enhancement

was quite limited in the high-MW materials. AFM topography and phase imaging was

performed for different MW materials before and after annealing. Before annealing, the

results were similar to those reported by Kline et al. and indicated a transition from

‘haystack’-like randomly oriented crystalline nanoribbons to a network of larger and

more isotropic globules with distinct crystalline cores and more amorphous material

located between the crystalline cores. Upon annealing, there were very pronounced

changes in the morphology and crystallinity of low-MW materials, while the changes in

the high-MW materials were more limited. Specifically, annealing transformed the ‘hay-

stack’ morphology of the low-MW fraction material into large anisotropic crystals with

well-pronounced terraces reminiscent of crystals of annealed thiophene oligomers [92].

The changes in the higher-MW materials were generally more limited, except for the

so-called hexane fraction, which showed anomalous mobility changes as well. The rest of

the high-MW materials showed a better defined globular structure upon annealing, with

perhaps some merging of smaller crystallites and generally reduced phase contrast

between the cores and the surroundings (partial disappearance of the sharp boundaries

between the crystalline and amorphous regions, as well as overall reduction in the apparent

abundance of the amorphous regions). The latter fact indicates that annealing was able to

reduce the degree of nanoscale inhomogeneity in these materials, thus bringing about the

enhancement in carrier mobilities. This fact strongly pointed to the crucial role of

inhomogeneity in defining the behavior and properties of these materials. Interestingly,

in this publication Zen et al. adopted a different view that related the changes in carrier

mobilities to variations in the degree of p-stacking in the crystallites, rather than to the

mesoscopic organization of crystalline and amorphous domains, although they did support

the other viewpoint in their subsequent publications [89].

Similar pronounced effects of MW were also observed with another type of

regio-regular polymer, poly(thienothiophene)s [29], a new generation of regio-regular

polythiophene-based materials with very high carrier mobilities. Specifically, poly(2,5-

bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) [29] featured MW dependen-

cies very similar to those obtained with regio-regular P3HT. Films obtained from low-MW

materials (8 kDa) showed highly crystalline nanoribbon haystack nanostructure, while the

films with higher MW (12 and 30 kDa) showed a gradual transition, first to more tightly

aligned elongated crystallites and then to the nodule-like structure of distinct large inter-

connected globular crystalline domains. The carrier mobility in these materials was found

to increase from 0.03 to 0.2 cm2 V�1 s�1 with an increase in the average MW from 8 to

30 kDa.

Brinkmann et al. [81] studied the properties of highly oriented P3HT films prepared

using directional epitaxial solidification (directional gradual crystallization from a melt of

P3HT and 1,3,5-trichlorobenzene (TCB) by slowly moving the molten mixture from a hot

zone to a cold one). TEM bright-field (BF) images showed changes in morphology vs. MW

similar to those revealed by AFM earlier (from rods or ribbons to a globular structure),

although these observed structures were more oriented because of the directional deposi-

tion technique used. For instance, instead of randomly oriented haystack-type morphology

at low MW, the authors observed the formation of relatively well-aligned nanoribbons.

High-MW globular structures were also more oriented. Electron diffraction measurements
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showed deterioration of the crystalline order in high-MW material, also in line with the

other studies.

In their recent publication [83], Brinkmann et al. obtained nanoscale images of crystal-

line and amorphous domains in directionally solidified P3HT films using the high-resolu-

tion transmission electron microscopy (HRTEM) technique (Figure 3.6). The observed

domain sizes were ca. 15–20 nm, in good agreement with the X-ray data. Additionally, the

authors observed a decrease in the regularity and structural coherence of crystalline

domains with an increase in MW from 7.3 kDa to 69.6 kDa (polystyrene equivalent),

although the number of such domains clearly increased at high MW and they were

positioned closer to each other than in low-MW films. Importantly, the authors succeeded

Figure 3.6 Low-dose HR-TEM images of various representative areas showing edge-on crys-
talline domains in a high-MW regio-regular P3HT film prepared using directional epitaxial
solidification. The polymer is characterized by an MW value of 69.6 kDa (polystyrene equiva-
lent). In parts (b) and (c), the black arrows show the stem orientation in the crystalline lamellae
and the full line depicts the edge of some crystalline domains. In part (d), the white arrow points
at a structural defect at the junction between two lamellar crystals, which is likely to be a ‘tying’
polymer chain bridging neighboring crystalline domains. (Reprinted with permission from
Macromolecules, Molecular Weight Dependence of Chain Packing and Semicrystalline
Structure in Oriented Films of Regioregular Poly(3-hexylthiophene) Revealed by High-
Resolution Transmission Electron Microscopy by Martin Brinkman et al., 42, 4. Copyright
(2009) American Chemical Society)
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in direct observation of long ‘tying’ polymer chains bridging neighboring crystalline

domains in the high-MW material, as proposed by Kline et al. [86,87].

Bao et al. [30] studied the crystallinity and microstructure of another regio-regular

material, poly(2,6-bis(3-alkylthiophen-2-yl)dithieno[3,2-b;20,30-d]thiophene) (PBTDT).

It was found that without annealing, no crystalline lamellae typical for P3HT were

observed; in fact, it was noted that the surface structures were remarkably similar to the

structures of polymer nanoparticles in solution, indicating that little change occurs in the

structure and nanoscale organization of these materials upon deposition. Unfortunately,

the authors failed to specify the MW of their material, thus hampering comparison with the

results of other studies. Upon annealing, well-defined nanoribbons started to appear in the

phase images. A considerable increase in the degree of stacking was also evidenced by

high-resolution TEM (HRTEM) images. Before annealing, the HRTEM images showed

several crystalline domains dispersed in an abundant disordered phase. Upon annealing,

the domains became much more numerous and grew closer to each other, with some

images showing several long chains apparently bridging neighboring domains, similar to

observations by Brinkmann et al. [83].

Ong and coauthors [23–25] studied the degree of crystallinity and inhomogeneity of yet

another regio-regular material, poly(3,3000 dialkylquaterthiophene)s (PQT). Zhao et al. [23]

performed extensive PI-AFM studies on thin PQT films of the same MW (Mn¼ 17.3 kDa,

PI¼ 1.32). The effect of annealing at different temperatures was studied. The nonannealed

films showed globular morphology similar to that observed with P3HT at much higher

MWs. Upon annealing, pronounced ordering and stacking of the polymer chains occurred,

as was clearly indicated by the formation of stacked lamellae in the phase images. Higher

annealing temperatures (up to 148 �C) favored better stacking. Phase images also showed a

considerable amount of less-ordered amorphous material between the ordered crystalline

lamellae, especially at moderate annealing temperatures. Slow cooling upon annealing

produced different morphology as opposed to rapid cooling, e.g., achieved by blowing

nitrogen gas over the sample surface: fast-cooled samples featured considerably more

amorphous disordered gaps between the crystalline lamellae compared to slowly cooled

samples, thus indicating that, as in the case of P3HT deposited from various solvents and

using various techniques, more rapid changes produce less-ordered structures with a

greater degree of inhomogeneity. Similar results were obtained by Ong et al. [24]: more

prolonged annealing and slower cooling resulted in an increase in the size of crystalline

lamellae and their merging. As shown by Wu et al. [25], better ordering in such films, in

particular promoted by annealing and proper preparation of the substrate before deposi-

tion, gave rise to very high mobilities of 0.18 cm2 V�1 s�1.

Therefore, it was universally observed for various regio-regular materials that, despite

an apparently higher degree of crystallinity in lower-MW materials, the carrier mobilities

were invariably greater in high-MW materials by several orders of magnitude. An early

explanation of such behavior was enhanced out-of-plane backbone conformation twisting

in low-MW polymers [88]. Such a deviation from planarity was supposed to decrease the

effective conjugation length and reduce the efficiency of charge hopping. However, it was

soon realized [87] that the charge transport was limited by the arrangements of crystallites

(i.e., mesoscopic inhomogeneity) rather than by perfection of the chain packing in

individual crystallites. Therefore, it was suggested that the reason for the low mobility in

more crystalline low-MW materials was the abundance of grain boundaries in the material,
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which inhibited the charge transport [86,87,89]. Additionally, it was noted [89] that the

average size of the crystalline domains in high-MW materials was less than the average

chain length. Therefore, long chains in high-MW materials were considered to be able to

bridge the crystalline domains, thus enhancing charge transport between the domains

(Figure 3.5). Very recently [30,83], such ‘tying’ chains were directly observed by using

high-resolution transmission electron microscopy (HRTEM) (Figure 3.6). While later

studies suggested that there are also other reasons such as the pronounced anisotropy

and misalignment of the crystallites [81,83,93,94], the fact remains that one of the main

reasons for the low carrier mobility in low-MW films is the lack or inadequacy of the

contact between individual crystallites, despite their relatively higher quality. Importantly,

it is the increased degree of disorder and structural inhomogeneity in high-MW films that

is responsible for the emergence of misaligned long chains that are able to form links

between the crystalline domains. The relatively higher degree of disorder also makes the

crystalline domains smaller and more close, thus again favoring interdomain charge

transport. The importance of the nanoscale inhomogeneity and proper alignment of

nanocrystallites has also been stressed for another important (non-regio-regular) polymer,

poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) [95,96].

The difference in the carrier mobilities in low- and high-MW materials can be further

understood if we remember that low-MW materials can form crystalline structures that are

very different from those for higher-MW materials. Specifically, short-chain oligomers are

known to typically form crystal structures with the neighboring chains located in different

planes [92,97]. This necessarily reduces the degree of p-stacking and overlap between

chains in oligomer crystals and makes charge transport highly anisotropic. As pointed out

in a recent review [98], such packing gives rise to 2-D transport within the stacked organic

layers, while transport between the layers is less efficient. In this connection, it is worth

noting that the rod- or needle-like domains commonly found in low-MW polymeric

materials are thought to comprise face-stacked polymer chains, with the width correspond-

ing to the length of each polymer chain, and the length of the rod corresponding to the

number of stacked chains [29]. This means that the most efficient transport direction in

such systems would be across rather than along the length of the rod-like crystallite. This

situation means that, despite the higher crystallinity, the charge transport in low-MW

materials would essentially require a greater number of hops from one crystalline domain

to another, compared with high-MW polymers, since the widths (not lengths) of the

nanocrystallites in low-MW materials are considerably less than the size of crystallites

in high-MW ones. The hopping would be further impeded by the poor ‘haystack’-like

alignment of the crystallites and the generally greater distances between the crystallites in

low-MW materials [89].

Yet another advantage of higher-MW materials over small molecules is their smaller

polaron relaxation energies [99], so that the turn-over from polaron-like to band-like

transport should, in principle, occur at a lower degree of interchain order. This provides

an additional explanation of the higher mobilities in higher-MW polymers, as compared to

more crystalline, but lower-MW materials: longer chains tolerate more disorder.

In addition to the average MW, the importance of another factor, the polydispersity

index (PI), has started to be recognized [22,27,40,41]. The PI characterizes the range of

MWs that are present in a polymer sample. PI values close to unity show that most

molecules have the same or similar MWs, while higher PI values indicate the presence
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of fractions with different MWs distributed around the average MW. The greater the

PI value, the greater the range of MWs in the sample. Therefore, PI characterizes the width

of the MW distribution, while the average MW characterizes the center of such a

distribution.

Pingel et al. [27] studied the effect of the MW and polydispersity of the starting

materials on the morphology, crystallinity, and carrier mobility for thin films of

P3HT and yet another regio-regular material, poly(3,3000-dialkylquaterthiophene)s

(PQT). The evolution of the morphology and crystallinity of PQT films with

increasing MW was remarkably different from the pattern observed previously for

regio-regular P3HT: low-MW materials formed large, flat micrometer-size crystals

rather than the nanoribbon haystack structures observed with nonannealed low-MW

P3HT. In fact, the structure was quite similar to those obtained for well-defined

oligomers [92]. This fact was attributed to the very low polydispersity of the low-

MW fraction. These observations highlight the direct relationship between polydis-

persity and crystallinity/degree of disorder in the resulting polymer materials.

Presumably, the presence of polymer chains with variable lengths, which are absent

in materials with a low polydispersity index, has the effect of impeding chain

alignment and the growth of large crystallites. A similar observation was made by

Jaroch et al. [22]. Possible mechanisms accounting for this behavior are discussed in

the next section. However, the fact that unusually high mobilities can be observed

with low-MW materials with low polydispersities [22,27] suggests that the effect of

the MW and, specifically, the presence of ‘tying’ long chains extended between

different domains, which have been proposed in the literature as the chief reason of

the better performance of high-MW materials, may be not as important for achieving

high conductivity/carrier mobility. Furthermore, these findings strongly suggest that

polydispersity plays a very important role in determining the properties of the

polymer materials. In fact, the same conclusion can be reached from high values

of mobilities obtained with molecular crystals based on oligomers, which feature low

MWs, but also no polydispersity [92]. Specifically, the presence of chains of varying

lengths increases the disorder and promotes the formation of an amorphous polymer

phase at the boundaries of nanocrystalline regions. This is likely to impede charge

transport between these regions, which is generally accepted to be the chief reason

of insufficiently high carrier mobilities in these systems. Further discussion of these

effects can be found in Section 3.4.

Unlike the low-MW fraction, the high-MW fraction [27] featured significantly higher

polydispersity and therefore showed behavior similar to the results described above.

Specifically, dark field TEM images clearly showed, for both P3HT and PQT, the forma-

tion of nanoscale crystalline domains, supporting the results of the AFM phase imaging.

A very similar domain structure was also observed by TEM for another conducting

polymer, poly(o-ethoxyaniline) (POEA) [82].

The other important factors that were shown to affect inhomogeneity and material

properties such as carrier mobilities were the deposition technique and the solvent eva-

poration rate. The idea was that slow deposition rates promoted crystal growth and the

formation of strong interchain interactions, which led to more crystalline films, while such

techniques as spin-coating restricted the crystal formation, not allowing enough time for

crystallization and, especially, crystal growth to occur. Generally speaking, this helped to
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control the inhomogeneity and was generally beneficial for the carrier mobilities and other

device properties. The deposition rate could be also varied by controlling the evaporation

rate of the solvent from which the polymer film was deposited.

Chang et al. [91,100] studied the carrier mobilities in polymer-based devices with P3HT

active layers prepared by spin-coating from solvents with different boiling points. They

found [100] that the best solvent was 1,2,4-trichlorobenzene (TCB), which showed good

solubility and a high boiling point. Films spin-coated from TCB were more crystalline and

showed a pronounced globular structure as compared to films coated from the regular

solvent, chloroform. The effect was strikingly similar to the evolution of morphology with

MW, although Chang et al. used polymer samples of the same average MW (37 kDa, 98%

region-regular (RR)).

In a subsequent publication [91], Chang et al. studied the effects of both the solvent and

the MW, as well as of the deposition technique. Specifically, they compared films spin-

coated from chloroform (b.p. 61�C) and 1,2,4-trichlorobenzene (TCB) (b.p. 213�C), as

well as films drop-cast from chloroform (drop-casting results in a slower deposition rate).

They found that the effect of the MW, as described by previous studies, in fact could be

very different as it was dependent on the solvent evaporation rate. While it was confirmed

that the crystallinity decreased with MW, this change was more pronounced in solvents

with low boiling points. Furthermore, films deposited from chloroform and TCB showed

very different in-plane X-ray scattering patterns, indicating the formation of different

crystalline forms or forms with very different orientation/texturing. Films deposited from

chloroform showed globular morphology, while films deposited from TCB were more

close to the haystack nanorod structure, even at high MWs, which was not observed with a

rapid deposition technique (spin-coating from chloroform). The films obtained in the latter

way showed similar evolution of morphology and crystallinity to that described in the

other works. Conversely, slow deposition by spin-casting from high-boiling-point solvents

allowed the polymer chains to self-organize into well-defined and highly crystalline

nanoribbons, not only at low MWs, but also at high-MW values. The mobilities measured

with films prepared by slow deposition were considerably higher than those obtained by

rapid deposition; however, a universal increase of mobility with MW was observed for all

conditions. This again demonstrates that the effect of inhomogeneity and interdomain

transport dominates over the degree of order and the quality of the chain alignment in

individual crystallites. When comparing the data of Chang et al. with the other works, it

should be remembered that all films in this work [91] were annealed at 100 �C for 10 h,

which certainly should have affected their morphology and crystallinity.

Yang et al. [101] studied the crystallinity of regio-regular poly(3-hexylthiophene)

(P3HT) films deposited by drop-casting rather than the spin-coating technique. The

variation in the boiling point of the solvent from which the film was cast was again

found to be an important factor. All films prepared in this study showed the haystack

nanoribbon morphology, which could be related to a relatively low value of MW

(Mn¼ 11.4 kDa, PI¼ 2.2).

Surin et al. [102] studied the effect of the solvent evaporation rate and the deposition

method for P3HT without varying the MW (Mn¼ 25.5 kDa, MW¼ 37.7 kDa, PI¼ 1.5).

All films showed the haystack morphology and relatively low mobilities, which again

could be related to the relatively low value of MW used. Spin-coating from chloroform

suffered from severe dewetting and produced noncontinuous films.
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A more comprehensive study was performed by Verilhac et al. [90,103] who studied the

effect of both the deposition technique and the MW on the properties of the resulting

materials. Furthermore, they compared the properties of P3HT films with those of another

polymer with better interdigitation, poly(3,300-dioctyl-2,20:50,200-terthiophene) (PDOTT).

They confirmed the strong dependence of the carrier mobilities on the MW for the two

polymers and for the three deposition techniques. Films prepared from low-MW (1.9 and

5.6 kDa) polymers all showed ribbon-like haystack structures, with the structural inhomo-

geneity and anisotropy being more pronounced for dip-coated and drop-cast films as

compared to spin-coated ones (Figure 3.7). With an increase in MW, the films started to

show ‘thickening’ of the ribbons and formation of globules inside them, apparently due to

changes in the stacking of the polymer chains, with the spin-coated ones again being the

most homogeneous. Interestingly, while the morphology and crystallinity changed con-

siderably with both the MW and the deposition technique, the mobility was dependent only

on the MW and varied only insignificantly between films of the same MW, but prepared

using different techniques and featuring quite different morphology. This again demon-

strates that the charge transport in these materials is determined not by the properties of

crystalline domains, but by the charge transport between such domains.

Therefore, it has been well established that the local crystallinity of conducting and

semiconducting polymer materials, and especially the distribution of the crystalline and

amorphous phases, are very important parameters that determine many of the properties of

such materials. It is of considerable interest to explore how the crystallinity and distribu-

tion of crystalline and amorphous domains evolve during the process of polymer deposi-

tion specifically, in order to clarify the mechanism underlying the emergence of the

nanoscale inhomogeneity and the domain structure. O’Neil et al. [40] used PI-AFM to

study the inhomogeneity and the relationship between polymer crystallinity and surface

morphology for non-regio-regular polybithiophene (PBT) films electrochemically poly-

merized under potentiostatic conditions. The most important finding was that the degree of

crystallinity and inhomogeneity of the polymer films underwent a significant change

during the process of the film growth. The deposition process began with the formation

of very small (lateral dimensions of less than 20 nm and heights of ca. 1 nm) polymer

nuclei, which were shown by the phase imaging to be fully crystalline. At a later stage

more nuclei were formed until full coverage of the surface with the polymer globules was

reached. However, film growth was achieved by further nucleation rather than growth of

previously formed nuclei, since the size of the polymer globules remained quite close to

that of the nuclei (the globule lateral dimensions were ca. 30 nm or less, and the height was

1–2 nm). This indicates progressive nucleation. The polymer globules remained fully

crystalline at this stage. With an increase in the polymerization time, a second layer of

polymer globules was formed on top of the first fully crystalline layer, and the globules of

the second layer were much bigger in size (lateral dimensions of ca. 100 nm and heights of

ca. 20 nm, see Figure 3.8). Furthermore, in contrast to the first layer, the second layer

showed significant amorphous content. The distribution of the amorphous and crystalline

phases was very definite and featured crystalline domains with sizes of ca. 50 nm located in

the cores of the polymer globules, with the amorphous phase surrounding these crystalline

cores and forming the periphery of the polymer globules (see Figure 3.8). Further polymer

growth did not change significantly the crystallinity distribution and resulted in further

layer-by-layer deposition of semicrystalline globules, all featuring crystalline cores and
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amorphous peripheries and resembling high-MW films of semicrystalline P3HT and other

polymers described above.

Therefore, this result shows that the polymer inhomogeneity is determined by the

process of polymer nucleation and growth. The inhomogeneity is directly related to the

polymer morphology: the crystalline regions are located at the cores of the polymer

Figure 3.7 Atomic force microscopy phase images of thin layers obtained from regio-regular
P3HT fractions of different number-average molecular weight (Mn) and using different proces-
sing techniques. (Reprinted with permission from Synthetic Metals, Effect of macromolecular
parameters and processing conditions on supramolecular organisation, morphology and
electrical transport properties in thin layers of regioregular poly(3-hexylthiophene) by
J.-M. Verilhac, G. LeBlevennec, D. Djurado et al., 156, 11–13. Copyright (2006) Elsevier Ltd)
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globules, while the amorphous polymer is situated at the peripheries of such globules, or,

using the terminology adopted by other researchers, at the crystalline domain boundaries.

Furthermore, the inhomogeneity is not only longitudinal (the crystallinity of the globule

core differs from that of the globule periphery), but also latitudinal (there is a pronounced

change in crystallinity between the inner and outer layers of the polymer films). These

facts indicate that the polymer inhomogeneity originates from the polymer deposition

process. At early stages of the polymer deposition, the polymer phase is almost entirely

crystalline, while at the later stages there is an increase in the amorphous content;

furthermore, even then, the crystalline phase is located inside the polymer globules with

the amorphous phase located at the boundary of the crystalline regions, as was also found

elsewhere for P3HT and other materials. Taken together, these findings indicate that, in the

polymer deposition process, the crystalline phase is deposited first and the amorphous

phase is formed only at later stages in the polymer film growth. These results are supported

by studies of the same polymer performed earlier using CS-AFM [41,66], as well as

macroscopic electrochemical data obtained for a related polymer, poly(3-methylthio-

phene) [36] Since the polymer studied in reference [40] was not regio-regular, only

high-MW fractions could form the crystalline regions. Therefore, it was concluded that

the polymer inhomogeneity was the result of preferential deposition of high-MW polymer

at early stages of polymer film formation, with the low-MW fractions not able to deposit

until late in the polymer deposition process.

Figure 3.8 Simultaneous 1 mm by 1 mm images of topography (left) and phase (right) for a thin
electrochemically deposited polybithiophene film. The deposition charge was 5.7 mC cm�2.
The images show the beginning of formation of the second polymer layer. (Reprinted with
permission from Journal of Physical Chemistry C, AFM Phase Imaging of Electropolymerized
Polybithiophene Films at Different Stages of Their Growth by Kevin D. O’Nei et al., 111, 40.
Copyright (2007) American Chemical Society)
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3.2.6 Near-Field Scanning Optical Microscopy (NSOM)

Unlike traditional AFM, near-field scanning optical microscopy (NSOM, or SNOM)

utilizes a sharp tip made from a specially prepared (tapered) optical fiber, which can be

brought very close to the sample to either perform local illumination or collect optical

signals in the near-field regime with a resolution of several tens of nanometers. The same

sharpened fiber can be used to obtain topography information, although the quality and

resolution of the topography images are not as high as with traditional AFM. One of the

possible applications of NSOM is imaging the distribution of local photoluminescence

(PL) or local photocurrents with nanometer resolution. Since the efficiency of photolumi-

nescence or photocurrent generation is expected to be dependent on the degree of organi-

zation of the polymer chains, which affects the delocalization of the carrier wave

functions, it can be a powerful tool to study the nanoscale inhomogeneity of photolumi-

nescent polymers, such as poly(phenylene vinylene) and its derivatives, as well as photo-

active polymer blends. This fact allowed Blatchford et al. [32] to use the local PL signal

measured through an NSOM tip to detect pronounced inhomogeneity in the distribution of

the PL intensity in spin-coated films of a semiconducting polymer, poly(pyridyl

vinylene) (PPyV). From the PL signal imaged at various polarizations, they deduced that

the emission originated from ordered domains of aggregated polymer chains, with the

domain size being ca. 200 nm. Importantly, they did not detect any correlation between the

distribution of the PL-active domains and the film morphology; however, they did note a

pronounced difference between NSOM images taken at vertical and horizontal polariza-

tions, which indicated a pronounced anisotropy of the fluorescence from the samples.

DeAro et al. [104] used the NSOM technique to study the inhomogeneity of a related

semiconducting polymer, poly(p-phenylene vinylene) (PPV) prepared by thermal conver-

sion as freestanding thin films. Unlike Blatchford et al. [32], DeAro et al. stressed that they

observed a marked correlation between local optical properties, such as the photolumines-

cence intensity, and the film morphology: the luminescence seemed to be quenched at the

polymer clusters observed in the topography images, thus suggesting a higher concentration

of nonradiative centers in such clusters. They also showed that such a correlation could not

originate from topography-induced contrast artifacts. Importantly, no such clusters were

observed in spin-coated solution-processed MEH-PPV polymer films, which pointed to the

importance of the preparation technique and its effect on inhomogeneity.

Wei et al. [105] used NSOM to study the inhomogeneity of thin films of polyaniline

(PANi) plasticized with 1-methyl-2-pyrrolidone. They used the fact that oxidative doping

shifts the absorption maximum of PANi to longer wavelengths. Therefore, they used

monochromatic illumination at 632.8 and 543.5 nm to obtain transmission-mode NSOM

images, which showed pronounced inhomogeneity. There were clearly visible domains of

more-doped and less-doped polymer in the images, with the domain size being ca. 120 nm

or more; however, the actual domain size could be smaller due to insufficient resolution of

the NSOM technique. The optical images at 632.8 and 543.5 nm showed clearly opposite

contrast, with a brighter area in one image corresponding to a darker area in the other. The

topography images were also presented, but their resolution was insufficient to show the

morphological features as resolved by AFM and SEM.

Teetsov and Vanden Bout [106–109] published a series of papers on NSOM studies

of poly(9,90-dialkylfluorene)s. In these papers they introduced a new procedure for
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enhancing the NSOM images by exciting the polymer films with circularly polarized

light and measuring simultaneously two fluorescence images, either at two different

wavelengths or at two orthogonal polarizations. These images were then compared and

other derivative images were generated by combining in a certain way the data of the

two raw images. Specifically, one could sum up the fluorescent intensities, resulting in

an addition image, use a ratio of fluorescent intensities at different wavelengths, or

generate a so-called anisotropy image by using the following equation:

I ¼X � Y=X þ Y ; (3:1)

where I is the resulting anisotropy signal, and X and Y are normalized fluorescence signals

measured at the same location. The anisotropy signal is then þ100% when all the

fluorescence signal is observed in the X direction, –100% when it is all in the Y direction,

and zero for isotropic fluorescence. Using these derivative data, which were acquired

simultaneously with the topography information, Teetsov and Vanden Bout found that the

polymer films had two different domain types. The first type was associated with small

(50–150 nm) clusters, which showed strongly quenched fluorescence associated with the

formation of interpolymer species, or an increase in the intermolecular interactions, in line

with the results of DeAro et al. [104]. These clusters were attributed to insufficient

solubility of the polymer in the coating solution. The fluorescence from these clusters

was unpolarized, indicating their amorphous character. In addition, using the anisotropy

images, they demonstrated the occurrence of larger (50–500 nm) highly polarized aniso-

tropic domains, which did not correlate with the sample topography, in line with the results

of Blatchford et al. [32]. Importantly, these domains were not observed in the addition

fluorescent images, indicating that the difference between the domains was in their

orientation rather than the overall fluorescence efficiency. Since no domains in the

anisotropy images showed 100% signals, it was suggested that the real domains were

smaller than the possible NSOM resolution due to the relatively large size of the aperture,

and the observed patterns were due to superposition of signals from different domains.

Numerical modeling gave the size of such domains as ca. 15 nm, in good agreement with

X-ray data. Therefore, these domains revealed the true polymer inhomogeneity as opposed

to the isotropic polymer clusters that originated from the polymer solubility during the film

deposition.

In their subsequent papers [107–109], Teetsov and Vanden Bout also studied the effect

of annealing on the anisotropy and inhomogeneity of poly(9,90-dialkylfluorene)s with

various lengths of alkyl side chain. Annealing was shown to result in the disappearance

of the small clusters with reduced unpolarized fluorescence, and formation of polymer

nanoribbons or lamellae 40–70 nm wide and more than 500 nm long, which showed a high

degree of polarization anisotropy. This was accompanied by almost total quenching of the

intrapolymer emission and emergence of new lower-energy states attributed to the forma-

tion of interpolymer emissive species due to an increase in the overlap of the p-electron

orbitals of the neighboring polymer chains upon annealing-induced ordering. The intensity

of fluorescence was found to be the highest when collected perpendicular to the lamellae’s

long axis. Since the fluorescence dipole was aligned with the polymer axis, this result

indicated that the polymer chains in the nanoribbons are aligned across the lamellae

widths, perpendicular to the lamellae’s long axis. This conclusion is in remarkable
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agreement with the results of crystallinity and X-ray studies of regio-regular poly(3-alkyl-

thiophene)s discussed above. The authors also found that longer alkyl substituents increased

the packing ability of pristine polymer before annealing; however, upon annealing, shorter

alkyl substituents allowed for denser packing. The close packing in the case of shorter alkyl

substituents produced an increased excimer emission, while films of polymers with long

dodecyl substituents showed poor ordering.

Tan et al. and Wei et al. [110–112] studied the anisotropy and mesoscopic inhomo-

geneity of thin films of poly(p-phenylene vinylene) (PPV) and poly(2-methoxy-5-(20-
ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV) using ac polarization modulation.

They found that the homogeneous isotropic structure of as-coated films becomes highly

anisotropic and inhomogeneous upon annealing (12 h, 210 �C, N2 atmosphere).

Transmission NSOM imaging revealed a pronounced variation in the optical density

upon annealing not related to the thickness changes. This indicated the formation of a

domain structure. Further insights were provided by measurements of the so-called

dichroic ratio �, which is somewhat similar to the anisotropy parameter in the papers by

Teetsov and Vanden Bout:

� ¼
I== � I?

I== þ I?
; (3:2)

where I== and I? are the intensities of the transmitted optical signals obtained when the

light is polarized in the parallel and perpendicular directions with respect to the

sample. The dichroic ratio was corrected for the tip dichroism occurring due to

asymmetry of the tip geometry and tip coating. The images of the corrected dichroic

ratio showed a very clear domain structure indicating pronounced anisotropy of the

annealed films, with the average domain size being ca. 300 nm. The domain size was

independent of the film thickness. The phase images showed abrupt changes at the

domain boundaries (the phase signal shows a discontinuity when there is a zero

dichroism). The domain orientation was random and was averaged out to yield a

zero net polarization anisotropy measured by macroscopic far-field techniques. The

occurrence of the pronounced inhomogeneity upon annealing was detrimental to the

carrier mobilities in these materials: time-of-flight measurements showed a change

from nondispersive to dispersive charge transport and a decrease in the hole mobility

by ca. one order of magnitude [112].

McNeill et al. [113,114] studied the near-field photoluminescence of thin-film

MEH-PPV induced by a voltage bias applied between the near-field probe and the

substrate. The goal was to investigate the field-induced modulation of the local

carrier density. The injected carriers recombined giving rise to photoluminescence

measured by the NSOM probe. The images under applied bias showed a domain

structure similar to those reported by other groups. This indicates that the inhomo-

geneous polymer structure affects the process both with and without an electric-

field-induced carrier injection.

Schaller et al. [115] used NSOM to collect local light emission from the surface of

MEH-PPV polymer samples in contact with various solvents. The goal of this study was to

identify various emissive interchain species present in annealed MEH-PPV films. The
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results indicated a pronounced increase in the inhomogeneity of the local photolumines-

cence (PL) intensity when films were exposed to various solvents, thus indicating that

inhomogeneity could be increased by solvent-induced swelling of the polymer films. This

effect was more pronounced in low-MW material (ca. 60 kDa) as compared to a high-MW

one (ca. 450 kDa), indicating that low-MW material is more susceptible to reorganization

upon interaction with the solvent.

The same group [116] studied the formation and properties of the interchain species in

more detail using a combination of the NSOM technique with third harmonic generation

(THG). The goal of their study was to clarify the origin of the domains found in these

materials, as described above, and separate the effects related to the excited states of the

polymer molecules/aggregates, such as photoluminescence, from the effects related to the

ground states of the these species, which can be probed by THG. For instance, this

approach allowed the authors to confirm that the NSOM data reported previously were

indeed due to formation of domains as a result of polymer chain aggregation in their

ground states, as opposed to possible excimer formation, or formation of interacting

species by electrons overlapping in the excited state only. The domains of ground-state

interchain species were formed with high frequency in annealed films of MEH-PPV, as

opposed to as-cast films, where only excited-state weakly emissive interchain species

could be found. The use of the THG technique also allowed great improvements in the

image quality by eliminating the background.

Pomraenke et al. [117,118] used spectrally broadband NSOM as a tool to obtain

spatially resolved absorption spectra of local spots on the sample surface with 100 nm

resolution. They used a femtosecond Ti:Sapphire laser to generate a high-intensity spa-

tially coherent ultrabroadband light beam, which was then efficiently coupled into the

NSOM probe. After passing through the sample, the light beam was collected by a

microscope objective lens and analyzed using conventional optical spectrometric techni-

ques. Using this technique, Pomraenke et al. studied the inhomogeneity of polycrystalline

thin films of oxotitanyl phthalocyanine (TiOPc) prepared by vacuum vapor deposition.

Using the difference in the absorption spectra of the crystalline and amorphous forms of

this material, they detected the formation of clearly pronounced amorphous and crystalline

domains several hundreds of nanometers in size.

In addition to studies of nanoscale inhomogeneity of pristine semiconducting polymers,

the NSOM technique and its variations were successfully used for imaging local

nanoscale photocurrents and fluorescence emission produced by various polymer blends

[119–124].

Therefore, all NSOM data obtained by various groups with different polymeric organic

materials suggested the same general pattern of formation of relatively large polarization

anisotropic domains or interchain species, which were especially pronounced after solvent

or thermal treatment. However, despite the progress achieved in this area, the fundamental

problem remains of the insufficient lateral resolution of the NSOM technique and poor

topography image quality. In many cases, it was inferred that the actual inhomogeneity and

domain size were below the resolution limit of the NSOM imaging employed.

Nevertheless, the NSOM data unanimously supported the existence of mesoscopic inho-

mogeneity in semiconducting and conducting polymers, evidenced by the other scanning

probe techniques.
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3.3 In situ Studies of Conducting and Semiconducting Polymers:
Electrochemical Atomic Force Microscopy (EC-AFM) and
Electrochemical Scanning Tunneling Microscopy (EC-STM)

3.3.1 Introduction

Traditionally, the preparation of conducting and semiconducting p-conjugated polymers

was achieved by electrochemical polymerization. However, since the late 1990s, with the

development of organic electronics and especially with the introduction of regio-regular

materials, the electrochemical method of polymer-film preparation has been largely

replaced by spin-coating and related techniques borrowed from the semiconductor indus-

try. However, the electrochemical route of preparation of electronically conducting poly-

mers (ECPs) still retains its importance, both from the fundamental viewpoint and for

several important applications such as batteries, sensors, fuel cells, etc. In this section, we

will review studies of inhomogeneity of ECPs at the early stages of formation of such

materials and its evolution during the process of polymer growth. Yet another important

area reviewed in this section is the change in nanoscale morphology and inhomogeneity in

the process of electrochemical doping–undoping of such materials, which is of prime

importance for such applications as polymer batteries and supercapacitors. These studies

are best performed in situ, that is, without taking the polymer film from the solution, which

allows one to clearly distinguish the effects of inhomogeneity from the effects of polymer

drying and ageing.

Electrochemical synthesis of ECPs is usually carried out in a three-electrode electro-

chemical cell containing an electrolytic solution prepared from dissolution of a back-

ground salt and the monomer in a solvent (water or organic solvent). For this purpose, the

working electrode is polarized at a potential allowing the electrochemical oxidation of the

monomer and, thus, that of the polymer, as this latter is known to occur at lower anodic

potentials than monomer oxidation [125]. The cationic character of the resulting polymer

backbone therefore necessitates the entrapment of anions from the solution in the polymer

structure for charge compensation. Depending on the properties and structures of these

anions, the consequences are functionalization by electrochemical doping of the electro-

deposited polymer film and the possible adoption of ion-exchange behavior. As a function

of the properties (size, charge, etc.) of the anions, (i) those incorporated during the

electrodeposition step and (ii) those present in the doping-undoping electrolytic solution,

if different from the electropolymerization solution, ECP films may actually behave as

cation, anion or cation/anion exchangers during electrochemically stimulated doping–

undoping processes. It is well established that they can also exchange solvent molecules

(these latter being either free or acting as solvating agents towards the exchanged ions)

with the electrolytic medium [126,127]. Indeed, the solvent exchanges observed during the

doping–undoping processes mentioned above are not always correlated, either chronolo-

gically or quantitatively, with the cation or anion exchanges.

In any case, the displacement of cations, anions, and solvent molecules through the film/

electrolytic solution interface is likely to provoke a volume change in the ECP films [128].

Nevertheless, other reasons may explain such swelling/deswelling (contraction/expan-

sion) processes. For example, it may also result from changes in conjugation length
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produced by changes in the doping state. These latter may then generate modifications in

the relative orientations of monomer molecules in the polymer chains due to changes in the

conformational flexibility of the polymeric chains. The doping–undoping mechanisms are

also expected to influence the hydrophilic character of the polymer chains and may

therefore significantly alter their stacking and chemical interactions. From all these

expectations, it is therefore obvious that links existing between the doping state of polymer

films and their thickness are numerous, which makes it considerably harder to quantita-

tively predict the extent of swelling/deswelling. Obviously, the identity of the solvent and

background salts used during the electrodeposition step and in the doping–undoping

processes will also strongly influence this phenomenon in a rather unpredictable manner,

via their role in the interactions between the polymer chains and their packing.

For all these reasons, many research groups have developed strategies allowing the

accurate in situ measurement of the volume and topographical changes under electroche-

mical control of the doping state of the polymer film, either at the local or the global scale.

Among the various techniques allowing such measurements, the following section will

exclusively focus on techniques allowing in situ local investigations of the swelling/

deswelling mechanisms of ECPs with nanometer lateral and vertical resolution, namely

atomic force microscopy (AFM) and scanning tunneling microscopy (STM) [129]. When

used in an electrolytic solution under electrochemical conditioning of the substrate, these

two techniques are called EC-AFM and EC-STM, respectively. Notice that a vast set of ex

situ AFM investigations aimed at correlating the surface topography of electrogenerated

ECP films with doping ions and/or electrochemical parameters used during the synthesis is

disseminated in literature. Indeed, contact-mode or acoustic-oscillating (tapping)-mode

AFM images showing the topography of ECPs are disseminated in many publications,

although topography is almost never the main purpose of the reported investigations.

These studies revealed ultimately topography varying from a globular aspect towards

various versions of the well-known cauliflower-like morphology of ECPs as the electro-

deposition step lasts longer (see [38,130–134] for examples). Other ex situ studies allowed

the determination of the nucleation and growth mechanisms taking place during the

electrodeposition of ECPs as a function of the initial topography and the material of the

working electrode (see [135], for example).

3.3.2 EC-AFM Investigations of the Swelling/Deswelling of ECPs

EC-AFM is a particular working mode of AFM in which contact-mode AFM imaging is

performed in situ in an electrolytic solution so as to allow the sample to be placed under

electrochemical control. When applied to conducting polymers, EC-AFM is thus used in

an electrochemical cell especially dedicated to AFM studies, in which the back of the cell

supports the conducting polymer sample electrodeposited at the top of the working

electrode (see Figure 3.9). For electrochemical conditioning of the sample, reference

and counter-electrodes are added to the cell.

Among the very first studies of this kind, EC-AFM investigations were carried out on

p-toluene-sulfonate-doped polypyrrole films electrodeposited from aqueous solutions

[137]. Such polymer films were found to be produced as highly structured materials in a

gradual step-by-step process. They are made of highly ordered micrograins and of many
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microholes, the structural elements that were thought to play an important role in electron

transport phenomena in polypyrrole films. It was also suggested that the transition from the

doped to the undoped state and the subsequent holding of these films in the undoped state

for more than five minutes led to substantial and irreversible topographical evolution.

Nyffenegger et al. compared the performances of EC-AFM and EC-STM during

investigations related to the swelling/deswelling of polyaniline films [138]. Their conclu-

sion was that AFM provides more acceptable results as they are in good agreement with

those measured using other techniques, such as in situ ellipsometry. This technique indeed

allows a clear dependence to be found between the thickness change and the initial

thickness expressed from the charge of the oxidation wave of the film measured after

transfer to an electrolytic solution. For a PANI film whose doping charge is 8.67 mC cm�2,

the thickness was found to increase by about 26.9 nm during an electrochemically stimu-

lated doping step. Similar measurements carried out with EC-STM provided two orders of

magnitude difference between the two sets of volume changes measured. Several methods

used for these EC-STM measurements also led to worrying substantial differences

between the results.

In an article published by Dunsch et al. in 1995, EC-AFM investigations were carried

out on a tosylate-doped polypyrrole film electrodeposited on HOPG from aqueous solution

containing tosylate anions [139]. Such investigations revealed that the surface microstruc-

tures of these films depend on the preparation method. When grown electrochemically at

high current densities, the films display a significantly rougher microstructure in the

submicrometric range, whereas low current density electrodeposition of PPy films pro-

duces smoother surface structures. Upon transfer to an electrolytic solution for studies of

the doping–undoping process, it was also observed that the surface roughness of these

films increases with the anodic potential applied to the polymer sample during imaging,

and thus with the doping state. From an equilibrium potential up to 1000 mV vs. Ag/AgCl
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Figure 3.9 Schematic view of the cell used for in situ ECAFM measurement. (Reprinted with
permission from Electrochimica Acta, In situ atomic force microscopy in the study of electro-
generation of polybithiophene on Pt electrode by M. Innocenti, F. Logio, L. Pigani et al., 50,
7–8. Copyright (2005) Elsevier Ltd)
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reference electrode, a potential range that encompasses that allowing the doping–undoping

of the PPy film, the mean roughness value ra increases by a factor of about six from 4.6 up

to 29.4 nm. This increase is particularly pronounced in the potential region where the

oxidation peak corresponding to doping appears. After decreasing the anodic potential so

as to produce undoped and thus insulating PPy films, the surface roughness also decreases,

indicating thus that the observed roughness changes are reversible.

After preliminary investigations using ex situ AFM aimed at investigating the struc-

ture of poly(3-methylthiophene) (P3MT) layers at several stages of their electrochemical

deposition, from nucleation up to 200 nm thick layers (see references cited in [140]),

Chao et al. reported EC-AFM investigations on the structural change of P3MT films

upon doping–undoping [140]. Thin polymer films (thickness below 30 nm) were depos-

ited potentiostatically on polycrystalline platinum electrodes from acetonitrile solutions

containing 3-methylthiophene (6 M) and LiClO4 (0.2 M). The main conclusion was that

an important time constant was observed during the doping–undoping reaction between

in situ ellipsometry results that rather reveal rapid electronic processes, and EC-AFM

imaging that rather suggest very slow structure modifications expected from the

exchange of ions and solvent molecules at the film/solution interface. More precisely,

these observations indicate that these films do not swell significantly upon potentiody-

namically stimulated doping, as long as the potential scan rate exceeds 16 mV s�1.

Slower scan rates, such as 5 mV s�l, allow significant swelling of the polymer film to

occur essentially at the end of the electrochemically driven doping. When relaxation of

the polymer in its doped state is allowed to take place between doping and undoping

steps, no effect was observed on the cathodic part of the voltammogram corresponding to

undoping, indicating possibly, as the authors claim, that swelling mainly results from the

slow penetration of solvent molecules into polymer grains only slightly dilated by the

penetration of counter-ions. When the doping reaction is performed with the help of very

slow step-by-step potential programs, the transport of counter-ions controls the evolu-

tion of the polymer grain size. The polymer shrinks as a consequence of counter-ions and

solvent expulsion during the initial stages of doping (E< 0.5 V) and swells during the

later stages of doping (E> 0.5 V) when counter-ions penetrate back into the film. Similar

behavior was shown for the doping-undoping of P3HT by electrochemical quartz

microbalance (ECQM) measurements [37]. The most spectacular observation is the

impressive duration of the swelling beyond the end of the potential scanning, and the

end of the doping reaction, in spite of the slow scan rate.

Häring et al. reported the comparison of in situ imaging of PANI films during electro-

chemical doping–undoping processes using EC-STM, EC-AFM, and EC-intermittent

contact-mode atomic force microscopy (IC-AFM) [141]. As Nyffenegger et al. a few

years earlier, they concluded that EC-STM is not well-adapted to the imaging of swelling/

deswelling of electronically conducting polymers, as the severe drop in the tunneling

current expected to occur during the transition from the doped to the undoped state of the

polymer will definitely lead either to artifacts or to damages to the polymer film during the

imaging procedure. Contact-mode AFM appeared to be much better adapted for such

purpose, although one can fear wear or pollution of the AFM tip on soft materials like

ECPs. By the time this contribution was published, the authors have expressed their doubts

about IC-AFM due to the development level of this technique in 1995, in spite of its

satisfying performance in the above-mentioned imaging.
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Compton and coworkers probed the morphology of polypyrrole films during the initial

stages of their electrodeposition, either in sodium perchlorate or sodium p-toluene sulfo-

nate aqueous solutions, on polycrystalline platinum, polycrystalline gold, or glassy carbon

electrodes [142]. The authors claim from their EC-AFM observations that 2-D growth

initially takes place on platinum, leading then to a thin polypyrrole layer covering the

whole electrode surface (see Figure 3.10). In the second step, polypyrrole nodules start

growing, with dimensions that seem to depend on the identity of the anion of the back-

ground salt. On the other hand, EC-AFM images show surprising oval shapes oriented

along a single direction on gold and a set of fibrous and/or oval fibrous shapes, depending

on the anion of the background salt (perchlorate or p-toluene sulfonate) on glassy carbon.

These observations were interpreted by the authors as evidence of more-ordered PPy

structures resulting potentially from the formation of flat and oriented initial layers,

whereas the following layers are oriented randomly. The first growth stage is likely to

correspond to deposition of a primary polymer layer resulting either from polymerization

of the adsorbed monomer molecules on the electrode surface or from precipitation of
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Figure 3.10 AFM images of PPy grown on a polycrystalline platinum electrode during the first
stage of growth. (Top) The sequence of PPy grown in 0.1 M NaClO4, after: (a) 20, (b) 64, and
(c) 98 s of synthesis. The roughness increases from: (a) 45 to (c) 154 nm. (Bottom) The sequence
of PPy grown in 0.1 M sodium p-toluenesulfonate, after (d) 216, (e) 396, and (f) 576 s of
synthesis. The roughness increases from (d) 25 to (f) 48 nm. The pyrrole concentration was
0.005 M and the synthesis potential was 0.8 V vs. SCE. (Reprinted with permission from Journal
of Electroanalytical Chemistry, In situ atomic force microscopy study of polypyrrole synthesis
and the volume changes induced by oxdation and reduction of the polymer by M. F. Suarez and
R. G. Compton, 462, 2. Copyright (1999) Elsevier Ltd)
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oligomers produced by electropolymerization of the dissolved monomers in the electrode

vicinity, whereas the second stage corresponds to the growth of the top layers, following

several possible mechanisms, such as, for example, the random deposition of polymer

chains electrogenerated in solution, preferential deposition of polymer at growth centers or

continued growth of polymer chains after their precipitation/deposition on the electrode

surface. It is nevertheless unlikely that random precipitation can produce preferential

growth of specific nuclei or ordered fibrous structures. The authors claim that only the

ability of the electrogenerated polymer chains precipitating from solution to move towards

a more stable and ordered polymer domain can explain the ordered structures observed on

EC-AFM images. In the course of their experiments, it also appeared that these PPy films

underwent a substantial topography evolution over time after their electrochemical synth-

esis, from an oval structure resulting from the electrodeposition step towards a rather

globular and disordered structure, whatever the underlying electrode material.

They also observed that the first electrochemical reduction (undoping) of a likely anion

exchanger such as a perchlorate-doped polypyrrole film at a –0.8 V/SCE reduction

potential led to a rapid swelling followed by a subsequent continuous slow shrinking as

soon as the potential was switched from –0.8 to þ0.2 V. This behavior was observed

during the first undoping–doping transition only, as the following transitions, stimulated

by identical potential steps, did not produce any evident volume variation of this film,

possibly indicating that continuing potential conditioning of the film allowed some

structural modifications to occur. The authors observed that a one-hour-old film did not

undergo significant volume changes, even during the first undoping–doping transition,

confirming, thus, that ageing-induced morphological transitions may have a strong influ-

ence on the electrochemical (doping–undoping) behavior of ECPs. In contrast, a likely

cation exchanger such as p-toluene-sulfonate-doped polypyrrole film swells when in

potential conditions corresponding to reduction (–0.8 V/SCE) and then shrinks during

the oxidation (doping) process.

Volume changes can be induced by various mechanisms taking place in electronically

conducting polymers, for example: (i) phase relaxation probably inducing exchange of

solvent molecules through the film/electrolytic solution interface, as well as simultaneous,

but slow structural rearrangement, and (ii) ion transport necessary for charge compensa-

tion in the bulk of the film. This second possibility seems to be sufficient to explain the

volume changes described above, as the swelling process corresponds to penetration of

ions into the film in both cases.

Semenikhin and coworkers carried out EC-AFM experiments aimed at studying the initial

stages of galvanostatic deposition of polybithiophene on HOPG from propylene carbonate

solution [33]. The topography images were obtained under open-circuit conditions without

any electrochemical treatment. In the first stage, separate nuclei with a height of about 1 nm

were generated on the electrode surface. A 0.5 mC cm�2 grafting charge was required to get a

continuous PBT film. Nanoscratching procedures were used to access the in situ polymer film

thickness.This latterwasproportional to thegraftingchargeQwithacoefficientof2.6 nm.cm2

mC�1 and, like the morphology of the films, independent of the deposition current density I in

the interval 0.1 £ I £ 2 mA cm�2. The average grain size was found to be 54.0 – 2.5 nm. X-ray

diffraction studies revealed a substantial degree of crystallinity for these films.

EC-AFM experiments were carried out on regio-regular oligomers of 3-octylthiophene

deposited by solvent casting on gold foils [143–145]. The study revealed the disappearance
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of hills and valleys, existing initially on the film surface at very low potentials, during

potential steps between 0 and 1.2 V in nonaqueous electrolytic solutions. These morphol-

ogy changes were found to be fully reversible with approximately 1-mm-thick films. They

were attributed to conformational changes and stacking occurring during potential-depen-

dent doping processes.

In a very convincing contribution [146,147], Smela and Gadegaard used EC-AFM in an

electrolytic medium to investigate the topography and to measure the expansion and

contraction of dodecylbenzene-sulfonate (DBS)-doped polypyrrole films known to behave

as cation exchangers. Patterned electrodeposited polymer films were used in order to

measure their absolute thickness as a function of their doping state by allowing the AFM

tip to scan over the whole polymer pattern (see Figure 3.11). It was confirmed that dry

Figure 3.11 (a) AFM image obtained froma patterned PPy rectangle nominally30mm wide from
the voltage step sequence: 0 V for 20 sec, –1 V for 100 sec, 0 V for 100 sec, –1 V for 100 sec, 0 V for
100 sec, etc.; (b) vertical cut at the position of the vertical white line in (a) showing the change in
heightof thePPyover time; (c)horizontalcuts for0Vbeforeanycycling(heavy line)andforapplied
potentialsof –1V (solid line) and0V (dashed line)corresponding to thewhite lines in (a) andcircles
in (b); (d) horizontal cuts as for (c), but for a narrower, 10mm wide rectangle. (Reprinted with
permission from Journal of Physical Chemistry B, Volume Change in Polypyrrole Studied
by Atomic Force Microscopy by Elisabeth Smela et al., 105, 39. Copyright (2001) American
Chemical Society)
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films swell progressively after immersion as a consequence of water absorption, following

kinetics similar to those measured for water absorption from ambient air. Such polymer

patterns were also found to display the same topography, whether they were as-grown, or

in the reduced or oxidized states, when their thickness is within the 0.15–4.0 mm range. In

another experiment, the doping level of a polymer pattern was controlled by 100 s potential

steps. The film was found to decrease in volume during oxidation, corresponding to the

expulsion of cations, and to increase in volume during reduction, corresponding to the

insertion of cations. The first potential step resulting in reduction of the polymer led to an

anisotropic 61% increase in volume in the out-of-plane direction, whereas subsequent

potential steps revealed that the thickness increased by about 35% when the polymer went

from its oxidized (doped) state towards its reduced (undoped) state. In the course of these

experiments, swelling and deswelling rates were found to be 57.5 and 84.3 nm s�1

respectively, allowing 80% of the swelling and deswelling processes to occur within 12

and 11 s, respectively. An obvious correlation was found between the swelling/deswelling

events and the cyclic voltammograms. The abnormally large cathodic peak current

measured during the first potential scan correlated well with the start of a 125% volume

expansion. On the reverse (anodic) scan, the oxidation peak corresponding to the doping of

the polymer and the contraction of the film both started as soon as the potential reached

0.7 V, but the film did not reach its initial thickness at the end of this anodic scan.

Subsequent potential cycles produced roughly identical anodic and cathodic currents and

a 40% expansion during the transition from the oxidized to the reduced state. Moreover,

the extent of the thickness variation was found to be a function of the initial thickness.

Polymer films 1.5 mm thick were found to produce the maximum thickness variation.

Interestingly, the authors also suggest, from their EC-AFM observations, that their

polymer patterns are softer in the reduced state than in the oxidized state.

The electrochemical doping–undoping of polymer films of regio-regular poly(3-hex-

ylthiophene) in propylene carbonate solutions of 0.1 M LiClO4 is accompanied by sub-

stantial swelling/deswelling (expansion/shrinkage) of the film [148]. The order of

magnitude of the thickness variation is 1250 nm for 3–3.5mm thick P3HT films at a

3 mV s�1 scan rate and only approximately 500 nm for a 20 mV s�1 scan rate, which

corresponds to 35–40% and 15–17% of the initial film thicknesses, respectively. The

comparison of the variations of thickness and current as a function of potential indicates

that film thickness variation is significantly delayed with respect to formation of cations and

dications along the polymer chains upon oxidation. The authors suggest that the swelling of

the polymer matrix allows reconfiguration of polymer chains. They also claim that the more

compact structure and spatial constraints expected to occur in the crystalline zones of the

polymer may explain the smaller variation in the polymer thickness observed during the first

doping step. The second oxidation step attributed to amorphous zones is thought to

correspond to the penetration of significant amounts of solvent, leading then to a more

rapid dilatation of the polymer film. It was also observed that the doping provokes a

morphological transition from a granular to a chain-like structure. When carried out in

aqueous solutions of LiClO4, the electrochemical doping leads to much smaller thickness

variations than those observed in propylene carbonate electrolytic solutions. In this situa-

tion, the authors’ interpretation is that this weak swelling of the polymer matrix in aqueous

solutions and, as a consequence, the penetration of a predictably low amount of ions from

the electrolytic solution is likely to limit the reconfiguration of the polymer chains.
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In a recent contribution, EC-AFM has been used to investigate the influence of the

background salt (LiClO4 or TBAPF6) and electrochemical conditioning (potentiostatic or

potentiodynamic) on the early stages of the growth of PBT films [136]. Potentiostatic

growth of PBT was carried out on a platinum electrode surface in the presence of

acetonitrile/LiClO4 at þ 0.57 V vs. the Fcþ/Fc redox couple, so as to produce very slow

PBT electrodeposition. EC-AFM imaging was performed in situ at a potential correspond-

ing to the undoping of the polymer, (–0.58 V vs. Fcþ/Fc redox couple), after each 1 minute

growth period. AFM images collected during the first five minutes only show that the

polishing scratches are progressively filled with electrodeposited polymer growing

preferentially at surface defects on the platinum surface (see Figure 3.12A). Images

corresponding to longer growth durations show a homogeneous distribution of globular

features (grains or nodules, see Figure 3.12B–H) whose diameter (approximately 400 nm

on average) increases with time, suggesting thus that the polymerization mechanism is due

to the preferential growth of preformed ‘active’ nuclei that then merge together in a second

step. From the computed RRMS (the root mean square roughness) and h (the difference

between the maximum and minimum z values in an image), the authors claim

that the deposits grow through the simultaneous formation of new nuclei and the prefer-

ential deposition of polymer chains at nucleation centers, according to a 3-D growth

mechanism.

Similar EC-AFM investigations carried out during the electrodeposition of PBT from

TBAPF6/acetonitrile electrolytic solutions led to slightly different conclusions. Sets of

Figure 3.12 AFM images of PBT grown on polycrystalline Pt electrode during various stages of
growth at þ0.58V vs. Fcþ/Fc redox couple in the presence of LiClO4 supporting electrolyte.
(A) bare electrode; after starting the electropolymerization by: (B) 1 min; (C) 6 min; (D) 7 min;
(E) 8 min; (F) 13 min; (G) 18 min; (H) 23 min. (Reprinted with permission from Electrochimica
Acta, In situ atomic force microscopy in the study of electrogeneration of polybithiophene on
Pt electrode by M. Innocenti, F. Logio, L. Pigani et al., 50, 7–8. Copyright (2005) Elsevier Ltd)
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RRMS and h values seem to indicate that the polymer starts growing through a 3-D growth

mechanism as a first step, with a noticeable nonhomogeneous increase in the dimensions

of the numerous nucleation centers leading finally to a nonuniform population of grains,

and then through a bi-dimensional growth mechanism in a second step. This may indicate

that both salts have significantly different impacts on the packing of oligomer chains

during the formation of the polymer. The same authors observed that the background salt

has generally no effect on the topography of PBT films grown using potentiodynamic

conditions.

Electrodes modified by polythiophenes bearing different substituents have been pre-

pared and the behavior of the resulting conducting polymers has been studied with respect

to the structural phenomena occurring in the doping–undoping processes as functions of

the supporting electrolyte, the discharge (neutralization) time, and the potential value

stimulating the doping–undoping process [129]. Such studies are meaningful with respect

to the possibility of charging–discharging the polymer reversibly and quickly, as well as

for providing a way to optimize the performances of ion-releasing devices of technological

interest, such as artificial muscles, rechargeable batteries, supercapacitors, and ion-selec-

tive membranes [129]. The steric hindrance of the substituents on the polymer chain has

been demonstrated to play a fundamental role in determining the extent of compactness of

the film, as induced by polarization of the electrode at potentials at which the previously

charged polymer is discharged. Such a conclusion is in accordance with prediction of the

electrochemically stimulated conformational relaxation (ESCR) model [128,149].

Electrochemical AFM measurements have been performed in order to acquire a direct

view of the morphological modifications of the polymer coatings during the reduction.

The measurements performed with different polythiophenes point out that a proper

compact structure for the neutral polymer is more and more difficult to achieve as the steric

hindrance of the side chains substituents on the backbone increases. Bulkier and bulkier

substituents allow the polymer to shrink to a lower and lower extent by neutralization, so

that swelling by oxidation is a thermodynamically and kinetically easier and easier

process. Hence, in the limiting case of ‘sterically hindered’ PBST, a high enough degree

of compactness cannot be reached at the negative potentials at which neutralization of the

previously charged and concomitantly swollen polymer occurs, even with prolonged

cathodic polarization. The relaxation effects are, in this case, not evident at all; the tuning

from ‘compact’ to open structure is consequently particularly easy, so that it does not

introduce any significant thermodynamic or kinetic effects in the doping process: the

relevant responses are independent of the compacting potential and time. On the other

hand, in general, the EC-AFM measurements performed to date illustrate the role of time

and of the discharge potential in determining the surface morphology. Moreover, the

differences in morphological changes of PBT with respect to PBST at varying potentials

are easily detectable, giving sound confirmation to the predictions of the ESCR model.

In the course of original investigations, Pyo et al. investigated the effect of pH, rather

than that of an electrochemical procedure, on the ion transport at the perchlorate-doped

polypyrrole film/electrolytic solution interface [150]. Preliminary EC-AFM investigations

allowed them to detect a 12.6% volume increase when the solution pH varied from 1.0 to

11.3 in a 50 mM NaClO4 aqueous solution.

Recently, Contractor et al. investigated volume changes occurring in electrodeposited

polyaniline films in sulfate and chloride media, as well as PANI microtubules and
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nanowires in a sulfate medium using EC-AFM [151]. Their main observation was that

PANI films expand during oxidation and shrink during reduction, as a consequence of

solvated anion exchange at the PANI/electrolytic solution interface. Such volume changes

were found to be reversible in PANI microtubules and nanowires. In PANI nanowires

doped with large anions such as poly(styrene sulfonate), swelling and deswelling were

claimed to be as high as 33% and were expected to occur as a consequence of the proton

exchange between the polymer and the electrolytic solution. EC-AFM investigations of

volume changes occurring in PANI nanoparticles may reveal variations in the 17.5–89.8%

range.

Dynamic actuation of polystyrene-sulfonate (PSS)-doped polypyrrole thin films was

investigated by Wallace et al. using EC-AFM (see Figure 3.13) [152]. PPy/PSS films were

grown from aqueous electrolytic solutions containing NaPSS (0.05 M) and Py (0.2 M) in

galvanostatic conditions using a 1.3 mA cm�2 current density on gold working electrodes.

Preliminary AFM imaging of PPy/PSS films showed that those grown with a 600 s electro-

deposition time possess significantly rougher cauliflower-like morphology than those

electrodeposited over 10 seconds. The root-mean-square (RMS) surface roughness was

found to follow a semilogarithmic increase as the electrodeposition time increased from

10 to 600 seconds. As far as the thickness of these films is concerned, it was determined

from nanoscratching tests carried out with the AFM tip (and/or mechanical scratching

using a sharp scalpel), followed by AFM imaging of the height profile of the resulting

print. The thickness was found to increase linearly with the electropolymerization charge

from 0.09 mm up to 3.17 mm for the same electrodeposition time range at a rate of

3.91 mm C cm�2. In the course of investigations related to the electrochemical behavior

of these films in aqueous NaPSS solutions, it was found that five consecutive cyclic

voltammograms (–500 to 500 mV at 50 mV s�1) encompassing the doping–undoping

processes of these films were necessary before the polymer films displayed stable electro-

chemical behavior. This electrochemical optimization of the doping–undoping was there-

fore applied to each film prior to EC-AFM imaging experiments aimed at measuring the

thickness change upon doping–undoping. These latter were carried out in contact mode

with the slow scan axis disabled at different potential scan rates (10, 50, 100, and

200 mV s�1) in the same potential range (–500 to 500 mV) for each thickness (10, 120,

300, 600 s electrodeposition times). By doing so, the resulting AFM images showed cyclic

thickness variations that correlated with triangular potential signal-type stimuli applied to the

polymer films, thus giving a direct measurement of the dynamic mechanical actuation of the

PPy/PSS film. By plotting a cross-section of this image with the corresponding voltage and

current signals related to the electrochemical treatment, one can distinguish that the actua-

tion height is 180� out of phase with the potential stimulus, which actually indicates that the

film shrinks as it is oxidized (doped), whereas is swells as it is reduced, as a consequence of

the predictable cation-exchange behavior of PPy/PSS films. Moreover, it was observed that

the extent of the actuation shows a high, but not linear, decay as a function of the potential

scan rate for thick films, such as those obtained at 600 s electrodeposition times.

The height profiles extracted from the EC-AFM images showed that the actuation height

decreases as the scan rate increases. This observation could easily be predicted from the

time-limited diffusion process of sodium cations at the film/electrolytic solution interface.

The actuation dependence on the potential scan rate was found to become weaker and more

linear as the film thickness (or the electrodeposition time) decreases. As an illustration, the
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actuation of the thicker films (600 s electrodeposition time, 3.17 mm thickness, on average)

was 18 times higher than that measured with thinner films (10 s electrodeposition time,

97 nm thickness, on average) at a 10 mV s�1 potential scan rate, whereas it was only eight

times higher at a 200 mV s�1 potential scan rate. Diffusion-limited processes may explain
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Figure 3.13 (A) AFM height image of a PPy/PSS film grown for 10 min in 0.05 NaPSS during a
cyclic voltammogram (CV) measurement initiated at �150 s into the AFM scan. The image’s
vertical axis is given as time (see text for details). Lighter (higher regions) and darker (lower
regions) bands in the image correspond to the cyclic displacement, or actuation of the film in
response to the CV which was performed with an applied potential moving from –500 toþ500
mV at 50 mV s�1 for five cycles. (B) Cross-sectional height profile (black line) taken through the
vertical line shown in (A) as a function of the CV time(s). The height profile shows a cyclic
increase and decrease in height, and an out-of-phase response with the corresponding applied
voltage (square) and current (hatch) signals. (Reprinted with permission from Langmuir,
Visualizing Dynamic Actuation of Ultrathin Polypyrrole Films by Michael J. Higgins et al.,
25, 6. Copyright (2009) American Chemical Society)
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this nonlinear decay observed for thick films if the rate and distance of ion exchange at the

film/electrolyte solution interface limits the extent of actuation. The linear dependence

observed for the thin films seems to correspond to an electrochemical actuation process

limited by current rather than by diffusion. One may suggest that the thickness dependence

of the polymer structure may lead to variations in the diffusion coefficient of ions when

thickness goes from the micrometer to the nanometer range. The usual ‘cauliflower-like’

structure observed for such polymer films is known to arise from the conglomeration of

50–100 nm diameter particles, thus producing higher-order fractal structures in which

micropores and interstitial nanometer-size openings can be observed. It is likely that the

resulting porosity allows a high mobility for large anions (such as PSS�), and more

generally speaking an increase in the diffusion coefficient of ions as the film thickness

increases as a consequence of decreasing film density. In contrast, thinner and therefore

denser films show a porosity essentially made of interstices and may well display shorter

diffusion paths, a negative influence on the diffusion rate, and, simultaneously, easy access

for the solvated ions to a greater majority of the film.

The set of investigations reported above is largely sufficient to show that EC-AFM is the

relevant technique to probe, with the nanometer resolution, the topographical and thick-

ness evolutions occurring during electrodeposition and electrochemically controlled dop-

ing–undoping processes of ECPs. Interestingly, this technique does not only allow such

investigations in static electrochemical conditions, but also in dynamic ones, thus giving

access to the dynamics of the above mentioned morphological changes observed in ECPs.

However, such investigations are still too rare nowadays to constitute an exploitable source

of information on the subject. From the AFM point of view, this whole set of results has

been obtained by using contact-mode AFM imaging (except in the contribution published

by Häring et al., where the performances of intermittent contact mode and contact mode

were compared). However, variable imaging procedures were used, which results in

various representations of the obtained results and may influence their interpretation. It

is obvious anyway that the AFM imaging of ECPs in contact mode in solution requires

much expertise and care in order to avoid artifacts predictable from the very soft character

of such materials. Another confusion comes from the various potential programs applied

during the AFM imaging in order to control the variation of the doping state of ECPs with

time (constant potential, potential steps, potential scans). The various combinations of

AFM imaging procedure and potential programs used so far and those not suggested in the

literature as yet do not facilitate the straight comparison of those observations and this is

even more true due to the large spectrum of ECPs/doping ions/solvent/electrodeposition

method systems that have been or could be investigated. In other words, this review

demonstrates clearly that EC-AFM imaging of the dynamics of electronically conducting

polymers is still in its infancy, in spite of the key information it may deliver for such

promising applications of ECPs as actuators, artificial muscles, supercapacitors, etc.

3.3.3 EC-STM Investigations of the Swelling/Deswelling of ECPs

EC-STM consists in performing standard STM imaging, therefore based on a measure of

the tunneling current, in an electrolytic solution so as to allow electrochemical control of

the imaged substrate. When applied to an electronically conducting polymer, this
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electrochemical control is aimed at fixing the doping level of the polymer film during the

imaging process. By using this technique, the morphological evolution of perchlorate-

doped polypyrrole films during the doping–undoping process in an aqueous lithium

perchlorate solution was investigated [153]. Topography changes were found to be

heterogeneous on the polymer film surface, indicating, possibly, that the insertion of

ions takes place only locally in the bulk of the polymer. They actually correspond to a

swelling of some of the nodules that constitute the film during the oxidation/doping

process. Similar studies were carried out by the same authors in the presence of various

anions, such as carbonate and trifluoromethane-sulfonic anions, in the transfer electrolytic

solution [154]. The increase of the oxidation current measured during the doping process

was found to be correlated with the swelling mechanism revealed by the evolution of the

roughness and the surface of the film. Moreover, the authors suggest that the electroactiv-

ity of the polymer film is not limited by the topography changes. These latter, as well as the

swelling processes, were found to be strongly influenced by the anions as a function of

their properties (size, charge, etc.).

Poly(N-methylpyrrole)/poly(styrene sulfonate) films were found to undergo roughness

variations in aqueous perchlorate solutions during electrochemical doping–undoping

reactions [155]. EC-STM experiments indeed revealed that the roughness and the rough-

ness difference between the doped and undoped states increases with the thickness of the

polymer film when the polymer thickness is more than 2 mm. Moreover, it seems that the

cation of the salt used in the transfer electrolyte solution is able to influence the roughness

of these films, which sounds acceptable, as these films are expected to be cation exchan-

gers due to the considerable size of the polystyrene sulfonate anions present in the

electrodeposition solution. For example, the roughness of 4 mm thick PNMP/PSS films

were found to be 2.58, 2.89 and 3.24 nm after electrochemical reduction in LiClO4, KClO4

and CsClO4, respectively. The same author reported that PPy/PSS films underwent a

volume variation, going from –0.95% to 15.5% when the thickness varied from 100 nm

to 2 mm [156]. It was also observed that inside the 800-mV-wide potential range used for

the doping of the polymer film, the film volume decreased during the first 650 mV and then

increased during the last 150 mV, going from the reduced to the oxidized state.

The EC-STM investigations reported above have to be considered prudently. Indeed,

the CS-AFM studies reported in Section 2.3 have clearly demonstrated that ECP films

display a heterogeneous surface conductivity, whatever their doping level. This is, indeed,

likely to result in artifacts during topography imaging using EC-STM as it is based on

servo-control of the z-coordinate of the tip position on a constant tunneling current

measured at the tip. It is therefore likely that local topography changes and surface

conductivity drops will create confusion in the STM topography imaging. This general

observation may explain the progressive decrease in the use of EC-STM for in situ

measurements related to electronically conducting polymers.

3.3.4 Scanning Electrochemical Microscopy (SECM) Investigations of ECPs

Scanning electrochemical microscopy (SECM) is a scanning probe technique in which the

probe is a disk ultramicroelectrode (typical radius in the 5 to 25mm range) that scans the

surface of the investigated sample facing it [157]. SECM measurements are carried out in
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an electrolyte solution so as to allow the measurement of a faradaic current at the

amperometric probe (also called the tip) as a function of the local surface properties of

the sample. Among the properties that are able to influence the probe response, are surface

conductivity, electrochemical reactivity, and distance to the probe (this latter being

possibly influenced by local roughness). The feedback mode and the generation/collection

mode are working modes of SECM that necessitate, respectively, a redox mediator initially

added in the electrolytic medium, or a redox-active compound produced at the sample

surface. Such redox species are necessary to provide the reactants for the redox reaction

occurring at the tip biased at a constant potential during the imaging procedure.

The feedback mode of SECM was used to map the conductivity of a fluoroborate-

doped polypyrrole film and to evaluate its potential dependence [158]. An ultra-

microelectrode (UME), 12.5 mm in diameter, was used to detect the redox mediator

more or less concentrated in the UME vicinity, depending on the ability of the

polymer film to regenerate it, thus providing the potential region where the polypyrrole

film is electronically conducting.

In a different procedure, Ag/AgCl-based potentiometric sensors used as SECM probes,

10–50 mm in diameter, have been used to identify the flux of chloride anions existing at the

film–solution interface of a polyaniline film electrodeposited on a platinum electrode

[159]. The tip potential was recorded during potential cycling applied to the PANI film in

the anodic potential range situated after the first oxidation peak of PANI. Such measure-

ment allowed the oxidation mechanism of PANI to be confirmed. These investigations

were further developed by probing amperometrically the flux of protons at the film–

solution interface as a function of the potential applied to the PANI film [160,161]. The

measurements suggest that the presence or absence of NaCl as a supporting electrolyte

may affect the redox mechanism of PANI. It provided proof of exchange of protons and

chloride anions during the oxidation of PANI. As the SECM response was found to depend

on the protonation state of PANI, it was confirmed that addition of NaCl led to proton

uptake by the leucoemeraldine form of PANI.

The fluxes of anions produced by the oxidation and reduction reactions of polypyrrole

films doped with various anions such as bromide, ferrocyanide and poly(p-styrenesulfo-

nate) were investigated using SECM [162]. During control of the redox reactions occurring

on the polypyrrole substrate using either cyclic voltammetry scans or chronopotentiometry

potential steps, the tip was placed in close proximity to the substrate so as to measure the

rate of ejection of bromide or ferrocyanide as a function of the reduction potential applied

to the PPy film. Interestingly, it was shown that the identity of the cation (tetrabutylam-

monium TBAþ or potassium Kþ cation) influences substantially the ion transport kinetics

of ferrocyanide in a ferrocyanide-doped polypyrrole film. For example, TBAþ cations

were found to slow down the ejection of ferrocyanide during reduction, and it appeared

that ferrocyanide species were also rejected during the oxidation step of the PPy film,

whereas the incorporation of cations (such as hexa-ammino ruthenium cations) was

confirmed during the reduction step.

SECM was also used to evaluate the conductivity changes of polybithiophene micro-

structures deposited by a laser-assisted microstructuring deposition technique as a function

of their doping level, controlled by fixing the potential value at the polymer sample [163].

In order to achieve this purpose, the feedback mode of SECM was used in an electrolytic

solution containing [Ir(CN)6]2�/3�.
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From SECM studies of the electrochemical doping and undoping processes of poly-

(didodecyl-terthiophene), the electron transfer between the polymer and a redox mediator

in solution was investigated as a function of the doping state of the polymer [164]. The

electron transfer was found to occur at the polymer–electrolytic-solution interface and not

inside the polymer film. The investigated polymer films are not permeable to redox species

when placed in the neutral state and therefore behave as completely passivating films.

Thin films of poly-(3-ethoxy-thiophene) (PEOT) and poly(ethylenedioxythiophene)

(PEDOT) were bombarded with Arþ ions and then tested in terms of conductivity with

the help of SECM in the feedback mode using ferrocene–methanol as redox mediator

[165]. It was thus shown that the main consequence of bombardment is the creation of an

approximately 30 nm thick layer that behaves mainly as an insulator. More precisely,

SECM imaging, as well as the approach curves, actually reveals regions with different

conductivities. By patterning such polymers using ion bombardment through adequate

masks, it was possible to locally perform galvanic copper deposition onto conducting

PEDOT so as to create miniaturized printed circuit boards. The feasibility of the process

was established once the conducting polymer patterns had been tested using SECM to

detect possible defects.

In an original contribution, Mandler et al. used SECM to investigate local injection and

lateral propagation of charge in thin polyaniline films [166]. The SECM probe was

positioned in the immediate vicinity of a chemically reduced PANI layer and polarized

so as to generate a flux of an oxidant, Fe(phen)3
3þ in this case, which could then diffuse

towards the PANI surface and locally oxidize the polymer. The current–time transients

were then simulated so as to allow the evaluation of the kinetics of lateral charge

propagation, based exclusively on electron hopping.

In another approach, SECM permitted the in situ characterization of the insulator-to-

metal transition of a Langmuir polyaniline (PANI) monolayer resulting from progressive

evolution of the surface pressure [167]. In order to do so, a flux of electroactive species

able to undergo a redox reaction at the polymer–electrolytic-solution interface was

generated by using the polarized SECM tip. The extent of the expected reaction will

depend on the surface conductivity of the film. It was demonstrated that the surface

pressure strongly influences the tip current. As the tip approaches the polymer surface,

low pressures led to a decrease in the steady-state current, whereas higher pressures led to

an increase in the tip current. This dependence of the tip current on the surface pressure was

explained by an insulator-to-metal transition resulting from the compression of the film

that potentially reduces the distances between the PANI chains. This may suggest that

interchain transfer is a possible rate-limiting process controlling conductivity.

Ion-transport studies carried out on ferrocyanide-doped PEDOT films with the help of

SECM revealed that ferrocyanide ions can be exchanged with chloride ions present in the

transfer electrolytic solution [168]. SECM also revealed that only ferrocyanide ions are

released during the electrochemical reduction of these films.

In a procedure inspired by reference [162] PEDOT films doped with various anions, such

as chloride, ferrocyanide and poly(p-styrenesulfonate), were the target of ion-transport

studies using SECM [169]. The results differed in that, in this work, the identity of the cation

was not found to influence the ion-transport kinetics in ferrocyanide-doped PEDOT films.

Recently, the substrate-generation/tip-collection mode of SECM was exploited to con-

firm the release of oligomers by PEDOT films electrogenerated from aqueous solutions
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[170]. Such a study was made possible by the fact that the released oligomers were neutral

and electrochemically active. The tip was placed close to the polymer sample and

polarized at a well-determined potential so as to permit the collection and electrochemical

detection of the oligomers and their electrochemical oxidation. The ejection of oligomers

was the result of a series of potential scans applied to the polymer sample inside a potential

range only slightly narrower on the anodic side than the one allowing the doping–undoping

of the polymer sample. Oligomers were rejected in solution mainly inside the first half of

the scanned potential range and also during the first scan and to a lesser extent during the

five following scans.

The SECM investigations reported above confirm that SECM is another valuable kind

of scanning probe microscopy relevant for studying inhomogeneity in electronically

conducting polymers in situ (i.e. in an electrolytic solution). The targeted properties, i.e.

mainly the roughness, the electronic conductivity, and the ion-exchange behavior of these

materials, can be efficiently identified and/or mapped. On the other hand, the need for

either soluble redox-active couples or electroactive ions for SECM investigations related

to the electronic conductivity or the ion-exchange properties of ECPs, respectively, is the

first limitation of this technique for such studies. Another and a more severe limitation of

this technique is that the micrometric size usually encountered in the literature for SECM

probes is too large by comparison with that required to study the nanometric size (about

10–100 nm) of domains existing in ECPs. This latter limitation is likely to be temporary

only, as recent literature reveals important efforts aimed at allowing local electrochemical

measurements to be carried out at nanometer resolution either with SECM or AFM by

developing reproducible and controlled elaboration strategies for corresponding nano-

metric electrochemical probes.

3.4 The Origin of the Nanoscale Inhomogeneity of Conducting
and Semiconducting Polymers

The previous sections have demonstrated that there is a considerable body of experimental

evidence obtained by a variety of experimental techniques that all provide a surprisingly

similar picture: p-conjugated organic polymer materials, whether in their doped conduct-

ing or undoped semiconducting state, consistently and universally feature pronounced

nanoscale structural inhomogeneity. Specifically, these materials were shown to contain a

complex array of more ordered, often crystalline, domains scattered in a more disordered

amorphous polymer matrix. In many cases, the domain distribution was linked to the

material morphology; in some cases, such a link was not obvious or not pursued, but could

not be ruled out. The reported sizes of the domains were also remarkably similar, ranging

in most cases from 15–20 to 100–200 nm. In the cases when smaller domains were not

observed, this could be readily related to the insufficient resolution of the technique in

question (such as NSOM). Corresponding variations in the doping level/conductivity were

also observed.

The question of correlation between the morphology and the domain structure is very

important because it allows one to understand the origins of the inhomogeneity and the
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reasons for the occurrence of the domain structure. Surprisingly, this problem has not

attracted any particular attention in the literature. The prevailing view has been that the

domain formation is a stochastic process originating from random folding of the polymer

chains. In some areas, the chains could form a more ordered structure due to various

structural factors, forming crystalline domains, and in some areas the chain stacking was

less perfect and more disordered, and an amorphous phase was formed. This view was

implicit in early models of charge transport in conducting and semiconducting polymers,

such as Bassler’s Gaussian disorder model [13], and even the later models [8,12,14,17–19],

while introducing a certain spatial correlation of energies and thus providing a starting

point for the understanding of nanoscale inhomogeneity, were based on the concept of

random active-site/energy distributions. However, this viewpoint could not adequately

explain numerous well-established experimental observations, such as the role of prepara-

tion conditions (solvent, the deposition technique, annealing, polydispersity), as well as

the correlation between the inhomogeneity and the material morphology.

In order to better understand this problem, let us consider in more detail the process of

formation of polymer films. First of all, while there are various preparation techniques for

these materials, all of them involve deposition of a solid polymer phase from either

solution (spin-coating, dip-coating, drop-coating, electrochemical polymerization) or

from melt (annealing/solidification) onto a solid substrate. The new phase formation

always starts with nucleation, or formation on the substrate surface of small clusters of

molecules, which subsequently grow to form the polymer material. The nucleation and

growth of a new phase have been the subjects of numerous treatises and textbooks (see,

e.g., references [171–173]). However, these studies refer to the situation when the nuclea-

tion and growth of a new phase occurs from solution or melt that contains only one type of

depositing species or, in some cases, like alloy electrodeposition, of several chemically

distinct species. In this section, we will examine the situation that arises in most practical

preparation techniques for conducting polymer films, which involve the deposition of the

polymer phase from solution or melt containing a considerable variety of species of the

same polymer which, nevertheless, feature different properties, first and foremost, the

MWs. Obviously, all these species will possess different Gibbs energies and entropies, as

well as other properties, such as solubilities. A natural question arises: how the presence of

polymer species with different MWs, or polydispersity, will affect the new phase forma-

tion, as well as the properties of the polymer films obtained. The inhomogeneity of the

polymer films themselves also suggests variations in the energy and entropy of local

domains found in these materials, which also should be taken into account. A very

important question that arises here is if and how variation in the properties of the starting

polymer materials in the solution or melt (polydispersity) is related to variation in the

properties of the resulting polymer materials (inhomogeneity).

The driving force for film formation, in the most general form, is the difference in the

Gibbs free energies of the polymeric species in the solid state and in the solution/melt. The

entropy of a solid phase is always lower than that of a liquid or melt; therefore, for the

formation process to be spontaneous, there should be a gain in the enthalpy upon solid

phase formation. Such gains are usually attributed to the establishment of new strong

bonds between the atoms or molecules in the solid state, which lowers the overall energy of

the system. With polymer molecules, these energy gains would be more pronounced if a

crystalline phase is formed, since ordered phases feature the most favorable electron
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delocalization and also numerous favorable interchain interactions, such as p-stacking,

side-chain interdigitation, etc. The formation of a disordered solid should result in a

smaller energy gain, since there is less or no electron delocalization and the interchain

interactions are much weaker (if anything, disorder results in a dramatic decrease in the

number of sites where the polymer chains actually come close enough to form an inter-

molecular bond). However, disordered phases feature higher entropy and, thus, their

formation may be favored under some circumstances. The formation of small clusters

also results in a less pronounced energy gain, since a disproportionate number of mole-

cules lie at the cluster surface and thus cannot lower their energy as efficiently as the

molecules inside the cluster. This phenomenon is associated with the surface tension and

the surface energy.

Thermodynamically, if there is an equilibrium between a solution and a solid state, the

Gibbs free energiesDG of a polymer species in solution and in the solid state are equal. The

equilibrium concentration of the polymer species in solution is then called the saturated

concentration, Cs. In the case of a polydisperse polymer, there will be polymer species

with different MWs, both in solution and in the solid state, all of which will feature unique

energies and saturated concentrations. To describe their contributions, chemical potentials

of species mi are used, which are partial molar quantities and represent the change in

the overall Gibbs energy of the system upon addition of one mole of the species in

question.

In equilibrium, the rate of polymer deposition is equal to the rate of polymer dissolution.

In order to form a film, the equilibrium must be shifted towards solid-state formation,

which can be achieved, for instance, by increasing the concentration of polymer species in

the solution above the equilibrium, saturated concentration. This is called supersaturation.

Thermodynamically, supersaturation reduces the entropy of the species in solution, thus

providing the driving force for solid-state formation (the entropy penalty due to polymer

transfer from the liquid to the solid state is reduced, while the enthalpy gain is the same).

Supersaturation can be achieved either by removing/evaporating a portion of the solvent

(spin-coating, drop-coating), or by rapidly forming an excess of the polymeric species in

solution well above the saturated concentration (electrochemical and chemical

polymerization).

It is important to recognize that the driving force of the new phase formation will not be

the same at different stages of polymer film deposition, neither it will be the same for

polymer molecules with different MWs. In order to better understand the situation, let us

use the usual approach adopted in nucleation and growth theory and consider formation of

a spherical nucleus with a radius r on the surface of a foreign substrate (foreign means there

is no specific interaction, like chemical bond formation, between the deposited molecules

and the substrate). The work of new phase formation W can be expressed as follows:

W ¼� 4

3

p � r3

VM

� mi þ 4 � p � r2 � � (3:3)

where mi is the chemical potential of the polymeric species i in the solid state with respect

to that in the solution (at this time we assume, for simplicity, that only one type of polymer

species is present), VM is the molar volume, and � is the surface tension at the solid

polymer/solution interface.
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The first term represents the energy gain due to the formation of a new bulk phase. This

gain is proportional to the volume of the new phase formed. Both the entropy and enthalpy

factors are taken into account by the chemical potential mi. This term is usually negative,

since energy is gained (the chemical potential of a species in the solid state is more

negative than that in solution). The second term is the surface energy of the growing

cluster, which is proportional to the cluster surface area and the surface tension � at

the interface between the solid polymer and the solution. This term is positive; the larger

the surface area, the greater the surface energy and the less energetically favorable the

deposition process.

As follows from Eq. (3.3), the work of the new phase formation has a complex

dependence on the radius of the nucleus r, which is illustrated in Figure 3.14.

Specifically, the work first grows with r since the gain in the bulk energy does not

compensate for the energy of the new surface formation. This means the formation of the

new phase is not a spontaneous process. However, as r increases, the relative contribution of

the surface vs. the bulk energy decreases (r2 vs. r3), and the work of the new phase formation

starts to become negative too, making the deposition process spontaneous. The curve has a

maximum at a certain critical radius r*, which can be found from Eq. (3.3) to be:

r� ¼VM

2�

mi

(3:4)

Mechanistically, the new phase formation starts with the formation of polymer nuclei at

the substrate surface. This process can be thought of as a dynamic equilibrium between

stochastic formation and dissociation of clusters of polymer molecules with various sizes.

If a cluster has size less than r*, its formation is energetically unfavorable (W > 0) and it

will be dissolved. However, if a cluster has a size that exceeds the critical radius r*, its

formation will be energetically favorable (W < 0). Furthermore, such a cluster or nucleus

will undergo spontaneous growth by attracting polymer material from the solution, since

an increase in the cluster size maximizes the energy gain (see Eq. (3.3) and Figure 3.14).

Ultimately, the cluster grows to form a polymer grain or a globule.

Figure 3.14 Illustration of the dependence of the work of the new phase formation W on the
nucleus radius r
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The value of the critical radius has a profound impact on the number of nuclei formed

and thus on the morphology of the resulting material. Smaller critical radii make the

formation of new nuclei easier; more nuclei survive and compete for the polymer material

deposited from the solution phase. Therefore, a high driving force for deposition produces

many small grains. Larger critical radii mean that only a few nuclei are formed, all other

nuclei formed through local fluctuations are too small and dissolve. In this case, fewer, but

larger, grains are formed.

If several polymer species are present in solution at the same time, each of the species

will have its own work of nucleation determined by its own chemical potential mi. Overall,

the deposition will be determined by the driving force of nucleation and ultimately by the

maximal gain in energy as determined by the chemical potential differences. If the energy

gain for a certain species is greater than for another species, the driving force of deposition

will be greater for the former species. Therefore, the clusters of these species will have a

smaller critical radius and thus a greater probability of surviving and becoming the cores

of polymer globules. At the nucleus growth stage, the driving force required to deposit

polymer molecules on the existing polymer grains becomes progressively smaller as

the polymer grain grows (see Eq. (3.3)). This makes it possible for the polymer species

with the lower deposition driving force (a less negative difference in the chemical

potentials between the solid and liquid phases) to deposit. An additional factor here

would be that the nucleation occurs at a foreign substrate surface and thus requires a

specifically high energy gain to take place. The growth of already-formed nuclei occurs

through polymer molecules depositing on the surface of the polymer phase, so that the

depositing molecules can form much stronger bonds with the surface and thus lower their

energy more efficiently. Overall, all these factors should result in a complex heterogeneous

grain structure with the species with the higher driving force forming the cores of

the grains and the species with the lower driving force deposited at later stages of grain

growth and thus predominantly found at the grain periphery.

In the simplest case, when the only component of the driving force of nucleation is

supersaturation, that is, the increase in the concentration of depositing species C over the

saturated concentration Cs, Eq. (3.4) can be resolved to yield the well-known Kelvin equation:

r� ¼ 2 � � � VM

RgasT � ln
C

Cs

� � (3:5)

This case was discussed by O’Neil et al. [41]. In this treatment, the only parameter that

segregates different polymer species is the MW and the resulting solubility differences

expressed through different Cs values. Higher-MW fractions always have lower solubility

(lower Cs) than low-MW ones and thus smaller critical radii of nucleation. Therefore, they

are deposited first and form the core of the polymer grains. The low-MW fractions are

deposited later and form disordered grain periphery/grain boundaries. The driving force of

nucleation in this case is determined only by the decrease in the entropy of the depositing

species in the solution phase at supersaturation; there is no MW-dependent variation in the

way the polymer molecules of various lengths can arrange themselves in the solid state and

thus there is no corresponding variation in the enthalpy component of the chemical

potential difference.

148 Nanostructured Conductive Polymers



However, we remember from the previous discussions that generally this is not the

case. Therefore, Eq. (3.5) should be updated to reflect this fact. In general, the most

enthalpy gain should be expected for materials with high MWs since longer mole-

cules have more ways to form intermolecular bonds and to lower their energy. There

is experimental evidence to support this: Zen et al. [88] showed that solvatochro-

mism, that is, the difference in the light absorption spectra of polymer fractions in

solution and in the solid state, is most pronounced for high-MW fractions. The red

shift in the solid state indicates better alignment and better interaction of the

polymer chains. Later, the same group [89] used differential scanning calorimetry

(DSC) to measure the melting enthalpies of P3HT fractions with various MW. The

total melting enthalpy for the high MW (chloroform, Mn¼ 27.05 kDa) fraction was

23.7 J g�1, or 640 kJ mol�1, while the enthalpy for the low-MW (ethyl acetate,

Mn¼ 2.58 kDa) fraction was only 4.54 J g�1, or 11.7 kJ mol�1.

Moreover, the most pronounced enthalpy gain occurs when a crystalline or at least a

more-ordered solid is formed. If some polymer fractions can form a highly ordered

crystalline phase in the solid state, and some cannot, there will be a pronounced difference

in the driving force for deposition of these fractions, and the molecules that are able to form

the crystalline phase will be deposited first. Therefore, in the process of nucleation and

growth of new solid-state polymer phase from a supersaturated solution containing poly-

mer fractions of varying MWs (a polydisperse polymer), which is a routine situation in all

major polymer deposition processes, the nuclei will be entirely crystalline. All experi-

mental data support this conclusion (see Section 3.2 and especially Subsection 3.2.5). The

chief reason is that nucleation requires a considerably higher driving force, which is

achieved only if the new phase formation features a particularly high enthalpy gain, as

when a crystalline highly ordered phase is formed.

With non-regio-regular materials, such as regio-random polythiophenes, only high-

MW fractions can form crystalline phases (see Section 3.2). The low-MW phase will

be amorphous. Therefore, non-regio-regular materials will form high-MW crystalline

grain cores surrounded by a low-MW amorphous grain periphery. This has been

demonstrated experimentally [40,41]. The situation with regio-regular materials, such

as regio-regular poly(3-alkylthiophene)s, is a bit more complex because low-MW

fractions are able to form crystalline phases due to the ordering effect of interdigi-

tized side chains (although their structures are different from those formed by the

high-MW material). Therefore, highly polydisperse samples of regio-regular poly-

mers feature three structures: low-MW anisotropic crystallites, such as haystack

nanoribbons, high-MW more isotropic crystallites (observed as round globules),

and an amorphous disordered phase between them. In fact, this behavior was

demonstrated as early as in 1996 by DSC and X-ray diffraction studies with various

poly(3-alkylthiophene) samples with different degree of head-to-tail (HT) regularity

[3]. It was shown that materials with moderate HT regularity were formally amor-

phous, with some quasi-ordered domains dispersed in a continuous disordered

matrix, while poly(3-alkylthiophene)s with high HT regularity consisted of crystal-

line, quasi-ordered, and disordered phases. The melting/crystallization enthalpies

were notably higher in highly regio-regular materials, indicating their better crystal-

linity and higher enthalpy gain upon formation of the solid polymer phase, as

opposed to materials with moderate HT regularity.
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Therefore, if a solution of a regio-regular polymer contains low-MW fractions, they will

be deposited first and form crystallites, which will be surrounded with a more disordered

material that features a lower deposition driving force and thus will be deposited later.

There is abundant experimental evidence that this is indeed the case (Section 3.2):

numerous studies have shown the formation of typical haystack or nanoribbons crystallites

embedded in a disordered amorphous phase. If the regio-regular material is fractionated to

remove the fractions which can form such nanoribbons, the morphology of the material

changes dramatically, but still there are ordered domains likely formed by high-MW

polymer material surrounded by the disordered polymer matrix. The same is observed

for polydisperse non-regio-regular materials because they cannot form a crystalline phase

at low MW. However, in all cases the same pattern is observed, that the cores of the

polymer grains or globules are formed by more-crystalline/ordered material, surrounded

by a less-ordered/amorphous phase forming the periphery of the globules (grain bound-

aries). Our analysis provides a very simple explanation for this fact: the cores are crystal-

line because crystalline phases feature a larger driving force of deposition and thus are

deposited first. The disordered phase has a lower driving force of deposition and thus can

be deposited only later when the growing grains are sufficiently large. The decrease in the

degree of crystallinity in the process of polymer film growth has been confirmed experi-

mentally [36,40]. Furthermore, the difference in the driving force of nucleation at low and

high MWs can also explain the changes in the morphology and, in particular, in the grain

size of materials deposited from solutions containing polymer fractions with different

average MWs [27,89]: the size of the polymer grains universally decreases with an

increase in MW, as is to be expected, since a higher driving force means smaller critical

nuclei able to survive and form the polymer grains.

Therefore, the detail analysis presented in this chapter suggests that the random folding

model is at variance with the observed experimental data. Since the long chains and short

chains are not deposited at the same time, the origin of heterogeneity is not that long chains

randomly form some coherent ordered domains and some disordered portions that bridge

these coherent domains, as suggested previously. Rather, the origin of the inhomogeneity

is spatial and temporal segregation during the deposition process of the polymer molecules

according to their MW and their ability to form crystalline phases. All this points to

polydispersity, that is, the presence of fractions with different MWs in the polymer sample,

as the main source of the resulting inhomogeneity of the deposited polymer material. The

effect of polydispersity has been little studied in the literature; however, very recently,

several papers have appeared that directly relate the inhomogeneity of the polymer films to

polydispersity [22,27,40,41]. At a more general level, inhomogeneity is a way for a system

to avoid the entropy penalty associated with formation of large continuous homogeneous

phases (such as extra-large single crystals) and boost the free energy gain upon new phase

formation. From the entropy standpoint, to obtain materials with low or no inhomogeneity

and thus very low entropy, one should use materials with low starting entropy, such as

solutions with low polydispersity, or the process will not be spontaneous. An example of

this situation is crystallization of pure oligomers that produces large well-defined crystals

[92] or polymer films deposited from solutions with very low polydispersity [22,27]. Our

analysis suggests that the best way to control the inhomogeneity of conducting and

semiconducting polymers prepared by deposition from solutions is to control the

polydispersity of the starting polymer materials.
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4.1 Introduction to Electrospinning Technology

Electrospinning is a fiber-spinning technology used to produce long, three-dimensional,

ultrafine fibers with diameters in the range of a few nanometers to a few microns (more

typically 100 nm to 1 micron) and lengths up to kilometers (Figure 4.1). When used in

products, the unique properties of nanofibers are utilized, such as extraordinarily high

surface area per unit mass, very high porosity, tuneable pore size, tuneable surface

properties, layer thinness, high permeability, low basis weight, ability to retain electro-

static charges, and cost effectiveness, among others [1,2].

While electrospinning technology was developed and patented by Formhals in the

1930s [3], it was only about 10 years ago that actual developments were triggered by

Reneker and coworkers [4]. Interest today is greater than ever and this cost-effective

technique has made its way into several scientific areas, such as electronics, sensors,

biomedicine, filtration, catalysis, and composites [5,6]. Electrospinning is a continuous

technique and is hence suitable for high-volume production of nanofibers. The ability to

customize micronanofibers to meet the requirements of specific applications gives
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electrospinning an advantage over other, larger-scale, micronano production methods.

Carbon and ceramic nanofibers made of polymeric precursors further expand the list of

possible uses of electrospun nanofibers [7].

4.2 The Electrospinning Processing

Electrospinning is increasingly being used to produce ultrathin fibers from a wide range of

polymer materials. This nonmechanical, electrostatic technique involves the use of a high-

voltage electrostatic field to charge the surface of a polymer solution droplet, thereby

inducing the ejection of a liquid jet through a spinneret (Figure 4.2). In a typical process, an

electrical potential is applied between a droplet of a polymer solution held at the end of a

capillary tube and a grounded target. When the electric field that is applied overcomes the

surface tension of the droplet, a charged jet of polymer solution is ejected. On the way to

the collector, the jet will be subjected to forces that allow it to stretch immensely.

Simultaneously, the jet will partially or fully solidify through solvent evaporation or

cooling, and an electrically charged fiber will remain, which can be directed or accelerated

by electrical forces and then collected in sheets or other useful shapes.

A characteristic feature of the electrospinning process is the extremely rapid formation

of the nanofiber structure, which occurs on a millisecond scale. Other notable features of

electrospinning are a huge material elongation rate of the order of 1000 s–1 and a reduction

of the cross-sectional area of the order of 105 to 106, which have been shown to affect the

orientation of the structural elements in the fiber. Moreover, the traditional set-up for

electrospinning has been modified in a number of ways during the last few years in order to

be able to control the electrospinning process and tailor the structure of micronanofibers. A

set-up was developed for electrospinning involving a dual syringe spinneret (Figure 4.3).

The development enables spinning highly functional nanofibers, such as hollow nanofi-

bers, nanotubes, and fibers with a core–shell structure [8].

Figure 4.1 (a) SEM image of poly(ethylene terephthalate) (PET) nanofiber web. The nanofibers
were electrospun from a PET solution in THF:DMF. The diameter of the fibers is about 200 nm.
(b) PET nanofiber web – comparison with human hair. (Reprinted with permission from Current
Opinion in Colloid and Interface Science, Polymer nanofibers assembled by electrospinning,
by A. Frenot and I. S. Chronakis, 8, 64–75. Copyright (2003) Elsevier Ltd)
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4.3 Electrospinning Processing Parameters: Control of the Nanofiber
Morphology

The fiber morphology has been shown to be dependent on process parameters, namely

solution properties (system parameters), process conditions (operational parameters), and

ambient conditions [1,2].

4.3.1 Solution Properties

Solution properties are those such as molecular weight, molecular weight distribution, and

architecture of the polymer, and properties such as viscosity, conductivity, dielectric

constant, and surface tension. The polymer solution must have a concentration high

Figure 4.2 Schematic illustration of the conventional set-up for electrospinning. The insets
show a drawing of the electrified Taylor cone, bending instability, and a typical SEM image of
the nonwoven mat of PET nanofibers deposited on the collector. The bending instability is a
transversal vibration of the electrospinning jet. It is enhanced by electrostatic repulsion and
suppressed by surface tension
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enough to cause polymer entanglements, yet not so high that the viscosity prevents

polymer motion induced by the electric field. The resulting fibers’ diameters usually

increase with the concentration of the solution according to a power law relationship.

Decreasing the polymer concentration in the solution produces thinner fibers. Decreasing

the concentration below a threshold value causes the uniform fiber morphology to change

into beads [9]. The main factors affecting the formation of beads (Figure 4.4) during

electrospinning have been shown to be solution viscosity, surface tension, and the net

charge density carried by the electrospinning jet. Higher surface tension results in a greater

number of bead structures, in contrast to the parameters of viscosity and net charge density,

for which higher values favor fibers with fewer beads. This reduction in thickness is due to

the solution conductivity, which reflects the charge density of the jet and thus the elonga-

tion level. The surface tension also controls the distribution and the width of the fibers,

which can be decreased by adding a surfactant to the solution. Adding a surfactant or a salt

to the solution is a way to increase the net charge density and thus reduce the formation of

beads. Finally, the choice of solvent(s) directly affects all of the properties mentioned and

is of major importance to the fiber morphology.

4.3.2 Process Conditions

The parameters in the process are spinning voltage, distance between the tip of the

capillary and the collector, solution flow rate (feed rate), needle diameter, and, finally,

Electrode

Rubber
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Air pressure
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inner chamber
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Figure 4.3 Schematic illustration of the set-up used to coelectrospin compound core–shell
nanofibers. It involves the use of a spinneret consisting of two coaxial capillaries through which
two polymer solutions can simultaneously be ejected to form a compound jet. (Reprinted
with permission from Advanced Materials, Compound Core-Shell Polymer Nanofibers by
Co-Electrospinning by Z. Sun, E. Zussman, A. L. Yarin et al., 15, 22, 1929–1932. Copyright
(2003) Wiley-VCH)
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the motion of the target screen. Voltage and feed rate show different tendencies and are less

effective in controlling fiber morphology as compared to the solution properties. Too high

a voltage might result in splaying and irregularities in the fibers. A bead structure is evident

when the voltage is either too low or too high. However, a higher voltage also leads to a

higher evaporation rate of the solvent, which in turn might lead to solidification at the tip

and instability in the jet. Morphological changes in the nanofibers can also occur upon

changing the distance between the syringe needle and the substrate. Increasing the distance

or decreasing the electrical field decreases the bead density, regardless of the concentration

of the polymer in the solution.

4.3.3 Ambient Conditions

Ambient conditions include factors such as humidity and temperature, air velocity in the

spinning chamber, and atmospheric pressure. Humidity primarily controls the formation of

pores on the surface of the fibers. Above a certain threshold level of humidity, pores begin

to appear and, as the level increases, so do the number and size of the pores.

The precise mechanism behind the formation of pores and texturing on the surface is

complex and is thought to be dependent on a combination of breath figure formation and

phase separation. Breath figures are imprints formed due to the evaporative cooling during

evaporation of the solvent, which results in condensed solvent drops on the surface and,

later, pores. Surface porosity can also be achieved by selective removal of one of the

components in the polymer blend after spinning. The pores formed on the fiber surface can

be used, for example, to capture nanoparticles, act as a cradle for enzymes or increase the

surface area for filtration applications. Increasing the solution temperature is also a method

for speeding up the process, but it might cause morphological imperfections, such as the

formation of beads.

Figure 4.4 Example of bead formation during electrospinning: SEM micrographs of poly
(propyl carbonate) (PPC) beads prepared by electrospinning a PPC solution in dichloro-
methane. (Reprinted with permission from Biomaterials, Electrospun aliphatic polycarbonates
as tailores tissue scaffold materials by A. Welle, M. Kröger et al., 28, 2211–2219. Copyright
(2007) Elsevier Ltd)
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4.4 Nanostructured Conductive Polymers by Electrospinning

Among the electrospun nanostructures, multifunctionalized nanostructures of con-

ducting polymers (CPs) have received great attention because of their unique proper-

ties and technological applications in electrical, optical, and magnetic materials and

devices. Electrospinning has been successfully used to produce nanostructures of

polyaniline (PANI), polypyrrole (PPy), poly(p-phenylene vinylenes) (PPVs), and

polythiophenes (PThs). As the CPs are generally insoluble in most organic solvents

and have rigid backbones, different strategies have been used to overcome their

limited processability by electrospinning processing: (i) the use of more flexible

polymer precursors or even monomers that can be converted into CPs in a second

step, (ii) the addition of a spinable polymer to assist the formation of fibers, or (iii) the

use of a core–shell coaxial electrospinning strategy, where the CP is the core and

the spinable polymer is the post-removable shell or, inversely, the spinable polymer is

the core and the CP is the shell [10].

4.4.1 Polyaniline (PANI)

Polyaniline (PANI) is one of the most frequently investigated conducting polymers

because of its ease of synthesis, its relative environmental stability and its ability to exist

in a range of intrinsic redox states. PANI exists in various oxidation states, ranging from a

reduced leucoemeraldine form to the fully oxidized pernigraniline form.

Using electrospinning, Diaz-de Leon et al. prepared nanofibers of pure doped PANI in

concentrated sulfuric acid or in blends with polystyrene (PS) or polyethylene oxide (PEO)

[11]. The room temperature conductivity of pure PANI nanofibers was measured to be

0.76 S cm–1 and similar to the bulk value. It was found in the case of PANI blended with PS

and PEO that the PS-based blend was better for achieving fibers of a thinner (<100 nm)

diameter. The conductivity was found to be very sensitive to the morphology of the fibers

(i.e. amount of defects and thickness), which is related to the initial blend properties and

solvent used. Therefore, a better chain alignment in the polymer blends yields a higher

overall conductivity of the blended nanofibers. It is also notable that the nanofibers

obtained showed regions with polymer crosses; these polymer–polymer junctions are of

interest in making nanoelectronic junction devices. Recent studies by Cárdenas et al. also

report the formation of pure PANI submicron fibers collected on SiO2/Si and Si wafer

pieces by the electrospinning method [12]. The isolated fibers show a linear current–

voltage characteristic, and the conductivity values vary in the range usually observed for

partially doped PANI.

PANI is insoluble in most organic solvents and, as a result, electrospinning is mainly

found for mixtures of PANI and other polymers. Ultrafine fibers of PANI doped with

camphorsulfonic acid (PAn.HCSA) blended with PEO were reported by MacDiarmid and

coworkers in 2000 [13,14]. The morphology and fiber diameter of electrospun PANI blend

fibers revealed that both the PEO and the PAn.HCSArPEO blend fibers had a diameter

ranging between 950 nm and 2.1mm, with a generally uniform thickness along the fiber

(Figure 4.5).
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Although the conductivity of the nonwoven fiber mat, as measured by the four-point

probe method, was slightly lower than that of a cast film, owing to the high porosity of the

nonwoven mat, the rate for the vapor phase dedoping redoping of the electrospun fibers is

at least one order of magnitude faster than for cast films. This emphasizes the enormous

effect an increase in the surface-to-volume ratio, accomplished by electrospinning the

polymer material into fibers, can have on the selected chemical properties of PANI blends.

The conductivity of a single fiber was 0.1 S cm�1. It has been also emphasized that the

four-point probe method measures the volume resistivity from which the conductivity can

then be calculated, and not that of an individual fiber. The (reversible) conductivity/

temperature relationship between 295 K and 77 K for a single 1.32 mm fiber (72 wt%

PAn.HCSA in PEO) is shown at Figure 4.6. The conductivity (�33 S cm–1 at 295 K) was

unexpectedly large for a blend, since the conductivity of a spun film of a pure polymer cast

was only �10�1 S cm�1 and this suggests that there may be significant alignment of

polymer chains in the fiber [14]. Moreover, in 2001, Ko and coworkers published a patent

claiming a method for producing conductive polymeric fibers comprising electrospinning

fibers from a blend of polymers dissolved in an organic solvent [15]. The conductive

polymer involved is PANI, and it is dissolved in chloroform and electrospun together with

polyethylene oxide or polyacrylonitrile. The conductive fibers produced with the patented

method are claimed to be applied in a simple electronic device.

Other studies in 2000 by Drew et al. reported that it is very difficult to spin fibers of PANI

complexed to sulfonated polystyrene (PANI/SPS), even when solutions containing sodium

chloride and dodecyl benzene sulfonic acid sodium salt were used to lower the surface

tension and thereby enhance electrospinning [16,17]. However, PANI/SPS nanofibers can be

produced by adding a carrier polymer such as PEO, polyacrylonitrile, or polyurethane. Also

reported was the use of electrostatically layered sulfonated polystyrene as a template for the

surface polymerization of conjugated polymers in their conducting form. Enzymatic synth-

esis of PANI and a copolymer of pyrrole and PEDOT was done on electrospun nanofiber

Figure 4.5 SEM micrograph of the electrospun fibers from a 2 wt% PAn.HCSAr and 2 wt%
PEO solution dissolved in chloroform at 25 kV. (Reprinted with permission from Synthetic
Metals, Electrostatic fabrication of ultrafine conducting fibers: polyaniline/polyethylene oxide
blends by I. D. Norris, M. M. Shaker, F. K. Ko and A. G. McDiarmid, 114, 109–114. Copyright
(2000) Elsevier Ltd)
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surfaces modified by electrostatic assembly of polyelectrolytes. The conductivity was

measured and found to be on the order of 10�3 S cm�1. Furthermore, Desai and Sung

investigated the effects of electrospinning parameters on the formation of PANI/PMMA

fibers and the phase morphology of the electrospun fibers [18,19]. They produced nanofibers

using PANI of the emeraldine base form, doped with camphor sulfonic acid (CSA).

The Pinto research group has also studied camphor sulfonic acid-doped polyaniline/

polyethylene oxide (PANI/PEO) nanofibers [20,21]. The electrical conductivity of PANI/

PEO nanofibers with diameters in the 100–200 nm range showed values of 0.3–1.0 S cm�1,

which is higher than the values reported for thicker nanofibers, but less than the bulk value

of PANI. It was suggested that the excellent adherence of the nanofibers to SiO2 as well as

gold electrodes may be useful in the design of future devices [21]. Saturation channel

currents were observed at surprisingly low source-drain voltages, and the elimination or

reduction of the PEO content in the fibers was expected to enhance device parameters [22].

These properties suggest then that electrospinning can be a simple method for fabricating a

one-dimensional polymer field-effect transistor (FET), which forms the basic building

block in logic circuits and switches for displays. Nanofibers of PANI-CSA blended with

PEO were also studied in the work of Kahol and Pinto [21]. The EPR magnetic suscept-

ibility behavior of the camphorsulfonic-acid-doped polyaniline (PANCSA) blends with

PEO is reported in fibers and films. In particular, EPR investigations of electrospun

(PANCSA)0.72/(PEO)0.28 nanofibers, cast films of (PANCSA)0.72/(PEO)0.28, and cast

films of (PANCSA) were made to investigate differences in the mesoscopic disorder,

as induced by the process of electrospinning. The changes observed in the Pauli suscept-

ibility, EPR line shape, EPR line width, and dc conductivity are interpreted as being due to
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Figure 4.6 Conductivity/temperature relationship for a 72 wt% blend fiber of Pan.HCSA in
PEO. (Reprinted with permission from Synthetic Metals, Electrostatically-generated nanofibers
of electronic polymers by A. G. MacDiarmid, W. E. Jones Jr., I. D. Norris et al., 119, 27–30.
Copyright (2001) Elsevier Ltd)
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increased chain alignment in the fibers compared with the cast films. Pinto’s group also

prepared micron size diameter fibers of 2-acrylamido-2-methyl-1-propanesulfonic-acid-

doped polyaniline via electrospinning [22]. The conductivity of individual fibers was

found to be lower than that of a cast film of the same polymer. The fibers were coated

with thin films of nickel using the electroless deposition technique. The metal uniformly

coated the fibers without any lateral overlap, as was evident from SEM spectroscopy,

leading to a decrease in its resistance by three orders of magnitude, while retaining the

large surface area that is inherent to small-diameter fibers. In that study, they combined the

electrospinning and electroless deposition techniques to prepare metal-coated fibrous

polymer substrates with a large surface area within minutes.

Polyaniline polyethylene (PANI/PEO)-based polymer nanofibers with diameters smaller

than 30 nm were reported by Zhou et al. [23]. The behavior of the electronic properties of

polymer nanofibers was observed by scanning conductance microscopy (SCM) and single-

fiber transport experiments. SCM showed that fibers with a diameter less than 15 nm are

electrically insulating, as the small diameter may allow complete dedoping in air or be

smaller than phase-separated grains of PANI and PEO. The electrical contacts with nano-

fibers were made by shadow mask evaporation with no chemical or thermal damage to the

fibers. Single fiber I–V characteristics showed that thin fibers conduct more poorly than thick

ones, in agreement with SCM data. I–Vs of asymmetric fibers are rectifying, consistent with

the formation of Schottky barriers at the nanofiber–metal contacts.

Another study by Hong et al. also reports the preparation of conducting PANI/nylon-6

composites with high electrical conductivity and superior mechanical properties, such as

flexibility and lightness [24]. PANI was chemically polymerized on the surface of the

nylon-6 electrospun nanofiber webs. The electrical conductivity measurements showed

that the conductivity of the PANI/nylon-6 composite electrospun fiber webs was superior

to that of PANI/nylon-6 plain-weave fabrics because of the high surface area/volume

ratios. The volume conductivities of the PANI/nylon-6 composite electrospun fiber webs

increased from 0.5 to 1.5 S cm�1 as the diffusion time increased from 10 min to 4 h because

of the even distribution of PANI in the electrospun fiber webs. However, the surface

conductivities of the PANI/nylon-6 composite electrospun fiber webs somewhat decreased

from 0.22 to 0.14 S cm�1 as the diffusion time increased, probably because PANI was

contaminated with aniline monomers, aniline oligomers, and some alkyl chains, which

served as electrical resistants.

Electrospinning is also used to prepare polyaniline/polystyrene films with water contact

angles as high as 165� and a sliding angle of less than 5�. The superhydrophobicity and

conductivity of the films were stable over a wide pH range, also in oxidizing solutions. The

effect of surface morphology on these properties has also been investigated. The poly-

styrene content can strongly influence the morphology of the composite films, which thus

display different superhydrophobicities and conductivities [25].

The development of conducting polyaniline/poly(lactic acid) nanofibers as thin as

100–200 nm by electrospinning was reported by Picciani and coworkers [26]. These fibers

were visually homogeneous, and this indicated good interactions between the components of

the polyaniline/poly(L-lactic acid) blend. The high interaction between the components and

the rapid evaporation of the solvent during electrospinning resulted in nanofibers with a lower

degree of crystallinity in comparison with cast films. The electrical conductivity of the

electrospun fiber mats was lower than that of blend films produced by casting, probably
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because of the lower degree of crystallinity of the polyaniline dispersion and the high porosity

of the nonwoven mat. They suggested that this novel system opens new and interesting

opportunities for applications in biomedical devices, biodegradable materials, and biosensors.

Oligoanilines with well-defined chain lengths are model compounds for the electronic,

optical, magnetic, and structural properties of PANI with a number of potential applica-

tions. Chao et al. [27] report the preparation and characterization of oligoaniline deriva-

tive/polyvinylpyrrolidone nanofibers containing silver nanoparticles. PVP is used to

immobilize the Ag nanoparticles, and the oligoaniline derivative (OD) is used as a

reducing agent for Agþ in the PVP solution. The average diameter of the OD/PVP

nanofibers containing Ag nanoparticles was about 240 nm (Figure 4.7). The authors

suggest that the possible formation mechanism of Ag nanoparticles appears to involve a

redox reaction between Agþ and the oligoaniline derivative.
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Figure 4.7 SEM images of OD/PVP nanofibers (a) and OD/PVP with Ag nanocomposite
(b), and TEM images of OD/PVP nanofibers (c) and OD/PVP with Ag nanocomposite (d).
(Reprinted with permission from Synthetic Metals, Preparation of oligoaniline derivative/poly-
vinylpyrolidone nanofibers containing silver nanoparticels by D. Chao, L. Cui, J. Zhang et al.,
159, 537–540. Copyright (2009) Elsevier Ltd)
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Conducting polyaniline-Al2O3 composite nanofibers with varying conductivity

were also prepared by seeding with alumina nanofibers and oxidative polymerization

of aniline [28]. The PANI-Al2O3 nanofibers had average diameters of 37–52 nm and

the conductivity decreased with an increase in the Al2O3 that was incorporated

(Figure 4.8).

Figure 4.8 (a) TEM micrograph of alumina nanofibers calcined at 540 �C, scale bar: 50 nm,
(b) FESEM and (c) TEM micrographs of PANI-Al2O3 nanocomposite with 0.05 g loading of
alumina nanofibers and (d) TEM micrograph of PANI-Al2O3 nanocomposite with 1.0 g loading
of alumina nanofibers. Scale bars for (b), (c), and (d) are 200 nm. (Reprinted with permission
from Materials Letters, Preparation of polyaniline-Al2O3 composites nanofibers with control-
lable conductivity by G. L. Teoh, K. Y. Liew and W. A. K. Mahmood, 61, 4947–4949. Copyright
(2007) Elsevier Ltd)
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It is furthermore to be noted that the traditional set-up for electrospinning has been

modified in a number of ways during the last few years in order to be able to control the

electrospinning process and tailor the structure of micronanofibers. A number of set-ups

have been developed that allow control of the orientation of fibers. The orientation is

crucial in different applications of nanofibers and opens new opportunities for manufac-

turing yarn, micronanowire devices etc. Most of the set-ups are based on rotating collec-

tion devices. Another method for controlled deposition of oriented nanofibers uses a

microfabricated scanned tip as an electrospinning source [29]. The tip is dipped in a

polymer solution to gather a droplet as a source material. A voltage applied to the tip

causes the formation of a Taylor cone and, at sufficiently high voltage, a polymer jet is

extracted from the droplet. By moving the source relative to a surface, thus acting as a

counter-electrode, oriented nanofibers can be deposited and integrated with microfabri-

cated surface structures. This electrospinning technique is called a scanned electrospinning

nanofiber deposition system. In addition to achieving uniform fiber deposition, the scan-

ning tip electrospinning source can produce self-assembled composite fibers of micro- and

nanoparticles aligned in a polymeric fiber. Using this method, Kameoka and coworkers

deposited oriented conductive polymeric fibers of polyaniline and investigated their

conductivity as components for polymeric nanoelectronics [30].

4.4.1.1 Coaxial Nanofibers and Nanotubes of PANI

Electrically conductive polyaniline (PANI)/poly(methyl methacrylate) (PMMA) coaxial

fibers were prepared through the chemical deposition of PANI onto preformed PMMA

fibers via in situ polymerization [31]. PMMA fibers were prepared as core materials via

electrospinning. Spectral studies and scanning electron microscopy observations indicated

the formation of PANI/PMMA coaxial fibers with a diameter of approximately 290 nm

and a PANI layer thickness of approximately 30 nm. The polymer molecular weight,

solution concentration, solvent dielectric constant, and addition of soluble organic salts

were strongly correlated to the morphology of the electrospun fiber mat. It was concluded

that the conductivity of the PANI/PMMA coaxial fibers was significantly higher than that

of electrospun fibers of PANI/poly(ethylene oxide) blends and blend cast films of the same

PANI composition. Moreover, core–shell nanofibers with conductive polyaniline as the

core and an insulating polymer as the shell were prepared by electrospinning of blends of

polyaniline with either polystyrene or polycarbonate [32]. The incompatibility of the

polymers and low molecular weight of compositions played a key role in the formation

of core–shell structures, as opposed to co-continuous morphologies when polyaniline was

blended with the polymers. These unique core–shell structures offer a potential in a

number of applications, including nanoelectronics.

Polyaniline (PANI) nanowires and nanotubes can also be developed by electrospinning.

Polyaniline nanotubes have been prepared using submicrometer polymer fibers as tem-

plates [33]. The core fibers were fabricated by electrospinning and conductive polyaniline

(PANI) was coated on the surface of preformed polymer nanofibers by in situ deposition.

The removal of the core from the resulting PANI coaxial fibers by pyrolysis leads to the

formation of PANI tubular materials, which undergo reversible doping between the

conducting and insulating phase with acid or base. Nanowires have also been prepared

using electrospun PANI/PEO and PANI/PMMA polymer blends [34]. Pure PANI
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nanotubes were prepared using the electrospun PMMA nanowires as a template, and

aligned on a substrate by using a simple electrostatic steering method.

Further, emulsion polymerization and electrospinning were used to prepare polyaniline-

nylon-6 composite nanowires [35]. In particular, polyaniline (PANI) nanoparticles doped

with dodecylbenzene sulfonic acid (DBSA) were prepared, and these nanoparticles were

electrospun with nylon-6 as the matrix material into a fiber web. Depending on the

contents and concentrations of PANI and nylon-6, either nylon-6 nanofibers (�96 nm)

or PANI-nylon-6 composite nanofibers (�12 nm) were obtained. The electrical conductivity

of PANI(DBSA)–nylon-6 electrospun fiber web was lower than that of PANI(DBSA)-

nylon-6 film because of the low crystallinity of the PANI(DBSA)-nylon-6 composite

electrospun fiber web. However, it was shown that the PANI-nylon-6 composite nanofibers

would have applications as nanowires for connecting microelectromechanical systems

(MEMS). Other studies using electrospinning developed microscale helical coils consisting

of a composite of one conducting poly(aniline sulfonic acid) and one nonconducting

polymer (PEO). The helical structures were formed as a result of viscoelastic contraction

upon partial neutralization of the charged fibers. Such polymeric microcoils may find

application sin microelectromechanical systems, advanced optical components, and drug

delivery systems [36].

4.4.1.2 PANI Nanofibers with Carbon Nanotubes

A good strategy for improving the electrical properties of electrospun conducting fibers is

to incorporate carbon nanotubes (CNTs), which have superior electrical conductivity, into

the conducting polymer. In the work of Shin et al., PANI/PEO/MWNT multiwalled carbon

nanotubes nanofibers were fabricated to increase the electrical conductivity of PANI/PEO

nanofibers [37]. While measuring the conductivity of the conducting composite nanofi-

bers, they observed a new, unexpected transition in the electrical conductivity of the

conducting composite nanofibers when the aligned composite fibers were exposed to a

high electric field. The surprise transition is closely related to the self-heating of the CNTs

inside the conducting polymer, and the transition in the electrical conductivity was

attributed to a change in the localization length of the composite fibers (Figure 4.9).

Such experimental data represent one example of using thermal dissipation by the self-

heating of CNTs in a nanoscale structure. They state that, in the future, the self-heating

method will be very helpful in enhancing the electrical properties of conducting composite

fibers, combined with a method for increasing the amount of CNTs that can be incorpo-

rated into a conducting polymer.

4.4.2 Polypyrrole (PPy)

Polypyrrole (PPy) is a widely investigated conducting polymer with good electrical

conductivity and good environmental stability under ambient conditions. Chronakis and

coworkers prepared conductive polypyrrole nanofibers with diameters in the range of

about 70–300 nm using electrospinning processes, and discussed the factors that facilitate

the formation of electrical conduction paths through the electrospun nanofiber segments

[38]. Two methods were employed (Figure 4.10). Electrospun nanofibers were prepared
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from a solution mixture of PPy, and poly(ethylene oxide) (PEO) acted as a carrier in order

to improve PPy processability. Both the electrical conductivity and the average diameter of

PPy nanofibers can be controlled with the ratio of the PPy/PEO content. In addition, pure

(without carrier) polypyrrole nanofibers could also be formed by electrospinning organic-

solvent-soluble polypyrrole, [(PPy3)C (DEHS)K]x, prepared using the functional doping

agent di(2-ethylhexyl) sulfosuccinate sodium salt (NaDEHS). Electrospun blends of

sulfonic acid (SO3H)-bearing water soluble polypyrrole, [PPy(SO3H)—DEHS], with

PEO acting as a carrier, were also reported.

CNT

Polymer chain

Top viewSide view
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Figure 4.9 A scheme showing the change in interactions between a CNT and a polymer chain
by the self-heating of a CNT inside a conducting composite nanofiber. (Reprinted with permis-
sion from Sensors and Actuators B., Enhanced conductivity of aligned PANi/PEO/MWNT
nanofibers by electrospinning by M. K. Shin, Y. J. Kim, S. I. Kim et al., 134, 122–126.
Copyright (2008) Elsevier Ltd)

Figure 4.10 SEM micrographs of electrospun nanofibers from (a) aqueous solutions of 1.5 wt%
PEO as carrier with PPy content of 71.5 wt%, (b) 7.5wt% [(PPy3)þ (DEHS)�]x solution in DMF.
The scale bar is 1mm. (Reprinted with permission from Polymer, Conductive polypyrrole
nanofibers via electrospinning: Electrical and morphological properties by I. S. Chronakis,
S. Grapenson and A. Jakob, 47, 1597–1603. Copyright (2006) Elsevier Ltd)
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The electrical conductivity of these nanofiber structures can be varied by controlling the

ratio of PPy/PEO. As illustrated in Figure 4.11, the conductivity through the thickness of the

electrospun PPy/PEO nanofibers increased by two orders of magnitude from the lowest to the

highest concentration of PPy and ranged from about 4.9� 10�8 to 1.2� 10�5 S cm–1 [38].

Other studies also report electrically conducting polypyrrole-poly(ethylene oxide)

(PPy-PEO) composite nanofibers. Nair et al. used a two-step process where, first, FeCl3-

containing PEO nanofibers are produced by electrospinning and the PEO-FeCl3 electrospun

fibers are then exposed to pyrrole vapor for the synthesis of polypyrrole [39]. The vapor-

phase polymerization occurs through the diffusion of pyrrole monomer into the nanofibers.

The collected nonwoven fiber mat was composed of 96 – 30 nm diameter PPy-PEO

nanofibers. Kang and coworkers prepared highly conducting soluble PPy chemically poly-

merized using ammonium persulfate (APS) as the oxidant and dodecylbenzene sulfonic acid

(DBSA) as the dopant source [40]. The electrical conductivity and solubility of the resulting

PPy powder varied significantly with the polymerization conditions, such as the concentra-

tion of the oxidant, polymerization temperature, and time. The PPy solution with the

appropriate concentration in chloroform was then electrospun resulting in electrically con-

ducting PPy fibers with a circular cross-section, a smooth surface, and a diameter of about

3mm. It was found that the electrical conductivity of the compressed PPy nonwoven web was

about 0.5 S cm–1, which was slightly higher than that of the powder or the cast films, possibly

because of molecular orientation induced during electrospinning.

The fabrication and characterization of conductive and aligned polymeric nanofibers

using PPy and PEO were studied by Lee et al. [41]. Composite materials containing a

conducting (PPy) polymer alloyed with a nonconducting (PEO) polymer were proposed to

improve the structural and electrical properties of the aligned nanofibers. The resulting

electric field between the grounded base/collector plates and the charged syringe can be
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Figure 4.11 Electrical conductivity of PPy/PEO nanofiber webs as a function of their poly-
pyrrole content. Solutions of PPy with 2.5 wt% PEO (•) and 1.5 wt% PEO (&) as carrier were
used (lines are visual guides). (Reprinted with permission from Polymer, Conductive polypyr-
role nanofibers via electrospinning: Electrical and morphological properties by I. S. Chronakis,
S. Grapenson and A. Jakob, 47, 1597–1603. Copyright (2006) Elsevier Ltd)
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split by separating the metal target plates, and this divergence in the electric field facilitates

the ordered placement of the nanofibers. In this way, ordered, continuous nanofibers with a

diameter of 150 nm were developed.

A novel route to pure and composite fibers of polypyrrole was recently reported by

Han and Shi [42]. An organic salt (FeAOT) was synthesized by the reaction of sodium

1,4-bis(2-ethylhexyl)sulfosuccinate (AOT) and ferric chloride. It was fabricated into nano-

fibers by manual drawing and electrospinning. Long PPy fibers were obtained for the first

time by a vapor deposition reaction of pyrrole on the FeAOT fibers, and this technique was

extended to the synthesis of PPy composite fibers with multiwalled carbon nanotubes (PPy-

MWCNT fibers). The PPy and PPy-MWCNT fibers had a nanoporous morphology, a

conductivity of 10–15 S cm–1 and a tensile strength of 12–43 MPa. Studies of the electro-

chemistry and current–voltage characteristics of the PPy fibers were also reported.

Conductive polyamide-6 (PA-6) nanofibers have been prepared by making a conductive

polypyrrole coating obtained by a polymerization of pyrrole molecules directly on the fiber

surface [43]. A solution of PA-6 added with ferric chloride in formic acid was electrospun,

and the fibers obtained showed an average diameter of 260 nm with a smooth surface. The

fibers were then exposed to pyrrole vapors, and a compact conductive coating of poly-

pyrrole formed on their surface. Conducting nanofibers using a poly(dimethyl siloxane)

(PDMS)-based microfluidic device were presented by Srivastava and coworkers [44]. To

scale up the process and spin multicomponent systems, they designed a unique multi-

spinnerette electrospinning device using microchannels cast in PDMS. Nanofibers of poly

(vinylpyrrolidone) and its composite with polypyrrole were successfully prepared using

one-step and two-step microfluidic electrospinning. The effect of processing variables on

the morphology of the nanofibers formed using this device was also studied in detail.

4.4.2.1 Core-Shell Polypyrrole Nanofibers and Nanotubes

A simple method was recently introduced for preparing core–shell nanostructured con-

ductive PPy composite [45]. The PPy core particles were first introduced in flexible shell

solutions by in situ polymerization, and then different core–shell structures could be

obtained by the electrospinning method (Figure 4.12). In that study, PPy was selected as

the as-dispersed phase (cores) and polyacrylonitrile (PAN) as the continuous phase (shell);

the morphology of the resulted nanostructures can be controlled by changing the concen-

tration of the solutions. This method is very useful in the design and preparation of

nanosized core–shell structures using electroconductive polymers.

In another method, the fabrication of electrically conducting nonwoven porous mats of

polystyrene–polypyrrole core–shell nanofibers via electrospinning and vapor-phase poly-

merization was proposed [46]. PS nanofibers were produced by electrospinning PS solu-

tions containing chemical oxidants capable of polymerizing pyrrole monomers. The

electrospun (PS) nanofibers provided a robust and stable template for the growth of

conducting PPy layers via a vapor-phase polymerization process. Two chemical oxidants

widely used in PPy synthesis – ferric chloride and ferric tosylate – were compared. Upon

exposure to pyrrole vapor, both oxidants produced PPy conducting polymers over PS

nanofibers. It was found that the ferric-tosylate-containing template fibers showed much

faster PPy growth kinetics than the ferric-chloride-containing fibers. The PPy growth on

ferric-tosylate-containing template fibers also produced highly faceted fibers and gave a
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higher degree of crystallization of PPy than the PPy grown with ferric-chloride-containing

templates. Moreover, the intrinsic doping of PPy was slightly higher in the PPy layers

grown with ferric tosylate. Overall, it was concluded that the combination of higher

degrees of crystallization and doping resulted in a higher conductivity in PS–PPy nanofi-

ber mats produced with ferric tosylate than those produced with ferric chloride.

Dong and Jones Jr. reported on the preparation of submicron electrically conductive

polypyrrole/poly(methyl methacrylate) coaxial fibers and conversion to polypyrrole tubes

and carbon tubes [47]. In this study, PMMA fibers with an average diameter of 230 nm

were initially fabricated by electrospinning as core materials. The PMMA fibers were

subsequently coated as templates with a thin layer of PPy by in situ deposition of the

conducting polymer from aqueous solution. Hollow PPy nanotubes were produced by

dissolution of the PMMA core from PPy/PMMA coaxial fibers. Furthermore, high tem-

perature (1000 �C) treatment under an inert atmosphere can be used to convert PPy/PMMA

coaxial fibers into carbon tubes by complete decomposition of the PMMA fiber core and

carbonization of the PPy wall (Figure 4.13).

4.4.3 Polythiophenes (PThs)

Polythiophene derivates are polymers of great interest, widely used in organic electro-

nics. Thus, the utilization of polythiophene nanofibers could open the path to the

development of nanostructured organic electronics with a high surface area for a range

of applications. El-Aufy, in his PhD thesis, studied poly(3,4-ethylene dioxythiophene)/

poly(styrenesulfonate) PEDOT/PSS nanofibers and nanocomposites using PAN as a

Pyrrole monomer

PAN Solutions

Polymerization
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PAN /Ppy nanofiber

PAN

Ppy particles

PAN /Ppy core-shell
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Figure 4.12 Schematic illustration of the mechanism for preparing core–shell nanostructured
conductive PPy composites. (Reprinted with permission from Materials Letters, Fabrication of
Polyacrylonitrile/polypyrrole (PAN/Ppy) composite nanofibers and nanospheres with core
shell structures by electrospinning by X. Li, X. Hao, H. Yu and H. Na, 62, 1155–1158.
Copyright (2008) Elsevier Ltd)
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spinnable carrier for PEDOT/PSS [48,49]. The PEDOT/PSS/PAN polymer could be

electrospun into a self-assembled yarn and the self-assembled yarn was initiated by an

initial deposition of the nanofibers concentrated in a small area on the target. A four-fold

increase in electrical conductivity was observed as fiber diameter decreased from

260 nm to 140 nm, confirming the significant effect of fiber diameter on electrical

conductivity. To introduce multiple functions to the electrospun yarn, single-walled

carbon nanotubes (SWNTs) were successfully coelectrospun with a PEDOT/PAN

blend. The inclusion of SWNTs showed a further increase in electrical conductivity of

nanofibrous yarn, and the tensile strength was increased by 50%. The carbon-nanotube-

reinforced PEDOT nanofibrous yarn was woven into a fabric to demonstrate the feasi-

bility of the electrospun yarn as an attractive enabling material for wearable electronics.

Poly(vinyl pyrrolidone) (PVP) was used by Nguyen et al. as a polymer matrix to prepare

electrically conducting nano(micro)poly(3,4-ethylenedioxythiophene) (PEDOT) fiber non-

woven web [50]. The electrical conductivity of the electrospun PEDOT nonwoven web was

as high as 7.5 S cm–1 when 1-propanol was used as the solvent. An electrochemical capacitor

was assembled using one pair of the PEDOT nonwoven webs as the electrodes by a simple

stack method, where metal plates were used as current collectors. They observed the

electrochemical charge and discharge behavior of the capacitor, confirming that the

PEDOT nonwoven web can be used as an electrode for flexible electrochemical capacitors.

Further, Bianco and coworkers used the electrospinning processing to produce fibers of

poly-3-dodecylthiophene (P3DDT), both as pure material and in association with PEO [51].

Figure 4.13 Preparation of submicron polypyrrole/poly(methyl methacrylate) coaxial fibers and
conversion to polypyrrole tubes and carbon tubes. (Reprinted with permission from Langmuir,
Preparation of Submicron Polypyrrole/Poly(methyl methacrylate) coaxial fibers and conversion to
polypyrrole tubes and carbon tubes by H. Dong and W. E. Jones Jr., 22, 11384–11387. Copyright
(2006) American Chemical Society)
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The role of the PEO matrix during the spinning process is of great relevance since it aids in

the formation of fibers of polythiophene with good morphology. The polymer matrix can be

selectively removed by using acetonitrile, with the consequence that dense fibers made only

of poly-3-dodecylthiophene are produced (Figure 4.14). They further studied how the

electrospinning process affects the alignment of the polymer chains and, consequently, the

molecular structure. It was pointed out that the molecular structure of polythiophene in

electrospun fibers is valuable in the field of molecular electronics since it is well known that

the optical and electrical properties of conducting polymers are strictly related to their

molecular structure and their ability to pack. Their findings support that all fibers obtained

show birefringence and a strong orientation of the polythiophene chains along the fiber axes,

as measured by polarized IR spectroscopy. In addition, the washing process with acetonitrile

was found to affect the structure of the lateral alkyl chains and their packing.

Poly-3-hexylthiophene is also a polymer of great interest, widely used in organic

electronics, especially in photovoltaic devices. Fabrication of poly-3-hexylthiophene/

polyethylene oxide nanofibers (P3HT–PEO) with diameters down to 500 nm using

a b

c d

20 μm

20 μm

5 μm

Figure 4.14 Fluorescence confocal image of (a) P3DDT þ PEO fibers; (b) SEM image of a
sample of fibers; (c) fluorescence confocal image of P3DDT fibers (PEO was removed by
washing with acetonitrile); (d) SEM image from the same sample of fibers. (Reprinted with
permission from Synthetic Metals, Electrospun polyalkylthiophene/polyethyleneoxide fibers:
Optical characterization by A. Bianco, C. Bertarelli, S. Frisk et al., 157, 276–281. Copyright
(2007) Elsevier Ltd)
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electrospinning (Figure 4.15) was reported by Laforgue and Robitaille [10]. The mor-

phological study using SEM and TEM revealed that the polymer domains are aligned

along the nanofiber axis, and the structural arrangement of the polymers inside the fibers

was observed to change according to the ratio of the two polymers. Moreover, the

conductivity was found to increase with decreasing nanofiber diameter, which could

be related to an improvement in the interchain interactions caused by the compaction of

the polymer chains inside the fibers and/or to the increase in the fibers’ packing density

in the mat. The maximum conductivity measured for unaligned fiber mats was

0.16 S cm–1 and increased twice to 0.3 S cm�1 when the nanofibers were aligned in

one preferential direction. As discussed, this result indicates that the electrical conduc-

tivities measured by the four-point probe method are related not only to the intrinsic

properties of the material, but also to the geometric structure of the sample.

Consequently, the authors discussed the electrical conductivity values obtained for the

mats being only apparent conductivities, and not applicable to single fibers, which

present significantly higher conductivities. It is suggested that two phenomena could

explain this observation [10]. The first occurs at the fiber level, and the second at the mat

level. In the first case, the increased fiber stretching and related decrease in fiber

diameter are believed to be directly related to a more significant polymer compaction

in the fiber: when more highly stretched, the polymer chains are more compacted in the

fibers, leading to a decrease in diameter. The chains within the fibers would then have

better interactions with their neighbors, the lack of which is known to be the main

limiting parameter to electrical conductivity. The polymer chain compaction should

then lead to a better charge transport inside the fibers. Alternatively, given that the

measured conductivity is a volumic one, the observed increase in conductivity could also

be explained by the increase in the packing density of the mat: the decrease in fiber

diameter allows the deposition of more fibers in a given volume, resulting in a larger

number of electronic paths usable for the conduction.

The Sotzing group has proposed an original and elegant synthetic method for electro-

spinning otherwise unprocessable polythiophenes. Conducting polymer nanofibers with

average diameters as low as 119 nm that exhibit electrochromism were prepared via

a b c

Figure 4.15 (a) SEM micrograph of electrosprayed 3wt% P3HT solutions in THF; inset is
closer view of the surface structures. Scale bar in the inset represents 10 mm; (b) high resolution
SEM image of nanofibers with 75 wt% P3HT content; scale bar represents 500 nm; (c) SEM
image of nanofibers with 50 wt% P3HT content (RH 39%, T¼ 21–23 �C); scale bar repre-
sents 1 mm. (Reprinted with permission from Synthetic Metals, Fabrication of poly-3-hex-
ylthiophene/polyethylene oxide nanofibers using electrospinning by A. Laforgue and
L. Robitaille, 158, 577–584. Copyright (2008) Elsevier Ltd)
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electrospinning of a soluble precursor polymer followed by solid/swollen-state oxidative

cross-linking. During the solid/swollen-state oxidative cross-linking, the fibers welded

together without significant perturbation of the morphology, thus maintaining the quality

and shape of nanofibers while apparently establishing an interconnected network. The

nanofibers were found to exhibit switching times between 2 and 3 s, which was approxi-

mately 20-fold faster than 1-mm-thick electrochemically prepared films of PEDOT using

the same electrochemical conditions. They suggested alignment of the pendant terthio-

phenes during the electrospinning process resulted in an increased effective conjugation

length [52]. The same group also reported the patterning of large conducting polymer

nanofiber mats of the polyterthiophene precursor into regular micron-scale arrays of

smaller mats, each of which has the potential of being independently addressed. These

fiber grids (micro mats of conducting polymer fibers) were prepared by the combined

techniques of electrospinning, soft photolithography, and solid-state electrochemical

cross-linking and were shown to retain their electrochromic behavior [53,54].

Further, Lee et al. used electrospinning to develop uniform regio-regular poly

(3-hexylthiophene) nanofibers and their blend nanofibers with poly ("-caprolactone)

[55]. This was achieved by restricting the precipitation of P3HT at the nozzle tip,

therefore preventing the nozzle from becoming clogged. The field-effect mobility of

pure P3HT fibers was 0.017 cm2 V�1 s�1, which is acceptable for device fabrication.

In work by Kuo et al., electrospun sensory fibers (diameters of 500–700 nm) consisting

of a PMMA core and a poly(3-hexylthiophene-2,5-diyl) (P3HT) shell were prepared using

a two-fluid coaxial electrospinning process [56]. Red emission fibers were exhibited from

the laser confocal microscope and upon exposure to air and light for two weeks, significant

blue-shifting was found on both absorption and luminescence spectra. As they suggested,

this was probably due to chain scission occurring in the P3HT that led to reduced

conjugated length. The nanofibers were more sensitive than the spin-coated P3HT film,

by comparing the variation of their photophysical properties. Besides, the EPR results

indicated the formation of the P3HT�O2 charge-transfer complex, leading to the fiber

conductivity of 10�6 S cm�1 achieved without an external doping. This study demon-

strated that conjugated polymer-based electrospun core–shell nanofibers may have poten-

tial applications in oxygen-sensing devices [56].

4.4.4 Poly(p-phenylene vinylenes) (PPVs)

Poly(phenylene vinylene) (PPV) is another valuable conjugated polymer, as the synthetic

process of PPV is simple and low cost. PPV possesses excellent photoluminescent (PL)

and electroluminescent (EL) properties, as well as photovoltaic (PV) and nonlinear optical

properties [57]. These properties have led to its being used in broad applications, in such

areas as light-emitting diodes (LEDs) and flat-panel displays and photonics applications

such as wave-guiding and all-optical switching.

PPV nanofibers that retain their photoluminescent properties were fabricated by elec-

trospinning PPV precursor solution in solvent mixtures of ethanol/water [57–59]. The

luminescent nanofibers were obtained by electrospinning a solution of PMO-PPV,

Eu(ODBM)3phen and PMMA. The electrospun fibers, with diameters ranging from

70 nm to 200 nm and having a parallel orientation, show strong green and red
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photoluminescence properties. The peak fluorescence positions of fibers were at 515 and

550 nm, which were the same as those of PPV film. This kind of eletrospun nanofiber is a

promising candidate for optical and electrical nanomaterials for nanoscale electrical or

photoelectronic nanodevices such as LEDs and flat-panel displays.

Tan et al. published an approach for fabricating nanofibers containing luminescent

conjugated polymer, poly(2-methoxy-5-octoxy)-1,4-phenylene vinylene)-alt-1,4-

(phenylene vinylene) (PMO-PPV), and rare earth complex, Eu(ODBM)3phen (ODBM:

4-n-octyloxydibenzoylmethanato; phen: 1,10-phenanthroline) via an electrospinning

technique [60]. The electrospun fibers, with diameters ranging from 70 nm to 200 nm and

having a parallel orientation, show strong green and red photoluminescence (Figure 4.16).
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Figure 4.16 PL spectra of (a) 20 wt% PMO-PPV/PMMA eletrospun fibers and net PMO-PPV
films, and (b) 20 wt% Eu(ODBM)3phen/PMMA eletrospun fibers and net Eu(ODBM)3phen
films; (c) fluorescent optical microscope images of 20 wt% PMO-PPV/PMMA and (d) 20 wt%
Eu(ODBM)3phen/PMMA eletrospun fibers on a quartz flake. (Reprinted with permission from
Materials Letters, Preparation and photoluminescence properties of electrospun nanofibers
containing PMO-PPV and Eu(ODBM)3phen by S. Tan, X. Feng, B. Zhao et al., 62, 2419–2421.
Copyright (2008) Elsevier Ltd)
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A drawback of PPV is its poor solubility and decomposition before melt, making it

difficult to process and thus limiting its application. One strategy for solving this problem

is to process the soluble sulfonium precursor of PPV, and then convert it into the

conjugated form by a thermal elimination reaction, as reported by Xin et al. [61–63]. In

that work, the neutral polymer poly(vinyl pyrrolidone) (PVP) was introduced into PPV

cationic polyelectrolyte precursor solution to increase the degree of bending instability

during electrospinning. Well-aligned nanofibers with outstanding emission properties

were successfully prepared, and this was followed by thermal conversion. The PL spec-

trum of PPV/PVP nanofibers exhibited a blue shift and a change in the intensity of vibrant

components relative to PPV nanofibers. It was mentioned that these PPV/PVP nanofiber

arrays can be conveniently transferred onto various surfaces for many applications,

including the fabrication of electronic and photonic nanodevices.

Poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) is an

excellent conjugated polymer and broadly used in polymer photoelectron devices, but is

difficult to electronspin directly. In the work by Zhao et al., core–shell structured nano-

fibers were fabricated by coaxial electrospinning MEH-PPV (shell) in chlorobenzene and

PVP (core) in 1,2-dichloroethane [64]. MEH-PPV was soluble in the above two solvents,

which prevented the precipitation of MEH-PPV and enhanced the adhering action between

the two polymers in the coaxial electrospinning process. It should be noted that this is an

unusual example of core–shell nanofibers where (a nonprocessable) PPV was spun as the

shell and not in the core. These uniform core/shell PVP/MEH-PPV nanofibers with a

highly fluorescent property can have potential applications in the fabrication of polymer

nanophotoelectron devices.

Other studies support the formation of poly(p-phenylenevinylene) nanofiber yarns

through electrospinning a precursor [65], and ultrafine poly[2-methoxy-5-(20-ethylhexy-

loxy)-1,4-phenylene-vinylene] (MEH-PPV) nanofibers using polystyrene or poly(vinyl

pyrrolidone) (PVP) as polymer carries [66,67]. Pure MEH-PPV fibers obtained after the

removal of PVP by Soxhlet extraction showed a remarkable blue shift of the photolumi-

nescence (PL) peak. Moreover, Madhugiri et al. employed a dual-syringe electrospinning

set-up to produce a composite fiber web of semi-conducting electroluminescent

poly(2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylenevinylene) (MEH-PPV) and meso-

porous SBA-15 silica, a surfactant-templated mesoporous material usually used as a

molecular sieve [68]. Such a sieve can find applications in catalysis, separation,

chemical sensors, dielectric coatings etc.

As shown in the study by Chen et al., the morphology and photophysical properties of

2,3-dibutoxy-1,4-poly-(phenylene vinylene)/poly(methyl methacrylate) (DB-PPVDB-PPV/

PMMA)-blend luminescence electrospun nanofibers could be efficiently tuned by the choice

of solvent type and conjugated moiety content [69]. The blend fiber prepared from solvents

with different boiling points (chloroform, tetrahydrofuran, chlorobenzene) led to various

aggregated morphology of DB-PPV, such as core–shell or wire-like structures. The absorp-

tion and luminescence peak maxima were red-shifted with larger DB-PPV aggregation size

or increasing blend content, but the luminescence quantum efficiency showed a decreasing

trend. In addition, highly aligned DB-PPV/PMMA-blend electrospun fibers with polarized

emissions were successfully prepared from chlorobenzene using a modified collector design.

This led to polarized green emissions with a dichroic ratio of 1.58–3.20 as the DB-PPV/

PMMA ratio was increased from 1 to 30 wt%. These studies propose that such
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luminescence fibers could have potential applications as new light sources, smart

textiles, and optoelectronic devices.

4.4.5 Electrospun Nanofibers from Other Conductive Polymers

The work of Chen’s team [70,71] on light-emitting polyfluorenes demonstrates that full

color light-emitting electrospun nanofibers (diameters of 250–750 nm) could be produced

from binary blends of polyfluorene derivative/PMMA. They studied poly(fluorene)s,

including poly(9,9-dioctylfluoreny-2,7-diyl) (PFO), poly[2,7-(9,9-dihexylfluorene)-alt-

5,8-quinoxaline] (PFQ), poly[2,7-(9,9-dihexylfluorene)-alt-4,7-(2,1,3-benzothiadiazole)]

(PFBT), and poly[2,7-(9,9-dihexylfluorene)-alt-5,7-(thieno[3,4-b]pyrazine)] (PFTP).

Uniform electrospun fibers produced from the binary blends of PFO/PMMA, PFQ/

PMMA, PFBT/PMMA, and PFTP/PMMA exhibited the following luminescence charac-

teristics (peak maximum (nm); color): 443, blue; 483, green; 539, yellow; 628, red.

The same group also studied luminescence electrospun nanofibers based on ternary

blends of poly(9,9-dioctylfluoreny-2,7-diyl) (PFO)/poly[2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylenevinylene] (MEH-PPV)/PMMA [72]. The emission colors of the PFO/

MEH-PPV/PMMA blend nanofibers changed through blue, white, yellowish-green, green-

ish-yellow, orange to yellow, as the MEH-PPV composition increased. In contrast, the

emission colors of the corresponding spin-coated films were blue, orange, pink-red, red

and deep red. Based on the values of solubility parameters, the PFO and MEH-PPV were

miscible with each other and trapped in the PMMA matrix. Hence, energy transfer between

these two polymers is possible. The smaller aggregated domains in the nanofiber compared

to those of spin-coated films possibly reduce the efficiency of energy transfer, leading to

different emission colors. The prepared electrospun fibers also had higher photolumines-

cence efficiencies than those of the spin-coated films. Pure white-light-emitting fibers

prepared from the PFO/MEH-PPV/PMMA blend ratio of 9.5/0.5/90 had a Commission

Internationale de L’Eclairage (CIE) coordinate of (0.33, 0.31). Overall, these studies showed

that light-emitting electrospun nanofibers of different colors were produced through opti-

mizing the composition of the semiconducting polymer in the transparent polymer matrix,

which could have potential applications as new light sources or sensory materials for smart

textiles, for instance.

Kim and coworkers used the electrospinning technique to prepare polydiacetylene

(PDA) microfibers for colorimetric sensor applications [73,74]. Randomly distributed

diacetylene monomers were found to self-assemble during fiber formation and enable

the generation of blue-colored PDA-containing polymer fibers upon UV irradiation.

Micropatterned images with a single fiber and the feasibility of a fiber-based sensor

were demonstrated. Other innovative studies include the work of Choi et al. [75] on

colorimetric sensing using new conjugated polymers comprising o-phenylazonaphthols

linked with a phenylene or fluorene repeat unit, and the studies of Bhaskar and Lahann [76]

on multicompartmental light-emitting fibers using conductive polymers. The latter work

demonstrated the fabrication of novel multicompartmental biodegradable microstructures

via electrohydrodynamic cospinning of two or more polymer solutions. Thus, under

optimized processing conditions, the interface between the solutions can be sustained

continuously for long time intervals, yielding fibers with multiple chemically distinct
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compartments. It was suggested that simultaneous control over internal fiber architecture

and the spatial arrangement of individual compartments combined with precise long-range

fiber alignment make these fibers potential candidates for applications such as tissue

engineering or cell-culture studies.

One-dimensional polymer nanostructures, such as polymer nanofibers, are compatible with

a submicrometer patterning capability and electromagnetic confinement within subwave-

length volumes, and they can offer the benefits of organic light sources to nanoscale optics.

In this approach, Pisignano’s team studied the optical properties of fully conjugated electro-

spun polymer nanofibers [77]. They assessed their wave-guiding performance and emission

tuneability in the whole visible range. They also demonstrated the enhancement of the fiber

forward emission through imprinting periodic nanostructures using room-temperature

nanoimprint lithography, and investigated the angular dispersion of differently polarized

emitted light. Kotaki and coworkers also studied the effect of electrospinning processes on

the optical properties of conducting polymer nanofibers in terms of their diameter (100 nm and

1mm) and molecular orientation [78]. Using a rotating disc collector, aligned nanofibers were

prepared in order to induce molecular orientation in the electrospun fibers.

4.5 Applications of Electrospun Nanostructured Conductive Polymers

4.5.1 Biomedical Applications

The electrospinning process affords the opportunity to engineer scaffolds with micro- to

nanoscale topography and high porosity, similar to the natural extracellular matrix (ECM).

The inherently high surface-to-volume ratio of electrospun scaffolds can enhance cell

attachment, drug loading, and mass-transfer properties. Electrospun fibers can be oriented

or arranged randomly, giving control over both the bulk mechanical properties and the

biological response to the scaffold. Drugs ranging from antibiotics and anticancer agents to

proteins, DNA, and RNA can be incorporated into electrospun scaffolds. Suspensions

containing living cells have even been electrospun successfully [79]. Conducting polymers

are of considerable interest for a variety of biomedical applications. Their response to

electrochemical oxidation or reduction can produce a change in conductivity, color, and

volume. A change in the electronic charge is accompanied by an equivalent change in the

ionic charge, which requires mass transport between the polymer and electrolyte [80].

Li and coworkers blended polyaniline (PANI), with a natural protein, gelatin, and

coelectrospun the blend into nanofibers to investigate its potential application as a con-

ductive scaffold for tissue-engineering purposes [81,82]. They found that the doping of

gelatin with a few % of PANI (from 0 to 5%w/w) leads to an alteration of the physico-

chemical properties of gelatin. To test the usefulness of PANI-gelatin blends as a fibrous

matrix for supporting cell growth, H9c2 rat cardiac myoblast cells were cultured on fiber-

coated glass cover slips (Figure 4.17). Cell cultures were evaluated in terms of cell

proliferation and morphology. Their results indicate that all PANI-gelatin blend fibers

supported H9c2 cell attachment and proliferation to a similar degree as the control tissue

culture-treated plastic (TCP) and smooth glass substrates. Depending on the concentrations
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of PANI, the cells initially displayed different morphologies on the fibrous substrates, but all

the cultures reached confluence of similar densities and morphologies after one week.

Overall, they demonstrated that the electrospun C-PANI-gelatin blend fibers are biocompa-

tible, supporting the attachment, migration, and proliferation of H9c2 rat cardiac myoblasts,

Figure 4.17 SEM micrographs of H9c2 cells cultured on fibrous substrates: (a) cell pseudopodia
on gelatin fibers; cell pseudopodia grew along; (b) gelatine fibers; (c) 15:85; (d) 30:70; (e) 45:55
PANI-gelatin blend fibers; and (f) cell pseudopodia on glass flat surface. (Reprinted with permis-
sion from Biomaterials, Electrospinning polyaniline-contained gelatin nanofibers for tissue
engineering applications by M. Li, Y. Guo, Y. Wei et al., 27, 2705–2715. Copyright (2006)
Elsevier Ltd)
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and that they might provide a novel conductive material well suited as biocompatible

scaffolds for tissue engineering.

The same group also studied the conducting polymer, polyaniline (PANI), as a novel

electrically conductive material for neuronal and cardiac tissue-engineering applications.

It was suggested that the biocompatibility of the conductive polymer can be improved by:

(i) covalently grafting various adhesive peptides onto the surface of prefabricated con-

ducting polymer films or into the polymer structures during the synthesis, (ii) coelectros-

pinning or blending with natural proteins to form conducting nanofibers or films, and

(iii) preparing conducting polymers using biopolymers, such as collagen, as templates. The

work of Li et al. describes the approaches of covalently attaching oligopeptides to PANI

and electrospinning PANI-gelatin blend nanofibers [82]. The employment of such mod-

ified conducting polymers as substrates for enhanced cell attachment, proliferation, and

differentiation was investigated with neuronal PC-12 cells and H9c2 cardiac myoblasts.

Furthermore, they observed that conductive PANI, when maintained in an aqueous

physiologic environment, retained a significant level of electrical conductivity for at

least 100 h, even though this conductivity decreased over time. Their preliminary data

also show that the application of microcurrent stimulates the differentiation of PC-12 cells.

These studies demonstrate the potential for using PANI as an electroactive polymer in the

culture of excitable cells and open the possibility of using this material as an electroactive

scaffold for cardiac and/or neuronal tissue-engineering applications that require biocom-

patibility of conductive polymers.

Jun and coworkers studied the stimulation of myoblast differentiation by electrically

conductive submicron fibers [83]. As known, myotubes assemble with bundles of myofi-

bers to form the structural units in skeletal muscle. Myotube formation therefore plays an

important role in restoring muscular functions, and there is a need to develop substrates to

promote the differentiation of myoblasts to myotubes for muscle tissue engineering. In that

study, they first developed electrically conductive composite fibers of poly(L-lactide-co-e-

caprolactone) (PLCL) blended with polyaniline (PANI) using an electrospinning method

and then investigated the effect of these composite fibers on the differentiation of myo-

blasts. The prepared PLCL/PANI fibers showed no significant difference in fiber diameter

or contact angle, regardless of the incorporation of PANI. The fibers containing 30% PANI

maintained elastic properties of maximum elongation at break (160 – 14.4%). The com-

posite fibers were cytocompatible, as the DNA content on each fiber was similar for up to

eight days of C2C12 myoblast culture. After four days of culture, the number of cells

positive for sarcomeric myosin was 3.6 times greater on the electrically conductive fibers

than on the PLCL fibers without PANI. Furthermore, the level of myogenin expression

detected on day 8 of culture on PLCL/PANI (with 15% PANI) was approximately 1.6-fold

greater than the PLCL fibers without PANI. Similar results were observed for the expres-

sion of other genes, including troponin T (2-fold greater) and the myosin heavy chain gene

(threefold greater). As discussed, these results indicate that electrically conductive sub-

strates can modulate the induction of myoblasts into myotube formation without additional

electrical stimulation, suggesting that these fibers may have potential as a temporary

substrate for skeletal tissue engineering.

In another work, electrically conductive PANI doped with camphorsulfonic acid

(CPSA) was also blended with poly(L-lactide-co-e-caprolactone) (PLCL) and then elec-

trospun to prepare uniform nanofibers [84]. The CPSA-PANI/PLCL nanofibers show a
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smooth fiber structure and consistent fiber diameters (that range from 100 to 700 nm), even

with an increase in the amount of CPSA-PANI (from 0 to 30 wt%). The four-point probe

analysis revealed that electrical properties are maintained in the nanofibers, where the

conductivity significantly increases from 0.0015 to 0.0138 S cm–1 when the nanofibers are

prepared with 30% CPSA-PANI. The cell adhesion tests using human dermal fibroblasts,

NIH-3T3 fibroblasts and C2C12 myoblasts demonstrate significantly higher adhesion on

the CPSA-PANI/PLCL nanofibers than pure PLCL nanofibers. In addition, the growth of

NIH-3T3 fibroblasts is enhanced under the stimulation of various direct current flows.

Obviously, the CPSA-PANI/PLCL nanofibers with electrical conductive properties may

potentially be used as a platform substrate to study the effect of electrical signals on cell

activities and to direct desirable cell function for tissue-engineering applications.

Electrospinning is a promising approach to the creation of nanofiber structures that are

capable of supporting adhesion and guiding extension of neurons for nerve regeneration.

Electrical stimulation of neurons in the absence of topographical features has been shown

to guide axonal extension. In the study of Schmidt and coworkers, conductive meshes were

produced by growing PPy on random and aligned electrospun poly(lactic-co-glycolic acid)

(PLGA) nanofibers [85]. PPy-PLGA electrospun meshes supported the growth and differ-

entiation of rat pheochromocytoma 12 (PC12) cells and hippocampal neurons comparable

to noncoated PLGA control meshes, suggesting that PPy-PLGA may be suitable as

conductive nanofibers for neuronal tissue scaffolds. Electrical stimulation studies showed

that PC12 cells, stimulated with a potential of 10 mV cm�1 on PPy-PLGA scaffolds,

exhibited 40–50% longer neurites and 40–90% more neurite formation than unstimulated

cells on the same scaffolds. In addition, stimulation of the cells on aligned PPy-PLGA

fibers resulted in longer neurites and more neurite-bearing cells than stimulation on

random PPy-PLGA fibers, suggesting a combined effect of electrical stimulation and

topographical guidance and the potential use of these scaffolds for neural tissue applica-

tions. Conductive core–shell nanofibers prepared by a combination of electrospinning and

aqueous polymerization, and their potential application also in neural tissue engineering,

were studied by Xia and coworkers [86]. Particularly, nanofibers electrospun from

poly("–caprolactone) (PCL) and poly(L-lactide) (PLA) were employed as templates to

generate uniform shells of PPy by in situ polymerization. These conductive core–shell

nanofibers offer a unique system to study the synergistic effect of different cues on neurite

outgrowth in vitro. It was found that explanted dorsal root ganglia (DRG) adhere well to

the conductive core–shell nanofibers and generate neurites across the surface when there is

a nerve growth factor in the medium. Furthermore, the neurites can be oriented along one

direction and enhanced by 82% in terms of maximum length in a comparison of uniaxially

aligned conductive core–shell nanofibers with their random counterparts. Electrical sti-

mulation, when applied through the mats of conductive core–shell nanofibers, is found to

further increase the maximum length of neurites for random and aligned samples by 83%

and 47%, respectively, relative to the controls without electrical stimulation.

Futhermore, nanofiber scaffold electrodes based on PEDOT for cell stimulation were

recently reported by Bolin et al. [87]. Electronically conductive and electrochemically

active three-dimensional scaffolds based on electrospun poly(ethylene terephthalate)

(PET) nanofibers were prepared. Vapor-phase polymerization was employed to achieve

a uniform and conformal coating of poly(3,4-ethylenedioxythiophene) doped with tosylate

(PEDOT:tosylate) on the nanofibers. The PEDOT coatings had a large impact on the
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wettability, making the hydrophobic PET fibers super-hydrophilic. SH-SY5Y neuroblas-

toma cells were grown on the PEDOT-coated fibers. The SH-SY5Y cells adhered well and

showed a healthy morphology. These electrically active scaffolds were used to induce

Ca2þ signalling in SH-SY5Y neuroblastoma cells (Figure 4.18). It was concluded that the

PEDOT:tosylate-coated nanofibers represent a class of three-dimensional host environ-

ments that combines excellent adhesion and proliferation for neuronal cells with the

possibility of regulating their signalling.

A method for preparing conducting polymer nanotubes that can be used for precisely

controlled drug release was reported by Abidian et al. [80]. The fabrication process
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Figure 4.18 Confocal micrograph top view Y-axis projection of Tritc-phalloidin stained
cluster of SH-SY5Y cells growing on: (a) VPP-PEDOT coated nano-fiber surface; (b) cell culture
treated glass. Scale bar¼ 20mm. Confocal micrograph side view Z-projection of Tritc-phalloidin
stained cluster of SH-SY5Y cells growing on: (c) VPP-PEDOT coated nanofiber surface (Scale
bare¼ 10mm) and (d) cell culture treated glass. Scale bar¼ 20mm. Arrows indicate the direction
of neurites. (e) Solid line shows intracellular Ca2þ flux in FURA-2-AM loaded SH-SY5Y cells
cultured on nano-fiber surface. A potential of –3.0 V is applied at 100 s. The potential is turned off
at 250 s and turned on again at 500 s. Dashed line shows cell treated with 50 mM nifedipine in
order to block the VOCCs and stimulated with –3.0 V at 100 s until 380 s. (f) Solid line shows
intracellular Ca2þ flux in FURA-2-AM loaded SH-SY5Y cells cultured in cell culture dish
50 mM KCl was added at 100 s. Dashed line shows cell treated with 50 mM nifedipine in
order to block the VOCCs and stimulated in the same way. (Reprinted with permission from
Sensors and Actuators B: Chemical, Nano-fiber scaffold electrodes based on PEDOT for cell
stimulation by M. H. Bolin, K. Svennersten, X. Wang, I. S. Chronakis et al. 142, 451–456 (2009)
Elsevier Ltd)
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involves electrospinning of a biodegradable polymer such as poly(L-lactide) (PLLA) or

poly(lactide-co-glycolide) (PLGA), into which a drug has been incorporated, followed by

electrochemical deposition of a conducting polymer (PPy or PEDOT) around the drug-

loaded electrospun polymer (Figures 4.19, 4.20). They demonstrated that the impedance of
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Figure 4.19 Schematic illustration of the controlled release of dexamethasone: (A)
dexamethasone-loaded electrospun PLGA, (B) hydrolytic degradation of PLGA fibers leading to
release of the drug, and (C) electrochemical deposition of PEDOT around the dexamethasone-
loaded electrospun PLGA fiber slows down the release of dexamethasone (D). (E) PEDOT
nanotubes in a neutral electrical condition. (F) External electrical stimulation controls the release
of dexamethasone from the PEDOT nanotubes due to contraction or expansion of the PEDOT. By
applying a positive voltage, electrons are injected into the chains and positive charges in the
polymer chainsare compensated. Tomaintain overall chargeneutrality, counter-ionsare expelled
towards the solution and the nanotubes contract. This shrinkage causes the drugs to come out
of the ends of tubes. (G) Cumulative mass release of dexamethasone from: PLGA nanoscale fibers
(black squares), PEDOT-coated PLGA nanoscale fibers (red circles) without electrical stimulation,
and PEDOT-coated PLGA nanoscale fibers with electrical stimulation of 1 V applied at the five
specific times indicated by the circled data points (blue triangles). (H) UV absorption of dexa-
methasone-loaded PEDOT nanotubes after 16 h (black), 87 h (red), 160 h (blue), and 730 h (green).
The UV spectra of dexamethasone have peaks at a wavelength of 237 nm. Data are shown with a –
standard deviation (n¼ 15 for each case). (Reprinted with permission from Advanced Materials,
Conducting-Polymer Nanotubes for Controlled Drug Release by M. R. Abidian, D.-H. Kim and
D. C. Martin, 18, 4, 405–409. Copyright (2006) Wiley-VCH) (See colour Plate 2)
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the neural microelectrodes can be significantly decreased (by about two orders of magni-

tude) and the charge-transfer capacity significantly increased (about three orders of

magnitude) by creating conducting polymer nanotubes on a gold electrode surface. They

can precisely release individual drugs and bioactive molecules at desired points in time by

using electrical stimulation of the nanotubes. It was suggested that this method provides a

generally useful means for creating low-impedance, biologically active polymer coatings,

Figure 4.20 Scanning electron micrographs of PLGA nanoscale fibers and PEDOT nanotubes:
(A) diameters of the PLGA fibers were distributed over the range 40–500 nm with the majority being
between 100–200 nm. (B) Electropolymerized PEDOT nanotubes on the electrode site of an acute
neural probe tip after removing the PLGA core fibers. (C) A section of (B) cut with a FIB showing the
silicon substrate layer and PEDOT nanoscale fiber coating. (D) Higher-magnification image
of (C) showing the PEDOT nanotubes crossing each other. (E) A single PEDOT nanotube which
was polymerized around a PLGA nanoscale fiber, followed by dissolution of the PLGA core fiber.
This image shows the external texture at the surface of the nanotube. (F) Higher-magnification
image of a single PEDOT nanotube demonstrating the textured morphology that has been directly
replicated from the external surface of the electrospun PLGA fiber templates. The average wall
thickness of PEDOT nanotubes varied from 50–100 nm, with the nanotube diameters ranging from
100 to 600 nm. (Reprinted with permission from Advanced Materials, Conducting-Polymer
Nanotubes for Controlled Drug Release by M. R. Abidian, D.-H. Kim and D. C. Martin, 18, 4,
405–409. Copyright (2006) Wiley-VCH)
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which will facilitate integration of electronically active devices with living tissues. In a

final step, the fiber templates can be removed or allowed to slowly degrade, providing

additional means of controlled delivery of biologically active agents incorporated into the

fibers themselves. These molecule-eluting, electrically active polymer nanotubes are of

interest for guidance for tissue regeneration, controlled drug delivery for ablation of

specific cell populations, and for a range of biomedical engineering and pharmacological

applications.

The same group also designed neural electrodes to interface with the nervous system and

provide control signals for neural prostheses [88]. A novel method is reported for the

fabrication of soft, low impedance, high charge density, and controlled-release nanobio-

materials that can be used for the surface modification of neural microelectrodes to

stabilize the electrode/tissue interface. The fabrication process includes electrospinning

of anti-inflammatory, drug-incorporated biodegradable nanofibers, encapsulation of these

nanofibers by an alginate hydrogel layer, followed by electrochemical polymerization of

conducting polymers around the electrospun drug-loaded nanofibers to form nanotubes

and within the alginate hydrogel scaffold to form cloud-like nanostructures. The three-

dimensional conducting polymer nanostructures significantly decrease the electrode impe-

dance and increase the charge-capacity density. Dexamethasone release profiles show that

the alginate hydrogel coating slows the release of the drug, significantly reducing the burst

effect. These multifunctional materials are expected to be of interest for a variety of

electrode/tissue interfaces in biomedical devices.

4.5.2 Sensors

Electrospun nanofibers have been proven to be excellent candidates for use as ultrasensi-

tive sensors since they can provide large surface-area-to-volume ratios (high sensitivity

and faster response time), tailored pore sizes to various dimensions, and surfaces that can

be functionalized. The ability to selectively deposit isolated nanofibers via electrospinning

also makes this technique attractive in the fabrication of low cost and low power con-

sumption rapid-response sensors. Conducting electroactive polymers with tunable con-

ductivity have also been demonstrated by Sadik [89] to have remarkable sensing

applications through their ability to be reversibly oxidized or reduced by applying elec-

trical potentials. Excellent reviews of sensors developed using electrospun nanofibers and

their applications are reported [90–92]. These sensors may find applications in medical

diagnosis and environmental and bioindustrial analysis.

Electrospun conductive polymers have been studied for the possibility of developing

attractive sensors whose electrical properties change upon interaction with the analytes.

PANI is a promising material for sensors, since its conductivity is highly sensitive to

chemical vapors. PANI and/or its composites have been extensively investigated as

sensitive materials for the detection of a wide spectrum of analytes, ranging from acids,

bases, organic vapors, and reducing agents, to alcohols. The sensing mechanisms are

different, depending on the nature of PANI and the targeting analytes. An early study at

this field was the work of MacDiarmid et al., which studied electrospun polyaniline-based

chemical transducers with submicron dimensions [93]. Chemical sensing of NH3 with

PMMA coaxial nanofibers was also reported in the studies of Dong et al. [94] and Huang
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et al. [95]. Nanofibers of PANI were found to have superior performance relative to

conventional materials because of their much greater exposed surface area. Resistive-

type sensors made from undoped or doped polyaniline nanofibers outperform conventional

polyaniline on exposure to acid or base vapors, respectively. The nanofibers show

essentially no dependency on thickness for their sensitivity [95]. Further, in the work of

Liu et al. PANI nanowires oriented by electrospinning were deposited on gold electrodes

[96]. The electrical resistance of this device showed a rapid and reversible change when

exposed to ammonia (NH3) at concentrations as low as 0.5 ppm. The response time of the

sensors was found to be dependent on the nanowire diameter, which corresponds to the

radius dependency of the diffusion time of NH3 gas into the wires.

Using the electrospinning technique, Aussawasathiena and coworkers prepared lithium

perchlorate (LiClO4)-doped PEO electrospun nanofibers for humidity sensing and cam-

phosulfonic acid (HCSA)-doped PANI/PS electrospun nanofibers for sensing hydrogen

peroxide (H2O2) and glucose [97]. The diameters of these as-prepared polymeric nanofi-

bers were in the range of 400–1000 nm. Owing to the large surface area and good electrical

properties intrinsically associated with these nanoscale functional polymer fibers, they

have achieved significantly enhanced sensitivity for the nanofiber sensors with respect to

their corresponding film-type counterparts.

Conducting polymer hybrid sensors for pathogen detection were developed by Haynes

and Gouma [98,99]. Using the electrospinning technique, polyaniline hybrids were devel-

oped for the detection of NO2 gas and to monitor pH in order to determine the suitability of

these sensors for exhaled human breath analyses. Their results showed that electrospun

hybrids based on leucoemeraldine-based polyaniline exhibit sensitivity to NO2 down to 1

ppm and, for the first time, using emeraldine salt polyaniline, demonstrated a conducti-

metric response to changes in the headspace of aqueous solutions of varying pH.

Electrospinning is a simple technique for making long (typically several centimeters

long) nanowires that can easily be isolated and is therefore a promising method for the

fabrication of low cost, rapid-response sensors. Pinto and coworkers prepared electrospun

nanowires of PANI with tunable conductivity and used them in the fabrication of gas

sensors [100,101]. Because of the large surface-to-volume ratio and the small amount of

active material used, these sensors were faster and more reliable than conventional sensors

based on thin films. The same group has also fabricated sensors from isolated electrospun

HCSA-doped polyaniline nanofibers and from cast nanofiber mats and tested them in the

presence of various aliphatic alcohol vapors. They observed that the individual nanofiber

sensors also have larger responses, especially for large molecule alcohols, and exhibit true

saturation over a given time interval in the presence of the control gas and small alcohol

vapors compared to nanofiber mat sensors. The response of individual nanofiber sensors to

small alcohols is opposite to that observed in sensors made of nanofiber mats (Figure 4.21).

It was suggested that this could result from the solid-state doping process used in the

electrospun polymer, which leaves behind some unreacted dopant acid that is hygroscopic,

leads to adsorbed moisture, and results in reduced crystallinity and incomplete doping.

However, the rapid response times suggested that electronic changes also influence the

sensing mechanism.

Coaxial PMMA/PANI composite nanofibers have also been fabricated using the electro-

spinning technique and an in situ polymerization method and were then transferred to the

surface of a gold interdigitated electrode to construct a gas sensor (Figure 4.22) [102]. It was
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Figure 4.21 Normalized resistance of individual electrospun HCSA-doped polyaniline nano-
fibers to various alcohols: (a) methanol (&), (b) ethanol (*) and (c) 2-propanol (D). The
response of a sensor made from several nanofibers to methanol (&) is also indicated in (a)
and shows lower magnitude changes when compared to the response from individual nano-
fibers. The inset to (a) shows the normalized resistance of a cast film of the same polymer with
and without the addition of PEO. The films have a slower response time, but similar overall
behavior compared to that of the nanofiber indicating that PEO has no effect on the response to
methanol. (Reprinted with permission from Sensors and Actuators B., Electric response of
isolated electrospun polyaniline nanofibers to vapors of aliphatic alcohols by N. J. Pinto,
I. Ramos, R. Rojas et al., 129, 621–627. Copyright (2008) Elsevier Ltd)
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found that these nanofibers exhibited a high sensing magnitude towards triethylamine (TEA)

vapors in the range 20–500 ppm (Figure 4.23). The electrical responses of the gas sensor

were linear, reversible, and reproducible, suggesting their potential as a sensitive material for

the detection of low-concentration amine vapors. Both the diameters of nanofibers and the

doping acids have a great effect on the sensing characteristics of the composite. The effect of

the diameters on the sensing magnitude of the gas sensor is proposed to be related to the

difference in the surface-to-volume ratio of the fibers. In addition, the concentration of

doping acids led to changes in the resistance of the sensor, but could not affect its sensing

characteristics; however, the nature of the doping acids was determinative for the sensing

magnitude of the sensor. The sensing mechanism of PANI and the interactions of doping

acids with TEA vapor were proposed to be a deprotonation/protonation process, similar to its

sensing of ammonia, and were discussed in detail. Briefly, PANI was protonated by the

doping acids during the in situ polymerization process and exhibited a high conductivity.

Upon interaction with TEA vapor, the protons in the –NþH– sites in the conjugated PANI

were withdrawn by adsorbed TEA molecules, and PANI in the form of emeraldine salt was

reduced to emeraldine base. As a result, the whole density in the PANI main chain was

lowered, resulting in decreased conductivity. When TEA was replaced with air, the process

was reversed and the conductivity returned to the original value.

4.5.3 Conductive Nanofibers in Electric and Electronic Applications

Electrospun nanofibers with electrical and electro-optical activities have received a great

deal of interest in recent years because of their potential applications in nanoscale

electronic and optoelectronic devices, for example nanowires, LEDs, photocells etc.

Besides, one-dimensional (1-D) nanostructures are the smallest dimensional structures

for efficient transport of electrons and optical excitations. One of the potential future

applications of conducting polymer nanofibers is as molecular wires, which are required to

connect molecular devices to electrodes. For molecular devices, it is necessary to make

nanowires with diameters in the order of the size of the molecular device.

Figure 4.22 (a) SEM photograph PANI/PMMA coaxial nanofibers (electrospun PMMA solu-
tion: 0.18 g ml–1). (b) Photograph of a gas sensor based on PANI/PMMA coaxial nanofibers.
(Reprinted with permission from Sensors and Actuators B., Gas sensing properties of a compo-
site composed of electrospun poly(methyl methacrylate) nanofibers and in situ polymerized
polyaniline by S. Ji, Y. Li and M. Yang, 133, 644–649. Copyright (2008) Elsevier Ltd)
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Extremely low-dimensional conducting nanowires (as small as 3 nm in diameter) for use

in nanoelectronics can be produced with the electrospinning technique [103]. Using

template methods, insulating PLA fibers with an average diameter of 200–700 nm as

core materials were electrospun and subsequently coated with thin 50–100 nm films of

polyaniline or polypyrrole by in situ polymer deposition methods. The PLA core fibers

decompose upon relatively mild thermal treatment under inert atmosphere, leaving

Figure 4.23 (a) Typical electrical responses of PANI/PMMA composite nanofibers to TEA
vapors of different concentrations (doping acid: TSA). (b) Sensing magnitude of PANI/PMMA
composite nanofibers with different diameters as a function of the concentration of TEA vapor.
Concentration of electrospun PMMA solution: (a) 0.32 g ml –1 and (b) 0.18 g ml –1. (Reprinted
with permission from Sensors and Actuators B., Gas sensing properties of a composite com-
posed of electrospun poly(methyl methacrylate) nanofibers and in situ polymerized polyaniline
by S. Ji, Y. Li and M. Yang, 133, 644–649. Copyright (2008) Elsevier Ltd)
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conducting nanotubes. The greatly enhanced surface-to-volume ratio of these materials

and the nanometer scale structures are predicted to yield enhanced physical properties

compared with thin films prepared on traditional substrates.

As discussed above, orientation of the conducting nanowires can be achieved with the

help of the scanned electrospinning technique [104]. Kameoka and coworkers used a blend

of poly(m-phenylenevinylene)-co-(2,5-dioctoxy-p-phenylenevinylene) copolymer (PmPV)

and PEO, and scanned electrospinning for the deposition of the nanowires on lithographi-

cally patterned gold electrodes. The metal semiconductor contact caused rectifying current–

voltage characteristics. This technique represents a good opportunity for the manufacture of

nanowire electronic devices thanks to its ease of production and high throughput.

A simple way to reduce the size and increase the component density in circuits is via

the fabrication of devices based on semiconductor nanofibers. Thus, electrospinning is

proposed as an easy, one-step process to fabricate one-dimensional polymer FETs using

PThs [105]. The fabrication of an electrospun regio-regular poly(3-hexylthiophene-

2,5-diyl) FET was studied, and the hole mobility of the device was calculated to be

4 � 10�4cm2 (V.s)–1; the on/off ratio was ~7. In another study, Liu et al. used electro-

spun regioregular poly(3-hexylthiophene) to develop a single nanofiber FET [106].

Nanofibers with diameters of 100–500 nm deposited by electrospinning onto electrodes

on a SiO2/Si substrate were used, and the transistor exhibited a hole field-effect mobility

of 0.03 cm2 (V.s)–1in the saturation regime and a current on/off ratio of 103 in the

accumulation mode.

Xia and coworkers prepared nanofibers from conjugated polymers, such as poly

[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and its blends

with poly(3-hexylthiophene) (PHT) or poly(9,9-dioctylfluorene) (PFO) using the electro-

spinning technique. They investigated the effect of one-dimensional confinement on the

optical and electronic properties of conjugated polymer nanofibers [107]. Morphological

and photophysical studies showed that the phase-separated domains in the MEH-PPV/

PHT nanofibers (30–50 nm) are much smaller than in the blend thin films (100–150 nm),

and efficient energy transfer was observed in these blend nanofibers. The MEH-PPV/PFO

blend nanofibers had cocontinuous or core–shell structures, and significant energy transfer

was absent in these blend nanofibers as compared to the bulk thin films. Field-effect

transistors based on the MEH-PPV/PHT blend nanofibers exhibited p-channel transistor

characteristics with a hole mobility in the range of (0.05–1) � 10�4 cm2 (V.s)�1.

Furthermore, the microelectronics industry extensively uses wire bonding as a means of

interconnecting bond pads on the die to the bond pads on a substrate using thin wires. Wire

bonding of gold is primarily used in small signal devices because of the ability of gold to be

drawn into small-diameter wires (25.4 mm). However, the next generation of wires will

need to interface with smaller bond pad structures and provide the required performance

and compatibility with ‘molecular devices.’ Lithographically made nanowires can be used

as an interface, but doing so would be very expensive. A novel wire-bonding technology

using electrospun conductive polymers has been reported. The work of Ruiz et al.

addresses this next generation of nonlithographically made nanowire formation and

bonding, which will provide a low-cost option for dealing with the current trend towards

increased I/O and higher reliability [108]. The key point is the development of a so called

‘meet-in-the-middle’ technology, where functionalized electrospun polymer nanofibers

deposited directly on die bond pads may substitute or complement future wire-bonding
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techniques. They demonstrate the manipulation of single nonconductive nanofibers func-

tionalized as conductive nanowires to interconnect nanoscale bond pads on the die to the

bond pads on a substrate. Two general schemes for the manipulation of single nanowires

were presented for diameters from 50 nm to 500 nm, and both schemes were based on the

electrospinning technique (near-field electrospinning and micro-bead electrospinning) of

nanofibers and their subsequent post-processing.

It is known that the rate of electrochemical reactions is proportional to the surface area of

the electrode, and thus conductive nanofibrous membranes are also quite suitable for use as

porous electrodes in developing high-performance batteries [13,109,110]. The electroche-

mical behavior of electrospun PPy/sulfonated-poly(styrene-ethylene-butylenes-styrene)

(S-SEBS) composite nanofibers (about 300nm in average diameter) was investigated by

Young-Wan Ju et al. [111,112]. The effect of both electrospinning and sulfonation results in

a higher electrochemical capacity (up to 80 mAh g–1 ) owing to the increase in doping level,

high electrical conductivity, low interfacial resistance, and high reversibility by easy inter-

calation of the Li ion as compared to PPy/poly(styrene-ethylene-butylene-styrene) (SEBS)

fibers prepared by a casting method. The same group also studied the electrochemical

properties of electrospun PAN/MWCNT carbon nanofiber electrodes coated with polypyr-

role by in situ chemical polymerization in order to improve the electrochemical perfor-

mance. The capacitances of the activated carbon nanofibers (ACNF) and PPy/ACNF

electrodes were 141 and 261 F g–1 at 1mA cm–2, respectively, whereas that of PPy/ACNF/

CNT was 333 F g–1. The improvement in capacitance was attributed to: (i) the preparation of

aligned nanosized ACNF/CNT by electrospinning and the addition of CNT that leads to

superior properties (higher surface area, formation of mesopores) and an increase in elec-

trical conductivity and (ii) the formation of a good charge-transfer complex by the PPy

coating on the surface of the aligned nanosized ACNF/CNT, which offers a refined three-

dimensional network due to the highly porous structure between ACNF/CNT and PPy.

Conductive (in terms of electrical, ionic and photoelectric) membranes also have a

potential for applications, including electrostatic dissipation, corrosion protection, elec-

tromagnetic interference shielding, photovoltaic devices etc. [113,114]. Waters et al.

reported the use of electrospun nanofibers in developing a liquid-crystal, optical shutter

device that is switchable under an electric field between a state in which it is substantially

transparent to incident light and a state in which it is substantially opaque [115]. The main

part of this liquid-crystal device consisted of a layer of nanofibers permeated with a liquid-

crystal material, with a thickness of only few tens of microns. The layer was located

between two electrodes, by means of which an electric field could be applied across the

layer to vary the transmissivity of the liquid-crystal/nanofiber composite. It is the nanos-

cale polymer fiber size used that determines the sensitivities of the refractive index

differences between the liquid-crystal material and the fibers, and consequently governs

the transmissivity in this kind of device. Moreover, the Korea Institute of Science and

Technology owns a patent on the fabrication of a lithium secondary battery comprising a

fibrous film made by electrospinning [116]. Other interesting progress is the development

of a hybrid solar cell utilizing electrospun conductive polymers ‘doped’ with photovoltaic

dyes and nanocrystalline semiconductor particles. Ziegler et al. prepared a flexible

photovoltaic membrane by utilizing electrospun PAN nanofiber dyed with copper phtha-

locyanine, while nanocrystalline TiO2 semiconductor particles can also be embedded

within the nanofibers [117].
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4.6 Conclusions

This review covers the active research area of processing functional conductive nanofibers

and nanostructures with various compositions and properties by means of the electrospin-

ning method. It is also focuses on the unique properties of electrospun conductive

nanostructures that can be utilized to improve existing applications of conductive materials

and on the various possibilities to meet the requirements of a number of novel applications.

Encouraged by the simplicity of the electrospinning processes and early demonstration

of unique properties of nanofibers, there is an explosion of research activities in this area

worldwide. Electrospinning is a simple and versatile method for creating conducting

polymer-based highly functional high-performance nanostructures. The process is versa-

tile in that there is a wide range of materials that can be spun to conductive nanostructures

with unique features. The ability to customize the conductive nanostructures to meet the

requirements of specific applications gives electrospinning an advantage over other

production methods.

Despite the existence of some commercial electrospun nanofiber products, it is accepted

that an upscaling of the electrospinning process and productivity improvements are essential

and merit more effort to ensure full success of the process in socioeconomic terms. Also,

regardless of the large market potential of conductive electrospun nanofibers, it is clear that

this area is still in the research stage, and commercial products of conductive nanofibers are

not available. Therefore, instead of focusing on extending the range of electrospun con-

ductive polymers that could be applied, researchers should turn their attention to controlled

ways of processing them towards marketable applications. The interface behavior between

these nanostructures and surrounding materials is furthermore crucial and must be under-

stood and controlled in order to converge them into concrete applications. A great deal of

development work is required before the use of electrospun conductive nanostructures will

become a profitable reality in any of the applications described above. Moreover, every new

technology is accompanied by potential risks, which must be evaluated as carefully and as

early as possible. Specific aspects and impacts on human health, the environment, and the

safety of these nanomaterials should be identified.

Overall, combining well-established technologies of today with the emerging field of

electrospun conductive nanostructures can potentially lead to the development of new

technologies and new micro- and nanostructured smart assemblies, and stimulate oppor-

tunities for an enormous number of creative applications. In the next few years, we can

expect to see many more commercial applications of electrospun conductive polymers that

will have a large impact on the innovations and technologies of the future.
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5.1 Introduction

In the nanotechnology field, carbon-based materials and associated composites have received

special attention both for fundamental and applicative research. In the first kind, carbon

compounds may be included, often taking the form of a hollow spheres, ellipsoids, or tubes.

Spherical and ellipsoidal carbon nanomaterials are referred to as fullerenes, while cylindrical

ones are called nanotubes and nanofibers. In the second class, one includes composite

materials that combine carbon nanoparticles with other nanoparticles, or nanoparticles with

large bulk-type materials. The unique properties of these various types of nanomaterials

provide novel electrical, catalytic, magnetic, mechanical, thermal, and other features that are

desirable for applications in commercial, medical, military, and environmental sectors. This is

the case for conducting polymers (CPs) and carbon nanotubes (CNTs) [1–5].

Besides the expected improvements in the mechanical and electronic properties of

polymers, the preparation of carbon nanotube/polymer composites has been and is still

explored for effective incorporation of CNTs into devices. Nevertheless, the use of CNTs

as a rough material in different applications has been largely limited by their poor

processability, insolubility, and infusibility. To bypass this disadvantage, an efficient
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key is the functionalization of CNTs with polymers, leading to soluble composite

materials. Researchers have then focused their attention on two types of materials: on

one hand, composites based on insulating polymers (IPs) as polystyrene (PSt) or poly

(methyl metacrylate) (PMMA), and on the other hand, those made with conducting

polymers (CPs), such as polyaniline (PANI), polypyrrole (PPy), poly(p-phenylene viny-

lene) (PPV), poly(m-phenylene vinylene-co-2,5-dioctoxy-p-phenylene) (PmPV), poly(N-

vinyl carbazole) (PVK), poly(3,4-ethylenedioxy thiophene) (PEDOT), polythiophene

(PTh), and 2,20- polybithiophene (PBTh) and polyacetylene (PA).

The combination of single-walled carbon nanotubes (SWNTs), double-walled carbon

nanotubes (DWNTs), and multiwalled carbon nanotubes (MWNTs) with insulating

or conducting polymers offers an attractive route to reinforce the macromolecular

compounds, as well as to introduce new electronic properties based on morphological

modifications or electronic interactions between the two constituents [6–10]. Usual meth-

ods for the preparation of polymer/CNT composites consist in the direct mixing of

components in the melt or in solution, the production of bilayer structures by deposition

of a polymer film onto a CNT layer, and chemical and electrochemical polymerization.

The presentation of the background to and the state of the art for the production of new

CNT-based materials, as well as CNT composites are among the main objectives of this

section.

In the section devoted to CNTs, some details concerning synthesis and purification

methods, as well as separation techniques for metallic and semiconducting nanotubes will

be reviewed. Some aspects concerning the interactions of CNTs with reactants used in the

synthesis of different composites based on conducting polymers, such as PANI, PPy,

PEDOT, PBTh, PNVK, PPV, and polyfluorene (PF) will be discussed in the section

devoted to the synthesis of the CP/CNT composites. Preparing a composite with the

desired properties requires knowledge of the interaction between the host matrix and the

guest carbon nanoparticles.

Among the most-used experimental methods to prove the functionalization of carbon

nanotubes with different functional groups, molecules, or polymers are studies of X-ray

diffraction, conductivity and photoconductivity, photoluminescence, thermogravimetric

analysis, mechanical properties, absorption in the UV-VIS-NIR range, IR spectroscopy,

and obviously Raman scattering. This chapter focuses on IR spectroscopy and Raman light

scattering as methods currently used in the characterization of composites based on CPs

and CNTs. As is well known, Raman scattering is often used for qualitative identification

of organic and macromolecular compounds by observing the group frequencies and the

scattering intensities. Because selection rules and relative intensities of IR and Raman

peaks are dissimilar, Raman scattering and IR spectroscopy are often viewed as comple-

mentary. For quantitative analyses, Raman scattering intensity is linearly proportional to

the analyte concentration. Potentially, this feature conveys two significant advantages in

analysis, particularly with respect to IR absorption techniques: (a) an increased linear

dynamic range and (b) the addition of signals from multiple analytes. The most important

advantages of Raman spectroscopy are the ease of preparation of samples and the rich

content of information. In this sense, we note that there are few concerns with sample

thickness (as in transmission analyses) and little contribution from the ambient atmo-

sphere, so there is no need for high-vacuum or desiccated sample holders. Glass, water, and

plastic packaging have very weak Raman spectra, a fact which makes the technique even
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easier to use. Often, samples can be analyzed directly inside the glass bottle without

opening the package and risking contamination. Aqueous samples are readily analyzed

without the need to remove water, and because ambient humidity is not a problem, there is

no need to purge the instrument. This reveals an important advantage of Raman scattering

spectroscopy over IR absorption spectroscopy for biomedical applications [11,12].

Traditionally, Raman analysis has been viewed as a relatively insensitive technique.

Indeed, the probability of a molecule producing Raman light scattering is much less than

the probability of absorption in the IR region. However, advances in instrumentation have

narrowed considerably the gap to the point where, in some optimal cases, the sensitivity of

normal (i.e. nonenhanced) Raman scattering compares favorably with IR absorption. It

must be noted that Raman spectroscopy has an inherently small cross-section, reducing the

possibility of analyte detection at low concentration levels without special enhancement

processes. Nevertheless, there has been renewed interest in Raman techniques in the past

two decades owing to the discovery of the surface-enhanced Raman scattering (SERS)

effect, which results from a supplementary excitation of the adsorbed molecules on

nanotextured metallic surfaces. Although some details of the SERS process still remain

unclear, it is accepted that the enhancement process has a twofold origin: electromagnetic

and chemical [13,14], the electromagnetic enhancement being the dominant mechanism.

It consists in the excitation of localized and delocalized surface plasmons (SPs) [15] and is

effective in silver, gold, and copper as a result of the dielectric constant and its

variation with the wavelength of the excitation light [16]. The delocalized surface plas-

mons are surface evanescent waves that propagate along the interface between the metal

and surrounding dielectric medium. Owing to the resonant excitation of surface

plasmons [13–15], it induces enhanced Raman signals (>1000-fold). A p-polarized

incident beam can be coupled to these surface waves through an optical coupler, which

can be a prism or a diffraction grating under a certain angle of incidence corresponding to

the minimum of reflectivity, in other words, the well-known phenomenon of attenuated

total reflection (ATR). Principles and experimental details of SERS spectroscopy have

been the subject of many reviews and books [13,14,17–19].

In the field of conducting polymers, the most important contribution of IR spectroscopy

and Raman scattering has consisted in the demonstration of the doping process [20,21]. For

CNTs, the two experimental techniques have definitely contributed to the characterization

of SWNTs, DWNTs, and MWNTs, as well as to evidence of n- or p-doping processes,

oxidation or reduction reactions, breaking of the SWNT bundles into individual tubes and,

more recently, to the separation of metallic and semiconducting CNTs [17,22–24]. In the

case of composites based on CNTs and CPs, the two methods have often been used to

elucidate the interactions of CNTs with CPs [25,26]. In the case of CP/CNT composites, a

detailed analysis of the literature indicates two main processes: either the polymer func-

tionalizes the CNTs [6–10] or CPs are doped with CNTs, the latter resulting from a charge

transfer between the two constituents [25–32]. Depending on the synthesis method, the

functionalization of CNTs with CPs can be covalent or noncovalent [26,33].

Another goal of this chapter is to review the main contributions of IR absorption and

Raman light scattering with regard to the interactions between the two constituents, as well

as to determine the molecular structure of the above-mentioned composites. In fact, we

wish to illustrate the usefulness of Raman scattering and IR spectroscopy as valuable tools

to characterize different types of composite materials. There exists a large range of results
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and we review here only particular cases regarding the vibrational properties of composites

based on SWNTs and polymers such as PANI, PPy, PEDOT, PPV, and PVK. The choice of

these particular cases proves the ability of IR spectroscopy and Raman scattering as

valuable tools for detecting the four composites currently obtained from the interactions

between CPs and CNTs: CP/CNT bilayers, CNTs covalently functionalized with CPs,

CNTs noncovalently functionalized with CPs, and CPs doped with CNTs.

5.2 Carbon Nanotubes

CNTs were discovered by Sumio Iijima in 1991 [34]. The CNT structure can be clearly

illustrated by considering the two ‘archetypal’ CNTs which can be formed by cutting a

fullerene (C60) molecule in half and placing a graphene cylinder between the two halves.

Dividing C60 along one of the fivefold axes produces the ‘armchair’ nanotube shown in

Figure 5.1a, while bisecting C60 parallel to one of the threefold axes results in the ‘zigzag’

nanotube shown in Figure 5.1b [3]. The terms ‘zigzag’ and ‘armchair’ refer to the

arrangement of carbon atom hexagons around the circumference. There is a third class

of structure, ‘chiral’, in which the hexagons are arranged helically around the tube axis, as

shown in Figure 5.1c. Depending on the ‘chiral’ angle at which the hexagons are arranged,

CNTs have either metallic or semiconducting properties. Experimentally, the tubes are

generally less perfect than the idealized versions shown in Figure 5.1 and may be either

multiwalled (MWNTs) or single-walled (SWNTs) [35].

Figure 5.1 The three types of CNT structures: (a) armchair, (b) zigzag, (c) chiral. (Reprinted
with permission from International Materials Review, Carbon Nanotube Composites by P. J. F.
Harris, 49, 1, 31–43. Copyright (2004) Maney Publishing www.maney.co.uk/journals/imr)
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SWNTs (Figure 5.2a) comprise a cylindrical graphite sheet of nanoscale diameter capped

by hemispherical ends. The closure of the cylinder is a result of a pentagonal inclusion into

the hexagonal carbon network of the nanotube walls during the growth process. Typically,

SWNTs have diameters around 1 nm, with the smallest diameter reported to date being 0.4

nm. This corresponds to the theoretically predicted lower limit for stable SWNT formation

based on considering the stress energy built into the cylindrical structure of the SWNTs.

MWNTs (Figure 5.2b) comprise from several to tens of concentric cylinders of these

graphitic shells with an interlayer spacing of 0.3–0.4 nm. MWNTs tend to have diameters

in the range 2–100 nm. MWNTs can be considered to be a mesoscale graphite system,

whereas SWNTs are truly single large molecules [36].

Theoretical calculations have predicted that the electronic properties of SWNTs depend

on the tube diameter d and on the helicity of the hexagonal carbon ring alignment on the

nanotube surface, defined by a chiral angle �, which in turn depends on the n and m

integers, which denote the number of unit vectors na1 and ma2 in the hexagonal lattice of

the graphite:

d n;mð Þ¼Ch=p¼ 31=2a
C — C

m2 þ mnþ n2ð Þ 1=2=p

�¼ tan�1 31=2m mþ 2nð Þ
� � (5:1)

where Ch is the length of the chiral vector Ch, and aC—C¼ 1.42Å is the nearest-neighbor

C—C distance. The single-walled carbon nanotube is metallic if n – m¼ 3k, k¼ 1,2,3 . . ,

and semiconducting otherwise [36].

A slight variation in these parameters causes a shift from a metallic state to a semi-

conducting state. Regardless of the synthesis method, microscopic studies have revealed that

samples consist of bundles of 20 to 100 individual nanotubes aligned in a two-dimensional

crystal-packing arrangement over essentially their entire length [37,38]. The bundles, also

Figure 5.2 Structures of (A) SWNTs and (B) MWNTs. (Reprinted with permission from TrAC,
Trends in Analytical Chemistry, New materials for electrochemical sensing VI: Carbon
nanotubes by A. Merkoci, M. Pumera, X. Llopis et al., 24, 9, 826–838. Copyright (2005)
Elsevier Ltd)
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known as nanoropes, contain both metallic and semiconducting tubes. Together with

transmission electron microscopy (TEM) and scanning tunneling microscopy (STM),

Raman spectroscopy is one of the most widely used techniques for characterizing and

understanding of the properties of the carbon tubes [36].

5.2.1 Synthesis of CNTs: Arc Discharge, Laser Ablation,

Chemical Vapor Deposition

5.2.1.1 Arc-Discharge Method

The first papers to have reported the production of CNTs using the arc-discharge method

are from 1992 [39] and 1993 [40]. CNTs were produced by evaporation of graphite, as

for fullerene synthesis. This method creates MWNTs through an arc vaporization of two

graphite rods placed end to end, separated by approximately 1 mm, in an enclosure

usually filled at low pressure (between 50 and 700 mbar) with an inert gas (helium,

argon). Applying a direct current (dc) arc voltage between the two separated graphite

rods, CNTs ranging from 4 to 30 nm in diameter and up to 1 mm length are obtained.

When a graphite rod containing a metal catalyst (for example Fe and Co) is used as the

anode, the cathode being pure graphite, SWNTs [41] are generated instead of MWNTs.

In this synthesis, Iijima used an arc-discharge chamber filled with a gas mixture of 10

Torr of methane and 40 Torr of argon [41]. Two vertical thin electrodes were installed in

the center of the chamber. The lower electrode, the cathode, had a shallow dip to hold a

small piece of iron during the evaporation. The arc-discharge was generated by running a

dc current of 200 A at 20 V between the electrodes. The CNTs had diameters of 1 nm

with a broad diameter distribution between 0.7 and 1.65 nm. In the arc-discharge synth-

esis of CNTs, Berthune et al. [42] used as anodes thin electrodes with bored holes, which

were filled with a mixture of pure powdered metals (Fe, Ni or Co) and graphite. The

electrodes were vaporized with a current of 95–105 A in 100–500 Torr of He. Large

quantities of SWNTs were also generated by the arc technique by Journet et al. [38].

The arc was generated between two graphite electrodes in a reactor under a helium

atmosphere (660 mbar), with an optimized mixture of catalyst, namely 1 at% of Y and

4.2 at% of Ni.

Large-scale synthesis of MWNTs by arc discharge was achieved [43] in a helium

atmosphere. The arc-discharge evaporation of pure graphite rods has been carried out in

not only ambient gases, such as helium or argon, but in methane, too [44]. It was found that

methane is the best gas for the synthesis of MWNTs. This is due to the thermal decom-

position of methane producing hydrogen, which achieves high temperature and activity

compared to inert gases, such as He or Ar. The effectiveness of hydrogen in the synthesis of

MWNTs has been reported [45].

A disadvantage of this method is the low purity of the CNTs. To use CNTs in

different applications, a purification method to remove metallic catalytic material is

therefore necessary. The yield for this method is about 30% and as noted above, it

results in both SWNTs and MWNTs with lengths of up to 50 mm. The development

of more efficient synthesis techniques is vital to the future of carbon

nanotechnology.
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5.2.1.2 Laser-Ablation Method

The laser-furnace or laser-ablation method [46] has been developed for the synthesis of

fullerenes and CNTs. This method is widely used for the production of SWNTs. Thus, in

1996, Smalley et al. [37] produced high yields (ca. 70%) of SWNTs by laser ablation of

graphite rods with a small amount of Ni and Co at 1200 �C. The laser is suitable for use

with materials with a high boiling temperature, such as carbon, the energy density of lasers

being much higher than that of other vaporization devices. The basic principle of this

method is as follows: (i) a CO2 laser beam is introduced onto the target (carbon composite

doped with catalytic metals) located in the center of a quartz tube furnace; (ii) the target is

vaporized in a high-temperature argon atmosphere and SWNTs are formed; (iii) the

SWNTs produced are conveyed by the gas to a special collector. This method has several

advantages, such as the high yields of production, the small range of diameters, and

controlled growth of the SWNTs. The change of the furnace temperature, catalytic metals,

and flow rate directly affect the SWNTs’ diameter distribution [47,48]. The yield of this

method is greater, about 70%, and produces primarily SWNTs, with a controllable

diameter determined by the reaction temperateure. In comparison with arc discharge or

chemical-vapor deposition, this method is more expensive.

5.2.1.3 Chemical Vapor Deposition

A major disadvantage of the above methods, i.e. arc discharge and laser ablation, is that :

(i) they do not allow control of the location and the alignment of the synthesized CNTs;

(ii) they rely on the evaporation of carbon atoms from solid targets at temperature>3000 �C;

and (iii) the nanotubes are tangled making purification difficult and their use in some

applications impossible. This can be avoided using chemical-vapor deposition (CVD),

which was first used in 1996 and is widely used nowadays in CNT production [49]. The

method is also known as thermal or catalytic CVD. CVD is a versatile process in which

gas-phase molecules are decomposed into reactive species, leading to a film or particle

growth [50]. In a typical procedure, a mixture of a hydrocarbon gas, acetylene, methane,

or ethylene, and nitrogen is introduced into the reaction chamber. During the reaction,

CNTs are formed on the substrate by the decomposition of the hydrocarbon at tempera-

tures of 700–900 �C and atmospheric pressure [51]. CVD is a simple and economic

technique for the synthesis of CNTs at low temperature and ambient pressure [52]. CNTs

grow over the catalyst and are collected on cooling the system to room temperature. The

substrate preparation and the use of the catalyst require special attention, because they

determine the tubes’ structure. Often, the substrate used is silicon, glass, or alumina. An

ideal substrate for growing self-oriented CNTs on large surfaces is porous silicon [53]; it

has been proven that CNTs grow at a higher ratio (length per minute) and they are better

aligned than on plain silicon [54]. The catalysts are metallic nanoparticles, like Fe, Co,

and Ni, which can be deposited on Si substrates either from solution, by electron-beam

evaporation, or by physical sputtering [54]. The diameter of the CNTs depends on the

catalyst particle size. A new method to grow highly aligned CNTs was reported by Xie

et al. in 2000 [51]. Using Xie’s method, the substrate can be reused after depositing new

catalyst particles on the surface and the length of the nanotube arrays increases with

growth time, and reaches about 2 mm after 48 h [51].
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Other procedures for the synthesis of CNTs use a gas phase for introducing the catalyst,

in which both the catalyst and the hydrocarbon gas are fed into a furnace, followed by a

catalytic reaction in the gas phase. The method is suitable for large-scale synthesis,

because nanotubes are free from catalytic supports and the reaction can be operated

continuously. A high-pressure carbon monoxide reaction method, in which the CO gas

reacts with iron pentacarbonyl to form SWNTs, has been developed [38]. SWNTs have

been synthesized from a mixture of benzene and ferrocene in a hydrogen gas flow [55].

In both methods, catalyst nanoparticles are formed through thermal decomposition of

organometallic compounds, such as iron pentacarbonyl and ferrocene.

E. Kirsten and J.L. Spencer [56] synthesized CNTs from an aerosol precursor. Solutions

of transition-metal cluster compounds were atomized by electrohyrodynamic means and

the resultant aerosol was reacted with ethylene in the gas phase to catalyse the formation of

CNTs. The use of an aerosol of iron pentacarbonyl resulted in the formation of MWNTs,

mostly 6–9 nm in diameter, whereas the use of iron dodecacarbonyl gave results that were

dependent on the concentration. High concentrations resulted in a wide diameter range

(30–200 nm), whereas lower concentrations gave MWNTs with diameters of 19–23 nm.

L.A. Montoro et al.’s [57] synthesis of high quality SWNTs and MWNTs through arc

discharge in H3VO4 aqueous solution from pure graphite electrodes used the VO group as a

nucleation agent promoting the growth of more ordered carbon structure.

J. Qiu et al. [58] prepared CNTs by electrically arcing carbon rods in He (99.99%) in a

stainless-steel chamber with an inner diameter of 600 mm and a height of 350 mm. The

anode was a coal-derived carbon rod (10 mm in diameter, 100–200 mm in length);

the cathode was a high-purity graphite electrode (16 mm in diameter, 30 mm in length).

He was used as a buffer gas and its pressure was varied in the 0.033–0.076 MPa range. The

voltage and current for the electric arc were 30–40 V and 50–70 A, respectively.

M. Shao et al. [59] have synthesized CNTs in a new way using an iron catalyst at the

extremely low temperature of 180 �C. In this process, carbon suboxide was used as carbon

source, which changed to freshly formed free carbon clusters through disproportionation.

The carbon clusters grow into nanotubes in the presence of Fe catalyst, which was obtained

by the decomposition in iron carbonyl at 250 �C under a nitrogen atmosphere.

SWNTs have been successfully synthesized using a fluidized-bed method [60] that

involves fluidization of a catalyst/support at high temperatures by a hydrocarbon flow.

A new method, which combines a nonequilibrium plasma reaction [61] with template-

controlled growth technology, has been developed for synthesizing aligned CNTs at atmo-

spheric pressure and low temperature. MWNTs with diameters of ca. 40 nm were synthesized

in the channels of anodic aluminum oxide template from a methane hydrogen mixture gas by

an alternating current (ac) corona discharge plasma reaction at a temperature below 200 �C.

The recent technique of nebulized spray pyrolysis (NSP) has been used to prepare

aligned MWNTs bundles [62]. This technique consists in a spray generated by an ultra-

sonic atomizer. MWNTs with fairly uniform diameters, as well as aligned MWNT

bundles, have been obtained by using solutions of organometallic compounds, such as

ferrocine, in benzene, toluene, and other hydrocarbon solvents. The advantage of NSP is

the ease of scaling up to an industrial process where the reactants are fed into the furnace

continuously.

New experimental details were reported in 2006 for laser chemical-vapor deposition

(LCVD), which is a derivative of CVD whereby the global heat source of a furnace is
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replaced with a localized spot heated by a laser [63]. There are two types of laser CVD,

pyrolytic and photolytic [64]. In the case of pyrolytic laser CVD, the chemical and physical

phenomena that lead to deposition of CNTs are similar to those of conventional CVD. That

is, the transfer of thermal energy to the reagent from the spot heated by the laser is

responsible for the dissociation of the reagent molecules and the deposition process [64].

Laser CVD differs from conventional CVD in that the area of growth can be limited to the

pass of the laser beam. Thus, one maintains the capability to deposit most materials on a

larger variety of substrates than with conventional CVD. There is very little documented

work using the LCVD process to deposit CNTs [63,65].

Other variations on the CVD method, such as hot-wire CVD (HWCVD) [66], rapid

thermal CVD (RTCVD) [67], microwave plasma CVD (MPCVD) [68], and the floating

catalyst technique [69,70] have led to improvements in product controllability, yield,

and cost.

Other technological aspects of carbon nanotube synthesis currently under scrutiny

include study of the growth mechanism [67,71], attempts to control the diameter

[72–74], processes which yield very long CNTs [70,75], optimization of the catalyst

composition [76], and improvements in purity [77]. A major area of focus is the production

of CNTs at selected sites on a substrate (micropatterning) [78–81]. Other synthetic

methods investigated have been: (i) a solvothermal route, in which reactants are heated

in solution in a sealed autoclave [82,83]; (ii) a solid-state metathesis process [84]; (iii) a

hydrothermal process which produces MWNTs from amorphous carbon [85]; and (iv)

low-temperature processes [59].

Summarizing these data one may conclude that CVD is still the most widely used

method for the growth of high-quality CNTs. This statement is supported by the high

number of publications devoted to this subject, about 600 articles in only the first six

months of 2009. Despite the high cost of CNTs, at present this method is used by several

suppliers, such as NanoLab, Aldrich-Sigma, Nanocyl, etc. Increasing the yield and length

of grown tubes needs futher investigation.

5.2.2 Purification

In general, CNTs produced by various synthetic methods also contain amorphous carbon,

carbon nanoparticles, and catalyst residues. Although many advances have been made in

terms of scaling up the synthesis, a number of obstacles regarding the purification of

nanotubes still exist. The tubes have a wide range of lengths, many defects, and a variety of

twists to them. Therefore, the main concern is how to separate them from the worthless

soot and how to purify the tubes. For this purpose, various post-growth treatment methods

to purify the nanotubes and eliminate the defects in the tubes have been developed. The

material can be treated in an ultrasonic bath to free many tubes from particles that were

originally stuck together [40]. The larger contaminants can be easily removed due to their

relatively high weight, for example by dispersing the powder in a solvent and subsequent

centrifugation. The smaller particles are more difficult to eliminate. Purification is not

trivial, as any treatment designed to remove metal-catalyst particles and amorphous carbon

can often result in the functionalization of the tubes and/or the introduction of new defects

into the CNT structure. The most commonly used purification methods include oxidation
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in the presence of acid [86] or gas [87], filtration [88,89], and chromatographic separation

[90–92]. Less common methods include capillary electrophoresis [93] and ultrasonication

in the presence of inorganic nanoparticles [94]. Hydrothermal treatment has also been

found to be effective in the purification of SWNTs [95]. Many researchers employ a

multistep process to purify CNTs.

The most prevalent method, acid oxidation, generally oxidizes metals and carbon

impurities, but can also functionalize the surface of the nanotubes. Depending on the

oxidizing strength of the acid or acid mixture, the damage to the CNTs ranges from

functionalization of defects extant from the growth process to more severe damages.

The introduction of additional oxidation defect sites can result in the tube breaking [96].

In addition to the functionalization and tube breaking, acid oxidation has also been found

to degrade SWNTs and MWNTs, forming onion-like carbon structures upon refluxing in

nitric acid (HNO3) [97]. A mild acid, such as dilute HCl, has been found to react only with

the end caps, which are more reactive due to curvature strain [98]. In 2002, C.M. Yang

et al. showed that purification of CNTs in the presence of highly concentrated HCl

solutions affects the pore structures of SWNTs aggregates [99].

A process known as annealing, which involves heating in an inert atmosphere [86] or

under vacuum [86,100,101], eliminates some of the structural defects, such as surface

functionalization (resulting from acid treatment), and can also oxidize residual catalyst

particles [102]. Heating SWNTs in air has also been found to be effective in eliminating

amorphous carbon, due to the relative thermal stability of the CNTs [103–105].

Although CNTs exhibit ideal characteristics when they are in an ultrahigh vacuum

environment, samples in more ordinary conditions, where they are exposed to air or water

vapor, show properties that are different. CNTs are very sensitive to contaminants, such as

oxygen, attached to them. They severely affect the electrical properties, which is an

important problem for devices made from CNTs. The soot of fabricated CNTs is often

dispersed in ethanol, in which it can be preserved without damaging the tubes. The tubes

themselves are stable, maintaining their shapes, regardless of the contamination mentioned

above, up to 2800 �C in vacuum, and to 750 �C in air.

After purification of CNTs, pretreatment of the nanotubes that creates active sites for

binding of polymers is often carried out. In the case of the PANI/MWNTs composite,

significant active binding sites for polymers on CNTs are generated by the appearance of

carboxylic acid groups on the surface of the tubes. As reported in Ref. [106], this is

obtained by the interaction of CNTs with a 3:1 mixture of concentrated H2SO4 and HNO3

at 50 �C for 24h. By the formation of active sites, one increases the solubility of MWNTs in

aniline monomer [107]. In the case of composites based on MWNTs and polythiophene,

the COOH groups formed on the nanotube surface were converted to COCl using thionyl

chloride and followed by condensation with the polythiophene at high temperature in

anhydrous DMF [108]. Other common methods to create active sites are in situ polymer-

ization reactions initiated with radicals [109], and anionic polymerization after formation

of CNT-polyanions using alkyal lithium [110]. To create active sites on CNTs, electro-

chemical methods have also been used. Thus, in the case of the PPy/SWNTs composite

[111], electropolymerizable SWNTs were synthesized by chemical binding of pyrrole

alcohol to oxidized nanotubes via ester formation, or functionalized by noncovalent

interactions with a pyrene-pyrrole derivate. It should be noted that for CP/SWNT compo-

sites, pretreatment resulting in the appearance of COOH groups on the nanotube surface is
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not often used. Generally, the interaction of SWNTs with strongly oxidizing media leads to

an irreversible transformation of nanotubes, where defects and nanotube fragments of

shorter lengths, such as closed-shell fullerenes, appear as final reaction products [25].

This has resulted in the composites based on CPs and fragments of nanotubes, as reported

in Ref. [25]. Inhibition of this irreversible transformation was reported to occur by the

reaction of aromatic monomers such as aniline [25] or N-vinyl carbazole [33] with CNTs,

where the formation of charge-transfer complexes between the two constitutents was

demonstrated by Raman spectroscopy. Despite the fact that SWNTs exhibit complicated

spectroelectrochemical behavior in aqueous and nonaqueous acid solutions that is depen-

dent on the sweep potential range, the interaction of SWNTs with HCl or HF is more

attractive, because the covalent attachement of F or Cl atoms onto the nanotube surface

takes place without their shortening [112,113].

Four methods have been used for the grafting of polymers onto CNTs : (i) the ‘grafting-

onto’ method involves the termination of growing polymer radicals, cations, or anions,

formed during the polymerization of different monomers initiated by conventional initia-

tors in the presence of CNTs, or the deactivation of living polymer chain ends with

functional groups on these surfaces; (ii) in the case of the ‘polymer-reaction’ method,

the polymers are grafted onto CNTs by reactions of the surface with functional groups of

polymers, such as hydroxyl, carboxyl, and amino groups; (iii) the ‘grafting-from’ method

involves the initiation of graft polymerization of various monomers from radical and ionic

initiating groups previously introduced onto the CNT surface; and (iv) the ‘stepwise-

growth’ method uses grafted polymer chains grown from surface functional groups on

CNTs by repeated reaction with low-molecular-weight compounds [114]. For the CP/CNT

composites, a significant role is played by the first method. In the following, we note some

examples. Wu et al. [115] reported the grafting of PVK and poly(butadiene) onto SWNTs

by nucleophilic reaction of polymeric carbanions generated from organometallic reac-

tents, such as sodium hydride or butyllithium. Photoinduced electron transfer was

observed in PVK-grafted SWNT systems to give large optical limiting effects [115].

Feng et al. [29] and Wu et al. [116] have reported the preparation of PANI/MWNTs

composite via in situ chemical oxidation polymerization of aniline. Grafting of PANI onto

SWNTs by electrochemical polymerization was reported by Baibarac et al. in 2004 [26] as

taking place in aqueous HCl solutions. More details concerning some aspects of the

synthesis of CP/CNT composites are given in Section 5.3.

5.2.3 Separation Techniques for Metallic and Semiconducting Carbon Nanotubes

For most electronic applications preferential growth of only metallic or only semiconduct-

ing SWNTs would be highly desirable. Li et al. have concluded from their data that the

ratio of metallic to semiconducting tubes depends on the production method, which might

indicate that chirally controlled growth could be achieved in the future [117]. However, in

practice, SWNTs are grown as a mixture of the two tube types, which makes separation

schemes inevitable. A precondition for efficient separation is that tubes are individualized

within mixture of metallic and semiconducting tubes, meaning that they do not form

bundles, as generally observed. This can be achieved by suspending SWNTs in an aqueous

surfactant solution under sonication, where bundles split up and the individualized tubes
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are then hindered from reforming bundles by the surfactant [22,118,119]. The remaining

bundles can be removed by ultracentrifugation [120]. The scheme of O’Connell et al.

involves the use of various surfactants, such as sodium benzene sulfonate [120]. The

fingerprints of surfactant-stabilized individual SWNT suspensions are sharp absorption

peaks in optical absorption spectra, in contrast to the broad bands of suspended bundles.

Furthermore, surfactant-stabilized SWNT suspensions show fluorescence in the near-

infrared region, emitted by semiconducting tubes, which is otherwise quenched by nearby

metallic tubes in bundles. It should be noted that the observation of sharp absorption and

fluorescence peaks indicates a rather large fraction of individualized SWNTs in the

suspension. Nevertheless, it is not sensitive enough to exclude the presence of a small

fraction of bundles, information which can be given by atomic force microscopy or

transmission electron microscopy after transferring the tubes onto a surface.

The main separation techniques are: (i) separation via dielectrophoresis; (ii) chemical

selectivity for metallic tubes; (iii) selection via ion-exchange chromatography; and (iv)

selective destabilization of the tube suspension. Separating metallic from semiconducting

SWNTs, starting from individual tube suspensions, was first achieved via alternating

current dielectrophoresis [24]. This physical method makes use of the different polaris-

abilities of metallic SWNTs and semiconducting SWNTs induced by an electrical field.

Theoretically, it is expected that the dielectric constant of semiconducting SWNTs is of the

order of 5e0 compared to 80e0 for aqueous surfactant solution. For metallic SWNTs the

dielectric constant should be at least of the order of 1000e0. The dielectric constant of

semiconducting SWNTs and metallic SWNTs being smaller and larger than that of water

gives access to separation of the two tube types by exposing them to a strong and

inhomogeneous electrical field. The interaction of the induced dipole moment with the

inhomogeneous external field leads to displacement of the metallic SWNTs towards the

high-field region, whereas the semiconducting SWNTs move in the opposite direction

towards the low-field region [24].

Chemical separation of metallic SWNTs from semiconducting SWNT would be more

scalable. In this sense, M. Strano et al. reported that diazonium reagents, under carefully

controlled conditions, primarily react with metallic SWNTs [121]. Confirmation of the

selective reaction is given by optical absorption spectroscopy, where the absorption peaks

associated with metallic SWNTs initially decay following addition of the diazonium

reagents. Further confirmation is given by the evolution of the Raman spectra with

increasing diazonium agent concentration, which shows that small metallic SWNTs are

the most reactive species.

A selective electrochemical modification of metallic SWNTs that have been wired to

electrodes on a surface, has been achieved by Balasubramanian et al. [122]. The authors

used, similarly to Strano et al., a diazonium agent to functionalize metallic SWNTs. Here,

the reaction is driven by an electrical potential applied between electrodes in contact with

tubes and a counter-electrode. The authors found conditions in which primarily metallic

SWNTs react, once the semiconducting SWNTs are driven into the nonconducting state by

an appropriate gate voltage. An experimental verification of the selective modification is

given by transport measurements in which the signature of metallic SWNTs disappears

after treatment.

Another chemical approach is to separate SWNTs by anion-exchange chromatography.

M. Zheng et al. found out that single-stranded DNA interacts strongly with SWNTs to
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form a stable DNA–SWNT hybrid material that effectively disperses SWNTs in aqueous

solution under sonication [123]. Such DNA–SWNT suspensions do show similar sharp

optical absorption peaks and photoluminescence to surfactant-stabilized individual tube

suspensions. Since the phosphate groups on a DNA–SWNT hybrid material provide

negative charge density on the surface of CNTs, the authors anticipated that a DNA–

metallic-SWNT hybrid will have less surface charge than a DNA–semiconducting-SWNT

hybrid due to charge screening by metallic SWNTs. To take advantage of this difference

for SWNT separation, an ion-exchange liquid chromatography experiment was performed,

where the difference in surface charge was expected to modify the interaction of the hybrid

with the resin and hence the propagation speed through the column.

More recently, the authors conducted a systematic study of whether the formation of

the DNA–SWNT hybrid material is sequence dependent [124]. The result was that DNA

sequences rich in guanine and thymidine amino acids are particularly used for the

formation of stable aqueous suspensions. These suspensions were then split up into

various fractions by anion-exchange liquid chromatography. Optical absorption spectra

revealed enrichment in metallic SWNTs in the early fractions, but complicated by

variation in diameter. SWNTs with a smaller diameter pass the column faster than

SWNTs with a large diameter. Recently, the group of M. Strano et al. performed an

extensive analysis on the very same samples combining photoluminescence and Raman

spectroscopy [125]. The result was that separation of the suspensions by anion-exchange

liquid chromatography is primarily according to the diameter of the SWNTs, independent of

the metallic or semiconducting nature of the SWNTs. The results show that ion-exchange

chromatography allows the separation of DNA–SWNT hybrids at least according to their

diameter.

The separation of metallic and semiconducting SWNTs cannot be achieved if bundles

are of a heterogeneous composition. However, for small bundles, some degree of enrich-

ment is possible. For instance, Chattopadhyay et al. reported an increase in solubility of

semiconducting SWNTs when these were dispersed with ocatadecylamine (ODA) in

tetrahydrofuran (THF) [126]. The authors assume that ODA is physically absorbed

along the SWNT side walls, with the amino group having a stronger affinity for semi-

conducting SWNTs than metallic SWNTs, thereby providing additional stability to the

physisorbed ODA. In contrast, metallic SWNTs are more likely to precipitate.

Recently, a quantitative analysis of the Raman spectra of such samples, carried out by G.

Samsonidze et al., revealed that the separation efficiency is complicated by variations in

the tube diameter [127]. In particular, poor enrichment is observed for large-diameter

tubes, becoming more efficient towards smaller tube diameters. The origin of this diameter

dependence on the enrichment is not yet understood, but the authors point to electronic

amine–SWNT interactions or curvature-induced stabilization.

In another work, Z. Chen et al. have added dropwise diluted bromine to Triton X-100

suspended SWNTs and SWNT bundles and observed sedimentation of tube material

enriched in metallic SWNTs [128]. No enrichment was observed for experiments using

sodium dodecyl sulfonate as surfactant. The authors take this experimental fact as evi-

dence that the enrichment mechanism involves bromine-induced destabilization of the

Triton X-100 surfactant shell, with greater specificity for metallic SWNTs.

By correlated studies of resonant Raman scattering, including the SERS technique and

UV–VIS–NIR absorption spectroscopic measurements, the dispersion of SWNTs as
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isolated entities was performed using sodium dodecyl sulfate (SDS), polyvinylpyrrolidone

(PVP), and cetyl trimethyl ammonium bromide (CTMAB) solutions as chemical disper-

sing agents [129]. After intense ultrasonication treatment of the SWNTs suspended in

surfactant solutions, the G band profile changes, and only the sharp Gþ component, located

at 1592 cm�1 with a full-width at half-maximum (FWHM) of 8–10 cm�1, remains. The

sharpening of the G band, which corroborated with the Iisolated/Ibundled ratio changes in the

RBM region, gives the signature of isolated nanotubes.

Additionally, UV–VIS–NIR absorption spectra show that the electronic transitions

associated with different individual nanotubes reveal the isolation state by the appearance

of a fine structure in the absorption band, associated with E11
S and E22

S transitions [129].

5.2.4 Vibrational Properties of Carbon Nanotubes

For SWNTs, it is well known that, regardless of the synthesis method, microscopic studies

have revealed that samples consist of bundles of 20–100 individual nanotubes aligned in a

two-dimensional crystal-packing arrangement over essentially their entire length [38,39].

Bundles, also known as nanoropes, contain both metallic and semiconducting tubes. The

coexistence of the two types of CNTs, metallic and semiconducting, for which Raman

spectra differ as a function of excitation wavelength, offers the opportunity of studying

bundles and individual nanotubes, but also their transformation. According to the first

vibrational calculations regarding the Raman active modes in SWNTs, three spectral

ranges are significant, i.e. 100–350, 1000–1700 and 1700–3000 cm–1 [130]. Raman

spectra of SWNTs at different excitations of 1064, 676.4 and 514.5 nm are shown in

Figure 5.3. In the first range, one finds the Raman bands associated with the radial

breathing modes (RBM), which do not exist in graphite. Their peak position is related to

the tube diameter according to a relation of the type n (cm�1)¼ 223.75/d (nm) [131].

Bands belonging to this group are very sensitive to the excitation wavelength. The

intensity of each band is enhanced when the photon energy of the excitation radiation

corresponds to a transition between the van Hove singularities (Eii) in the valence and

conduction bands of all possible nanotubes [132]. According to the theory, the two

strongest bands at 164 and 176 cm�1, observed for excitation wavelengths of 1064 and

676 nm, indicate that the resonance occurs over a narrow range of diameters around 1.36

and 1.27 nm, respectively [133]. Often, at an excitation wavelength of 1064 nm, the shoulder

at about 178 cm�1 is indicative of bundled tubes whose diameter can be estimated from the

RBM frequency by several expressions, one of these being O (cm�1)¼ 223.75(nm.cm�1) /

d (nm)þDO (cm�1), whereDO¼14 cm�1denotes the up-shift due to tube–tube interactions

[134,135]. The second group, consisting of G and D bands, covers the interval from 1000 to

1700 cm�1. These bands are not only related to the nanotube structure: the former, peaking at

about 1595 cm�1, usually called the ‘G’ band, is complex and attributed to tangential

vibration modes (TM) [135]. Recent data describe the G band as being formed of two

components denoted Gþ and G–, which in the case of the metallic SWNTs are attributed to

the transversal optic (TO) circumferential and longitudinal optic (LO) axial vibrational

modes, respectively [136]. The ‘D’ band, whose peak position varies with the excitation

wavelength, is normally not active in the first-order Raman spectra of graphitic compounds.

It originates from a double-resonance process induced by disorder or defects [137]. Another
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group, located in the high-wavenumber range from 1700 to 3500 cm�1, corresponds to the

second-order Raman spectrum. The most intense bands are those detected at approximately

twice the wavenumbers of the D and G bands. Like their first-order counterparts, they behave

resonantly when the excitation wavelength is changed.

In comparison with SWNTs, DWNTs show some RBM bands in the low-frequency

170–350 cm�1 region due to the inner wall tube breathing modes, and bands below 170 cm�1

due to the outer tubes [138]. J.M.Benoit et al. have presented a detailed low-frequency

Raman study of arc-discharge MWNTs. A comprehensive simulation of the Raman

spectrum shows that the low-frequency spectrum of MWNTs is very sensitive to their

internal diameter [139].
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The first vibrational calculations concerning the IR active modes in SWNTs reported

that the main absorption bands are localized at ca. 682, 806, 854, 956, 1033, 1095–1164,

1262, 1443, 1541, 1585, and 1730 cm�1 and were all assigned [140]. According to the

authors knowledge, until now, additional IR vibrations modes for the DWNTs and

MWNTs have not been reported.

5.3 Synthesis of Composites Based on Conducting Polymers
and Carbon Nanotubes

Many efforts have been made to combine CPs and CNTs in producing functional

composite materials with improved properties able to be used in different applications

in the field of supercapacitors, sensors, photovoltaic cells and photodiodes, optical

limiting devices, solar cells, high-resolution printable conductor, electromagnetic absor-

bers, and advanced transistors. A detailed inspection of the literature devoted to compo-

sites based on CPs and CNTs shows that, depending on the synthesis method, different

interface reactions between the two constituents have been proposed. The most used

synthesis methods for the preparation of CP/CNT composites have been: (i) direct

mixing of the CPs with CNTs; (ii) chemical polymerization of the corresponding

monomer in the presence of CNTs; and (iii) electrochemical synthesis of CPs on a

CNT electrode. The three routes have been supposed to give similar compounds.

However, it has been shown recently that, for example, in the case of the PANI/SWNT

composite, the first two routes, namely the direct mixing of CNTs with CP solution and

the chemical polymerization of monomers in the presence of CNTs, lead to different

materials [25]. While the former route does not affect drastically the CNTs, as SWNTs,

the latter leads to a breaking of SWNTs into small fragments when the polymerization of

monomers is carried out in an oxidizing medium such as K2Cr2O7 and H2SO4 [25,26].

Thus, in the case of the chemical polymerization of aniline, one obtains both PANI doped

with CNT fragments and CNT fragments covalently functionalized with PANI. Taking

into account this example, a better understanding of the interaction of CNTs with the

oxidizing medium and the monomer, respectively, is needed. Until now, different types

of composites have been reported, such as blends, depositions of polymer onto CNTs,

CPs doped with CNTs, and CNTs covalently functionalized with CPs. In the last two

cases, i.e. when the polymer functionalizes CNTs [7,9,141] and when CPs are doped with

CNTs, charge transfer is thought to occur between the two constituents [10,25,27–31]. In

addition, in some cases, depending on the synthesis method, a covalent functionalization

of CNTs with CPs has also been reported (for example [25,32]). An analysis of the

literature devoted to CP/CNT composites indicates that: (i) direct mixing of CPs with

CNTs is often reported to produce composites of CNTs noncovalently functionalized

with CPs and/or CPs doped with CNTs; (ii) chemical polymerization of monomer in the

presence of CNTs results in CNTs covalently functionlized with CPs and/or CPs doped

with CNTs; and (iii) electrochemical synthesis of CPs on a CNT electrode leads to

bilayer structures or CNTs covalently functionalized with CPs. The homogeneity of

composite materials is a significant parameter in the applications field. In this context,

we note that a good CP/CNT interface is not achieved when composites with a bilayer
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structure are obtained. A review of the main synthesis routes of the CP/CNT composites

is shown below for the each material type.

5.3.1 Polyaniline/Carbon Nanotubes

PANI/CNT composites were first prepared in 1999 [142] and since then have been the

subject of intensive research and considerable progress has been made in their synthesis.

Some examples include PANI/MWNT composites, prepared by the chemical oxidation of

aniline in acidic aqueous environments with an oxidizing agent such as ammonium

persulfate, that exhibit site-selective interactions between the quinoid ring of the repeating

units of PANI emeraldine salt and MWNTs [143], a coaxial nanowire of a PANI/MWNT

composite prepared by electrochemical oxidation of aniline on a CNT electrode [144], and

a PANI/MWNT composite with high electrocatalytic activity for formic acid oxidation,

synthesized by microemulsion polymerization of aniline in the presence of CNTs

[145,146]. The first studies concerning the synthesis of PANI/SWNT composites are

from 2003 [28,147,112]. In the case of SWNTs, different compounds are obtained

depending on the synthesis route and reactive agents used. Thus, in the case of the

chemical polymerization of aniline in the presence of SWNTs, PANI doped with CNT

fragments are obtained as a result of the breaking of the SWNTs into small fragments when

the oxidizing agent is K2Cr2O7 and H2SO4. We note that, although the same concentration

of monomer and oxidizing agent are used for the preparation of the PANI/SWNT compo-

site and the PANI polymer, a greater reaction yield is observed in the first case. Baibarac et

al. [25] explained this experimental fact by considering that the polymerization of aniline

is controlled by the relationship between the monomer and the oxidizing agent defined by

the K parameter [148], K¼ (2.5nan)/(noxne), in which nan and nox are the number of moles

of aniline and oxidizing agent, respectively; ne is the number of electrons necessary to

oxidize one molecule of aniline to polyemeraldine. By decreasing the K parameter value,

one increases the polymerization reaction yield [149] and this can be achieved either by

increasing the concentration of the oxidizing agent in relation to the monomer concentra-

tion or by reducing the aniline concentration with regard to the concentration of oxidizing

agent. A reduction of the aniline concentration can take place as a result of the interaction

of the CNTs with both aniline and anilinium bisulfate. In the first case, a charge-transfer

complex is obtained, while in the second case, association of the CNTs is initiated with

aniline as a binding agent. The organic compound obtained from this last interaction is a

tertiary amine, which, as well as triphenylamine, needs a different chemical polymeriza-

tion procedure [150]. In comparison with the chemical polymerization of aniline in the

presence of CNTs, composites of polymer-functionalized SWNTs having PANI in the

leucoemeraldine base (LB) state are also obtained by the direct mixing route [25].

Another route for the preparation of composites based on PANI and SWNTs is electro-

chemical synthesis [26,30,144]. A common method for the electrochemical polymerization

of aniline is cyclic voltammetry. The aqueous acidic medium frequently used is HCl or

H2SO4. It is well known that cyclic voltammograms of polyaniline recorded in aqueous

acidic media usually show two redox couples associated with the interconversion between

leucoemeraldine and emeraldine (first couple) and between emeraldine and pernigraniline

(the second couple) [151]. At the potential of the second oxidation peak, PANI is unstable in
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aqueous solution and undergoes degradation of a hydrolytic nature [152]. SWNTs exhibit a

complicated spectroelectrochemical behavior because, depending on the potential and the

electrolyte used, they can exist as a variety of particles, in the reduced or oxidized state, and

as neutral fragments, like closed-shell fullerenes, which distinctly differ in their spectral

features [153,154]. Recently, Raman studies on the electrochemical oxidation of SWNTs in

H2SO4 solution have shown the presence of both H2SO4 molecules and HSO4
– ions in the

interstitial channels between the tubes, an up-shift in the tangential G-band of 320 cm�1 per

hole per C atom for semiconducting SWNTs [155], as well as other significant modifications

in the main vibrational features of SWNT bundles, depending on the applied oxidation

potential [153]. For an oxidation potential ofþ 600 mV vs. SCE applied to an SWNT film

immersed in H2SO4 solution, a strong decrease in the asymmetric profile of the G band is

also reported [153,154]. In an early paper, S. Lefrant et al. showed that the oxidoreduction

process of SWNTs, deposited on Au support, carried out in H2SO4 solution in potential

ranges larger than (0;þ500) mV, is not reversible [154]. This nonreversibility is due on the

one hand to the formation of a salt of the hydrogen sulfate type, similar to that resulting from

the graphite–sulfuric acid interaction, and on the other hand to the breaking of SWNTs,

which leads to the formation of CNT fragments of different sizes, both in the neutral and the

charged state, the latter appearing as cation and anion radicals [154]. As a result of this

behavior, CNT-fragment-doped PANI is obtained by the electrochemical polymerization of

aniline on an SWNT film using an aqueous H2SO4 solution.

In the field of CP/CNT composites, a basic post-treatment, is often used to make the

difference between a molecular structure which involves a doping or a functionalization

process, and a blend or a bilayer structure. In the case of CNT-fragment-doped PANI,

NH4OH post-treatment leads to a partial dedopage of the CP. The FTIR spectra of these

composites display a band at ca. 1144 cm�1 that grows with increasing cycle number for

SWNT film in a solution of aniline and H2SO4. It indicates charge transfer between the CP

and the CNT fragments. With the use of an acidic medium, such as an HCl solution, the

electrochemical polymerization of aniline on SWNT film leads to a covalent functionali-

zation of CNTs with CPs. According to Ref. [26], PANI-leucoemeraldine salt (LS)-

functionalized SWNTs and PANI-emeraldine salt (ES)-functionalized SWNTs are

obtained. The NH4OH post-treatment on PANI-(LS or ES)-functionalized SWNTs

involves an internal redox reaction between PANI-EB and SWNTs, which transforms

the polymer chain from a semioxidized state into a reduced one.

In 2005, composite fibers consisting of a PANI host reinforced by CNTs were reported

by V. Mottaghitablab et al. [156]. The preparation of highly dispersed CNTs in the PANI

solution and the control of the nature of the PANI/CNT interface reaction ensuring both the

charge transport and the transfer of mechanical load are developed in Ref. [156]. Size-

distribution studies demonstrated that the quality of the dispersion could be improved by

the addition of PANI to CNTs in dimethyl propylene urea. In the same year, Guo et al.

refluxed MWNTs in aniline to obtain a good dispersion followed by electropolymerization

of aniline leading to PANI/MWNT composites [157]. This synthesis method allows the

monomer to interact with the CNT surface producing an enclosed nanotube wrapped and

stabilized by PANI. In 2006, R.Sainz et al. reported PANI/MWNT composites prepared by

in situ chemical polymerization, with a ‘compact coil’ conformation in DMSO and

‘extended coil’ conformation in m-cresol [158]. T.M. Wu et al. proposed that the chemical

functionalization of CNTs results from an increase in the interface binding between

226 Nanostructured Conductive Polymers



MWNTs and PANI [159]. When the functionalized CNTs are dispersed in an organic

solvent and water [160,161], an improvement in the dispersion and homogeneity of the

MWNTs within the polymer matrix is observed. Consequently, if the as-prepared MWNTs

are treated with a 3:1 mixture of concentrated H2SO4:HNO3 [161], one produces car-

boxylic acid groups at the defect sites (abbreviated as c-MWNTs), which in turn improve

the solubility of the c-MWNTs in HCl solution. T.M. Wu et al. proposed that conversion of

the carboxylic acid groups into acylchloride groups (abbreviated as a-MWNTs) takes

place in the presence of SOCl2 [162,163]. In the final stage, MWNTs that contain

carboxylic acid and acylchloride groups are used as a core in the formation of tubular

shells of PANI-ES/c-MWNT and PANI-ES/a-MWNT composites.

In order to obtain PANI/MWNTs, Ginic-Markovic et al. initiated the emulsion poly-

merization ultrasonically [164]. Other synthesis techniques have been reported by: (i) Ma

et al. who produced a PANI/SWMT nanocomposite by in situ polymerization of 3-amino-

phenylboronic acid monomers in the presence of DNA-functionalized SWNTs [165]; (ii)

Ramamurthy et al. who reported the introduction of SWNTs and MWNTs into a PANI

matrix using a solution-mixing technique and used a specific gravimetric measurement to

illustrate the degree of CNT dispersion [166]; and (iii) E. Zelikman et al. who prepared

nanocomposites consisting of MWNTs dispersed in PANI doped with DBSA as the matrix

[167]. In this case, MWNTs were dispersed in a water/DBSA solution by ultrasonication

and then mixed either with PANI, or with aniline followed by polymerization. In light of

the rheological data of the MWNT/PANI/DBSA dispersions, it was suggested that CNTs

act as PANI interparticle bridges.

Depending on the application type, the main composites result from three synthesis

methods, i.e. mixing of the two constituents, and chemical and electrochemical polymer-

ization, and are summarized in Table 5.1.

Table 5.1 Composites based on PANI and CNTs

CNTs Synthesis
method

Synthesis medium Composites

SWNTs Mixing of PANI
and CNTs

Organic solvents such as
N-methyl
pyrroli dinone

PANI doped with large CNT
fragments and CNTs covalently
functionalized with PANI

SWNTs Chemical
polymerization

Aniline, acide (HCl,
H2SO4) , K2Cr2O7

PANI doped with small CNT
fragments, closed-shell C60

SWNTs Electrochemical
polymerization

AnilineþH2SO4

AnilineþHCl
PANI doped with small CNT
fragments, closed-shell C60

PANI covalent functionalized CNTs

MWNTs Mixing of PANI
and CNs

Organic solvents of PANI PANI doped with MWNTs

MWNTs Chemical
polymerization

AnilineþHClþ(NH4)2S2O8 PANI doped with MWNTs

MWNTs Electrochemical
polymerization

AnilineþHCl Coaxial wire of PANI and MWNTs
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5.3.2 Polypyrrole/Carbon Nanotubes

Since 2002, a variety of methods for producing composites based on PPy and CNTs have

been reported [168–170]. The most used have been the chemical and electrochemical

polymerization of pyrrole in the presence of CNTs. In the context of the first technique,

MWNTs have been incorporated into PPy matrices by the functionalization of nanotubes,

consisting of the oxidation of nanotube side walls by the bonding of carboxylic acid

groups, dispersion of nanotubes in pyrrole monomer mixtures, and subsequent electro-

polymerization [171] or enzyme-initiated polymerization [172]. Other methods that

should be mentioned are polymerizations initialized in situ using radicals [173,174],

anionic polymerization following the formation of CNT-polyanions when an alkyl lithium

is used [110], and the covalent attachment of functional polymers to carboxylic acid

groups of oxidized CNTs [175]. In 2004, using an in situ chemical oxidative polymeriza-

tion method, Long et al. synthesized PPy/CNT nanocables [176]. Additional data have

been reported by X. Zhang et al. for the preparation of size-controlled nanocables by in situ

chemical oxidative polymerization in the presence of a cetyl trimethyl ammonium bro-

mide (CTAB) cationic surfactant or polyethylene glycol mono-p-nonphenyl ether (PGME)

as a nonionic surfactant [177]. Thus, when CNTs are dispersed in a solution containing a

certain concentration of CTAB or PGME, the surfactant molecules are adsorbed and

arranged regularly on the CNT surface. Addition of pyrrole takes place by an adsorption

process at the surface of CNTs and/or wedged between the arranged CTAB or PGME

molecules. As a result of adding ammonium persulfate, pyrrole is polymerized in situ on

the surface of the CNTs (core layer) and ultimately forms the outer shell of the nanocables.

Addional information concerning the in situ chemical polymerization of pyrrole on CNTs

using ferric chloride as an oxidant has been reported by N.G. Sahoo et al. [178]. By

changing the pyrrole/MWNT mass ratio, control of the layer thickness of PPy in a PPy/

MWNT composite was demonstrated by Raman and FTIR spectroscopy [178]. In 2007,

M.R. Karim et al. reported a new route for the synthesis of a PPy/MWNT composite by a

gamma-radiation-induced in situ chemical polymerization method [179]. In 2009, the

interfacial polymerization of pyrrole was applied in the synthesis of composite materials

with MWNTs [180]. The polymerization of pyrrole was performed at the interface of two

immiscible solvents in the presence of CNTs incorporated in various submicron assembled

structures. The main advantage of interfacial polymerization in the synthesis of nanocom-

posite materials is the very low reaction rate, which enables controlled entrapment of

nanostructures, CNTs in this case, metallic nanoparticles, and quantum dots, and, subse-

quently, their better dispersion in the polymer matrix [180].

Electrochemical polymerization of pyrrole on an SWNT electrode using an aqueous

HCl 0.5 M solution as electrolyte, resulted in deposition of a PPy film onto the SWNT

layer leading to a composite with a bilayer structure, as demonstrated by Raman spectro-

scopy [112]. A new method was developed by S. Cosner et al. in 2008 [111]; SWNTs were

functionalized by electropolymerizable pyrrole groups following covalent and noncova-

lent strategies. The covalent pyrrole grafting was carried out by ester formation between

pyrrole alcohol and chemically oxidized SWNTs. The strong p-interactions between

pyrene and SWNTs were exploited for the noncovalent adsorption of a new pyrene-pyrrole

derivative on the pristine CNT surface. The pyrrole-ester-SWNTs were solubilized in THF

and electropolymerized by controlled potential electrolysis at 0.95 V. The PPy/SWNT
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composites thus obtained were shown to be promising candidates for sensor devices due to

their highly specific surface [111].

To summarize these data : (i) both chemical and electrochemical polymerization of

pyrrole in the presence of nongrafting CNTs results in bilayer-type composites and (ii) the

appearance of an active site on the CNT surface plays a significant role in covalent

functionalization of CNTs with PPy.

5.3.3 Poly(3,4-ethylenedioxythiophene)/Carbon Nanotubes

New composite PEDOT/CNT materials were prepared by chemical or electrochemical

polymerization of 3,4-ethylene dioxythiophene (EDOT) directly on CNTs or from an

homogeneous mixture of PEDOT and CNTs in 2004 [181]. Despite of the number of

applications envisaged for PEDOT/CNT composites, few articles are devoted to the mole-

cular structures of these materials. Covalent functionalization of SWNTs with PEDOT has

been reported in: (i) the electropolymerization of EDOT on a SWNT film, where a benzyl

dimethyl hexadecyl ammonium chloride electrolyte was used [182] and (ii) the chemical

polymerization of EDOT in the presence SWNTs and FeCl3 [183]. In the case of the

chemical polymerization of EDOT in the presence of CNTs, a chemical interaction of

SWNTs with FeCl3 involving a doping reaction accompanied by a cointercalation process,

was shown by I. Baltog et al. [183]. Differences were noted between composites based on

CPs of the poly(3,4-ethylenedioxytiophene)/polystyrene sulfonate (PEDOT/PSS) type and

CNTs. Simple mixing of pristine SWNTs or DWNTs with PEDOT/PSS resulted in a partial

doping process [184,185]. Until 2006, all synthesis routes reported for the PEDOT/CNT

composite preparation were based on the direct functionalization of CNTs with CPs. In 2008,

a new route was proposed by H.T. Ham et al. for the synthesis of PEDOT/PSS/CNT

composites [186]. Three types of surface-modified SWNTs were obtained: (i) labeled

carboxylated SWNTs, obtained by the reaction of nitric acid and CNTs with carboxylic

acid groups attached on the surface; (ii) 1-pyrenebutyric-acid-wrapped SWNTs; and

(iii) 1-pyrenebutyric acid lithium-salt-wrapped SWNTs [186]. The surface modifiers influ-

enced the dispersion state of CNTs which in turn were influenced by the surface aggregate

concentrations. Thus, in the polymer matrix, there was a lower aggregate concentration for

the carboxylated SWNTs than for the other surface-modified SWNTs [186].

At present, it can be concluded from the data reported in literature that: (i) chemical and

electrochemical polymerization of EDOT in the presence of CNTs results in covalent

functionalization of the tube wall and (ii) the mixing of CNTs with PEDOT-type polymers

involves a partial doping process.

5.3.4 Poly(2,20-bithiophene)/Carbon Nanotubes

The literature devoted to PBTh/CNT composites reveals only four published articles.

Three of them deal with the electrochemical properties [187,188] and the use of this

composite material in the fabrication of photovoltaic devices with a high open-circuit

voltage [189]. The last article, dated 2009, is devoted to the molecular structure of the

composite resulting from the electrochemical polymerization of 2,20-bithiophene on
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SWNTs in the presence of TBABF4 [190]. It is shown that: (i) the electrochemical

polymerization of BTh on SWNT films leads to the formation of two reaction products,

doped PBTh-functionalized SWNTs and undoped PBTh-functionalized SWNTs; and

(ii) the functionalization process of SWNTs with PBTh involves the formation of new

covalent C–S bonds between the two constituents, which induce steric hindrance effects in

macromolecular chains [190].

5.3.5 Poly(N-vinylcarbazole)/Carbon Nanotubes

Recently, increased attention has been devoted to poly(N-vinylcarbazole)/carbon nano-

tube (PVK/CNT) composites [115,191–198], due to a number of interesting physical and

chemical properties, such as optical limiting performance [192,198], a good photocon-

ductivity [115,198], potential use as an active material in rechargeable batteries and

supercapacitors [194,195], the fabrication of light-emitting devices based on PVK/

SWNT composites [196], and the use of MWNTs as a mechanical reinforcement agent

in PVK [198]. For PVK/CNT composites, three synthesis methods have been reported so

far: (i) direct mixing of the polymer with CNTs in chloroform; (ii) chemical polymerization

of the monomer in the presence of CNTs and butyl lithium; and (iii) electropolymerization

of N-vinylcarbazole (VK) on a CNT film via cyclic voltammetry in LiClO4/acetonitrile

solution [115,191–197].

The first method leads to the wrapping of the CNTs with PVK [191], in other words to

noncovalent functionalization. By chemical and electrochemical polymerization of VK in

the presence of CNTs, the covalent functionalization of nanotubes with PVK in the

undoped [33] and the doped state [194,195], respectively, is produced. Two ways have

been reported for the chemical polymerization of VK in the presence of CNTs: the bulk

method [33] and synthesis via direct free-radical reaction [199].

The bulk polymerization reaction of VK at 70 �C in the presence of SWNTs leads to the

covalent functionalization of CNTs with PVK in an undoped state [33]. The mechanism

proposed for the bulk polymerization of VK in the presence of SWNTs involves in two

steps: an addition reaction between SWNTs and VK followed by the polymerization

reaction. Thus, one obtains a PVK/SWNT composite in which the polymer is in an

undoped state. A year later [200], homogeneous wrapping of the outer surface of CNTs

by a PVK chain was observed in the case of PVK/MWNT composites. For PVK/SWNT

composites, a dense and robust network of very long and highly entangled CNTs has been

shown. This originates in the different degree of surface reactivity between SWNTs and

MWNTs. It is well known how difficult it is to obtain good dispersion of SWNTs in the

polymer matrix, due to their high tendency to agglomerate into thick ropes or bundles and

their inherent insolubility in most solvents. When a mixture of VK and SWNTs is heated

above the melting point of VK, the melted VK monomers are first inserted into the SWNT

bundles and the polymerization starts from the SWNT surface. The separation of some

tubes from the bundles and the formation of network structures occurs during the pre-

cipitation of PVK onto the SWNT bundles in methanol solution. In the case of PVK/

SWNT composites, some PVK is grafted onto the SWNT surface. This may be due to the

very high degree of activation of the SWNT surface, which promotes VK polymerization,

and is actually related to the huge surface area of individual SWNTs.
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In comparison with bulk polymerization, for the free radical reaction of VK in the presence

CNTs, PVK was reacted directly with MWNTs at 70 �C in DCB with azo-bis-izobutyronitrile

(AIBN) as the radical initiator [199]. After purification, deep-grey products, which can be

dissolved in common solvents such as chloroform and 1,2-dichlorobenzene (DCB), were

obtained. Itwasconfirmed thatPVKwasgraftedontothesurfaceofCNTsbyFTIRandRaman

spectroscopy, CPS, TGA, TEM, and UV-VIS spectra [199].

The electrochemical polymerization of PVK in LiClO4/acetonitrile solution on an

SWNT electrode was studied by cyclic voltammetry [194,195]. The mechanism of the

electropolymerization reaction of VK on the SWNT film was characterized by three

stages, chemical–electrochemical–chemical [194]. The main difference between

the mechanism of electropolymerization of VK on a Pt electrode only, and an electrode

covered with a SWNT film consists in the fact that during the first stage, the formation of a

charge-transfer complex results in the formation of VK radical cations and the SWNT

radical anions.

From these results, it can be seen that the direct mixing of PVK with CNTs results in

PVK noncovalently functionalized CNTs, while chemical and electrochemical polymer-

ization lead to covalent functionalization of CNTs with PVK in the undoped and doped

states, respectively.

5.3.6 Polyfluorenes/Carbon Nanotubes

In the last two years, special attention has been given to polyfluorene/carbon nanotube (PF/

CNT) composites from both the point of view of basic research and of applications. Until

now the main applications of PF/CNT composites have been focused on nonvolatile plastic

memory devices and field-effect transistors [200,201]. Two synthesis routes have been

used at the present time: mixing two constituents [202] and chemical polymerization

[203]. In the first case, i.e. CNT powders, using poly-9,9-di-n-octyl-fluorenyl-2,7-diyl

(PFO) as an extracting agent in toluene, selective extraction of semiconducting SWNTs,

without detectable traces of metallic SWNTs and impurities was reported [202]. G. Xu

et al. reported functionalization of MWNTs with 7-bromo-9,9-dioctylfluorene-2-carbal-

dehyde by using 1,3-dipolar cycloaddition of azomethine to introduce bromo functional

groups on the surface of MWNTs [203]. These bromo functional groups could be modified

by Suzuki polycondensation to afford PF-functionalized MWNTs with a cable-like struc-

ture [203]. The covalent functionalization of MWNTs with PF is promising for new

applications in the photovoltaic field.

5.3.7 Poly(p-phenylene) Vinylene/Carbon Nanotubes

As mentioned before, the incorporation of carbon nanotubes in conjugated polymers can

lead to improved properties of such composites, one of them being great enhancement of

the transport characteristics, which is of primary importance in organic light-emitting

diodes (OLEDs) for example. Due to their solubility, which allows easy

preparation, composites based on PPV (poly(phenylene vinylene)) derivatives have

been extensively studied. Detailed investigation of PmPV (poly(m-phenylene
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vinylene-co-2,5-dioctyloxy-p-phenylene vinylene)) has been performed by different spec-

troscopic techniques, showing that the interaction between the two constituents leads to a

significant reduction in the electron delocalization, as well as less freedom of movement

for the polymer. This is a consequence of a structured wrapping of the polymer onto the

nanotube lattice, and a signature of strong noncovalent binding [204,205]. Another method

of preparation of composites based on SWNTs and PPV was reported by S. Lefrant’s group

[206,207]. The materials were prepared by mixing SWNTs at different weight concentra-

tions in the soluble sulfonium polyelectrolyte precursor of PPV, with sonication. The

solutions were then deposited onto quartz substrates and heated under vacuum at 300 �C to

convert the precursor into PPV. The objective of these studies was primarily to investigate

the influence of the presence of SWNTs in the precursor polymer on the optical properties

of PPV. It was demonstrated in particular that SWNTs interact with the precursor, leading

to the incomplete removal of the sulfonium salt. This was shown by a decrease in

absorbance of the main p–p* band of PPV, accompanied by a blue shift of this band. In

addition, photoluminescence spectra were strongly modified, in both intensity and shape,

with the appearance of new bands in the blue range. This was interpreted as the formation

of short conjugated segments that dominate long segments in composite materials [206,207].

Finally, we note that for composites based on PPV-type polymers and CNTs, a non-

covalent functionalization of the tube surface with CPs is systematically reported. Unlike

other composites, the PPV/CNT hybrid material can be obtained only in the thin-film form.

5.3.8 Polyacetylene/Carbon Nanotubes

A new composite based on CNTs and polyacetylene (PA) using Ziegler–Natta polymeriza-

tion of acetylene inside CNTs was reported in 2007 by J. Steinmetz et al. [208]. This

approach consists in filling nanotubes with a large variety of different organic compounds

using supercritical CO2. Supercritical CO2 exhibits a very low viscosity and surface tension,

enabling it to enter easily into opened CNTs. Thus, CNTs filled with toluene let the Ziegler–

Natta catalyst diffuse into the nanotubes, allowing removal of the catalyst outside, and

exposure to acetylene gas. Only one study has been devoted to the synthesis of PA/CNT

composites following this procedure. Briefly, the CNTs were filled with toluene using

supercritical CO2; the CNT powder and 10 ml of toluene were placed in a 30 ml high

pressure vessel equipped with a pressure gauge, a thermometer, and a magnetic stirrer. The

vessel was heated to 42–44 �C and then filled with CO2 at 105 bar. The CNTs were stirred

under these conditions for 1 h. Then the vessel was cooled down to below the critical

temperature of CO2 and the pressure was released slowly. Since the Ziegler–Natta catalyst is

sensitive to air and water, the following steps were carried out under Argon using Schlenk

techniques. The toluene-filled nanotubes were stirred overnight with the Ziegler–Natta

catalyst, and a solution of triethyl aluminum and tetrabuthyl titanate in toluene. The solution

was then filtered using a PTFE membrane with 1 mm pore size and washed several times with

dry toluene in order to remove the catalyst outside the CNTs. The CNTs were again

transferred into a Schlenk flask which was then filled with 0.5 bar of acetylene gas and

left to react overnight. The approach of using supercritical fluids to transport organic

molecules inside CNTs seems to be very promising. The inherent insolubility and infusibility

of PA coupled with its sensitivity to air imposes a barrier to the processability of the polymer.
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5.4 Vibrational Properties of Composites Based on Conducting Polymers
and Carbon Nanotubes

Concerning the vibrational properties of the CPs/CNT composites, there exists a large

range of results. Therefore we will review here only some particular cases regarding the

vibrational properties of composites based on SWNTs and polymers such as polypyrrole,

polyaniline, poly(3,4-ethylene dioxytiophene), poly(N-vinyl carbazole), and poly(p-phe-

nylene vinylene). The choice of these particular cases has been made to prove the ability of

IR spectroscopy and Raman light scattering as valuable tools to investigate the four types

of composites currently obtained from the interactions between CPs and CNTs, i.e.,

bilayers, CNTs covalently functionalized with CPs, CNTs noncovalently functionalized

with CPs, and CPs doped with CNTs.

5.4.1 Conducting Polymer/Carbon Nanotube Bilayer Structures

Generally, for blends or bilayer structures formed from CPs and CNTs, when there is no

interaction between constituents, the Raman spectrum of composites is a weight-modulated

sum of CNT and polymer spectra. This is shown in Figure 5.4, where one observes in curves

2–6 the appearance and a gradual increase in intensity of the Raman lines of PPy in the doped

state, when electrochemical polymerization of pyrrole on a SWNT film immersed in HCl 0.5

M solution has taken place [112]. The main Raman lines of doped PPy are observed at 937,

1107, 1301, 1371, 1477, and 1589 cm�1. They are attributed to the following vibrational

modes: ring deformation, the symmetrical Cb-H in-plane associated with the dication, the

Cb0-H bending, the anti-symmetrical N-Ca stretching, the skeletal band, and the Ca¼Cb

stretchingþCa¼Cb in-ringþCa-;Ca0 inter-ring stretching, respectively [209–211]. As

mentioned above, in CNT chemistry, post-treatment with NH4OH solution is often used as

a defunctionalization procedure. The proof that the electrochemical polymerization of

pyrrole on SWNTs corresponds to a successive deposition of polymer layers on nanotubes

film is obtained by post-treatment with NH4OH, when the Raman spectrum (curve 7,

Figure 5.4) again reveals bands of PPy in its undoped state. The main peaks of undoped

PPy are recorded at 923, 1040, 1215, 1310, 1403, 1496, and 1608 cm�1, being attributed to

the following vibrations modes: ring deformation, symmetrical Cb-H in-plane, Ca-Ca0

stretchingþCb-H bending, Cb-Cb0 in ringþCa-Ca0 inter-ring stretching, Ca¼N-Ca0 stretch-

ing, skeletal band, and Ca¼ Cb0 stretching [209–211].

In conclusion, one can see that the Raman features of composites of blends or bilayers

correspond to a modulated sum of the Raman spectra of the two constituents.

5.4.2 Covalently Functionalized Carbon Nanotubes with Conducting Polymers

Covalently functionalization of SWNTs with CPs is a reliable method to produce soluble

materials containing such nanoparticles. The following three composites: (i) PANI/CNTs;

(ii) PEDOT/CNTs; and (iii) PVK/CNTs, are discussed in this section. In the first two cases

the covalent functionalization involves covalent bonding of macromolecular chains both
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chemically and electrochemically, which results in an additional roping of CNTs [25,26].

In the third case covalent attachment of two or more macromolecular chains to the CNTs

takes place and a ‘flagellene’-type molecular structure, which favors the breaking of the

CNT bundle into individual tubes, is obtained [33,56].

As was mentioned above, in 2007, it was shown that SWNT covalently functionalized

with a polymer may be obtained by a bulk polymerization [33]. The reaction mechanisms

that occur in the polymerization processes can be understood by Raman light scattering

and FTIR spectroscopic studies, which prove the functionalization of CNTs both with

monomers (e.g. N-vinyl carbazole (VK)) and polymer molecules (e.g. PVK) [33].
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Figure 5.4 Raman spectra ( lexc¼ 1064 nm) of PPY/SWNT composites obtained by electro-
polymerization of pyrrole on a SWNT film in HCl 0.5 M. Curve 1 corresponds to the SWNT film
Raman spectrum. Curves 2–6 show the evolution of the Raman spectrum after 6, 12, 25, 50,
and 100 cycles, respectively, carried out in the potential range (þ100;þ800) mV vs. SCE with a
sweep rate of 100 mV s�1. Curve 7 corresponds to the composites described by curve 6 after
interaction with NH4OH 1 M solution. (Reprinted with permission from Diamond and Related
Materials, Electrochemical and vibrational properties of single-walled carbon nanotubes in
hydrochloric acid solutions by S. Lefrant, M. Baibarac, I. Baltog et al., 14, 3–7, 873–880.
Copyright (2005) Elsevier Ltd)
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Figures 5.5–5.7 present SERS spectra of PVK/SWNT composites, prepared by bulk

polymerization of VK in the presence of CNTs and VK/SWNT blends obtained by

mechanico-chemical interactions. The main Raman lines of PVK, at ca. 297, 434–529,

722, 1022, 1129, 1235, 1320, 1452, 1491, 1578, and 1626 cm�1, are attributed to the
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Figure 5.5 SERS spectra at lexc¼ 1064 nm of a SWNT film of about 100 nm thickness
deposited on a rough Au support (curve 1) and composites obtained by the bulk polymerization
of VK (0.5 g) in the presence of different amounts of SWNTs: 0.01 g (curve 2) and 0.1 g (curve 3).
(Reprinted with permission from Polymer, Spectroscopic evidence for the bulk polymerization
of N-vinyl carbozole in the presence of single-walled carbon nanotubes by M. Baibarac,
I. Baltog, S. Lefrant and P. Gomez-Romero, 48, 18, 5279. Copyright (2007) Elsevier Ltd)
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following vibration modes: C—C deformation in polyvinyl, benzene ring deformation,

rocking-wagging of methylene in polyvinyl, rocking-twisting of methylene in polyvinyl,

wagging of methylene in polyvinyl, C—H deformation of the benzene ring, C-H in the

hetero-five-membered ring, stretching of the hetero-five-membered ring, C=C stretching

in the benzene ring and C—C stretching in the benzene ring, respectively [212]. The main

changes in the Raman spectra observed in Figures 5.5 and 5.6 consist in: (i) a strong

decrease in intensity of the Raman bands situated in the 125–225 cm�1 spectral range,

accompanied by an increase of the D band intensity without modification in the G band

profile when the excitation wavelength is 676 nm (Figure 5.6); (ii) at the excitation

wavelength of 1064 nm, besides the increase in the D band, one observes also a change

in the intensity ratio of the Raman lines situated at 162 and 176 cm�1, the latter becoming

more intense (Figure 5.5). These facts indicate a decrease in the relative content of isolated

tubes as a result of their interaction with the polymer. In this case, the appearance of

new Raman peaks at ca. 721, 1022, 1235, and 1320 cm�1 seen on spectra 2 and 3 of
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Figure 5.6 SERS spectra at lexc¼ 676 nm of SWNT films of about 100 nm thickness deposited
on a rough Au support (curve 1) and composites obtained by the bulk polymerization of VK (0.5 g)
in the presence of different amounts of SWNTs: 0.01 g (curve 2) and 0.1 g (curve 3). (Reprinted
with permission from Polymer, Spectroscopic evidence for the bulk polymerization of N-vinyl
carbozole in the presence of single-walled carbon nanotubes by M. Baibarac, I. Baltog, S. Lefrant
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Figure 5.5, belonging to PVK, are also observed in Figure 5.7. For composites prepared by

the bulk polymerization of VK in the presence of SWNTs, one observes in the 1000–1030

cm�1 spectral range, the appearance of a new band with a maximum at ~1004 cm�1, almost

equal in intensity to the Raman line at 1022 cm�1 (Figure 5.5, curves 2 and 3). The Raman

line at 1022 cm�1 is present in the SERS spectrum of PVK/C60 composites (Figure 5.7) and

has been interpreted by M. Baibarac et al. [33] as a signature of the chemical interaction

between methylene groups and different carbon nanoparticles such as SWNTs and C60.

A better understanding of the chemical interaction between compounds based on VK

units and carbon nanoparticles and the structural modifications induced on CNTs during the

mechanico-chemical reaction of VK with SWNTs has been obtained [31]. These results

are summarized in Figure 5.8. According to an early paper, the main Raman lines of VK
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Spectroscopic evidence for the bulk polymerization of N-vinyl carbozole in the presence of
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are situated at: 220, 431, 569, 743, 1015, 1107, 1291, 1314, 1455, 1576, 1629, and

1640 cm�1 [213], the line at 1640 cm�1 is attributed to the vinyl group [214]. The transition

from the monomer (VK) to the polymer (PVK) is characterized by: (i) a down-shift of the

Raman line from 743 to 722 cm�1; (ii) an up-shift of the Raman lines from 1107 and

1314 cm�1 to 1129–1138 and 1320 cm�1, respectively; and (iii) the disappearance of the

Raman line peaked at 1640 cm�1. In the case of VK alone mixed with SWNTs and

compressed nonhydrostatically for 5 min at 0.58 GPa, the SERS spectrum in Figure 5.8

N
or

m
al

iz
ed

 R
am

an
 in

te
ns

ity

Wavenumbers (cm–1) 

1050 1200 1350 1500 1650

1050 1200 1350 1500 1650

1050 1200 1350 1500 1650

a1

22
3

30
0

40
2

43
0

52
8

718 a2

1004

10
22

11
38

12
38

1320

13
70 14

53
14

91

15
80

16
23

16
40

30
0

718

52
8

43
0

40
2

22
5

b1

18
0

16
25

15
80

14
91

14
53

13
70

1320

1238

1138

10
22

10
04

b2

16
26

15
80

1320

12
38

11
3810

04
10

22

c2

30
0 71

8

52
8

43
0

21
7

180

c1

150 750300 450 600

150 750300 450 600

150 750300 450 600

Figure 5.8 SERS spectra at lexc¼ 1064 nm of VK after its compression at 0.58 GPa alone
(a1, a2) and in the presence SWNTs with 1 wt% (b1, b2) and 10 wt% (c1, c2). (Reprinted with
permission from Polymer, Spectroscopic evidence for the bulk polymerization of N-vinyl
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reveals the following features: (i) an intense Raman band at 718 cm�1 associated to the

rocking-wagging vibrational mode of methylene in polyvinyl; (ii) a well-developed Raman

band at 1320 cm�1 attributed to the C—H deformation of the benzene ring; (iii) a new Raman

line appearing at 1370 cm�1; and (iv) a complex Raman band having two components at

about 1004 and 1022 cm�1. The Raman line at 1004 cm�1 is associated with the ring-

breathing vibration mode of cyclobutane [214].

Taking into account the above changes, as well as the FTIR spectra (Figure 5.9) of

samples prepared by the bulk polymerization of VK in the presence of CNTs [33], covalent

functionalization of SWNTs with undoped PVK via the vinyl group is expected to be taking

place. A short comment concerning Figure 5.9 is necessary. The main FTIR bands of PVK,

at 718, 742, 1122–1156, 1220, 1324, 1404, 1452, 1597, and 1624 cm�1 are attributed to the

following vibrations: ring deformation of substituted aromatic structure, CH2 rocking

vibration due to tail-to-tail addition, C—H in-plane deformation of the aromatic ring,

C—N stretching of VK, C—H in-plane deformation of vinylidene group, CH2 deformation

of vinylidene group, ring vibration of VK moiety, C—CþC=C stretching in benzene (B)

ring and C—C stretching (B), respectively [141,215,216]. The covalent functionalization of

SWNTs with undoped PVK via the vinyl group is supported by a careful analysis of the

variations observed on Figure 5.9. This indicates that the main perturbations induced in the

chemical structure of PVK by adding SWNTs during the bulk synthesis are in the following

vibrations: CH2 rocking in to tail-to-tail addition, CH2 deformation of the vinylidene group,

C—H in-plane deformation of the vinylidene group, ring vibration of VK moiety and C—C

stretching (B). All these permit the conclusion that a covalent attachment of PVK in the

undoped state to SWNTs takes place via the vinyl group as, shown in Scheme 5.1, a fact that

explains the steric hindrance effects reviewed above.

Similarly, perturbations such as those described above have also been reported in the case

of PANI covalently functionalized SWNT samples prepared by electrochemical polymer-

ization of aniline on a CNT film deposited on a Pt electrode. The covalent functionaliza-

tion of SWNTs with PANI was explained, on the basis of the Raman and FTIR spectra

shown in Figures 5.10 and 5.11, respectively, as taking place in two successive steps [26].

The first corresponds to the electrochemical polymerization of aniline on a SWNT film

from which one obtains a composite of PANI-leucoemeraldine salt (LS)-functionalized

Scheme 5.1

Composites Based on Conducting Polymers and Carbon Nanotubes 239



SWNTs

17
34

15
4014

56

*1
37

0

1170

1452

16
24

15
97

14
04

74
2

*1
36

8
13

34

Wavenumbers (cm–1) 

c

71
8 74

2

15
97

1452
14

04

16
24

*1
36

8
13

33

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

b

16
24

15
97

14
83

14
52

12
21

14
04

13
24

11
56

11
22

92
2

74
2a

42
0

71
8

1750150012501000750500

1750150012501000750500

1750150012501000750500

18001500140012001000800600

Figure 5.9 FTIR spectra of SWNTs, undoped PVK (a) and the undoped PVK/SWNT composite
obtained by bulk polymerization of VK (0.5 g) in the presence of different CNT weights: 0.01 g
(b) and 0.1 g (a). (Reprinted with permission from Polymer, Spectroscopic evidence for the bulk
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SWNTs and PANI-emeraldine salt (ES)-functionalized SWNTs. The second step is a

consequence of NH4OH post-treatment of PANI-(LS or ES)-functionalized SWNTs. It is

associated with an internal redox reaction between PANI-emeraldine base (EB) and

SWNTs, which transforms the polymer chain from a semioxidized state into a reduced

one. The increase in the intensity of the Raman band at 178 cm�1 (Figure 5.10), associated

with the RBM of SWNT bundles, during the electrochemical polymerization of aniline on

a CNT film immersed into an HCl solution, indicates an additional roping of nanotubes

with PANI as a binding agent. The binding of SWNTs as whole units on the polymer chain

induces strong steric hindrance effects observed in the FTIR spectra in Figure 5.11 by the

enhancement of bands at ca. 740, 750 and 772 cm�1.
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Figure 5.10 Raman spectra (lexc¼ 1064 nm) of PANI/SWNT composites obtained by elec-
trochemical polymerization of aniline on a SWNT film in HCl 0.5 M. Curve 1 corresponds to
the SWNT film Raman spectrum. Curves 2–4 and 6–8 show the evolution of the Raman
spectrum after 25, 50, 75, 100, 150, and 300 cycles, respectively, carried out in the potential
range (–200; þ700) mV vs. SCE with a sweep rate of 100 mV s�1. The dedoping of the PANI-
salt-functionalized SWNT films (curves 4 and 8), as a result of the chemical reaction with
NH4OH 1M solution, is illustrated in curves 5 and 9. (Reprinted with permission from Carbon,
Covalent functionalization of single-walled carbon nanotubes by aniline electrochemical
polymerization by M. Baibarac, I. Baltog, S. Lefrant et al., 42, 15, 3143–3152. Copyright
(2004) Elsevier Ltd)
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In the CP/CNT composite field, special attention has been given to the functionalization

of the side wall of SWNTs with CPs having repeating units such as thiophene rings [112].

An example is SWNTs electrochemically functionalized with PEDOT. For covalent

functionalization, a significant change is observed in the structure of the G band, which
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Figure 5.11 FTIR spectra of PANI-ES (curve 1, a) and PANI-salt functionalized SWNT com-
posites (curves 2–4, a). These composites were electrochemically prepared by the achievement
of 75, 150, and 300 cycles (curves 4, 3, and 2, respectively) with the SWNT film immersed in
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sweep rate of 100 mV s�1. FTIR spectra of PANI-EB (curve 1, b) and PANI-base-functionalized
SWNT composites (curves 2–4, b) obtained by a subsequent reaction of PANI-salt-functiona-
lized SWNTs (curve 2 4, a) with NH4OH 1M solution. (Reprinted with permission from Carbon,
Covalent functionalization of single-walled carbon nanotubes by aniline electrochemical
polymerization by M. Baibarac, I. Baltog, S. Lefrant et al., 42, 15, 3143–3152. Copyright
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consists of four Raman lines found at ca. 1555, 1573, 1595, and 1610 cm�1 [217]. Cyclic

voltammetry was used for the electropolymerization of 3,4-ethylenedioxythiophene

(EDOT) on a SWNT film immersed in aqueous benzyl dimethyl hexadecylammonium

chloride solution (BDHAC). It was observed that the increase of the number of cycles from

100 to 300 (curves 3-6, Figure 5.12) leads to: (i) a progressive increase in the relative

intensity of the Raman line found at 1570 cm�1 and after 300 cycles (curve 6, Figure 5.12),

the intensity ratio of Raman lines from 1573 and 1595 cm�1 approaching unity; (ii) the

up-shift of the D band from 1275 to 1300 cm�1; and (iii) the appearance and increase in

intensity of the main Raman lines of PEDOT. Other convincing proofs for the functiona-

lization of the side wall of CNTs with PEDOT are given by transmission electron
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Figure 5.12 Raman spectra at lexc¼ 1064 nm of PEDOT/SWNT composites obtained by
electrochemical polymerization of EDOT on a SWNT film in BDHAC solution. Curve 1
corresponds to the SWNT film Raman spectrum. Curves 2–6 show the evolution of the
Raman spectrum after 50, 100, 150, 200, and 300 cycles, respectively, carried out in the
potential range (–800;þ800) mV vs. SCE with a sweep rate of 100 mV s�1. Raman spectra of the
PEDOT film deposited on Au support in the same conditions after 200 cycles. (Reprinted with
permission from Diamond and Related Materials, Functionalization of single-walled carbon
nanotubes with conducting polymers evidenced by Raman and FTIR spectroscopy by
S. Lefrant, M. Baibarac, I. Baltog et al., 14, 3–7, 867. Copyright (2005) Elsevier Ltd)
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microscopy (TEM) studies [115] and Raman measurements carried out at the 676 nm

excitation wavelength [183]. In Ref. [178], it has also been demonstrated that an additional

enhancement of the Raman signal of PEDOT occurs, as a result of a resonant excitation of

plasmons in metallic nanotubes. In 2009, a detailed Raman study concerning the excitation

of plasmons in metallic SWNTs was evidenced by an abnormal anti-Stokes Raman

scattering of poly (2,20-bithiophene) [190]. In this last case, significant steric hindrance

effects were reported using ATR-IR spectroscopy, as a result of the bonding of thiophene

ring onto the CNT surface, with new C-S covalent bonds being formed.

A final remark regarding the vibrational spectra of CNTs covalently functionalized with

CPs, is that depending on the type of covalent bond formed between the two constituents

(CP and CNT), e.g. C-C, and C-N or C-S, composites with flagellene- and bracelet-type

molecular structures, respectively, are obtained. All composites involving covalent func-

tionalization of CNTs with CPs are characterized by steric hindrance effects.

5.4.3 Conducting Polymers Doped with Carbon Nanotubes

In this section, the ability of IR spectroscopy and Raman scattering to detect CPs doped

with CNT composites is shown in the particular case of PANI doped with SWNTs. Until

now, PANI doped with CNTs has been produced as a result of either the chemical

polymerization of aniline in the presence of SWNTs, K2Cr2O7, and an acidic solution

(e.g. HCl, H2SO4, etc.) [25] or the electrochemical polymerization of aniline on an SWNT

film deposited on a Pt electrode immersed in an H2SO4 solution [26]. An explanation for

the formation of PANI doped with CNTs originates in the breaking of SWNTs into small

fragments, neutral or radical anions and radical cations. In fact, a significant role in the

formation of the PANI doped CNT composite is played by radical anion and radical cation

SWNT fragments. The attachment of these two SWNT fragment types explains the

differences observed in the SERS spectra of composites prepared by the two methods, as

well as the similarity between FTIR spectra of PANI/SWNT and PANI/C60 composites

prepared chemically. In this context, SERS spectra of the composites M1, M2, and M3

presented in Figure 5.13 (see caption for labels) appear to be a sum of PANI-EB and

SWNT Raman spectra, each one with its specific characteristics. The relative decrease in

the second-order of the D band observed in Figure 5.13 indicates a less perfect structure for

the nanotubes embedded in or bound to the polymer. The formation of a new composite

material was noticed in the Raman spectrum by a decrease in the RBM bands and a G band

that remains as strong as before, regardless of the weight ratio of the two components in the

composite. The G band, associated with tangential vibrational modes, reveals, in this case,

the sum of contributions coming from SWNTs, nanotube fragments, and polymer/CNT

(whole units and fragments) composites. The differences between SERS spectra of PANI

deposited on Au and Ag substrates originates in the different reducing properties of the

metal substrates [218]. A significant change in shape and Raman line positions is noted in

the SERS spectra of composites of the S type in Figure 5.14. These are quite similar to

SERS spectra of fullerene-doped PANI compounds [219]. Both groups of spectra recorded

on Ag and Au substrates exhibit two bands at 1330 and 1370 cm�1 that grow with the

SWNT content. As was noticed in early papers, this is the Raman signature of the PANI

salt [218]. Great similarities are observed in Figure 5.15 between FTIR spectra of PANI/
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SWNTs (curves S1–S3) and PANI/C60 composites (F1–F3), and those of the polyaniline-

emeraldine salt (PANI-ES). This result indicates that composites of the types S and F

correspond to PANI doped with CNTs and PANI doped with C60, respectively; in other

words, to a PANI salt. As a general remark concerning Figure 5.15, we note that all

composites exhibit in their FTIR spectra an absorption band at 1144 cm�1, increasing with

the carbon nanoparticle content, which suggests a charge transfer between the two con-

stituents. In addition, the FTIR spectra of compounds obtained by adding SWNTs to the

polymer solution display an intense absorption band with two components at 773 and

755 cm�1, which are associated with the deformation vibration of the benzene and the

quinoid ring, respectively [220]. This indicates a strong hindrance effect produced by the
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Figure 5.13 SERS spectra, at lexc¼ 1064 nm, of PANI-EB/SWNT composites obtained by
mixing of PANI-EB and CNTs. M3, M2, and M1 spectra correspond to compounds with PANI-
EB/SWNT mass ratios of 3.33, 1, and 0.33, respectively. Spectrum 1 is of SWNTs. (Reprinted with
permission from Chemistry of Materials, Polyaniline and Carbon Nanotubes Based Composites
Containing Whole Units and Fragments of Nanotubes by M. Baibarac, S. Lefrant, I. Baltog et al.,
15, 21, 4149. Copyright (2003) American Chemical Society)
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binding of voluminous carbon particles as nanotubes and large fragments of nanotubes to

the polymer chain. Such composites based on PANI doped with CNT fragments have been

reported to be obtained by the electrochemical polymerization of aniline on a SWNT film

using an aqueous H2SO4 solution [26]. The NH4OH post-treatment of PANI doped with

CNTs fragments, leads to a partial dedoping of the CP. The FTIR spectra of these

composites display at ca. 1144 cm�1 a band that increases in intensity with the cycle

number carried out on the SWNT film in a solution of aniline and H2SO4. It indicates a

charge transfer between the CP and CNT fragments [26].
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Figure 5.14 SERS spectra, at lexc¼ 1064 nm, of PANI-EB/SWNT composites obtained by
chemical synthesis. S1, S2, and S3 spectra correspond to compounds with PANI-EB/SWNT mass
ratios of 56.5, 9.2, and 4.4, respectively. (Reprinted with permission from Chemistry of
Materials, Polyaniline and Carbon Nanotubes Based Composites Containing Whole Units
and Fragments of Nanotubes by M. Baibarac, S. Lefrant, I. Baltog et al., 15, 21, 4149. Copyright
(2003) American Chemical Society)
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From the results presented above, to diagnose the type of interaction, a good knowledge

of the properties of each component of the composite is needed. In the case of the CP doped

with CNT composite, CNTs have the role of a doping agent, which removes or adds

electrons to or from the polymer backbone, resulting in n or p doping, respectively. In the

case of PANI doped with CNTs, a p doping process was reviewed above.

5.4.4 Noncovalent Functionalization of Carbon Nanotubes with

Conducting Polymers

At the present time in Raman spectroscopy studies, noncovalent functionalization of CNTs

with CPs has been seen to induce only variations in the RBM range. An example is the case

of SWNTs noncovalently functionalized with PPV. Thus, in Figure 5.16, Raman spectra
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Figure 5.15 FTIR spectra of PANI-LB, PANI-ES, and PANI-EB/SWNT composites obtained by
mixing of compounds (spectra M1, M2, and M3, respectively) and chemical synthesis (spectra
S1, S2, and S3, respectively). Spectra F1, F2, and F3 correspond to the fullerene-doped PANI
composite prepared similarly to composites of the S series. (Reprinted with permission from
Chemistry of Materials, Polyaniline and Carbon Nanotubes Based Composites Containing
Whole Units and Fragments of Nanotubes by M. Baibarac, S. Lefrant, I. Baltog et al., 15, 21,
4149. Copyright (2003) American Chemical Society)
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recorded in the low-frequency range where RBM of nanotubes are observed reveal specific

features at lexc¼ 1064 nm [207]. Two components are present at 160 and 180 cm�1,

assigned to tubes in isolated and in bundled forms, respectively [113]. The evolution of

these bands confirms the aggregation of SWNTs by an increase in their concentration. The

whole spectra of PPV/SWNT composites recorded at lexc¼ 676.4 nm (Figure 5.17) show

also that, even at high concentration of SWNTs (64%) the asymmetric G– band is still

present [207]. This is proof that SWNTs have been neither covalently bonded to nor doped

with the PPV polymer.
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Figure 5.16 Raman scattering spectra of the composite films at room temperature taken with
lL¼ 1064 nm in the frequency region 120–220 cm�1. (a) x¼ 0, (b) x¼ 1%, (c) x¼ 2%,
(d) x¼ 8%, (e) x¼ 16%, (f) x¼ 32%, and (g) x¼ 64%. (Reprinted with permission from Phys
Rev B., Photoconductivity and optical properties in composites of poly(paraphenylene vinylene)
and single-walled carbon nanotubes by E. Mulazzo, R. Perego, H. Aarab et al., 70, 15, 155206.
Copyright (2004) American Physical Society)
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5.5 Conclusions

Rapid progress in the polymer/carbon nanotube composite research field has demonstrated

a large potential for the discovery of new materials and phenomena, as well as the develop-

ment of new technologies. The transition from fundamental to applied research involves

a good knowledge of the physico-chemical properties of the studied materials, and their

vibrational characteristics provide primary information. Therefore, in this chapter, we

have reviewed recent progress in the CP/CNT composites field from the point of view
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Figure 5.17 Raman scattering spectra of the composite films at room temperature for
lL¼ 676.4 nm in the frequency region 1100–1700 cm�1. (a) x¼ 0, (b) x¼ 1%, (c) x¼ 2%,
(d) x¼ 8%, (e) x¼ 32%, (f) x¼ 64%, and (g) SWNT powder. (Reprinted with permission from
Phys Rev B., Photoconductivity and optical properties in composites of poly(paraphenylene
vinylene) and single-walled carbon nanotubes by E. Mulazzo, R. Perego, H. Aarab et al., 70,
15, 155206. Copyright (2004) American Physical Society)
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of both synthesis and the ability of Raman light scattering and IR spectroscopy to distinguish

between different types of composites: CP/CNT bilayer structures, CNTs covalently func-

tionalized with CPs, CNTs noncovalently functionalized with CPs, and CPs doped with

CNTs. In the last few years, new applications have been reported for CP/CNT composites

[183]. However, using Raman spectroscopy in the anti-Stokes branch, new opportunities for

CP/CNT composites have emerged in the nonlinear optics field. Such an example has been

recently published [190]. Therefore, an extension of Raman spectroscopy studies in the anti-

Stokes branch is expected in the cases of both conducting polymers, and composites based

on polymers and carbon nanoparticles, in view of new applications.
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6.1 Introduction

The term intercalation literally refers to the act of inserting some extra interval of time into

the calendar, such as February 29 in a leap year. In chemistry it means the reversible

insertion of guest species into lamellar host structures, where the structural integrity of the

hosts is maintained [1]. However, in today’s chemical literature the use of the term

‘intercalation’ is rather loose and broad. The term has also been applied to three-

dimensional solids such as zeolites [2,3], and one-dimensional materials such as carbolite

[4], as well as zero-dimensional structures such as fullerenes [5]. Interestingly enough the

term ‘intercalation’ has also been adopted for cases where complete structural integrity of

the host is not preserved, as in the case of MoO3 intercalated with pyridine [6]. The

reversibility of the insertion reaction is no longer a prerequisite either. For instance, the

introduction of electrically conductive polypyrrole in the gallery space of layered FeOCl

[7,8], which is an irreversible process, has been referred to as an intercalation reaction.

The first intercalation chemistry was reported in 1841 by Schaffautl, who successfully

intercalated sulfate ions into graphite. After this pioneering work, fascination with inter-

calation chemistry did not start until the 1960s. The synthesis and study of intercalation

compounds are both useful and rewarding. Intercalated phases have found applications as

electrodes in high-energy-density batteries [9] and as catalytic materials [10]. Since the
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first report of Schaffautl and until the mid-1980s, intercalation had been involved exclu-

sively with small molecules. From the mid-1980s onwards, there has been a considerable

amount of interest in the insertion of polymers, especially those that are electrically

conductive and ionically conductive into layered structures. These intercalated systems

have been referred to as intercalated nanocomposites or nanomaterials, since the two

components are intimately mixed at the molecular level. In principle, enhanced properties

can be synergistically derived from these hybrid materials that cannot be displayed by the

components on their own [11,12]. The choice of layered structures is rather wide, ranging

from a plethora of clay minerals, transition-metal dichalcogenides, oxides, and halides, to

phosphates and phosphonates. This article will review the work that have been done on

layered transition-metal oxides, phosphates and phosphonates, rutiles, perovskites,

titantes, and graphite oxide.

6.2 FeOCl

While FeOCl is referred to as an oxyhalide, it could also be considered as an oxide since

the layered material consists of oxygen atoms. From a historical perspective, it is worth-

while to review the work than has been done on this lamellar host system. The structure of

FeOCl can be described as edge-sharing FeO4Cl2 octahedra, forming infinite 2-D sheets

that are held together by weak van der Waals forces. In 1987, Marks and Kanatzidis

reported the insertion of polypyrrole, an electrically conductive polymer into FeOCl, by

treatment of the latter with pyrrole monomer [7]. This is a truly remarkable reaction. At

first sight, one would predict that this intercalation reaction would be kinetically slow.

However, the feasibility of this reaction lies in its driving force. FeOCl is highly oxidizing,

the potential of which is believed to be similar to that of FeCl3, which is about 1.1 V.

Therefore, FeOCl is capable of oxidizing the pyrrole monomer, which oxidatively inserts

into the layered host as the polymer (Figure 6.1). This reaction has been referred to as an in

situ intercalation/polymerization reaction, or redox intercalative polymerization (RIP),

with both polymerization and intercalation occurring at the same time. The exact mechan-

ism of this reaction is not fully understood. However, it is believed that the initial step may

be coordination of pyrrole to a Fe3þ site on the edge of the FeOCl crystal, followed by

electron transfer. Since then, other electrically conductive polymers have been encapsu-

lated into FeOCl, such as polyaniline and polythiophene [13,14]. For all of these nanoma-

terials, powder X-ray diffraction data show that the polymer chain inserts with the phenyl

groups oriented perpendicular with respect to the layered sheets. Table 6.1 summarizes the

XRD data on the FeOCl system.

It is interesting to note that the intercalation of polyaniline into FeOCl was revisited by

Matsuo et al. [15]. This was achieved via an exchange reaction, a completely different

method from the early reports on the FeOCl system. N-hexadecylamine was first inter-

calated into FeOCl through a solid–solid reaction by intimately mixing the two

components, followed by heating at 60 �C overnight. The stoichiometry of the resulting

intercalate was (C16H33NH2)0.5FeOCl. (PANI)0.42FeOCl was then obtained by

adding polyaniline (MW> 15 000, emeraldine salt) to an NMP suspension of

(C16H33NH2)0.5FeOCl. Powder X-ray diffraction confirmed successful formation of the
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intercalated phases (Figure 6.2). Compared to the RIP method, the exchange method

produced an intercalated phase with a higher polymer content, and in principle higher

molecular weights can be intercalated. For instance, gel permeation chromatography on

the extracted PANI from (PANI)0.16FeOCl, synthesized via the RIP method, showed a

lower molecular weight of the intercalated polymer (MW 6100) [16].

6.3 V2O5 Systems

Though vanadium pentoxide gels (V2O5.nH2O) have been known from as early as 1885

[17], it was actually Livage and coworkers who revived this amazing material. The

synthesis, structure, and electrical properties, as well as electrochemical and spectroscopic

data on V2O5.nH2O have been thoroughly reported by Livage et al. [18–22].

Figure 6.1 Structural model for the intercalated polypyrrole chains within the van der Waals
gap of FeOCl. (Reprinted with permission from Solid State Ionics, In situ intercalative poly-
merization chemistry of FeOCl. Generation and properties of novel, highly conductive
inorganic/organic polymer microlaminates by M. G. Kanatzidis, H. O. Marcy, W. J.
McCarthy et al., 594–608, 1–3. Copyright (1989) Elsevier Ltd)

Table 6.1 Summary of data on the FeOCl system

Polymer Stoichiometry Interlayer expansion (Å)

Polypyrrole (Ppy) 0.34FeOCl 5.30
Polyaniline (PANI)0.20FeOCl 6.54
Polythiophene (Pth)0.27FeOCl 5.33
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V2O5 xerogels are layered in nature with an interlayer spacing value of 11.55 Å [23].

X-ray, neutron, and transmission electron microscopic studies show that V2O5 xerogels

consist of corrugated ribbons with an average planar dimension of 1000 � 100 Å

(Figure 6.3). The intraribbon structure is closely related to orthorhombic V2O5, with the

vanadium atom in a square pyramidal geometry (Figure 6.4). It is interesting to note that

1000 Å

27 Å

100 Å

c

a

27 Å

2.8 Å

Figure 6.3 Representation of the V2O5 fibril with approximate dimensions. (Reprinted with
permission from Mat. Res. Proc., Vol. 210, Pittsburgh, PA, Layered V2O5 Xerogels: Host-Guest
Chemistry and Conductive Polymers by C.-G. Wu and M. G. Kanatzidis, 429–442. Copyright
(1991) Materials Research Society)

Figure 6.2 XRD of (A) FeOCl; (B) (C16H33NH2)0.5FeOCl; (C) (PANI)0.42FeOCl. (Reprinted
with permission from Journal of Materials Chemistry, Synthesis of polyaniline-intercalated
layered materialsvia exchange reaction by Y. Matsuo, S. Hihashika, Y. Miyamoto et al., 12,
1592–1596. Copyright (2002) Royal Society of Chemistry)
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the axial V—O bond is a double bond. In V2O5 xerogels, about half of the vanadium centers

are coordinated with water molecules. In addition, there is a layer of water loosely bound

via hydrogen bonding to the coordinated water molecules.

The structure of V2O5.nH2O as shown in Figures 6.3 and 6.4 are actually based on the

work performed by Livage et al. It should, however, be pointed out that the structure of

V2O5.nH2O (d-spacing¼ 11.5 Å at room temperature) was also re-explored by Yamamoto

et al. using the Rietveld method [24]. To sum up, it was found that 1-D Patterson maps

hinted that a V2O5 layer consists of two V2O5 sheets facing each other at a distance of

2.8 Å. The calculated pattern from a structure of double-sheet V2O5 layers and bilayer

arrangements of interlayer water molecules was in good agreement with the observed

pattern, and the structure agreed well with the 1-D Fourier map. Further, the observed

sample density confirmed the structure of a double-sheet V2O5 layer (Figure 6.5).

V2O5 xerogels are generally prepared from polyvanadic acid solutions, obtained by the

cation exchange of NaVO3 with an acid solution. The polyvanadic precursor solution is

gradually converted into a polyvanadic acid gel. The slow evaporation of water at room

temperature results in the formation of V2O5.nH2O. It is interesting to note that long-term

aging of the polyvanadic acid gel affects the structure and electrochemical properties of the

xerogels [25].

Similarly to FeOCl, V2O5.nH2O is also capable of undergoing in situ intercalation/

polymerization. The intercalation of polyaniline, polypyrrole, and polythiophene into

a–

a–

c–

b–

Figure 6.4 Two views of the structure of a V2O5 layer in orthorhombic V2O5. Open circles:
oxygens; solid circles: vanadium. (Reprinted with permission from Mat. Res. Proc., Vol. 210,
Pittsburgh, PA, Layered V2O5 Xerogels: Host-Guest Chemistry and Conductive Polymers by
C.-G. Wu and M. G. Kanatzidis, 429–442. Copyright (1991) Materials Research Society)
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V2O5.nH2O has been reported [26,27,28]. This can be achieved by refluxing the xerogel in

acetonitrile solutions of the monomers. A range of loading of the intercalated polymer has

been reported, as summarized in Table 6.2. It should be noted that the polythiophene/

xerogel phase can only be obtained by treatment of the dimer (2,20-bithiophene) with the

xerogel. The oxidation potential of thiophene itself is not high enough to lead to the desired

product. It is interesting to note that strong electric fields promote oriented intercalative

polymerization of pyrrole inside the lamellar matrices of V2O5 xerogels. The resulting

nanocomposites show electric anisotropy in the 100 and 010 crystallographic

directions [29].

The interlayer expansions shown in Table 6.2 take into account the removal of the

loosely bound layer of water from the gallery space of the host, upon intercalation of the

polymer.

Murugan et al. reported on the intercalation of electrically conductive poly(3,4-ethylene

dioxythiophene) (PEDOT) into crystalline V2O5. PEDOT is a stable, environmentally

friendly polymer with potential applications in supercapacitors and lithium ion

batteries. PEDOT was encapsulated into V2O5 by treatment of the latter with the

monomer (3,4-ethylene dioxythiophene). The reaction is essentially an in situ
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Figure 6.5 Model structure of V2O5 gels represented by atomic sheets: VO1.5, O and mH2O
sheets. Closed, open and double circles denote vanadium, oxygen and water, respectively.
(Reprinted with permission from Materials Research Bulletin, Layered structures of vanadum
pentoxidegelsbyT.Yao,Y.OkaandN.Yamamoto,27,6,669–675.Copyright (1992)Elsevier Ltd)
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intercalation/polymerization process and can be carried out in water under reflux condition for

12 hours [30] or for a much shorter reaction time of 8 min under microwave irradiation [31].

The direct intercalation of polyaniline doped with 12-phosphormolibdic acid (PANI-

PMA) into V2O5 xerogels was reported by Posudievsky et al. Treatment of an aqueous

solution of the xerogel or its lithium bronze with a solution of PANI-PMA in m-cresol, in

equal amounts, led to the formation of (PANI-PMA0.07)0.34V2O5. The conductivity of the

nanocomposite was found to be 5.0 � 10�2 S cm�1 [32].

Li and Ruckenstein. reported on the intercalation of conductive polyaniline into mesos-

tructured V2O5 containing a small amount of Mg. The mesoporous structure was synthe-

sized by starting with the dissolution of V2O5 into a dilute solution of sodium hydroxide.

The resulting solution was then added to a dilute hydrochloric acid solution, containing a

mixture of surfactants, cetyltrimethylammonium bromide (CTAB) and hexadecylamine

(HDA) in a 1:1 mole ratio, in the presence of magnesium chloride, which served as the

structure stabilizer. The mixture was stirred at room temperature for 24 hours and then

allowed to age at room temperature for a week. The solid mesoporous material was

recovered by filtration, washed with distilled water until neutral, and dried at 100 �C. To

allow for complete removal of surfactants, the mesostructured material was heated at

450 K, followed by extraction with a mixture of ethanol and water, and then dried. Aniline

was then allowed to diffuse into the pores of the nanostructured material, in the presence of

dilute hydrochloric acid. The insertion reaction was done under a nitrogen blanket. The

resulting solution was then exposed to air to allow for the oxidation of aniline to polyani-

line. The externally lying polymer chains were removed by washing with acetone and

ethanol. It was found that the V2O5/PANI system showed an increase in electrical

conductivity when allowed to age at room temperature in air, and this has been ascribed

as the head-to-tail coupling of the short PANI chains into longer chains [33].

The hydrothermal synthesis of polyaniline-V2O5 nanocomposites with nanosheet

morphology has been reported by Zhang and coworkers [34]. Reacting V2O5 powder

with aniline, in the presence of water and hydrochloric acid, in an autoclave at

120 �C for 24 hours resulted in the formation of polyaniline-V2O5 intercalated

Table 6.2 Polymer/intercalated phases of V2O5.nH2O

Intercalate d-Spacing (Å) Net interlayer expansion (Å)

(PANI)0.06V2O51.0H2O 13.92 5.17
(PANI)0.21V2O50.56H2O 13.92 5.17
(PANI)0.37V2O50.62H2O 13.94 5.19
(PANI)0.44V2O50.5H2O 13.94 5.19
(Ppy)0.22V2O5.0.68H2O 11.44 2.69
(Ppy)0.26V2O5.0.36H2O 16.60 7.85
(Ppy)0.32V2O5.0.48H2O 14.56 5.81
(Ppy)0.44V2O5. nH2O 11.44 2.69
(Ppy)0.64V2O5.0.50H2O 14.55 2.8
(C8H4S2)0.08V2O5.0.60H2O 14.55 5.8
(C8H4S2)0.20V2O5.0.65H2O 14.57 5.82
(C8H4S2)0.44V2O5.0.60H2O 14.70 5.95

Data derived from Reference [28].
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nanosheets. Evidence of intercalation was obtained from powder X-ray diffraction

(Figure 6.6), and FTIR studies confirmed the identity of the entrapped polymer.

Scanning electron microscopy revealed that the morphology of the composite mate-

rials was affected by the reaction conditions. An increase in aniline concentration

from 0.008 M to 0.032 M resulted in a decrease of the thickness of the nanosheets

from 40–50 nm to 10–20 nm. It was also observed that it was difficult to obtain

thickness less than 10 nm by controlling the concentration of aniline. Temperature

also played an important role in the synthesis, as it affected the resulting morphology

of the nanosheets. Nanosheets could be obtained by performing the reaction with

0.016 M aniline at 80 �C for 24 hours; however, lowering the temperature of the

reaction to room temperature resulted in the formation of rod-like PANI-V2O5

composites.

Luca and coworkers reported on the electrosynthesis of macroporous polyaniline-

V2O5 nanocomposites [35]. This is a novel two-step electrochemical method. The

electropolymerization of macroporous PANI films was first carried out from 0.25 M

aniline solution in 1M HClO4. The PANI films were grown on the surface of a titanium

plate for 1 hour using a current density of 0.08 mA cm�2. The polymer-coated electrode

was washed with 1 M HClO4 to remove oligomeric PANI and excess aniline. After

drying in air, it was used as the working electrode for the electrodeposition of V2O5 from

a 1 M aqueous VOSO4 solution under a constant current density of 1–5 mA cm�2 for

30 min, at room temperature. SEM and TEM characterization on the PANI-V2O5 film

revealed a macroporous fibrous network structure consisting of interconnecting fibrils

with an average diameter of 100–150 nm (Figure 6.7). The thickness of the film was

typically 3–5 mm. It was found that experimental conditions such as current density and

deposition time affected the morphology of the electrodeposited PANI-V2O5 film. When

a low current density of 1 mA cm�2 was used, the fibrillar structure of the PANI-V2O5

nanocomposite was similar to that of the parent polyaniline. Increasing the current

density to 3 mA cm�2 coarsened the fibrils, thereby reducing the void space in the
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Figure 6.6 XRD pattern of: (A) V2O5 precursor; (B) PANI/V2O5 nanocomposite nanosheets.
(Reprinted with permission from Macromolecular Rapid Communications, Synthesis of poly-
aniline-vanadium oxide nanocomposite nanosheets by S. Pang, G. Li and Z. Zhang, 26, 1262–
1265. Copyright (2005) Wiley-VCH)
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structure. Further increase in current density produced a denser structure, with reduced

void spaces.

Oliveira et al. prepared PANI-V2O5 nanocomposite films via a layer-by-layer (LBL)

technique [36]. V2O5 was synthesized by a sol-gel method, by adding vanadyl tri-

(isopropoxide) (VC9H21O4) to water, and evaporating the resulting solution under vacuum

at 70 �C in order to achieve a V2O5 concentration of 0.02 M. The emeraldine base form of

PANI was dissolved in dimethyl acetamide (DMAc). The PANI solution was filtered, and

HCl was slowly added until a pH of 2.0 was attained. An indium–tin-oxide sheet (1 cm2)

was alternately immersed for 3 min into the polycationic solution (PANI) and polyanion

(V2O5) dispersions. Following each deposition the substrate was rinsed for 1 min with HCl

solution (pH ¼ 2). This procedure led to the formation of LBL V2O5/PANI films. LBL

films were also deposited on quartz crystals. V2O5/PANI films produced via the LBL

technique were shown to promote enhancement of charge storage capability, new electro-

chromic effects, and control of ionic flux.

Figure 6.7 SEM and TEM (a, inset) images of as-prepared PANI and PANI-V2O5 nanocom-
posites deposited for 30 min as a function of current densities of (mA cm�2): (b) 1, (c) 3, and
(d) 5. (Reprinted with permission from Chemistry of Materials, Electrosynthesis of Macroporous
Polyaniline-V2O5 Nanocomposites and Their Unusual Magnetic Properties by
I. Karatchevtseva, Z. Zhang, J. Hanna and V. Luca, 18, 20. Copyright (2006) American
Chemical Society)
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Torresi and coworkers reported on the intercalation of polyaniline into V2O5 nanotubes.

The nanotubes were prepared by treating crystalline V2O5 with an ethanolic solution of

hexadecylamine. The mixture was vigorously stirred for a couple of hours, and to the

mixture was added a limited amount of ultrapure water. The reaction mixture was aged for

48 hours, followed by hydrothermal treatment at 180 �C for a week. It was washed with

water followed by absolute ethanol, and then dried under vacuum. The final product, V2O5

nanotubes, intercalated with the protonated from of hexadecylamine, were cation-

exchanged with protonated PANI (doped with camphor sulfonic acid), to afford PANI/

V2O5 nanotubes [37].

Wu et al. reported on the fabrication of a conductive polyaniline/V2O5 composite by

simply mixing water-soluble poly-aniline-propane sulfonic acid (PAPSA) with wet V2O5

xerogel [38]. The nanomaterial was isolated as a thin film on glass or silicon wafer, by

using the dip-coating method. XRD provided evidence for the intercalation of a monolayer

of PAPSA in the gallery space of the layered host system. It is interesting to note that the

XRD pattern of the nanocomposite reveals six distinguishable (00l) reflections

(Figure 6.8), attributed to the structure-directing ability of the PAPSA guest species, to

construct a well-ordered V2O5 framework.

Polypyrrole-vanadium pentoxide hybrid aerogels were prepared by Dunn and cow-

orkers [39]. Two sol-gel routes were employed. The first method involved simultaneous

polymerization of pyrrole and vanadyl alkoxide precursors. Hydrolysis of VO(OC3H7)3

with mixtures consisting of pyrrole, water, and acetone, over a range of compositions,

resulted in green-black gels, which upon supercritical drying afforded polypyrrole/V2O5

aerogels composites. These composites were shown to display high surface areas. The

second method involved oxide gel formation in the presence of a colloidal suspension of
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Figure 6.8 XRD patterns of PAPSA/V2O5 and V2O5. (Reprinted with permission from
Synthetic Metals, Assembly of conducting polymer/metal oxide multlayer in one step by
C.-O. Wu, Y.-C. Liu and S.-S. Hsu, 102, 1–3. Copyright (1999) Elsevier Ltd)
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polypyrrole. In this synthetic route, the polymer colloids are poured into vanadyl

alkoxide solutions, shaken quickly, and then allowed to form gels upon drying and

aging. Supercritical drying of these gels produced V2O5 aerogels intercalated with

polypyrrole.

The intercalation of polyethylene oxide (PEO) into V2O5 xerogels was also explored.

Interest in PEO lies in the fact that this polymer exhibits ionic conductivity when

complexed with salts, in particular those of lithium. Hence, PEO could potentially be

used as a solid electrolyte in solid-state lithium batteries. The intercalation of PEO or of its

salt complex into layered structures can produce nanomaterials for battery applications

where the diffusion of lithium ions from the lithium anode to the nanomaterials could be

enhanced because of the lowered activation energy of the process. The intercalation of

PEO into V2O5 xerogels was easily accomplished by simply mixing aqueous solutions of

PEO with aqueous gels of V2O5 in varying ratios, as demonstrated by Kanatzidis et al.

[40]. The interlayer spacing of the PEO/V2O5.nH2O phase was shown to be 13.2 Å,

corresponding to a net interlayer expansion of 4.5 Å. This is consistent with having a

single layer of the polymer chain sandwiched in between the V2O5 slabs (Figure 6.9). It

was also demonstrated that PEO/V2O5.nH2O can be intercalated with lithium ions by

reacting with lithium iodide through a redox process.

Using a similar synthetic methodology, other water soluble polymers, such as

poly(vinylpyrrolidinone) (PVP), poly(propylene glycol) (PPG), and methyl cellulose

(MCel) were intercalated into V2O5.nH2O xerogels [41]. The ratio of intercalated polymer

to the layered host could be synthetically manipulated. Similarly to PEO, PVP, PPG, and

MCel could also function as solid electrolytes when complexed with lithium salts, and

hence their relevance in lithium battery applications. The intercalation of PEO into

V2O5nH2O was also reported by Ruiz-Hitzky et al. [42].

PEO is a semicrystalline material, and it has been demonstrated that ions move much

better in the amorphous part of the polymer. Thus, there has been a focus towards solid

polymer electrolytes (SPEs) that are completely amorphous, and therefore display higher
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Figure 6.9 Lamellar arrangement of PEO/V2O5.nH2O composite. (Reprinted with permission
from Chemistry of Materials, Intercalation of poly(ethylene oxide) in vanadium pentoxide
(V2O5) xerogel by Y. J. Liu, D. C. DeGroot, J. L. Schindler et al., 3, 6. Copyright (1991)
American Chemical Society)
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ionic conductivity values. One such polymer is poly[oxymethylene-(oxyethylene)], a

derivative of PEO which has been referred to as amorphous PEO (a-PEO) or POMOE.

POMOE displays high ionic conductivity when complexed with lithium salts, such as

lithium triflate (LiCF3SO3). For instance, the room-temperature ionic conductivity

of (POMOE)25LiCF3SO3 is 3 � 10�5 S cm�1 [43]. The intercalation of POMOE into

V2O5.nH2O was reported by Shriver et al. V2O5[(a-PEO)n LiCF3SO3]x (n¼ 10�24,

x¼ 0.01� 0.05) were prepared by passing an aqueous solution of NH4VO3 through a

proton exchange resin (Dowex 50-W, 50X-100) and then adding aqueous solutions of

a-PEO and LiCF3SO3 in appropriate concentrations. The resulting composites were

isolated as thin films. Evidence of intercalation was provided from powder X-ray

diffraction [44].

Posudievsky and coworkers prepared ternary composites consisting of both PANI and

PEO intercalated between V2O5 xerogels [45]. Two different strategies were used.

PANI0.29PEO0.86V2O50.57H2O was synthesized by treating the intercalation

compound of PEO into V2O5 (PEO-V2O5) with aniline into order to induce in situ

intercalative polymerization of the latter. On the other hand, (PANICSA0.12)0.62.

PEO0.85V2O5.0.85H2O was prepared by adding an m-cresol solution of polyaniline

doped with camphor sulfonic acid (PANICSA0.5) to an aqueous solution of PEO-V2O5

nanocomposite. The interlayer gallery height for these two ternary phases was 5.6 Å, and

based on this observation it was suggested that the PANI inserts between PEO macromole-

cules, but not between PEO macromolecules and V2O5 sheets. The performance of the

ternary nanocomposites as cathode materials in lithium electrochemical cells were investi-

gated, and it was found that the after five cycles, the charge capacity was 150 (mAh) g�1,

which was approximately 1.2 times larger than that of PANI-V2O5, and 1.5 times larger than

that of pristine V2O5 xerogel.

A ternary composite consisting of polyaniline, the clay mineral bentonite, and

V2O5.nH2O was reported by Toma et al. [46]. The nanocomposite material (BV) was

first prepared as an aqueous suspension, by combining an aqueous solution of

polyvanadic acid (precursor of V2O5.nH2O) with an aqueous suspension of bentonite.

The excess water was decanted and the residue was treated with dry acetonitrile in

order to obtain an organic suspension of the material; the latter procedure was

repeated several times in order to obtain a water-free BV sample. Treatment of the

acetonitrile BV suspension with acetonitrile solutions of aniline (of varying concen-

trations) resulted in the formation of (PANI)xBV ternary composites, with values of

x ranging from 0.7 to 1.8. XRD confirmed the formation of lamellar materials, and it

is interesting to observe an increase in interlayer spacing value of the ternary phase

as a function of polymer content. Along similar lines, ternary composites consisting

of BV and polypyrrole have also been reported by the same group of

researchers [47].

Ternary composites with electroactive components were also discussed by Gomez-

Romero and coworkers in one of their recent publications [48]. The ternary compo-

sites consisted of doped-polyaniline (PANI) or doped-polypyrrole (Ppy) intercalated

into V2O5 xerogels. The dopant anion for the conducting polymers was [Fe(CN)6]3�

(HCF), derived from H3Fe(CN)6. More specifically, the synthesis of Ppy/HCF/V2O5

and PANI/HCF/V2O5 was carried out by treating the monomer (aniline or pyrrole)
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with V2O5 gel solutions in the presence of H3Fe(CN)6. The electrochemical perfor-

mance of Ppy/HCF/V2O5 was evaluated in lithium rechargeable batteries, and it was

shown to demonstrate a high initial specific charge value of 160 Ah kg�1, despite

poor cyclability.

6.4 VOPO4.2H2O

Similarly to FeOCl and V2O5 xerogels, VOPO4.2H2O is a layered material capable of

undergoing redox intercalative polymerization. It is synthesized by refluxing a mixture of

V2O5, H3PO4, and water for 16 hours. The structure of VOPO4.2H2O can be described as

consisting of VOPO4 sheets which are made up of VO6 octahedra and PO4 tetrahedra

linked through the corners (Figure 6.10). In addition, there is a water molecule bound to

each of the vanadium centers, with interlamellar water hydrogen bonded to the coordinated

water [49].

VOPO4.2H2O is capable of undergoing in situ intercalation/polymerization with mole-

cules such as aniline [50, 51], substituted anilines [52, 53, 54], and pyrroles [55]. Evidence

of intercalation was obtained from powder X-ray diffraction. As an example, the powder

pattern of poly(N-methylaniline) (PMA) intercalated into VOPO4 is illustrated in

Figure 6.11. The identity of the intercalated polymer was confirmed by Fourier-transform

infrared studies.
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Figure 6.10 Structure of VOPO4.2H2O. (Reprinted with permission from Inorganic
Chemistry, Coordination intercalation reactions of the layered compounds vanadyl phosphate
(VOPO4) and vanadyl arsenate (VOAsO4) with pyridine by J. W. Johnson, A. J. Jacobson,
J. F. Brody and S. M. Rich, 21, 10. Copyright (1982) American Chemical Society)
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6.5 MoO3

MoO3 is an interesting compound with a unique layered structure consisting of 7.0 Å thick

double layers of edge- and corner-sharing MoO6 octahedra [56] (see Figure 6.12). It is an

important component of many industrial catalysts. The intercalation of MoO3 has been

explored to an appreciable extent in recent years, owing to its high crystallinity, its

potential applications in lithium high-energy-density batteries and in electrochromic

devices.

However, of particular interest has been the intercalation of electrically conductive

polymers into this layered structure. The intercalation of polyaniline into MoO3 has been

performed by using different methodologies. It should be pointed out that, unlike

FeOCl, V2O5.nH2O, and VOPO4.nH2O, MoO3 is not oxidizing enough to undergo in

situ intercalation/polymerization. The insertion of aniline into MoO3 formed

(C6H5NH3
þ)x(C6H5NH2)yMoO3, where xþ y¼ 0.4, as determined by thermogravimetric

analysis. Treatment of the resulting intercalate with two equivalents of an aqueous solution

0.4 M solution of (NH4)2S2O8 led to the formation of (PANI)0.7MoO3 [57].

The intercalation of polyaniline into MoO3 was also reported by Nazar [58].

This was achieved by reacting mixed alkali hydrated bronze of MoO3

Figure 6.11 XRD of: (a) PMA/VOPO4 and (b) VOPO4.2H2O. (Reprinted with permission from
Solid State Sciences, Novel alkyl substituted polyanilines/VOPO4 nanocomposites by
R. Bissessur and J. MacDonald, 8, 5, 531–536. Copyright (2006) Elsevier Ltd)
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([Liþ]0.09[Naþ]0.15(H2O)n[MoO3]�0.25) with excess aniline, followed by addition of two

equivalents of FeCl3. The composition of the resulting material was [PANI]0.24MoO3.

It is also interesting to note that polyaniline doped with camphor sulfonic acid (PANI-

CSA) was intercalated into MoO3. This was achieved by adding PANI-CSA dissolved in

m-cresol to an aqueous sol of LixMoO3. The stoichiometry of the intercalate as determined

from elemental analysis was (PANI-CSA0.124)1.06MoO3. Evidence of intercalation was

obtained from powder X-ray diffraction [59].

Using a one-pot reaction design, an intercalated compound of polyaniline into MoO3

was prepared by Shao et al. [60]. This particular method of synthesis uses a coprecipitation

route to fabricate the layered structure. An excess of aniline was acidified to a pH of 0.5, to

which was added ammonium molybdate [(NH4)6Mo7O24.7H2O] and FeCl3. The powder

pattern of the isolated product revealed the formation of an intercalated phase of

polyaniline into MoO3. The identity of the entrapped polymer was confirmed by FTIR

Figure 6.12 Structure of MoO3. (Reprinted with permission from Materials Chemistry and
Physics, Preparation and characterization of layered molybdenum trioxide pillared with chro-
mia by X. Wang, W. Hou, X. Guo and Q. Yan, 73, 1. Copyright (2002) Elsevier Ltd)

Inorganic-Based Nanocomposites of Conductive Polymers 275



spectroscopy. The composition of the material as determined by TGA was [PANI]0.35

MoO3(H2O)1.11. This one-pot coprecipitation route can be exploited to synthesize a wide

range of novel nanocomposite materials based on MoO3.

Hill and coworkers also reported on the intercalation of polyaniline into MoO3 [61]. The

reduction of MoO3 was, first and foremost, achieved by treatment with an excess of a

saturated solution of Na2S2O4. This yielded a hydrated sodium bronze of MoO3, i.e.,

Nax(H2O)yMoO3. The sodium ions in the bronze were then exchanged with a mixture of

aniline and anilinium ions to give an intercalated material, formulated as

(C6H5NH2)x(C6H5NH3
þ)zMoO3; the value of x þ z as determined from TGA was found

to be 0.4. Powder X-ray diffraction measurements on (C6H5NH2)x(C6H5NH3
þ)zMoO3,

revealed an interlayer spacing value of 13.56 Å, suggesting a bilayer arrangement of the

monomers in the gallery space of the layered host. Treatment of the monomer/MoO3 phase

with iodine vapour was shown to initiate polymerization. It should be noted that iodine is a

mild oxidizing agent, and it is most likely that oligomeric species of PANI were formed in

between the MoO3 slabs. The interlayer spacing of the PANI/MoO3 phase was 13.26 Å, a

decrease of only 0.3 Å compared to the monomer intercalated phase.

Polyaniline was intercalated into MoO3 by an ex situ three-step process [62]. Using

Mo(CO)6 at 40 �C, a thin film of MoO3 was deposited by chemical vapor deposition on a

LaAlO3 (100) substrate at 500 �C for 15 min. The pressure of oxygen was kept at around

106 Pa, with a rate of flow of 100 ml min�1. The MoO3 thin film was then immersed for

80 s in an aqueous solution consisting of Na2MoO4.2H2O and Na2S2O4, purged with argon

gas. This caused reduction of the MoO3 thin film into a blue NaxMoO3 thin film. The

NaxMoO3 thin film was air-dried at 80 �C for 30 min, and then immersed for 30 s into a

polyaniline suspension, previously prepared by reacting an acidified solution of aniline

with ammonium peroxydisulfate for 30 min, under an argon blanket. Evidence of inter-

calation was provided by powder X-ray diffraction. The interlayer spacing of the

(PANI)xMoO3 thin film was 13.6 Å, consistent with having a single layer of the polymer

chain sandwiched in between the MoO3 sheets. The (PANI)xMoO3 thin film was shown to

exhibit an increase in electrical conductivity in response to volatile organic compounds,

with good sensitivity and selectivity towards formaldehyde and acetaldehyde vapors.

As noted above, the intercalation of conductive polyaniline into MoO3 has been a major

focus of attention. However, it is worthwhile to note the intercalation of conducting

poly(p-phenylenevinylene) (PPV) in layered MoO3 [63]. PPV displays high electronic

conductivity and a large nonlinear optical susceptibility, both of which properties are

dependent on the orientation and alignment of the polymer chains. An intercalated

nanomaterial of PPV into MoO3 was obtained by using a series of steps. Mixed alkali

hydrated bronzes of MoO3, NaxLiy(H2O)zMoO3 were first cation-exchanged with the

precursor of PPV, poly(p-xylylene-�-dimethyl sulfonium chloride, MW 105 Da). The

resulting polymer intercalated phase was then heated in air or under nitrogen to yield

(PPV)xMoO3.

With MoO3 as a host system, the intercalation of polymers with solid electrolyte

properties has also been reported. For instance, Nazar and coworkers were able to

introduce PEO between the layers of MoO3 [64]. Sodium ions were first intercalated

into MoO3 by treatment with an aqueous solution of Na2S2O4 to produce the hydrated

metal bronze, Na0.25(H2O)nMoO3. Treatment of an aqueous suspension of

Na0.25(H2O)nMoO3 with an aqueous solution of PEO (MW: 100 000) resulted in the
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incorporation of a monolayer of PEO between the MoO3 layers. The composition of the

resulting intercalated phase, as determined by chemical and thermogravimetric analysis,

was (PEO)0.4[Na(H2O)1.0]0.25MoO3. The authors found that bilayer composites were more

readily achievable from Na0.25(H2O)nMoO3 that were ion-exchanged with Li. During the

preparation of the bronze, Li2MoO4 was used as a buffer, resulting in a mixed-metal

bronze formation, i.e. [Li,Na]0.25MoO3. The resulting material was ion-exchanged with

LiCl to yield ‘LiMoO3’. Treatment of ‘LiMoO3’ with a water–methanol mixture of PEO

resulted in an intercalated nanocomposite whose composition was determined to be

(PEO)0.9[Li0.6Na0.4(H2O)0.5]0.25MoO3. Powder X-ray diffraction data support the forma-

tion a bilayer arrangement of the polymer chains in between the MoO3 sheets.

Kanatzidis and coworkers reported on the intercalation of poly(ethylene oxide) (PEO),

poly(ethylene glycol) (PEG), poly(propylene glycol) (PPG), poly(vinylpyrrolidinone)

(PVP), and methyl cellulose (MCel) into MoO3 [65]. Commercially available MoO3 was

heated in an open quartz vial in air at 600 �C for almost two days. A dramatic increase in

the crystallite size of the MoO3 was observed. The material was then reacted with LiBH4 in

a 1:0.4 molar ratio for a day, under nitrogen atmosphere. This method of lithiation

produced a quantitative yield of the lithium molybdenum bronze (LixMoO3). The value

of x ranged from 0.3 to 0.4, as shown by elemental analyses and thermogravimetric

analysis. LixMoO3 exfoliates readily in water and addition of the suspension to an excess

solution of the polymer in water, followed by stirring under nitrogen for two days resulted

in the formation of polymer-MoO3 nanocomposite. It is interesting to note that the

nanocomposite of MCel was isolated as a precipitate, whereas the others remained as

colloidal suspensions and were isolated to dryness by pumping off the water. It was found

that the MW of the PEO had no effect on the interlayer spacing of the composite. PEO

(MW: 5 000 000 and 100 000) gave a similar interlayer spacing value of 16.6 Å. For PEO

of lower MW, i.e. PEG, the observed interlayer spacing value was found to be dependant

on the MW value of the polymer. In general, it was established that the lower MW of the

polymer (PEG), the smaller is the observed interlayer spacing value.

Chen and coworkers also reported the intercalation of PEO into MoO3 xerogel

(MoO3.nH2O) [66]. Similar to MoO3, MoO3 xerogel is also layered. The xerogel was

prepared by the ion exchange of (NH4)4Mo7O24.4H2O through a proton-exchange resin.

After ion-exchange a clear light blue MoO3.nH2O sol (pH: 2.0) was observed. Addition of

an aqueous solution of PEO (MW: 400 000) to the sol produced a mixed sol. The ratio of

polymer to the MoO3 sol was varied to produce composites with composition

(PEO)xMoO3.nH2O (where x¼ 0.5, 1, and 2). The composites were isolated as thin

membranes on glass substrates using a dip-coating method. Thin films were then obtained

by heating the composite membranes for 36 hours at 380 �C in a nitrogen atmosphere.

6.6 Layered Phosphates and Phosphonates

The intercalation of polyaniline into hydrogen uranyl phosphate HUO2PO4.4H2O (HUP)

was reported by Liu and Kanatzidis [67]. HUP is a layered material with an interlayer-

spacing value of 8.69 Å. The layers consist of dumb-bell-shaped UO2
þ ions with uranium

further coordinated to four equatorial oxygen atoms of four PO4
3� tetrahedra. The van der
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Waals gap of the host consists of two layers of water molecules, which are hydrogen-

bonded to each other. Reaction of HUP with an excess of aniline in water resulted in the

formation of an intercalated phase (C6H5NH3)UO2PO40.5H2O (AUP), with an interlayer

spacing value of 10.49 Å. Heating AUP in air at 130 �C resulted in the formation of

(PANI)0.94UO2PO40.4H2O (PUP), with an interlayer-spacing value of 11.8 Å. Pressed

pellets of PUP did not show any electrical conductivity, due to the fact that the polymer

was embedded inside an insulating host matrix. The intercalated polymer was extracted by

dissolution of the host in dilute HCl solution, and a low room-temperature conductivity of

10�5 S cm�1 was observed. The low conductivity of the polyaniline was attributed to

cross-linking, due to the relatively high temperature of the solid-state polymerization. As

an extension to their previous report, Liu and Kanatzidis investigated the intercalation of

aniline, as well as its dimer, N-phenyl-1,4-phenylenediamine (PPDA) into �-Ti(HOPO3)2.

2H2O and �-Zr(HOPO3)2.2H2O [68]. For the case of �-Zr(HOPO3)2.2H2O, it was experi-

mentally observed from powder X-ray diffraction that both aniline and its dimer inter-

calated in a somewhat tilted bilayer configuration. Subsequent heating of the intercalates at

130 �C resulted in the formation of a bilayer arrangement of PANI chains in the gallery

space of the layered host. On the other hand, it was found that only aniline molecules were

capable of intercalating into �-Ti(HOPO3)2.2H2O in a bilayer arrangement. Heating the

resulting material in air at 130 �C resulted in the formation of a monolayer arrangement of

PANI in the layered host matrix.

The intercalation of PANI in zirconium phosphate (ZrP) was also reported by Chang

et al. [69]. Different phases of zirconium phosphate, such as g-ZrP, the dihydrogen form of

�-ZrP [�-ZrP(HH)], and �-ZrP(NaNa), were intercalated with aniline by either ion-

exchange or adsorption, and then polymerized by oxidizing agents such as ammonium

peroxydisulfate and iron (III) chloride. The resulting polyaniline nanocomposites showed

measurable electrical conductivities, as listed in Table 6.3.

Chang et al. also reported on the intercalation of aniline into zirconium phosphate

sulfophenylphosphonate (ZPS), an organo derivative of �-zirconium phosphate [70]. The

hydrophilic (�SO3H) groups in ZPS promote swelling of ZPS, which served as a template

for aniline. The aniline-ZPS system was then oxidized with ammonium peroxydisulfate to

yield a polyaniline-ZPS composite. However, there is no X-ray evidence that has been

provided to support the formation of an intercalated phase.

The intercalation of PANI into �- and g-zirconium hydrogen phosphates was also

reported by Bonnet et al. [71]. These layered structures were partially exchanged

with Cu2þ ions, resulting in the formation of phases with compositions,

�-ZrCu0.6H0.8(PO4)2.4H2O and g-ZrCu0.7H0.6(PO4)2.4H2O. Treatment of these bi-phasic

Table 6.3 Conductivity data for PANI samples

Sample Conductivity (S cm�1)

PANI-a-ZrP(HH) 1 � 10�3

PANI extracted from PANI-a-ZrP(HH) 1 � 10�1

PANI-a-ZrP(NaNa) 3 � 10�6

PANI-g-ZrP 3 � 10�4

From reference [69].
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phases with aniline guest species resulted in their intercalation as anilinium ions due to

proton transfer from the acidic hosts. The interlayer anilinium was subsequently oxidized

by the Cu2þ, which behaved as the oxidizing agent. The formation of interlamellar

polyaniline was confirmed by FTIR spectroscopy.

The intercalation of polyaniline into a layered tin(IV) phosphonate was described by

De Paoli et al. [72]. The layered host system was synthesized by reacting organopho-

sphonic acid (HOOCH2CH2PO3H2) with SnCl4 in the presence of dilute HNO3. The

protons of the carboxylic acid groups in the layered host system were then exchanged

with different amounts of Fe3þ ions, and then treated with an acidic solution of aniline to

yield polyaniline intercalated phases. The materials were characterized by powder X-ray

diffraction to support intercalation of the polymer. Electrical conductivity measurements

on these materials were low (10�9 Scm�1), providing supporting evidence that the polyani-

line is, in fact, intercalated, since externally lying PANI would show a pronounced

increase in electrical conductivity.

6.7 Layered Rutiles

Koene and Nazar intercalated aniline into the trirutile-like layered oxides, HMWO6.nH2O

(M¼Ta, Nb) by making use of the strong Brønsted acidity of the layered hosts [73]. The

resulting intercalated phase, [Aniline]0.68HMWO6, displayed an interlayer spacing value

of 20.02 Å, a 11.1 Å interlayer expansion with respect to the pristine layered hosts. This is

consistent with a bilayer arrangement of the aniline molecules in the gallery space of the

inorganic host matrices. Thermal treatment of [Aniline]0.68HMWO6 in air resulted in

evaporation of half of the aniline molecules, along with polymerization of the remaining

half within the layers of the host. The stoichiometry of the polyaniline nanocomposite was

PANI0.34HMWO6, with an interlayer spacing value of 14.5 Å, which was consistent with a

single layer of the polymer chain trapped in between the lamellae of the host

system. PANI0.34HMWO6 was shown to possess an electrical conductivity value of

1� 10�6 S cm�1, a 107 fold increase with respect to [Aniline]0.68HMWO6.

By using an exfoliation and flocculation technique, Prasad et al. were able to prepare a

polyaniline/NbWO6 hybrid material [74]. Dispersed nanosheets of HNbWO6 were

obtained by treating HNbWO6 with tetrabutyl ammonium hydroxide. The suspension of

the exfoliated layers was then added to an alcoholic solution of aniline, followed by

addition of a few drops of 1 M HCl, and overnight sonication in order to induce floccula-

tion of the aniline-NbWO6 nanocomposite. The nanocomposite was isolated by centrifu-

gation, and dried. Treatment of the nanocomposite with O2 at 130 �C for several weeks

resulted in the formation of intercalated PANI.

The polymerization of aniline in layered HMMoO6.H2O (M¼Nb, Ta) was reported by

Bhuvanesh and Gopalakrishnan [75]. These layered systems, possessing the rutile-related

structure, behave as Brønsted acids, and were found to readily intercalate aniline, produ-

cing intercalated phases with composition, (C6H5NH3)xH1-xMMoO6.H2O (x� 0.35). The

interlayer spacing of the intercalate was 17.6 Å, corresponding to a monolayer arrange-

ment of anilinium inside the layered host system. Oxidation of the latter in air

polymerized the interlayer aniline to yield a polyaniline intercalated phase with
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stoichiometry (PANI)xH1-xMMoO6. The observed interlayer spacing value of

(PANI)xH1-xMMoO6 was 15.7 Å, also corresponding to a monolayer of the polymer

sandwiched in between the layered sheets.

The polymerization of aniline in the galleries of layered HNbMoO6 was also reported by

Byeon et al. Aniline was first inserted into the structure via an acid–base reaction to

produce (anilinium)xNbMoO6, which upon treatment with FeCl3 as an oxidizing agent

resulted in the formation of (PANI)xNbMoO6 [76].

6.8 Layered perovskites

Uma and Gopalakrishnan reported the insertion of aniline into HCa2Nb3O10 and

HCa2Nb2MO9 (M¼Al, Fe) [77]. The driving force of the intercalation reaction is through

an acid–base reaction, with the layered perovskites behaving as solid acids. Subsequent

treatment of these intercalates with (NH4)2S2O8 led to the formation of PANI-layered

perovskite composites. It was found that pressed pellets of (PANI)0.80Ca2Nb3O10 showed

no measurable conductivity (<10�10 S cm�1), suggesting that the polymer was interca-

lated, with no polymer residing on the outside of the layered host. This also corroborated

well with the fact that the morphology of (PANI)0.80Ca2Nb3O10, as viewed under a

scanning electron microscope, showed clean and smooth crystal surfaces, with no obvious

signs of externally lying polymer chains. The measured electrical conductivity of the

extracted polymer from (PANI)0.80Ca2Nb3O10 is around 10�5 S cm�1, a rather low value,

implying considerable cross-linking of the polymer.

6.9 Layered Titanates

While it is worthy to note that polyaniline-TiO2 nanocomposites have been synthesized

and characterized [78–83], it should, however, be emphasized that these nanocomposites

are not intercalated, but rather consist of TiO2 nanoparticles, in either the anatase or rutile

phase, mixed with the polymer.

The protonated form of layered titanate exhibits acid-like properties and is therefore

amenable to the intercalation of aniline. The synthesis of the protonated titanate is

performed by mixing and grinding anatase TiO2 with 0.2 equivalents of Cs2CO3 in an

alumina crucible, heating the solid mixture briefly to 800 �C, regrinding and reheating the

solid for a longer period of time at 800 �C. This results in the formation of a white powder

with composition, CsxTi2-x/4&x/4O4•yH2O where & is a vacancy. The protonated form of

the titanate (HxTi2-x/4&x/4O4•yH2O where x� 0.7 and y� 1) is afforded via ion exchange

with 1 M HCl [84]. For simplicity, the layered titanate is simply denoted as HTiO2.

Treating HTiO2 with an excess of freshly distilled aniline in the presence of water resulted

in the formation of a sandwiched compound whose composition is (aniline)0.1HTiO2, as

determined by thermogravimetric analysis. Heating (aniline)0.1HTiO2 in air at 140 �C

resulted in the oxidation of the interlamellar aniline/anilinium to produce a dark-green

product, an intercalated compound of polyaniline into titanate. FTIR spectroscopy confirmed
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the characteristic signature of polyaniline (Figure 6.13). This technique also confirmed that

the structure of the layered system was maintained, as depicted by the broad band between

400 and 800 cm�1. It is interesting to note that when compared to chemically synthesized

bulk polyaniline, all the peaks corresponding to the intercalated polyaniline are shifted to

higher wavenumbers. This indicates that there is some interaction between the polymer and

the layered host. This interaction is more likely to be due to hydrogen bonding between the

N—H group of the intercalated polymer and the acidic proton of the layered structure. TGA

data confirmed a stoichiometry of (polyaniline)0.1HTiO2, which was similar to the stoichio-

metry of the precursor intercalate. It is interesting to note that the aerial method of oxidation

does not result in loss of monomer units [85].

Sukpirom and Lerner encapsulated PEO and PVP into HTiO2 [84]. This was achieved by

adding aqueous solutions of the polymers to suspensions of exfoliated HTiO2 layers,

followed by acidification to obtain gel-like materials. Exfoliation of the HTiO2 was achieved

by adding to an aqueous solution of tetrabutylammonium hydroxide, followed by ultrasoni-

cation. XRD data showed strong evidence of intercalation. The interlayer-spacing value of

the PEO/HTiO2 intercalate was 14.9 Å, whereas that of PVP/HTiO2 was 28.8 Å.

6.10 Graphite Oxide

Graphite oxide (GO) is a layered structure that has recently attracted a considerable

amount of interest in the scientific community. It can be prepared by Hummers’ method

through its harsh oxidation with KMnO4 in concentrated sulfuric acid [86]. While the
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Figure 6.13 FTIR of (polyaniline)0.1HTiO2. (Reprinted with permission from Synthetic Metals,
An intercalated polyaniline-titanate nanomaterial by S. F. Scully and R. Bissessur, 159, 7–8
637–641. Copyright (2009) Elsevier Ltd)
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precise structure of graphite oxide is not known, FTIR studies confirm that it contains

functional groups such as COC, COOH, C=O, and OH. It has generally been accepted from
13C solid-state NMR spectroscopy that the carboxyl and carbonyl functionalities tend to be

located near the edges, while other functionalities such as epoxides and hydroxyl groups

tend to be located on the basal planes of the layered structure. It has been found that GO

exfoliates readily in water, or in dilute alkaline solution, due to deprotonation of the acidic

functionalities, creating negatively charged nanoplatelets that repel each other. The col-

loidal suspension of GO can be reconstructed to yield restacked GO upon addition of an

acidic solution. However, in the presence of foreign species the GO layers restack to form

sandwiched compounds.

The intercalation of polyaniline into GO was reported by several researchers. For

instance, the intercalation of polyaniline (PANI) into GO had been reported by both the

Matsuo [87] and Gong [88] groups, using similar methods. A colloidal suspension of GO

was first obtained by treatment with a dilute solution of sodium hydroxide. Aniline

monomer was then added to the colloidal suspension followed by addition of an aqueous

solution of an oxidizing agent (ammonium peroxydisulfate or iron(III) chloride). The

product obtained by the Matsuo group showed evidence of intercalation from powder

X-ray diffraction studies, whereas Gong’s product did not. Gong et al. reinvestigated the

intercalation of PANI into GO [89] and used a modification of their previously reported

procedure. Aniline was first intercalated into GO and the resulting phase treated with

ammonium peroxydisulfate to yield an intercalated compound of PANI into GO.

The Matsuo group also re-explored the intercalation of PANI into GO, by using a

different synthetic route [15]. This time, an intercalation compound of n-hexylamine

into GO was prepared. Further treatment of this compound with an NMP solution of

PANI afforded (PANI)xGO through an ion-exchange reaction.

Bissessur and coworkers explored the inclusion of poly(2-ethylaniline) (PEA) and

poly(2-propylaniline) (PPA) into GO, in addition to polyaniline [90]. The technique of

intercalation differed from previously reported methods. They showed that polyanilines

can be directly inserted into GO without the preparation of precursor phases. The polymers

were first prepared from the monomers by oxidation with ammonium peroxydisulfate in

acidic medium. GO, synthesized by using the Hummers’ method, was dispersed in

deionized water with the aid of sonication. Colloidal suspensions of the polymers in

NMF were then added to the aqueous GO suspensions. The reaction mixtures were then

acidified and heated at 60 �C for 90 min. The intercalated phases were isolated via freeze-

drying. A similar process was used to intercalate polypyrrole into GO [91].

Bissessur and Scully reported on the intercalation of solid electrolyte precursors,

polyethylene oxide (PEO), polyvinylpyrrolidone (PVP), methyl cellulose (MCel),

poly[oxymethylene-(oxyethylene)] (POMOE), and poly[oligo(ethylene glycol oxalate)]

(POEGO) into layered graphite oxide [92]. This was achieved by mixing aqueous suspen-

sions of GO with aqueous solutions of the polymers. A small amount of dilute NaOH was

added to complete the exfoliation process of the GO. Following acidification and heating

as described above, the polymer intercalates were finally isolated through freeze-drying. It

is important to note that the intercalation of PEO into GO was also reported by Matsuo and

coworkers [93].

Bissessur et al. recently reported on the inclusion of poly[bis(methoxyethoxyethoxy)-

phosphazene] (MEEP) complexed with lithium triflate into the gallery space of GO [94].
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MEEP is an amorphous polymer that displays high ionic conductivity when complexed

with lithium salts. The composition of the salt complex used in the study was

(MEEP)4.0LiCF3SO3. Powder X-ray diffraction supported the intercalation of

(MEEP)4.0LiCF3SO3 into GO. Differential scanning calorimetry provided supporting

evidence. Pure MEEP displayed a low glass transition temperature (Tg) at –78.90 �C,

which shifted to –42.97 �C upon complexation with the triflate salt. A further shift in Tg

to –29.70 �C was observed for the composite material, (MEEP)4.0LiCF3SO3 /GO

(Figure 6.14). The composite was also characterized by AC impedance spectroscopy,

and it was shown to possess significant ionic conductivity.

6.11 Conclusions

The insertion of polymers, with electrical and ionic conductivity, into two-dimen-

sional host structures continues to be a growing field of research in materials

science/chemistry. As seen in this review, the technique of intercalation depends

on the layered structure that is being investigated. It should also be pointed out that

there is a huge repertoire of layered systems that is at the disposal of the researcher,

providing the opportunity to create a wide range of nanostructured materials with

specific applications.
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7.1 Introduction

Since the remarkable discovery of high electrical conductivity in polymer materials in 1977

[1], studies on conductive polymers (CP1) have developed into interdisciplinary research

expanding in various directions. A significant impetus to the field was given by materials

scientists in their attempts to combine the unique properties of conductive polymers with

those of other inorganic and organic materials. Thus, in the last two decades, research on the

synthesis of CP-based composite materials has flourished and resulted in the development of

a great variety of new materials with interesting specifically designed properties. The

accumulation of a great number of studies on nanocomposite materials has provoked the

recent appearance of several review articles [2–7] attempting to summarize, from different

specific points of view, the advances made in the field. Thus, electrochemical aspects [2,7] of

CP-based composites, optical and electronic properties [3], polyaniline(PANI)-based nano-

composites [4], the involvement of composites of CPs in chemical sensing [5], and the

incorporation of metallocenes in CPs [6] have been extensively discussed.

1 All acronyms used throughout the text are summarized in the List of Acronyms at the end of the chapter.
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It is the aim of this chapter to give an overview on both chemical and electrochemical

techniques for producing metallic-particle-based CP nanocomposite materials and to out-

line the progress made in this field. The various synthetic approaches are organized in such

a way as to present first those involving metal particle deposition in the course of

polymerization, and subsequently post-polymerisation procedures that involve chemical,

electrochemical, or adsorption processes (Figure 7.1). Well-established approaches, along

with some newly developed techniques will be discussed, with special emphasis on those

that are still underdeveloped. Synthesis of metal oxide particle-based CP composites (see

e.g. [8]), as well as modification of CPs with transition-metal complexes (see e.g. [5])

remain outside the scope of this chapter.

Metallic-particle-based CP nanocomposites are explored in view of a great variety of

applications, including electrocatalysis, electroanalytics, sensorics, corrosion protection etc.

The discussion in this chapter concerning applications will address the relationship between

synthetic conditions and mainly electrocatalytic and electroanalytic performance, without going

into the specific topic of mechanisms of electrochemical reactions. The latter research area (see

e.g. [9]) requires extensive presentation and remains outside the scope of this overview.

Finally, this chapter aims to present a snapshot of the state of the art by extensively

covering the otherwise widely spread literature on metallic-based CP nanocomposites

(including microcomposites that are at the nanocoscale limit). This attempt is launched

with the hope that not much work has been left unnoticed.

7.2 Oxidative Polymerization Combined with Metal-Ion Reduction
(One-Pot Synthesis)

Studies on one-pot chemical syntheses of metallic-particle-based CP nanocomposites

[10–45] rely on the direct oxidation of the monomer by metal ions present in the solution,

Post-polymerization procedures for metal deposition

Oxidative polymerization combined
with metal-ion reduction

(one-post synthesis)
(Part 2)

Metal deposition in the course of polymerization

LbL multistep adsorption procedures
(Part 3 and 5)

Chemical or electrochemical
synthesis in the

presence of metal nanoparticles
(Part 3)

Metal electrodeposition
(Part 4)

Chemical (electroless) deposition
(Part 5)

Figure 7.1 Organization of the topics addressed in the chapter
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in the absence of additional oxidants. This approach has been explored for the formation of Au-,

Pt- and Ag-based composites of PANI, polypyrrole (PPY), poly(3,4-etylenedioxythiophene)

(PEDOT) and some of their derivatives (Table 7.1). The performed investigations show that

one-pot chemical synthesis, carried out in aqueous solution and in the absence of stabilizers,

fails in most cases to give small enough metal particles [20–22,37]. According to a detailed

study on the synthesis of Au-PPY colloids [11], however, the size and shape of the obtained

metal particles vary significantly depending on the synthesis solution composition. By keeping

the metal (Au)-to-monomer (pyrrole) ratio as low as 0.1, spherical nanoparticles (NPs) with a

narrow size distribution and a mean diameter of 7 nm have been obtained. Thus, thorough

experimentation is needed in order to achieve the formation of nanocomposites with small

enough and possibly monodisperse metal NPs.

The involvement of bulky sulfonate anions, e.g. dodecylbenzenesulfonate (DBS), poly-

sterenesulfonate (PSS), or camphorsulphonate, that act both as dopants and stabilizers for the

metal NPs results usually in the formation of metal particles on the nanometer scale. In the

studies performed so far, the role of parameters such as monomer, stabilizer, and metal ion

concentration on the characteristics of the produced nanocomposites are rarely assessed.

A detailed investigation on the formation of Ag- poly(2,5-dimethoxyaniline(PDMA)-PSS

nanocomposites obtained at various concentrations of DMA, PSS, and Ag anions [36]

shows that the dopant concentration determines the composite properties, e.g. doping level,

growth rate and Ag NP size distribution. The role of the type of the stabilizing agent (PSS,

dodecylsulfate, or poly(vinyl alcohol)-PVA) has been investigated in the case of Au-PEDOT

nanocomposite formation [39]. Use of various ionic and nonionic compounds as stabilizing

species in the course of the chemical synthesis offers undoubtedly multiple opportunities to

influence the formation of metallic-particle-based CP nanocomposites.

Attempts to use organic solutions for the one-pot synthesis of aniline-based nanocom-

posites resulted in the formation of Au-NPs in PANI [42,43], Au-NP-decorated PANI

nanoballs [24], and a uniform distribution of Pd NPs in poly(3,5-dimethylaniline) [25]. An

interesting approach for a two-phase interfacial synthesis of Pt-PANI nanocomposite was

suggested by Liu [35] using aniline dissolved in chloroform as the lower organic phase and

aqueous solution of chloroplatinic acid and PSS as the upper phase. The Pt NPs were found

to be uniformly dispersed in the PANI-PSS nanocomposite.

One-pot synthesis approaches have also been developed, involving sonication [23,26],

and UV- [15,28] or g-irradiation [27,32,41]. It was found that sonication and g-irradiation

resulted in acceleration of the nanocomposite formation by inducing radical formation

(i.e. H2O!H•þOH•). The hydrogen and hydroxyl radicals drive both metal-ion reduc-

tion and monomer oxidation. The role of H2O2, either available in the solution or generated

through radical recombination, for the enhancement of the rate of polymerization was

extensively discussed [23,26].

Finally, apart from the chemical oxidation-reduction one-pot approach, electrochemical

one-pot synthesis routes based on the application of cyclic voltammetry or unsymmetrical

square-wave current procedures have been used for the formation of Pd-, Pt-, and

Ag-nanocomposites [10,14,34] supported on conducting substrates (Table 7.1). The

monomer oxidation proceeds at the positive potentials of the voltammetric cycle or during

the oxidative galvanostatic pulse. Metal nucleation and growth is initiated at the more

negative potentials of the voltammetric cycle or during the reductive galvanostatic pulse,

correspondingly. Thus, both oxidative polymerization and metal ions reduction are time-

resolved, but occur in the same solution.
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Table 7.1 Overview of systems investigated for one-pot synthesis of metallic-based CP nanocomposites

Monomer Metal-ion
source

Method Counter-ion, solvent Metal particle size Ref.

Aniline KAuCl4 Direct oxidation-reduction BF4
–, H2O 1mm 20, 21

Aniline HAuCl4 Direct oxidation-reduction Cl– and SDS, H2O 50–300 nm 31
Aniline HAuCl4 Direct oxidation-reduction Cl–, H2O (various pH and T) 10 nm–1 mm (depending on pH

and T)
37

Aniline HAuCl4 Direct oxidation-reduction Camphorsulfonate, H2O 50–60 nm diameter of coaxial
nanocables

33

Aniline HAuCl4 Direct oxidation-reduction acetate, H2O, Tween 40 <1 mm, core-shell 38
Aniline HAuCl4 Direct oxidation-reduction No additional anions,

toluene
Au-decorated PANI nanoballs 24

Aniline HAuCl4 or
PdCl2

Direct oxidation-reduction Cl– and DBS, hexane and
butanol

2–5 nm 43

Aniline HAuCl4 Direct oxidation-reduction
with or without carbon
nanotubes (CNT)

Cl–, ethanol 3 nm (PANI-CNT), 6 nm (PANI) 42

Methoxyaniline HAuCl4 Direct oxidation-reduction Camphorsulfonate, H2O or
organic solvent

3.0–4.9 nm (H2O) 1.4–13.3 nm
(org.)

17

Methoxyaniline HAuCl4 Direct oxidation-reduction DBS, H2O <10 nm, filaments of NPs 18
3-Aminophenyl

boronic acid
HAuCl4 Direct oxidation-reduction Cl–, H2O PVA as disperser 15.5–39.4 nm (depending on

PVA concentration)
29

Aniline K2PtCl6 Direct oxidation-reduction BF4
–, H2O 1mm 22

Aniline H2PtCl6 Direct oxidation-reduction;
interfacial synthesis in two-
phase system

PSS, H2O-Me salt;
chloroform-aniline

90–100 nm 35

Aniline, DMA,
aniline-DMA

AgNO3 Direct oxidation-reduction PSS, H2O 19 nm (PANI), 22 nm (PDMA),
20 nm (PANI-DMA)

40

DMA AgNO3 Direct oxidation-reduction PSS, H2O �10 to�100 nm (depending on
DMA, PSS and Agþ

concentrations)

30, 36

2,3-Dimethyl-
aniline

Pd-acetate Direct oxidation-reduction Acetate, toluene 2 nm 25



Pyrrole HAuCl4 Direct oxidation-reduction DBS, Cl–, H2O 12.8 nm 16
Pyrrole HAuCl4 Direct oxidation-reduction Cl–, H2O 3–10 nm; 20–50 nm;

50–100 nm; 120–130 nm
(depending on Au/pyrrole ratio)

11–13

Pyrrole Pd-acetate Direct oxidation-reduction Acetate, acetonitrile 2.0–2.5 nm 44
EDOT HAuCl4 Direct oxidation-reduction Cl–, H2O or PSS, SDS or

PVP, H2O
26.3 nm* (PSS), 45.3 nm*
(SDS), 220.0 nm* (PVP)
*hydrodynamic diameters of
the nanocomposite particles

39

EDOT PdCl2 Direct oxidation-reduction Cl–, H2O or PSS þ Cl–, H2O 1–9 nm 45
EDOT CuCl2 Direct oxidation-reduction – 19
Aniline HAuCl4 Sonication; H2O2 Cl– – 23
Aniline HAuCl4

AgNO3

g-Irradiation with or without
add. oxidant

Cl–, NO3
–, H2O 10–100 nm (Au)

(no add. oxidant), 2–25 nm (Ag)
(add. oxidant), PANI decorated
nanofibers

27

Aniline AgNO3 Sonication or g-irradiation NO3
–, H2O 40 nm (sonication), 60 nm

(g-irradiation)
41

aniline AgNO3 UV-Vis irradiation at 254
and 365 nm

NO3
–, H2O <50 nm 28

Pyrrole AuCl3, AgNO3,
CuSO4

UV irradiation DS, H2O – 15

Pyrrole HAuCl4,
K2PtCl6

Sonication DS, H2O 15 nm (Au), 40 nm (Pt)
core-shell

26

N-vinyl-carbazole AgNO3,
PdNO3,
H2PtCl6, RuCl3

g–irradiation PVP, (and acrylic acid),
mixed org./H2O, H2O

Aggregates 32

Aniline PdSO4 Cyclic voltammetry SO4
2–, H2O 10

Aniline Na2PtCl6,
PdSO4

Cyclic voltammetry SO4
2–, H2O �40 nm (Pt), 8–10 nm (Pd) 14

Aniline AgNO3 Unsymmetric square-wave
current method

NO3
–, H2O <50 nm 34



Most of the investigations of one-pot synthesis of metallic-based CP nanocomposites

remain focused on the synthesis itself and mainly present information on the metal particle

size and dispersion in the polymer phase alone. In a few cases materials properties such as

electrical conductivity and thermal stability have been explored and compared to those of

the corresponding pristine polymer materials. For instance, in the case of Ag-PANI-PSS

and Ag-PDMA-PSS nanocomposites, an improved thermal stability has been established

[40]. Concerning the electrical conductivity, there are differing data showing increased

[15,23,27,43] or preserved [20,40] conductivity of the composites in comparison with the

corresponding pristine polymers, synthesized under identical conditions. In general, the

problem with the influence of the metal NPs on the conductivity of the nanocomposite

material is not easily handled. The electrical conductivity depends on the amount of metal

content in the nanocomposite, but also on the CP structure and oxidation state, which in

turn might be influenced by the synthetic procedure. Thus, detailed studies are needed to

differentiate between the roles of various factors influencing the nanocomposite material

properties.

7.3 Nanocomposite Formation by Means of Pre-Synthesized
Metal Nanoparticles

The involvement of pre-synthesized metal NPs in the formation of CP-based nanocom-

posites offers the possibility to incorporate metallic species with defined characteris-

tics, e.g. size and stabilization shell, in the polymer material. An additional important

advantage is the opportunity to achieve a homogeneous distribution of the metal

particles in three dimensions that is usually not the case for metal deposition in

pre-synthesized supported CPs. The synthesis of nanocomposites by means of pre-

synthesized metal NPs [46–87] has been approached in several ways: by carrying out

electrochemical [46–59,70,71] or chemical [60–69] polymerization in their presence;

by simple mixing with dissolved CPs [73–76]; by NPs adsorption on pre-synthesized

CP layers [77–83]; by layer-by-layer (LbL) adsorption using dissolved CPs [84–87]

(Table 7.2, A and B).

The metal colloid preparations are mostly based on reduction of metal ions in the

presence of bulky anions (e.g. citrate and mercaptoethanesulfonate), but also quaternary

ammonium salts (e.g. tetraoctylammonium bromide) or polymers (e.g. poly(N-vinylpyr-

rolidone (PVP)) are used as stabilizers (Figure 7.2). Ionic species involved in the NP

synthesis play a dual role of stabilizers for the metal particles and dopants for the polymer

material. In some cases the synthesis of the metal NPs occurs under g-irradiation in the

presence of the monomer, which stabilizes the metal particles [64–66,68]. A two-phase

approach for the preparation of the monomer or eventually oligomer-stabilized metal

particles has been also suggested in the case of octylthiophen [57] and 3,4-ethylenediox-

ythiophene (EDOT) [70,71].

Electrochemical polymerization in the presence of a platinum colloid was first investi-

gated as early as 1992 by Rajeshwar et al. [46,47] for PPY. These studies were followed by

investigations on the incorporation of various metal colloids in the course of
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Table 7.2 Overview on systems investigated for the preparation of metallic-based CP
nanocomposites by using pre-synthesized metal NPs

A Polymerization in the presence of NPs

Monomer Metal
NPs

NP stabilizer/reductant Polymerization
method

Ref.

Aniline Au Mercaptoethane sulfonate Electrochemical 48
Aniline Pt Citrate or mercaptoethane

sulfonate
Electrochemical 49, 50

Aniline Pt Polyoxometallates Adsorption of
anilinium and
electrochem.
polymerization
without monomer

80, 81

Aniline Au H2O2 Chemical 60
Aniline Au 10-Bromodecyl peroxide Surface-initiated

chemical oxidation by
peroxide groups

63

Aniline Cu BH4
– Chemical 61, 62

Aniline Au Monomer Chemical 64
Aniline Ag Monomer Chemical 65
Aniline Ag PVP or Monomer Chemical 68
Aniline Pd Monomer Chemical 66
Aniline Ag PVP Chemical 67
O-toluidine Ag Citrate Chemical 69
Aniline Ag Electrochem. reduction Oxidation-reduction

process
72

Pyrrole Pt Citrate Electrochemical 46, 47
Pyrrole Pt Citrate Electrochemical 51–53
Pyrrole Pd Tetraoctylammonium-bromide Electrochemical 54
Pyrrole Au Citrate Electrochemical 55
Thiophene Pt, Pt-Pd Citrate Electrochemical 56
Octylthiophene Au Monomer Electrochemical 57
EDOT Au Monomer Electrochemical 70, 71
EDOT Au Bulky anions Electrochemical 58, 59

B Use of pre-polymerized CP materials

Polymer Metal
NPs

NP stabilizer Method of
nanocomposite
formation

Ref.

PANI Pd PVP Mixing 73, 74
PANI Au Citrate Mixing 76
PEDOT-PSS Au, Ag No data Mixing 75
PANI Au Citrate Adsorption 78
PANI Ag PVA Drop-coating 83
P3MET Au, Ag BH4

–(Ag) Adsorption 79
PEDOT Au, Ag BH4

–(Ag) Adsorption 79
PPY Pd Tetraoctylammonium-bromide Adsorption and

electrochemical
treatment

77

PPY Ag None Electrochemical
treatment

82

PANI Au Mercaptosuccinate LbL adsorption 84, 85
PANI Au, Ag Mercaptoethane sulfonate LbL adsorption 86
PANI Au Citrate LbL adsorption 87
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electropolymerization of aniline [48–50], pyrrole [46,47,51–55], thiophene [56],

octylthiophene [57], and EDOT [58,59] (Table 7.2). The electrochemical polymerization

occurs under potentiostatic or potentiodynamic conditions in the presence of the metal

colloid. It is interesting to note that despite several attempts to use this approach for the

synthesis of metallic-based CP nanocomposites, there are almost no data on the spatial

distribution of the metal NPs in the electrosynthesized polymer layer. A homogeneous

distribution of the metallic particles within the CP layer is presumed, but direct evidence is

obtained only in the case of the Pt-PPY nanocomposite studied in [51].

The all-chemical synthesis approach, based on pre-synthesized metal NPs has been

used for aniline and involves chemical polymerization by hydrogen peroxide or ammo-

nium persulfate in the presence of gold [60] or copper [61,62] colloids, respectively.

Surface-initiated chemical oxidation of aniline by peroxide groups that are part of the

protective shell (10-bromodecylperoxide) of Au NPs has also been suggested [63]. The

interesting possibility of using the monomer as a stabilizing agent for the metal

particles has been explored for mercapto-octylthiophene [57], aniline [64–68], and

EDOT [70,71]. The metal-CP nanocomposites were obtained in a subsequent step,

either by chemical or electrochemical polymerization of the NP stabilization shells

(Figure 7.2). g-Irradiation has been used for the synthesis of aniline-protected NPs

[64–67], whereas a two-phase synthetic approach was followed to produce thiol- and

EDOT-protected Au NPs. The comparison of aniline- and PVP-protected Ag NPs, both

produced through g-irradiation, showed that the size and shape of the NPs depend on

the weight ratios of aniline to Ag ions and the type of stabilizing agent used in the

preparation [67]. Finally, direct oxidation reduction has been used to oxidize the

monomer (pyrrole) at the expense of metal reduction by using Ag NPs having positively

charged Ag species [72].

Nonionic polymer- and anion-
stabilized NPs

Me NP Me NP
Me NP

+ +

Polymerization in the presence of
monomers

Layer-by-layer adsorption CPs and NPs

Polymerization of the
stabilization shell

Monomer/oligomer
– stabilized NP

Figure 7.2 Involvement of pre-synthesized metallic nanoparticles in the formation of CP-
based composites
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Another way of introducing pre-synthesized metal NPs into nanocomposite materials is

mixing with pre-synthesized CPs. It has been shown that simple mixing of PANI with a Pd

suspension [73,74] and PEDOT-PSS with Au and Ag dispersions [75] results in

the formation of the corresponding metal particle-CP nanocomposites in solution. The

encapsulation of pre-synthesized Au NPs in pre-prepared water-soluble poly(aniline-2-

carboxylic acid) was found to result in the formation of a composite nanocolloid that

remains stable in aqueous solution [76].

Several approaches have been designed that involve metal NP adsorption on supported

polymer surfaces with (or without) subsequent treatments aimed at better stabilization of the

adsorbed NPs. Thus, electropolymerized PPY layers were immersed in Pd NP solution and

subsequently treated by square-wave cathodic pulses [77]. Electrosynthesized PANI layers

were immersed in a Au-colloid solution [78] and used to build a sandwich structure by repeated

electropolymerizationafterAuNPadsorption.TheadsorptionofAuNPswasevidencedbyUV-

Vis spectroscopy showing the characteristic gold plasmonicpeak in theadsorbed Au NPs-PANI

layer. CP layers of the polythiophene (PTHI)-type (i.e. poly (3-methylthiophene) (P3MET) and

PEDOT) were decorated by Au and Ag nanopraticles after immersion in the corresponding

colloids [79]. Evidence was obtained for ohmic contact between the adsorbed NPs and the

polymer surface. A repeatedly applied immersion procedure involving adsorption of polyox-

ometalte-protected Pt NPs and anilinium ions followed by electrochemical polymerization of

the monomer species was designed to produce a Pt-PANI nanocomposites [80,81].

A true layer-by-layer adsorption approach has been developed for producing multi-

layered structures of PANI and Au or Ag NPs by repeatedly immersing a supporting

substrate in solutions containing dissolved polyaniline and Au or Ag colloids [84–87]. This

approach seems to be extremely useful for the deposition of ultrathin composite layers with

homogeneous metal distributions that are well suited for applications requiring the avoid-

ance of the otherwise large intrinsic charge capacity of CPs.

As already shown, there have been various simple or more sophisticated attempts to

involve pre-synthesized metal NPs in the preparation of CP nanocomposite materials. There

is, however, little known about the influence of the metal NPs on the bulk properties of the

obtained nanocomposites. Indications of increased conductivity have been obtained in the

cases of Au NPs-PPY [55], Pd NPs-PPY [77], and Ag NPs-PPY. Enhanced absorbance in the

visible range, which depends on the amount of incorporated metal particles was observed for

the Ag NPs-PEDOT composite [75]. A shift in the Au absorption peak with applied potential

was found for Au NPs immobilized between two PANI electrosynthesized layers [78]. It was

suggested that this effect could be used in electroactive plasmonic devices.

7.4 Metal Electrodeposition in Pre-Synthesized CPs

Not long after the discovery of CP materials, the electrochemical community realized the

ease of electrochemical deposition of CP layers on conducting substrates and the promising

prospect of producing new electrocatalytic materials by dispersing (in an electrochemical

way) metallic particles in the CP matrix. Thus, starting with the early works of Tourillon and

Garnier [88] and Chandler and Pletcher [89], interest in this area has continuously grown and

has resulted in a large number of experimental studies. The electrodeposition of various

metals of practical interest, such as Pt [51,79,90–141], Au [20,142–147], Pd [148–158],
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Ag [159–163], Cu [165–189], Ni [159,190–193], Pb [89,138,159] etc. and also of Pt-based

bimetallic systems [95,102,103,111,112,126,135] has been extensively studied (Table 7.3).

The majority of investigations address the various possibilities of dispersing Pt particles in

PANI [90–127] and PPY [51,79,128–137]. What follows is an outline of the developments in

this field of research with emphasis on experimental techniques that provide nanosized

metallic particles in electrosynthesized CP layers and on approaches that influence their

spatial distribution in a pre-defined way.

The use of CP-coated electrodes for metal electrodeposition, instead of the typical

conducting (metal, glassy carbon etc.) substrates, results in the interference in this process

of various specific factors that closely relate to the intrinsic propertiesof CPs. Among them

are the initial oxidation state of the CP material, its surface morphology and surface

chemical state, and also bulk characteristics, such as porosity and metal–polymer chemical

interactions. These factors are often inter-related and therefore it is difficult to differentiate

clearly their effect on the characteristics of the obtained metal deposit.

Another complication arises from the fact that, in contrast to conventional electrodes,

CP-coated electrodes often undergo changes in their oxidation state and structure in the

course of metal electrodeposition. This is usually the case when driving metal-ion reduction

by means of the most frequently applied electrochemical techniques – cyclic voltammetry,

multistep potential procedures, repetitive square-wave potential (or pulse potentiostatic)

techniques, and galvanostatic reduction (Figure 7.3). In spite of the difficulty in
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Figure 7.3 Potential scale showing the standard equilibrium potentials of various metal ions
and the potential intervals for CP reduction. Electrochemical techniques used to initiate metal
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Table 7.3 Overview of systems investigated for electrochemical deposition of Pt, Au, Pd, and Cu particles in CPs

Pt

Metal-ion source
(concentration)

Conductive polymer Metal deposition
method

Me particle size (for Me
loading) and/or Me deposit
location

Ref.

K2PtCl6 (5 mM) PANI Single-, double-potential
steps or exhaustive
electrolysis, pre-soaking with
Me ions

100 nm (for 2mg cm�2),
20–100 nm (for
4 mg cm�2), particle
agglomerates (20 mg cm�2)

90

H2PtCl6 (0.24–1 mM) PANI Cyclic voltammetry 50–700 nm (dep. on PANI
synthesis T ), 50–100 nm

91, 92, 96, 117

H2PtCl6 (3.9 mM) PANI Cyclic voltammetry in
absence of Me ions, after
pre-soaking

<100 nm (for 200 mg cm�2) 93, 94

K2PtCl6 (3 mM),
SnCl4 (7 mM),
K2RuCl5 (1.3 mM)

PANI Cyclic voltammetry (Pt-Ru
and Pt-Sn)

300–500 nm (Pt-Ru) (for
0.25–1.0 mg cm�2)

95

K2PtCl6 (1 mM) PANI-camphorsulfonate Cyclic voltammetry Enrichment at the
CP/solution interface

97

H2PtCl6 (0.24 mM) PANI Single potential step 98
K2PtCl6 (0.2 mM),

RuCl3 (0.1 mM),
NH4SnCl3(0.15 mM)

PANI Single potential step 50–200 nm (Pt) 102

H2PtCl6 (0.5 mM) PANI-DABS Single potential step Pt depth profile dep. on
potential

101

K2PtCl6 (1 mM) PANI Single potential step 9–62 nm (for 11–155mg cm–2) 99, 100
H2PtCl6 (1 mM) PANI RSWP (0.05 Hz) 50–100 nm (for 25 mg cm�2) 104

(continued overleaf )



Table 7.3 (continued )

Pt

Metal-ion source
(concentration)

Conductive polymer Metal deposition
method

Me particle size (for Me
loading) and/or Me deposit
location

Ref.

H2PtCl6 (5 mM) PANI Single potential step after
pre-soaking

15.5–44.6 nm
(for 26–357 mg cm�2)

106

H2PtCl6 (3.7 mM) PANI Single potential step or RSWP
(1 Hz)

50–200 nm, Pt depth profile
dep. on method

109

K2PtCl6 (0.2 mM) PANI Single potential step (several
successive steps)

<150 nm 110

H2PtCl6 (2–50 mM),
RuCl3 (13–100 mM)

PANI RSWP 90 nm (Pt and Pt-Ru) 111, 112

K2PtCl6 (0.2 mM),
K2RuCl5 (0.2 mM),
MoCl5 (0.04 mM)

PANI Single potential step
(5 successive steps)

107, 108

H2PtCl6 (3 mM) PANI Cyclic voltammetry, single
potential step or RSWP
(0.1 Hz)

100–400 nm (dep. on
method)

113–115

H2PtCl6 (7 mM) PANI Cyclic voltammetry or RGP 100–400 nm or 50–100 nm
(dep. on method)

116

K2PtCl4 (20 mM),
K2PtCl6 (20 mM)

PANI Cyclic voltammetry 200 nm–1 mm (dep. on Me ion
source)

22, 120

H2PtCl6 (3.68 mM) PANI Single potential step 200 nm 121
H2PtCl6 (3 mM)

also Pt-Ru
PANI and PANI–CNT Single potential step 20 nm (PANI-CNT), 80 nm

(PANI)
118, 119

H2PtCl6 (24.4 mM) PANI Double potential step after
complete CP reduction

�200 nm 122

H2PtCl6 (5 mM) PANI-PSS and PANI Single potential step Pt depth profile dep. on
PANI-type

123, 127



H2PtCl6 (no data),
RuCl3 (no data)

PANI-PSS Cyclic voltammetry,
subsequent deposition of
Pt-Ru or Ru-Pt

Pt and Ru depth profiles
depend on Me deposition
sequence

126

K2PtCl4 (10 mM) PANI (PANI/Pt
sandwich structure)

RSWP (0.25 Hz – few pulses) 210 nm 124

H2PtCl6 (5 mM) PANI (400 nm) Single or double potential
steps

16–17 nm 125

H2PtCl6 (5 mM) poly(o-aminophenol) Single or double potential
steps

17–19 nm 125

H2PtCl6 (70 mM) PPY Galvanostatic reduction 50–150 nm 128
K2PtCl4 (1 mM), (10 mM

pre-soaking)
PPY Single potential step;

reduction after pre-soaking in
reduced or oxidized CP

Pt depth profile dep. on
deposition method

129

H2PtCl6 (1 mM) PPY Single potential step or RSWP
(1 Hz) after pre-soaking

130

H2PtCl6 (1 mM) PPY Single potential step, RSWP
(0.1 Hz), galvanostatic
reduction or cyclic
voltammetry after PPY
synthesis in presence of
Me ions

Pt depth profile dep. on
deposition method

51, 52, 132

K2PtCl4 (10 mM),
K2PdCl4 (10 mM)

PPY-substitited Single potential step in
absence of Me ions, after
pre-soaking

136, 137

K2PtCl4 (2–10 mM) PPY synthesized in the
presence of PtCl4

2–
Cyclic voltammetry for
Me–ions reduction

10 nm [117] 131, 133

H2PtCl6 (5 mM), IrCl6
(5 mM), RuCl3

(1) PPY- synthesis in the
presence of Me ions
(2) PPY

(1) Reduction of Me ions –
galvanostatically or by cyclic
voltammetry
(2) Galvanostatic

(1) 3-D distribution
(2) Me particles enriched at
the polymer/solution
interface

134

K2PtCl6 (1 mM) PPY Single potential step 20–60 nm 79
H2PtCl6 (1 mM),

Pb(NO3)2 (3 mM)
PTHI Potential cycle followed by

potential step
Pt and Pt-Pb 103

(continued overleaf )



Table 7.3 (continued )

Pt

Metal-ion source
(concentration)

Conductive polymer Metal deposition
method

Me particle size (for Me
loading) and/or Me deposit
location

Ref.

K2PtCl4 (50 mM),
K2PtBr4 (50 mM) or
AgClO4 (100 mM)

PTHI Single potential step or RGP 30 nm–several mm (single pot.
step) 3–200 nm (RGP)

88

H2PtCl6 (3 mM),
Pb(NO3)2 (3 mM)

PTHI Single potential step – 138

H2PtCl6 (5 mM), SnCl2
(50 mM)

P3MET Single potential step Pt-Sn 135

H2PtCl6 (5 mM) PEDOT-PSS Cyclic voltammetry 60–300 nm 141

Au

KAu(CN)2 (1 mM) PPY Single potential step 100 nm 143
KAuCl4 (25 mM) PANI Cyclic voltammetry 150–300 nm 20
thin Au-sub layer PANI Galvanostatic stripping of

Au-sublayer, reduction of
Au-anion complexes

3–15 nm (dep. on stripping
conditions)

144, 145

HAuCl4 (0.5 mM) PPY Cyclic voltammetry 15 nm 147

Pd

PdCl2 (10 mM) PANI, PPY Single potential step 150
PdSO4 (2 mM) PANI Single potential step or cyclic

voltammetry
Me content depth profile dep.
on method

10

PdSO4 (2 mM) PANI Single potential step <100 nm 153



PdCl2 (60 mM) PANI-RVC Single potential step 5 nm (aggregates) 155
PdSO4 (1 mM) PANI Single potential step 9–39 nm (dep. on loading.) 156, 157
K2PdCl4 (10 mM),

Na3RhCl6 (10 mM)
PPY-substituted Single potential step or cyclic

voltammetry in absence of me
ions, after pre-soaking

100–200 nm (Pd), 1–2 mm
(Rh)

137, 149

Pd(OAc)2 (10 mM) PPY (0.5–1 mm) RSWP or cyclic voltammetry
(0.2–0.02 Hz)

Homogeneous distribution at
the surface

154

K2PdCl4 (50 mM) PTHI RSWP (1–10 kHz) 6–10 nm (10 kHz),
300–600 nm (1 Hz)

148

PdSO4 (2 mM) PEDOT Single potential step Pd particles within the CP
layer

152

Ag

AgClO4(10, 100 mM) PANI Single potential step >1mm 160, 162, 163
AgNO3 (1 mM) poly(o-aminophenol) Single potential step >1mm 161
AgClO4 (100 mM) P3MET Single potential step, RGP 30 nm–1 mm, 3–200 nm 88

Cu

CuSO4 (10 or 33 mM) PANI Single potential step or
galvanostatic reduction

�50–350 nm and �1 mm
(bi-modal size distribution)

179–181

Cu-citrate (20 mM),
Cu-oxalate (20 mM)

PANI Single potential step or
galvanostatic reduction

300 nm–1.5 mm (citrate),
150 nm (oxalate)

182, 183

CuSO4 (33 mM) POMA Galvanostatic reduction – 189
Cu(ClO4)2 (35 mM) poly(o-aminophenol) Single potential step �1mm 171
CuSO4 (1 mM) PPY Single potential step �1mm 166
CuSO4 (10 mM) PPY, PPY-PSS Single potential step or cyclic

voltammetry
400 nm (PPY-PSS),
400 nm–1 mm (PPY)

168

Cu-oxalate (1 mM) PPY-functionalized Single potential step or single
potential step in absence of
Me ions, after pre-soaking

100–200 nm, 10–100 nm
(after pre-soaking)

170

CuCl2 (100 mM) PPY RSWP 160 nm and large crystal
agglomerates

173

(continued overleaf )



Table 7.3 (continued )

Pt

Metal-ion source
(concentration)

Conductive polymer Metal deposition
method

Me particle size (for Me
loading) and/or Me deposit
location

Ref.

CuSO4 (10 mM) PPY Single potential step or
galvanostatic reduction

90–105 nm 175, 176

CuSO4 (50 mM) PPY Single potential step 25–150 nm (dep. on potential
and CP layer thickness)

177

CuSO4 (100 mM) PPY (fully reduced) Single potential step Dendrites covering uniformly
the CP surface

178

CuSO4 (10 mM) PPY-SDS Single potential step or
galvanostatic reduction

Dendrites 184

CuCl2 (50 mM) P3MET RSWP 350–685 nm (CuCl or Cu2O)
(dep. on pulse width)

151, 169

Cu(NO3)2 (200 mM) P3MET Single potential step – 167
CuSO4 PEDOT Galvanostatic reduction or

single potential step
100–600 nm or �1mm (dep.
on deposition method)

186–188

Table 7.3 (continued )
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differentiating between the various factors influencing the characteristics (e.g. size, location,

number) of electrodeposited metal particles in CPs, some illustrative examples may be used

to outline the general trends.

7.4.1 Size and Size Distribution of Electrodeposited Metal Particles

The electrochemical technique used to deposit metal particles in CPs is one of the major

factors influencing the characteristics of the metal deposit. Cyclic voltammetry within

fixed potential limits is usually carried out in the potential range where the CP undergoes

reduction/reoxidation and the equilibrium potential E0 of the depositing metal is close to or

higher than the high potential limit (Figure 7.3). Under these conditions the overpotential

for metal deposition, �¼jE�E0j (E is the actual potential applied to the electrode) that

drives the metal nucleation and also controls the growth of the nucleated metal particles is

continuously changing. Thus, in the framework of this experimental technique, due to both

the continuously changing oxidation state of the CP layer and the overpotential for

nucleation and growth, it is difficult to study the process. Nevertheless, by appropriate

choice of potential limits, number of voltammteric cycles, and metal-ion concentration,

this technique can provide metal particles with sizes in the several 10ths of a nanometer

range (Table 7.3). In some cases, however, cyclic voltammetry results in a degradation of

the CP material, e.g. PANI [117]. Therefore, directed experiments for elucidation of CP

structural changes induced by the deposition technique are needed in order to assess

correctly its role in the characteristics of the obtained metal–polymer composites.

The technique that is most commonly used for metal electrodeposition is the potential-step

technique. It is suitable for studying the kinetics of the process as far as the metal nucleation and

growth occur at constant overpotential. In spite of this seeming advantage, the situation often

remains complicated due to the fact that the potential step gives rise to both metal-ion and CP

reduction. For that reason the current transients measured during the potential step reflect both

processes and could not be directly interpreted by means of the existing theoretical models for

electrochemical nucleation and growth. Additional experimentation in metal-ion-free solutions

may help to account for the CP reductive behavior and thus to fit the experimental current

transients in a more adequate way [162]. The size of the metal particles deposited in single-step

potential experiments depends on the duration of the potential pulse. It has been demonstrated

for various systems that by keeping the metal loading low, metal particles in the 15–20 nm range

can be obtained (Table 7.3). Double-step potential procedures for metal electrocrystalli-

zation have been employed with the aim of controlling the growth process by combining a

strongly reductive potential (first step) necessary to drive the nucleation of the metal

particles and a more positive, but still reductive potential (second step) that is sufficient to

sustain growth of the metal clusters without allowing for the appearance of new ones. The

duration of the second pulse is used to control the size of the deposited metal particles.

Galvanostatic reduction is another alternative for metal electrocrystallization in CPs. The

metal nucleation and growth occurs at a continuously varying overpotential and therefore it is

not suitable for gaining insight into the kinetics of the metal electrodeposition. Nevertheless,

this approach provides a helpful opportunity to assess the involvement of CP reduction in the

overall process, and to explore fine differences in the reductive behavior of CP materials

synthesized under various electrochemical conditions [180–183,185,189].
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Repetitive square-wave potential techniques switch the potential continuously between the

strongly reductive value necessary for the nucleation of the metal particles and a more positive

one that is chosen to promote reoxidation of the CP material and thus recuperation of its

conducting state, and/or improved penetration of metal complex anions in the CP layer. Metal

complex anions that are used as sources of metal reduction become partially consumed, but

also expulsed as doping anions in the course of the reductive dedoping pulse. The size of

the electrodeposited metal particles has been found to depend essentially on the frequency of

the potential pulses [37,169] (Table 7.3). In fact, the data summarized in Table 7.3 show

that by appropriate adjustment of the corresponding parameters, all of the currently

exploited electrochemical techniques may result in the deposition of metal NPs in CPs.

Apart from the size, a further important characteristic of the metal particles electro-

deposited in CPs is their size distribution. The size distribution of the metal particles –

narrow (close to monodisperse) or broad – depends basically on the type of nucleation

kinetics – instantaneous or progressive. Instantaneous nucleation, i.e. ‘simultaneous’

appearance of all irreversibly growing nuclei, occurs, as a rule, at high overpotentials,

whereas progressive nucleation is observed for lower overpotentials, but also for

strongly inhomogeneous substrates. Thus CP surface homogeneity, which is known to

depend on several parameters, e.g. type of electrochemical or chemical synthetic pro-

cedures, doping anion, CP layer thickness etc., may play a crucial role in the size

distribution of the electrodeposited metal particles. In fact, the inhomogeneity of the

polymer layer seems to be in the origin of the production of metal particles with sizes of

very different scales (e.g. nm-sized and mm-sized) (Figure 7.4), which are sometimes

simultaneously observed on the polymer surface [173,180,181]. The appearance of

rather large metal crystals can be related to the existence of microdefects, e.g. large

pores in the CP layer where the metal particles are in direct contact with the underlying

foreign conducting substrate or to a much thinner CP substrate. The amount of micro-

defects has been extensively studied in the case of PANI (synthesized through potential-

step, cyclic-voltammetry or repetitive square-wave potential (RSWP) experiments) [180].

Figure 7.4 Micrometer-sized copper crystal coexisting with a large number of much smaller
copper particles on PEDOT.
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The observation of metal crystals at two different size scales has been used to identify

microdefects in the polymer structure. Thus the largest amount of defects (5� 105 cm–2)

is found in PANI layers synthesized at constant potential, whereas use of the RSWP

procedure results in PANI with the lowest amount of microdefects (2.6� 104 cm–2). An

interesting example demonstrating clearly the inhomogeneity of the polymer surface was

recently obtained in studies on copper galvanostatic electrodeposition on thick PEDOT

layers [195].

Large crystals surrounded by circular nucleation exclusion zones have been observed with

the whole remaining PEDOT surface densely packed with much smaller Cu crystals (Figure

7.5). To explain this microscopic picture it should be assumed that a small number of nuclei

have appeared much earlier than the remainder and have grown (without further nucleation

events in their vicinity) to an extent large enough to deplete the diffusion field in their

surroundings. The depleted diffusion field, corresponding to a lower local overpotential,

entirely prohibits further nucleation. Such a situation can arise only with a highly inhomoge-

neous surface. The use of galvanostatic conditions for metal reduction that provide a gradual

increase in the metal deposition overpotential favors the manifestation of such an effect.

The role of the CP surface structure in the characteristics of the metal deposit was

demonstrated in the comparative study of Pd particle electrodeposition in two types of

PANI layers differing in their surface morphology and porosity [157]. The elctrodeposi-

tion in both samples was carried out by single-step potential experiments at the same

potential. AFM observations revealed the presence of nanometer-sized (50–90 nm) parti-

cles with a relatively narrow size distribution located on top of a more compact PANI

layer. The use of layers with a rougher porous structure resulted in Pd particles with a

larger size distribution (50–180 nm) located on the globular PANI surface. The possible

formation of metal clusters inside the polymer matrix has also been suggested in the latter

Figure 7.5 Copper crystals electrodeposited through galvanostatic reduction of Cu2þ on
PEDOT. Dark areas – nucleation exclusion zones; bright areas – nanoscale fine copper
deposits.
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case. Further demonstrations of the role of polymer structure of chemically and electro-

chemically synthesized layers of PANI and poly(o-methoxynailine) (POMA) in the type of

metal deposit are shown in [185,189].

7.4.2 Spatial Distribution of Electrodeposited Metal Particles

For most of the applications of metal-based CP nanocomposites a crucial point is the spatial

distribution of the metal particles across the CP layer, which may depend essentially on the

deposition technique (Figure 7.6). Thus, there is evidence that pre-saoking of the CP layer

with metal-anion complexes and subsequent reduction in the absence of metal ions results in

a homogeneous distribution of the metal particles inside the CP layer [51,131,134,170]

(Figure 7.6a). Enrichment with metal particles close to the polymer layer/solution interface

is expected to occur in the case of single-step potential deposition techniques applied to CP

layers in their conducting state (Figure 7.6b). This is due to the fact that the external polymer

surface will first take part in the metal nucleation process and the formed nuclei will

gradually begin consuming the whole diffusive flux without allowing for metal-ion diffusion

inside the CP layer. Repetitive square-wave potential techniques partially eliminate this

problem by favoring the diffusion of metal ions inside the CP layer in the course of the more

positive potential pulse of each pulse sequence. The porosity of the CP layer may also play a

determining role in the location of the metal particles, for metals with negative enough

equilibrium potentials to deposit in completely reduced CP layers. Experiments on Cd [194]

and Cu [170,171,181] depositions carried out under these conditions have been interpreted

by assuming that the metal nucleation occurs at the underlying substrate–CP-layer interface,

and growth continuous throughout the polymer layer (Figure 7.6c). Direct evidence for the

availability of copper inside the PANI layer was obtained through the study of the Cu-

content depth profile obtained through XPS analysis [181].

Me substrate

Me substrate Me substrate

Me substrate

a b

dc

Figure 7.6 Spatial distribution of metallic particles electrodeposited in CPs. (Adapted with
permission from V. Tsakova, How to affect number, size and location of metal particles
deposited in conducting polymer layers, J. Solid State Electrochem., 12, 1421–1434 (2008).
Copyright (2008) Springer)
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An illustration of the role of the oxidation state in the distribution of the metal particles

across the CP layer was presented in single-step potential deposition experiments on

platinum in sulfonated PANI that were carried out at two values of the potential (–0.2

and þ0.2 V vs. Ag/AgCl reference electrode), corresponding to the reduced and oxidized

states of PANI [101]. In the first case a homogeneous distribution of Pt across the entire CP

layer up to the underlying carrying substrate was observed, whereas in the second case

(oxidized PANI) the Pt content decreased steeply within a narrow region close to the

polymer/solution interface [101].

In general, most of the direct evidence for the spatial distribution of the metallic

particles after single-potential-step experiments starting at initially oxidized CPs, supports

the presence of enriched metal-containing regions close to the outer polymer surface. This

has been found to occur for the deposition of Pt in PPY [129,132], PANI [109], and PTHI

[88], of Pd in PPY [149] and PANI [10], and of Cu in PPY [168]. If, however, sulfonated

PPY is involved in the metal reduction of cationic species (Cu2þ) (instead of pristine PPY),

a more uniform distribution of the metal phase inside the PPY-PSS layer is found due to the

doping role that the metal cations take in this situation [168]. There are few examples

showing comparisons of the spatial distribution of the metal component when using

alternative metal-deposition techniques. Thus, Pt deposited in PANI by a RSWP technique

resulted in a more homogeneous metal distribution in the depth of the sample in compar-

ison to single-potential-step-deposited Pt [109]. Obviously the RSWP approach allows for

continuous relaxation of the PANI layer and for retention of its oxidation state throughout

the experiment. A comparative study of Pd/PANI composite layers obtained by one-pot

electrochemical synthesis and by a single-step potential experiment in pre-synthesized CP

showed a major difference in the metal distribution [10]. The maximum Pd content was

found to be close to the conducting substrate/polymer interface for the one-pot synthesis

case and close to the polymer/solution interface for the single-step deposition case.

The design of subtle specific methods for depositing metal NPs, e.g. [144,145] is

another way to control the location of the metal deposit within the CP layer. One proposed

approach involves the deposition of a thin, sacrificial Au layer on a Pt substrate, electro-

polymerization of PANI on the Au-plated substrate, gold oxidation in chloride solution,

and finally reduction of the AuCl4
– complexes entrapped in the PANI structure. Thus gold/

polyaniline free-standing composite films are produced [144,145].

Thin CP layers present a specific problem with respect to the metal particle location due

to their porous and also highly defective micromorphology. For such layers, along with the

CP oxidation state (which controls the extent of conductivity), porosity, and defectiveness,

become highly relevant for metal nucleation by providing the opportunity for fast transport

of metal ions directly to the supporting electrode substrate (Figure 7.6c,d). In fact, there is

always competition between the reduction of metal ions on the outer and inner polymer

surface and on the underlying conducting substrate. The outcome of this competition

depends on the specific combination of morphology and conducting properties occurring

under any given experimental conditions. This is demonstrated in the case of Ag electro-

deposition in PANI layers with various thicknesses [162]. Bearing in mind that Ag

electrodeposition is driven in the oxidized state of PANI and according to the discussion

presented above, it is expected that Ag crystals will nucleate at the outer polymer surface.

Detailed kinetic studies based on the interpretation of single-potential-step current tran-

sients show that for thin PANI layers with thickness below 0.3 mm, the metal nucleation
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occurs most probably on the underlying metal electrode through defects in the polymer

structure. For thicker PANI layers, exceeding the 0.3 mm thickness limit, the microdefects

seem to be leveled out and the Ag crystals are formed preferentially at the polymer/

electrolyte interface. There are also experimental findings in other systems, e.g. Cu-PPY

[175] showing a strong dependence of the number, size, and size distribution of electro-

deposited metal particles on the CP layer thickness.

7.4.3 Number Density of Electrodeposited Metal Particles

The number density of metal particles deposited in the CP material is an important

parameter for metal-based CP nanocomposites, especially in view of electrocatalytic and

electroanalytic applications. In general, in the case of heterogeneous nucleation the

number of emerging metal nuclei depends on the number of so-called active sites.

Active sites for nucleation are energetically favored spots on the surface that provide the

lowest energetic barrier to random nucleation events. For single-crystal substrates these

are, for instance, steps and kinks at the crystalline surface. Unfortunately, in most practical

cases the physical nature of the active sites cannot be exactly revealed and this also the case

for CPs when used as heterogeneous substrates for electrodeposition. Nevertheless, there

are experimental findings showing several practical approaches for influencing the num-

ber of deposited metal particles. Among them are use of metal-anion complexes instead of

metal cations, involvement of metal–CP chemical interactions, and CP surface laser

treatment.

The involvement of metal-anion complexes instead of the corresponding metal cation in

metal electrocrystallization is a well-known approach in the practice of galvanic electro-

plating, used for improving the characteristics of the metal coatings. As a rule the use of

metal-anion complexes shifts the potential window for metal deposition in the negative

direction in comparison to that used for the corresponding cation. Thus, metal electro-

deposition may be initiated in different oxidation states of the CP material. This approach

has been demonstrated in a series of studies on Cu and Ag electrodeposition using various

metal-anion complexes (Cu-citrate, Cu-oxalate, Ag-thiosulfate and Ag-EDTA) without

allowing for preliminary exchange of the doping anion in the CP material [182,183,163].

(As already discussed, in the case of CP materials, metal-anion complexes may become

involved in the doping of CP materials by replacing the pre-existing anions or by polymer

synthesis in presence of these species.) It was found that the investigated metal-anion

complexes provoke the expected shift of the potential window for metal deposition in a

negative direction. In some cases, e.g. Cu-citrate and Ag-thiosulfate, this potential shift is

large enough to separate the potential windows for CP and metal-ion reductions. In this

situation, metal nucleation and growth occurs in reduced PANI layers, becomes inhibited,

and results, in both cases, in the appearance of small numbers (106 cm–2) of crystals on the

polymer surface. On the other hand, in the Cu-oxalate solution, the potential windows for

metal-ion and CP reduction overlap, and both processes proceed in parallel. In this

situation, a homogeneous surface distribution of a large number (108 cm–2) of smaller

copper particles is obtained. One of the interesting points in these types of studies is to

identify the role of the various ligands in the kinetics of metal nucleation and growth, and

thus in the number and growth shape of the metal crystals. This point has so far barely been
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addressed in the literature and needs to be elucidated in the future. Investigations invol-

ving, preferably, CP layers with pH-independent oxidation state and conductivity would

be most useful.

Studies on metal electrodeposition in CP-coated electrodes show that electrochemical

reduction of metal ions does not always result in crystallization alone, but also in

chemical stabilization of metal species in the volume of the polymer layer. This effect

and metal–CP interactions in general have been observed in several systems

[186,187,196–207,223,238,246]. Evidence was obtained for the interaction of partially

reduced metal ions, e.g. Cu(I) or Au(I), with specific (nitrogen or sulfur) sites in the

polymer chains, resulting in the formation of metal–polymer complexes. Investigations

into copper electroreduction in PEDOT [186,187] have shown that by driving the process

at low constant overpotential it is possible to introduce reduced copper atoms in the

polymer layer without building copper crystals. The copper atoms are reversibly oxidized

to the Cu(I) state, the Cu(I) species remaining captured inside the PEDOT layer. This

effect was further used to influence the copper-crystal formation by carrying out double-

potential-step experiments involving stabilization at low overpotential, and subsequent

crystallization at high overpotential [188]. The comparison of the microscopic pictures

obtained after applying a crystallization overpotential directly and after a two-step

copper electroreduction (partial reduction at low overpotential followed by high nuclea-

tion overpotential) is shown in Figure 7.7 (a and b). It is evident that the presence of

stabilized species favors the copper electrocrystallization process and results in an

increase in the crystal numbers. It is difficult to specify whether the stabilized copper

atoms act directly as additional active sites for copper crystallization, or rather affect the

polymer electronic structure. Nevertheless, it is clear that in all cases when metal

a b

dc

4µm

4µm 4µm

4µm

Figure 7.7 Copper crystals electrodeposited on PEDOT layers by means of single-potential-
step experiments (a, c) and double-potential-step experiments involving copper stabilization
(b, d) before (a, b) and after (c, d) UV-irradiation of the CP surface. (Micrographs a and b
adapted with permission from M. Ilieva, V. Tsakova, N.K. Vuchkov, K.A. Temelkov, N.V.
Sabotinov, UV copper ion laser treatment of poly-3,4- ethylenedioxythiophene, J.
Optoelectron. Adv. Mat., 9, 303–306 (2007). Copyright 2007 Nartional Institute of Research
and Development for Optoelectronics.)
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stabilization in CPs is expected to occur, this effect provides an additional, still relatively

unexplored tool for influencing the characteristics of the deposited metal particles.

Finally, recent investigations on mild UV-laser surface treatment of PEDOT layers

[208,209] have shown that the surface chemical state of the polymer can become modified

without any appreciable effect on the CP bulk properties. It was found [208] that UV-laser

treatment results in activation of the surface with respect to metal nucleation and an

increase in the number of deposited crystals by preserving a mono-disperse size distribution

(Figure 7.7 c and d).

Metal electrodeposition provides a variety of techniques for introducing metal NPs into

CPs and also effective means for control of the size distribution and spatial location of the

metal NPs. There have been a great number of investigations in this field that are mostly

directed to practical applications concerning mainly electrocatalysis and electronalytics

(see Section 7.6). Nevertheless, there has been a significant effort to elucidate the specifics

of the metal electrodeposition process in CPs, based on the traditional concepts of

electrochemical nucleation and growth. One of the important issues in this field concerns

the physical nature of the active sites that serve to initiate the metal nucleation process. To

get some insight in this subject, the local properties of the CP layers (e.g. morphology,

chemical and physical structure, conductivity etc.) should be studied and correlated with

the nucleation stage of metal-particle formation.

7.5 Chemical Reduction of Metal Ions in Pre-Polymerized
CP Suspensions or Layers

7.5.1 Use of the Polymer Material as Reductant

Conducting polymers may take different interconvertable oxidation states and therefore

provide the possibility for chemical (electroless) deposition of metals. Metal ion reduction

occurs at the expense of the transition from lower to higher oxidation state of the CP

material:

Menþþ ne�!Me0 (7:1)

CPmþ!CP mþnð Þþ þ ne�

where n is the number of electrons necessary to reduce a single metal ion and m denotes the

extent of initial oxidation of the CP material. The CP initial oxidation state may be

controlled either through acid–base or doping/dedoping processes. As an example the

various oxidation states of PANI are shown in Figure 7.8.

Most of the studies in this field concern the deposition of noble metals Au [16,210–222],

Ag [223–235], Pd [156,158,236–248], Pt [249,250] and Hg [251,252], with equilibrium

potentials that are positive enough with respect to the potentials of oxidation transitions in

most CPs, e.g. PANI, PPY etc. (Figure 7.3). Investigations have been carried out in both

homogeneous (chemically produced suspensions) and heterogeneous (electrodeposited or
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solution-cast CP layers and membranes) systems. An overview on the metal–CP couples

that have been studied in view of CP-driven chemical deposition of metal particles is

presented in Table 7.4.

In spite of the great number of investigations on CP-driven chemical deposition of metal

particles there have been almost no attempts to address the mechanism of this process,

either in homogeneous or heterogeneous cases. In a homogeneous system with dispersed

metal ions and CP species, the process most probably includes continuous formation of

metal nuclei that provide a catalytic surface for further reduction of metal ions and give rise

to autocatalytic growth [254].

In the heterogeneous case the process may be treated in a way similar to electrodriven

metal deposition. Thus, the ‘electroless’ chemical metal deposition should involve an

initial nucleation step that occurs through electron transfer from the CP layer to the metal

ions, followed by growth of the metallic nuclei, which remain fixed at the CP surface. Both

stages are controlled through the potential difference between the two phases – metal ions

in solution and bulk metal deposited on the polymer surface. The electrochemical potential

of the deposited metal depends on the actual potential of the CP-layer substrate. Therefore,

the potential difference driving the phase formation process, and thus the probability of

metal particle nucleation, will be larger for CP materials with a lower initial extent of

oxidation. In the course of metal deposition the potential difference is constantly changing

due to both gradual oxidation of the CP material and depletion of the metal ion concentration

in solution (which occurs in the case of low concentrations and small reactive volumes). The

decrease in metal ion concentration in the reacting solution is frequently used as one of the

few measurable quantities indicating the progress of the metal-deposition process. Another

quantity that is relevant for CP-driven metal deposition is the open-circuit potential (OCP),

i.e. the self-established electrical potential of the bulk CP. Measurement of this quantity in

the course of CP-driven metal deposition shows a gradual shift of the CP state from lower to

higher oxidation state [163,226,232,248] and indicates clearly the timescale of substantial

changes in the driving force of the process (Figure 7.9).

Figure 7.8 Interconvertable oxidation states of PANI
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Table 7.4 Overview of the systems involved in CP-driven chemical reduction of metal ions

Metal-ion source
(concentration)

Polymer type (method of synthesis) Reductant (initial
oxidation state of the
CP material)

Me particle size Ref.

Au

AuCl4
– (0.1–0.5 mM) PANI films (chem.) EB, ES, LB, NA About 20 nm (NMP), 50–200 nm

(H2O)
210, 211, 213, 216

n.d. PANI-PAA (chem.) EB, ES 7–12 nm 233
KAuBr4 (0.5 mM) PANI (electrochem.) ES 25–400 nm 219
AuCl�4 (0.01 mM) PANI membranes EB, ES Depending on the doping 220
AuCl�4 (1 mM) PANI (electrochem.) LS A few nm–300 nm 221, 222
HAuCl4 (0.3 mM) PPY films (chem.) 25% Deprotonated – 212, 213
AuCl3 (10 mM) PPY, PANI, PEDOT (chem.) Doped and base-treated 1000 or 100–400 nm (PPY)

(depending on pH)
217

AuCl3 (10 mM) Poly(3-alkylthiophene) Dedoped – 214, 215
HAuCl4 (1 mM) Poly(dithiafulvene) Reduced 6 nm 218

Ag

AgNO3 (0.01 mM) PANI membranes ES, EB �mm structures (depending on
dopant type)

220

AgNO3(100 ppm) PANI- powder, membranes
or coated RVC and fabrics

ES Silver recovery 231

AgNO3 (30 mM) PANI-PAA colloid EB, ES 3 nm 233
AgNO3 (various Ag:PANI

ratios)
PANI – granular, nanotubular,
oligomers (chem.)

ES 20–40 nm 235

AgNO3 (0.1 M) PANI (electrochem.) LM mm-Sized dendrites 223
Agþ (0.93 mM) PANI (electrochem.) ES Silver recovery 226
AgClO4 (10 mM),

Ag-EDTA (0.4 –10 mM)
PANI (electrochem.) LS 1–2mm (ClO4

–), 70–250 nm (EDTA)
(depending on Ag ions
concentration)

163

Ag NO3 (0.5–2.0 mM) PPY (chem.) Doped 10 nm 228, 229
AgNO3 (0.5–25 ppm) PPY (electrochem.) Doped and base-treated Silver recovery 225
AgNO3 (0.1 mM) PPY (electrochem.) Various oxidation states – 227
AgNO3 (100 mM) PPY (electrochem.) Base-treated – 230



Ag NO3 (0.01–10 mM) PPY, PEDOT (electrochem.) Doped – 232
Ag-triflate (3.5 mM) Poly(3-alkylthiophenes) films (chem.) De-doped 60–250 nm 224
AgClO4 (0.5–2.0 mM) Poly(3-octylthiophene) (chem.) Doped 3 and 17 nm (bi-modal size

distribution)
234

Pd

PdCl2 (2.3 mM) PANI (chem.) EB 237, 238, 241
Pd(NO3)2 (1 mM) PANI (chem.) LM 110–160 nm 216
PdCl2 (0.9 mM), Pd(NO3)2

(0.9 mM)
PANI (chem.) EB, LM – 239

Pd(NO3)2 (0.9 mM) PANI films (chem.) EB, LM, NA – 243
Pd in HCl (25 ppm) PANI (electrochem.) LM, PN 100 nm–1 mm 236
PdCl2 (20 mM), Pd-acetate

(20 mM)
PANI, poly(o-toluidene), poly
(o-chloroamine)

EB 245

Pd in HCl (100 ppm) PANI (electrochem.) LS 15 nm or 20 and 80–200 nm
(depending on synthetic
conditions)

156, 248

PdCl2 (2.3 mM) POMA (chem.) EB and ES 200–1000 nm 246, 247
PdCl2 (0.9 mM), Pd(NO3)2

(0.9 mM)
PPY (chem.) Fully reduced n.d. 239

PdCl2 (0.9 mM), Pd(NO3)2
(0.9 mM)

PPY (electrochem.) Fully reduced, protonated
and deprotonated

n.d. 244

PdSO4 (2 mM) PEDOT (electrochem.) Dedoped 20–40 nm 158
Pd-acetate (5 mM) Poly(dithiafulvene) (chem.) Reduced 6 nm 218

Pt

K2PtCl4 (0.01 mM) PANI membranes EB, ES 100–300 nm agglomerates 220
n.d. PANI-PAA (chem.) EB, ES 2 nm 233
K2PtCl4 (10 mM) PANI (chem.) EMS 30–90 nm 249, 250
H2PtCl6 (10 mM) Poly(dithiafulvene) Reduced 6 nm 218

Hg

HgNO3 (1–2 mM) PANI (chem.) – powder EB, LM 252
HgCl2 (2 mM) PANI (electrochem.) EMS – 251



It is known that the nucleation of metal particles may occur as an instantaneous

(at high supersaturations) or a progressive (at low supersaturations) process. A

particle size distribution of a delta-type is characteristic for the first case, whereas

a broad size distribution is observed in the second one. An illustration of the

occurrence of these two situations is found in the study of Ag electroless deposition

in electrodeposited PANI layers [7,163]. By keeping the amount of deposited Ag the

same, and using different concentrations of the Ag ion solution it is possible to

affect the number density and size distribution of the metal particles. At higher

concentration, a lower number of almost equally sized Ag articles is formed (Figure

7.10a), a situation corresponding to instantaneous nucleation of the metal particles.

Reducing the concentration of the metal-ion species present in the solution results in

the appearance of a higher number of Ag particles with a broader size distribution

(Figure 7.10b).

An intensive nucleation process provokes a fast shift to a higher oxidation state for the

CP material and therefore a steep decrease in the supersaturation and the probability of

metal nucleation. Therefore, it is only particle growth that occurs further with time. Such

an example is provided by the investigation of Au deposition in CH3COO–-doped PANI

[191]. An increase in the Au NP size was found with immersion time (4 to 20 min) at

roughly preserved particle numbers. On the other hand, sluggish nucleation occurring at

lower metal ion concentrations, or a higher extent of initial CP oxidation lets the system

remain at the initial supersaturation for a longer time and results in the progressive

appearance of new metallic nuclei.
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Figure 7.9 Open-circuit potentials measured when immersing electrochemically reduced
PANI layers in Ag ion-containing solutions. The grey reference line shows the OCP of
PANI in the absence of metal ions. (Adapted with permission from S. Ivanov and V.
Tsakova, Electroless versus electrodriven deposition of silver crystals in polyaniline: Role
of silver anion complexes, Electrochim. Acta, 50, 5616–5623 (2005). Copyright 2005
Elsevier.)
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Quantitative studies of CP-driven metal deposition in homogeneous systems are usually

based on measurements of the depletion of the metal ion solution as a result of metal

deposition. In heterogeneous systems the amount of reduced metal obtained at various

deposition conditions may be determined by electrochemical oxidative dissolution of the

metal phase [163,227]. An example showing the correlation between the deposited amount

of Ag (obtained by oxidative dissolution) and the thickness of the PANI layer is presented in

Figure 7.11 [163]. The data are obtained at two concentrations of Ag ions. All PANI layers

are electrochemically reduced at the same extent before immersion in the Ag ion solution,

but due to the different amount of CP material they differ in their oxidation charge, i.e.

oxidative capacity. The oxidation charge is taken as an indirect measure of the PANI layer

thickness. The deposited amount of Ag obtained at the higher concentration increases with

increasing PANI oxidation charge. This means that the amount of the Ag deposited can be

easily controlled by monitoring the thickness and thus the oxidation charge of the polymer

layer. The results obtained at the lower concentration (0.4 mM) show a different trend. In this

case electroless deposition occurs very slowly and the short immersion time used in this

series of experiments is apparently not enough to consume the whole oxidative capacity of

the polymer layer. Increasing the immersion time allows the amount of deposited silver to

increase up to values limited by the oxidative capacity of the PANI layer. Therefore a proper

choice of the two parameters – Ag-ion concentration and immersion time allows a switch

between oxidation-charge limited and time-limited electroless metal deposition. Using low

concentrations and short immersion times results in deposition of the same amount of metal,

irrespective of the oxidative capacity of the PANI layer.

The interplay between rates of nucleation and growth (both depending on supersatura-

tion) is not the only factor that determines the number, shape, and size distribution of the

deposited metal particles. In addition, there are several specific factors, such as the surface

(a) (b)

Figure 7.10 Silver crystals obtained after immersion of electrochemically reduced PANI in
Ag-EDTA solution with two different concentrations: (a) 10 mM and (b) 2 mM. (Reproduced
with permission from V. Tsakova, How to affect number, size and location of metal particles
deposited in conducting polymer layer, J. Solid State Electrochem., 12, 1421–1434 (2008).
Copyright 2008 Springer.)
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morphology and surface state, the type of dopant, the investigated timescale of the process,

and the solution pH, that may strongly affect the CP-driven metal deposition process.

Examples illustrating the involvement of such factors are given below.

The role of the surface morphology on CP-driven Pd deposition on electrochemically

synthesized PANI layers was studied by Mourato et al. [248]. The surface structure was

intentionally modified by using two different potentiodynamic polymerization regimes.

Thus, it was found that for the more compact PANI surface, Pd clusters with an average

size of 20 nm and also larger particles with a size distribution between 80 and 200 nm

are formed. In the case of a more porous surface morphology, smaller clusters (15 nm)

with very narrow size distribution were observed, together with larger particles in the

100–200 nm range. The role of the surface chemical state of electrochemically deposited

layers was demonstrated in the case of PEDOT by studying CP-driven deposition of Ag

and Pd particles on nonirradiated and UV-laser-irradiated samples [209]. Irradiated and

subsequently electrochemically reduced PEDOT samples were immersed in metal-ion

containing solutions. The irradiated samples turned out to be highly active for metal

deposition in comparison to their nonirradiated counterparts (Figure 7.12). It was argued

that new surface states that favor the metal-ion-reduction process appear after irradiation at

the CP surface [209]. A further example in this direction is provided by recent investigations

of a Ag/PANI homogeneous system [235] showing a strong effect of the type of PANI

(granular or nanotubular) used for the electroless deposition on the properties of the obtained

Ag-PANI nanocomposites. PANI-Ag samples with comparable silver content were found to

differ in conductivity by several orders of magnitude.

Figure 7.11 Dependence of the amount of deposited silver (measured through the charge of
oxidative dissolution) on the amount of PANI (measured through the PANI intrinsic oxidation
state) at two different concentration of Ag-EDTA solution: 10 mM (&) and 0.4 mM (.). (Adapted
with permission from S. Ivanov and V. Tsakova, Electroless versus electrodriven deposition of
silver crystals in polyaniline: Role of silver anion complexes, Electrochim. Acta, 50, 5616–
5623 (2005). Copyright 2005 Elsevier.)
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The effect of the type of doping anion available in the CP layer on the characteristics of

the obtained metal deposit has been demonstrated in the case of PANI-driven deposition of

Ag [220]. Investigations were carried out by doping PANI membranes with six different

acids – hydrochloric, mandelic, citric, p-toluenesulfonic, trifluoroacetic, and phosphoric –

and immersing the membranes in 0.01 M AgNO3 solution. Silver crystals with a large

variety of growth shapes (yarn-balls, nanowires, leaf-like structures) and sizes (from

nanometers to several microns) were observed. It is expected that PANI-doping by various

acids will result in different extents of PANI protonation. In general acidity is a further

important parameter of the CP-driven electroless process. It is argued that strongly acidic

solutions do not favor electroless metal deposition due to the competition of hydrogen and

metal ions for the same specific sites on the polymer backbone [227]. Further systematic

studies under precise control of the oxidation state and the degree of protonation of the CP

materials are needed in order to assess the roles of the type of doping anion and acidity on

CP-driven metal-deposition processes.

In the various investigations on CP-driven metal deposition the timescale of the

experiments has varied over a wide range starting from a few seconds to few minutes

[163,219], hours [210–212,216], or even days [213]. Whereas short-timescale experiments

in heterogeneous systems rely basically on the leveling off of the initial potential differ-

ence between the CP material and the metal ions in solution, long-timescale experiments

involve additionally so-called self-sustained deposition. Starting with the very first studies

on the chemical deposition of Au in PPY and PANI [210–212] it has been established that

in some particular cases chemical metal deposition in CPs may proceed for hours as a self-

sustained process. This was found to occur in acidic solutions where spontaneous repro-

tonation of the deprotonated (in the course of metal ions reduction) CP (e.g. PANI or PPY)

Figure 7.12 Chemical deposition of Pd NPs in electrochemically reduced PEDOT layers (a)
before and (b) after UV-irradiation of the CP surface
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takes place. The recuperated reduced state of the CP material further enables the self-

sustained process, as illustrated for PANI in Figure 7.13.

Later investigations [217] have shown the occurrence of this process in neutral

solutions and also for polymers of the thiophene type that are not expected to undergo

protonation/deprotonation reactions. The self-sustained metal-deposition process has

been suggested as tool for recovery of precious metals from waste solutions by using

CP powders, membranes, supported layers, coated fabrics, or reticulated vitreous carbon

(RVC) [210–212,225,226,236,253]. However, very long-term exposure to the metal-ion-

containing solution may result in degradation (decrease in electrical conductivity and

gradual loss of material) of the CP layer, as evidenced with the exposure of PANI to

chloraureate solution [213].

CP-driven chemical metal deposition is a useful and generally easily performed process

for producing metallic-based CP nanocomposite materials. Nevertheless, it requires strict

control over several parameters in order to achieve the deposition of nanosized metal

particles. In supported CP layers, chemically deposited metal particles are predominantly

located at the polymer/solution interface. For heterogeneous systems the basic advantage

of chemical over electrochemical metal deposition seems to be the possibility of eliminating

the role of structural microdefects in the CP layer. The most favorable sites for metal-particle

deposition are those where the polymer structure becomes readily oxidized. Thus, the

polymer morphology is of prime importance, but instead of defects, the active sites for

nucleation are most probably polymer chains with a higher extent of conjugation and order.

Further comparative investigations involving studies on the local properties at the nanoscale

are needed in order to identify the active sites for chemical deposition and the means to

influence them in a pre-defined way.

7.5.2 Use of Additional Reductant

Apart from the extensively studied opportunity to reduce metal ions in pre-polymer-

ized suspensions or layers by involving the reducing capacities of the polymers

themselves, the possibility to use additional reductants has been also explored in few

Self-sustained chemical metal
deposition in PANI

Pernigrinaline
de-protonated

Emeraldine
protonated

Me0Mez+

+Ze–

–Ze – 4H+

+4H+

PANI

Figure 7.13 Reactions taking place in the course of the self-sustained metal deposition in PANI
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cases [255–262]. Thus, formaldehyde was introduced to reduce Pt [255,257,260–262],

Pt-Ru [260,262], and Pt-Pd [261] in PPY, PTHI, and PEDOT, and sodium tetrahydro-

borate for reducing Au [258] and Pd [259] in PEDOT and PANI, respectively. In all

these cases nanometer-sized metal particles were obtained. A loss in electrical con-

ductivity compared to the corresponding polymer was established in the Pt-PPY [255]

and Au-PEDOT [258] cases. The use of another reductant (hydrogen) in the Pt-PPY

system resulted in the formation of large and agglomerated platinum particles [256].

Chemical deposition of Ni in PPY, PANI, and P3MET has also been investigated

[190,263,264].

Finally, the possibility of involving g-irradiation in reduction of Fe and Pd ions was

demonstrated for the preparation of nanocopmposite materials containing sulfonated PANI,

multiwall carbon nanotubes, and Fe, Pd, or Fe-Pd alloy NPs [265]. Recently, UV-induced

photoreduction was used for the formation of Pt particle-modified PANI and TiO2-PANI

composite layers [266]. This turned out to be an effective approach for achieving a

homogeneous distribution of small enough metal particles on the CP surface.

7.6 Metallic-Based CP Composites for Electrocatalytic and
Electroanalytic Applications

The overview presented so far has shown the manifold activities of synthetic chemists and

electrochemists to produce various metallic-based CP nanocomposite materials. These

efforts have been directed to a diversity of applications, e.g. electrocatalysis, electroana-

lytics, chemical and electrochemical sensing etc. To outline these areas of research is a

separate task that remains outside the scope of this chapter. Nevertheless, for the prevailing

number of investigations, where the synthetic work has been combined with applications-

related measurements, a brief outline will be presented here.

Most of the applications-oriented investigations address the possibility of using metallic-

based CP nanocomposites as electrocatalytic materials for a number of reactions summarized

in Table 7.5 [267–310] (and references cited therein). Electro-oxidation of methanol,

formic acid, and formaldehyde, as well as reduction of dioxygen have been intensively

studied in view of the development of new electrocatalysts suitable for fuel cells. (The

development of metal/polymer composites as electrode materials for low-temperature fuel

cells has been recently reviewed [311].) In these cases the CP material is used as a suitable

conducting matrix for dispersing the metal catalyst. Electro-oxidation of several organic

compounds of biological interest (e.g. ascorbic acid, dopamine, glucose, NADH, uric acid)

has been explored with regard to prospective electroanalytical applications (Table 7.5). It

was established that CPs show electrocatalytic activity for these reactions [312] and thus

suitable combinations with electrocatalytic metals that could provide increased sensitivity

or selectivity for detection of specific analytes have been sought. Finally, gas sensing using

various metallic-based CP nanocomposites has been also intensively investigated

[61,151,313,314].

The development of nanostructured composite materials suitable for electrocatalytic

and electroanalytic purposes is based on expectations of increasing the surface-to-volume
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Table 7.5 Electrocatalytic reactions studied on various metallic based CP composite materials

Oxidation reactions

Substance Polymer Me particles References

Methanol PANI Pt 90, 106, 108,
113–116,
118–120,
123–125, 127,
267–271

Pt-Ru; Pt-Ru-Mo 95, 108, 111, 126;
108, 112, 272

Pt-Sn; Pt-Os,
Pt-Ru-Os

95; 112

Pt, Pt-HxMoO3 273
Au 274

Poly(o-phenylenediamine) Pt 275, 276
Poly(diphenylamine) Pt 277
PPY Pt; Pt-Ru 130–132, 278,

279; 260
P3MET Pt; Pt-Sn 280; 135
PEDOT Pt, Pt-Ru 141, 281–283

Ethanol PANI Pt-Ru, Pt-Sn 95
Hydrogen PANI Pt 99

PPY Pt 51, 128, 133
Co PANI Pt; Pt-Ru, Pt-Os,

Pt-Mo
121, 267;
112

Ethylene glycol PANI Pt; Pt-Ru, Pt-Sn 98; 102
PTHI Pt, Pt-Ru 262

Formaldehyde PANI Pt; Pt-HxMoO3 117; 118
PPY Pt; Ag 261; 230

Formic acid PANI Pt; Pt-Pb;
Pt-HxMoO3

92, 267; 118, 286;
118

Pd 153, 267
PPY Pt, Pt-Pb 103, 261,

286
PTHI Pt, Pb, Pt-Pd 138, 286, 287

Glycerol PANI Pt 110
Hydrazine PANI Pt 249

PPY Au 147
Hydroxylamine PPY Au 147
Ascorbic acid PANI Au 48

POMA, PANI Cu 288
PEDOT Au 59, 70, 71

Ascorbic acid and
dopamine

Poly(4-aminothiophenol) Au 289

Dopamine, serotonin PPY – overoxidized Au 290
Dopamine PEDOT Au; Pd 59, 70, 71; 291
Glucose PANI Cu 292, 293

PANI Au 29, 294
PPY Pd, Pt, Pt-Pb,

Pt-Sn, Pt-Bi,
Pt-Ru

295–298
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ratio of the catalytic material, to improve the electron transfer, to prevent adsorption of

reaction products, and eventually achieve a synergistic effect due to the combination of the

electrocatalytic performances of the composite constituents. In addition, reducing the size

of the metallic particles results in the formation of crystals exposing new crystallographic

Table 7.5 (continued )

Oxidation reactions

Substance Polymer Me particles References

PEDOT Pd 299
NADH PANI Au 84

P3MET Cu 300
PEDOT Au 301

Uric acid PEDOT Au; Pd 59, 71; 291

Reduction reactions

O2 PANI Pt 80, 97, 100
PANI Pd 150
Poly(o-phenylenediamine) Pt 302
Poly(aminothiophenol) Au 303
PPY Pt 5, 129, 284
PTHI Pt 304
PEDOT Pt 305

H2O2 PANI Pt 306
PPY Cu 307

Hydrogenation reactions

C=C and C:C bonds
conjugated with
aromatic ring

Substituted PPY Pd, Rh 136, 149, 308

Limonene, carvone Substituted PPY Pt, Pd, Rh;
PdþPt, PdþRh

137

2-Eethylanthraquinone PANI Pd 237, 241
Nitrobenzene PANI Pd 239

PPY Cu 170
4-Nitrobenzaldehyde PANI Pd 156
4-Nitrophenol PEDOT Au, Pd 39, 45
2-Ethylanthraquinone POMA Pd 247
Maleic acid POMA Pd 247

Other reactions

Chloro-, bromo-
and iodobenzenes
(Heck reaction)

PPY Pd 154

Aryl chlorides
(Suzuki coupling)

PANI Pd 309

Substituted aryl
alkynes
(hydrosilylation)

PANI Pt 310
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facets at the surface and thus the opportunity to involve crystallographic anisotropy

effects in the electrocatalytic reactions. Finally, the properties of small enough metal

NPs (d< 10 nm) become shape and size sensitive, and significant changes in electro-

catalytic activity might be expected [315–318].

Despite the great number and diversity of studies in the field of metallic-based con-

ducting polymer composites, most of the above-mentioned aspects have not been clearly

identified. There are still several open questions concerning the roles of the metal deposit

characteristics, i.e. spatial distribution, size and number of metallic particles, and of the

polymer matrix properties in the electrocatalytic performance. One of these questions

addresses specifically the spatial distribution of the metallic phase. The problem is whether

the metallic particles incorporated in the bulk of the polymer layer are effective as catalytic

centers or whether the reactions of interest occur mainly at the polymer/solution interface.

Investigations on methanol oxidation in Pt-PPY systems [132] by varying the method of

metal-particle deposition have shown that Pt particles obtained by electrosynthesis in the

presence of the corresponding metal complex (with subsequent reduction) or incorporated

pre-synthesized NPs have no electrocatalytic activity. A comparative study of PPY layers

modified with noble metallic particles for hydrogen evolution reactions showed better

performance for composite materials obtained through electrodeposition on pre-synthesized

layers in comparison to those obtained by CP synthesis in the presence of metal complex

anions and subsequent reduction [134]. Metallic particles located mainly near the CP/

solution interface (as usually obtained by means of electrodeposition on pre-synthesized

CP layers) were also found to exhibit better electrocatalytic activity in other cases

[51,128,154]. The various ways of producing metallic-based CP nanocomposites

offers wide possibilities for influencing the surface distribution of the metallic NPs at the

CP/solution interface. The role of this factor in electrocatalytic performance has been

demonstrated in a Pt-PANI system [120]. The electrodeposition of Pt metallic particles

from PtCl4
2– and alternatively from PtCl6

2– solutions resulted in a difference in the shape and

surface distribution of the Pt particles. This was found to affect markedly the methanol

oxidation current. The role of the properties of the polymer matrix (e.g. morphology,

conductivity etc.) in electrocatalytic performance itself has rarely been assessed in electro-

catalytic studies of metallic-based CP materials. For instance, a comparison between

Pt-PANI and Pt-PANI-PSS for methanol oxidation [123] showed better performance for

the Pt-PANI-PSS case, although it is not clear whether this was due to the different spatial

distribution of the metallic particles in the CP layer or to the different bulk properties of the

CP material. In general, the fact that the electrocatalytic performance depends on a number

of inter-related factors concerning both the metal particles and the polymer matrix, which are

not easy to assess due to their complexity, leads to controversial conclusions regarding the

electrocatalytic activity of given nanocomposite systems.

Studies concerning the involvement of metallic-based CP nanocomposites in electro-

analytical applications in general have not addressed issues concerning the specifics of the

material in terms of metal-particle characteristics and CP bulk properties. The main focus

has remained on showing possibilities for electroanalytical applications without going into

the various possibilities to influence the properties of the nanocomposite materials and

thus of the electroanalytic response. This seems to be an area that requires further

concerted efforts by chemists specializing in the synthesis of metallic-based CP nanocom-

posites and those aiming at specific applications.
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List of Acronyms

AFM atomic force microscopy

CNT carbon nanotubes

CP conductive polymer

DABS 2,5-diaminobenzenesulfonate

DBS dodecylbenzenesulfonate

DMA 2,5-dimethoxyaniline

DS dodecyl sulfonate

EB emeraldine base

EDOT 3,4-etylenedioxythiophene

EDTA ethylenediaminetetraacetic acid

ES emeraldine salt

LbL layer-by-layer

LB leucemeraldine base

LS leucoemeraldine salt

NA nigraniline

NMP N-methylpyrrolidinone

NP nanoparticle

OCP open-circuit potential

PAA polyaclilic acid

PANI polyaniline

PB pernigraniline base

PDMA poly(2,5-dimethoxyaniline)

PEDOT poly(3,4-etylenedioxythiophene)

POMA poly(o-methoxynailine)

PPY polypyrrole

PS pernigraniline salt

PSS polysterenesulfonate

PTHI polythiophene

P3MET poly(3-methylthiophene)

PVA poly(vinyl alcohol)

PVP poly(N-vinylpyrrolidone)

RGP repetitive galvanostatic pulses

RSWP repetitive square wave potential

RVC reticulated vitreous carbon

SDS sodium dodecylsulfate

XPS X-ray photoelectron spectroscopy
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8.1 Synthetic Metals

Intrinsically conducting polymers (ICPs), more commonly known as ‘synthetic metals,’

form one of the largest classes of molecular conductors [1]. The study of conjugated

polymers has been hampered by their insolubility, infusibility, and instability in air. In the

early 1970s, Shirakawa and Ikeda [2] showed the possibility of preparing more stable films

of semiconducting poly(acetylene) (PA). This discovery did not generate much interest

until 1977, when MacDiarmid et al. [3] found that, when PA is doped with a Lewis acid (or

base), the conductivity increases by 13 orders of magnitude. Since this initial discovery,

the development of the conducting polymer field has continued to accelerate at an

unexpectedly rapid rate. This has been stimulated not only by the fundamental synthetic

novelty and importance, but mainly because this field is a cross-disciplinary section of

many areas.

The concept of doping is unique and has central importance, because it is what

differentiates the conducting polymers from all other kinds of polymers [4–6].

During the process of doping, an insulating or semiconducting organic polymer

with low conductivity, typically ranging from 10–10 to 10–5 S cm�1, is converted

into a polymer which shows ‘metallic’ conductivity (ca. 1–104 S cm�1). The addition
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of nonstoichiometric chemical species in commonly low quantities (£10%), results in

dramatic changes in the electronic, electrical, magnetic, optical, and structural

properties of the polymer. The doping is reversible, and the polymer can return to

its original state without major changes in its structure. In the doped state, the

presence of counter-ions stabilizes the doped state. All conductive polymers (and

their derivatives, see Scheme 8.1), for example, poly(p-phenylene) (1), poly(p-phe-

nylene-vinylene) (2), poly(pyrrole) (3), poly(thiophene) (4), poly(furan) (5), poly

(heteroaromatic vinylene) (6, where Y¼NH, NR, S, O), poly(p-phenylenediamine)

(7) and poly(aniline) (8), among others, may be doped by p (oxidation) or n

(reduction) through chemical and/or electrochemical process.

8.2 Nanostructured Conducting Polymers

Nowadays a promising way to control the bulk polymer properties, such as conductivity,

processability, thermal, and mechanical stabilities, is through the organization of the

polymeric chains on the nanometer scale [7–9]. The first approach used to achieve this

goal was the synthesis of conducting polymers in cavities of porous hosts. Commonly

named nanocomposites, these materials have two or more different components on the

nanoscale, and can show catalytic, electronic, magnetic, and optical properties better than

those of the individual phases. The basic reason for this synergism is still not fully

understood, but it is considered that confinement and electrostatic interactions between

the components play an important role.

The host structure must provide an environment of restricted geometry, sometimes

preventing the reticulation of the polymeric chains. Chains of poly(aniline), poly(pyrrole)

and poly(thiophene) and others have been encapsulated by many forms of host [10–13]

(see Table 8.1). Two routes are commonly used for this: (i) the monomer is dissolved in an

organic solvent (or in aqueous solution in its protonated form), and by diffusion and/or

charge-exchange processes, the monomer is encapsulated in the cavities of a host, fol-

lowed by oxidation with ammonium persulfate or another oxidant (in situ polymerization),

(ii) a host having oxidant ions, such as Cu(II) or Fe(III) is exposed to monomer vapors and

then acid vapors [10–11].

Scheme 8.1 Schematic representation of the structures of the most representative
conducting polymers: Poly(p-phenylene) (1), poly(p-phenylene-vinylene) (2), poly(pyrrole)
(3), poly(thiophene) (4), poly(furan) (5), poly(heteroaromatic vinylene) (6, where Y¼NH,
NR, S, O), poly (p-phenylenediamine) (7), and poly(aniline) (8)
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The host structures can be classified by the dimensionality of their pores or cavities;

hosts with cavities extending and connecting in three dimensions (3-D), such as some

zeolites and mesopore materials (see Figure 8.1 and Table 8.1); cavities which extend in

two directions (2-D), as is the case with all lamelar materials, such as clays; materials with

cavities in a single direction (1-D), for example, carbon nanotubes; and finally there are

materials with small cavities or with closed cavities (0-D), such as fullerenes and

cyclodextrins.

Martin et al. [8,9] developed one of the best methods for synthesis of polymers with

hosts, using porous polycarbonate membranes (track-etched membranes) and porous

alumina. Track-etched membranes are available commercially (Poretics, Nuclepore,

etc.) with various sizes of pores from 10 nm upwards and a density of approximately

109 pores cm�2 [8,9]. The membranes of porous alumina are prepared electrochemically

from Al foil, and can have pore densities of up to 1011 pores cm�2. Polymerization within

Table 8.1 Hosts used for formation of nanostructured conducting polymers

Pores Host Structure Examples Ref.

3-D Zeolites Zeolite MFI (ZSM-5) [162,163]
Zeolite Y [10,11,75]
Zeolite LTL (L) [163]
Zeolite FAU (Faujasita) [10,11]
Porous Vycor Glass (PVG) [48]

2-D Silicates and Clays Hectorite, Montmorillonite [83], [57–75]
Metallic Oxides MoO3, V2O5 [49], [50]
Layered Uranyl HUO2PO4.4H20 (HUP) [52]
Phosphate HMMoO6�H2O (M¼ Nb, Ta) [56]
Layered Brönsted acids MoS2 [55]
Layered double hydroxide Cu2Cr(OH)6Cl.nH2O [54]

1-D Track-etched membranes and
porous alumina

[8,9]

Zeolites Zeolite MOR (Mordenite) [10,11,75]
Nanotubes Carbon Nanotubes [141,142]
Mesoporous MCM-41 [86–88]

0-D Cyclodextrins a-, b- and g-ciclodextrins [91–93]

Figure 8.1 Schematic representation of the structures of: zeolite Y (3-D), montmorillonite clay
(2-D), zeolite mordenite (1-D) and a-cyclodextrin (0-D)
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the pores of these membranes can be performed chemically or electrochemically. By

controlling the duration of polymerization, it is possible to obtain tubes or filaments of

conductive polymers. The polymers can be isolated by dissolving the membranes with an

appropriate solvent, and separated by filtration. The polymer chains obtained after this

treatment are much more conductive than polymers obtained in the conventional manner,

and the authors attribute this behavior to greater alignment of the chains [8].

Recently, great efforts have been made to produce nanostructured polymer chains without

theuseofrigidhosts.Generally, theconventionalsynthesisofconductingpolymersproducesa

polymer with irregular morphology that is accompanied by a very small percentage of

nanoscale fibers [14,15]. To circumvent this behavior, several approaches have been devel-

oped by which nanofibers can be obtained as the dominant nanostructure. For instance, in the

absence of an external physical or chemical template, nanofibers/tubes of several conducting

polymers can be obtained by making use of large organic acids. These acids form micelles

uponwhich themonomer can bepolymerizedand doped.Fiber diameters are observed tobeas

low as 30–60 nm and are highly influenced by reagent ratios [16–20].

Ionic liquids, organic salts that are liquid at low temperature, have also been used as

synthetic media for the preparation of nanostructured conducting polymers [21,22].

Uniform nanofibers have also been prepared by polymerization at an aqueous–organic

interface [14,15]. It is hypothesized that migration of the product into the aqueous phase

can suppress uncontrolled polymer growth by isolating the fibers from the excess of

reagents. Interfacial polymerization can therefore be regarded as a nontemplate approach

in which high local concentrations of both monomer and dopant anions at the liquid–liquid

interface might be expected to promote the formation of monomer–anion (or oligomer–

anion) aggregates. These aggregates can act as nucleation sites for polymerization, result-

ing in powders with fibrillar morphology. It has recently been demonstrated that the

addition of certain surfactants to such an interfacial system grants further control over

the diameter of the nanofibers. ‘Seeding’ with various nanomaterials has also been used

with great effect to initiate polymer nanofiber formation in single-phase polymerizations

[23,24]. Thus, the template-free methods, such as interfacial, seeding, and micellar, can be

employed as different ‘bottom-up’ approaches to obtain pure conducting polymer nano-

fibers. The possibility to prepare nanostructured conducting polymers by self-assembly

with reduced post-synthesis processing warrants further study and application of these

materials, especially in the field of electronic nanomaterials.

8.3 Spectroscopic Techniques

Different characterization techniques have been employed in determination of the struc-

ture and also the behavior of nanostructured conducting polymers. Among these, the

spectroscopic techniques have been essential in understanding the molecular structure

and interactions resultant from the arrangment at the nanometric level. In this section, a

description of the main characteristics of the spectroscopic techniques that have been

broadly used in the structural investigation of nanostructured conducting polymers will be

given. Results obtained using spectroscopic techniques that have not been largely used for

the cases discussed here (such as solid-state nuclear magnetic resonance, etc.) have also
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been considered in the discussion of the spectroscopic data of the nanostructured conduct-

ing polymers (Section 7.4) where appropriate.

8.3.1 Vibronic Techniques (UV-vis-NIR, FTIR, Raman, Resonance Raman)

Among the different techniques that can be applied for the investigation of the structure of

conducting polymers, the vibronic techniques are the most frequently used [25–27]. The

eletronic spectra of conjugated polymers are very dependent on their oxidation and/or

doping state. The doping process leads to dramatic changes in the electronic structure of

the polymer. The formation of charged species (solitons, radical cations, dications, etc.)

promotes a local distortion in the polymeric backbone. If this distortion is high enough the

charge will be localized in the polymeric structure [28–30]. The association of this

distortion with a localized charge is known as polaron in solid-state terminology. This

process can be visualized as the formation of a localized state in the band gap, associated

with the appearance of a broad electronic band in the visible region. For example,

Figure 8.2 shows the UV-vis-NIR spectra of PANI before (in its semiconductor emeraldine

base form, PANI-EB) and after doping with choridric acid (in its metallic emeraldine salt
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Figure 8.2 The UV-vis-NIR spectra observed for PANI in its emeraldine base (EB) and salt (ES)
forms (see the schematic structure). Above the spectra are presented the energy diagram for
PANI-EB and PANI-ES. The UV-vis-NIR spectra were acquired using a Shimadzu UVPC-3101
scanning spectrophotometer in transmission mode with 1 mm quartz cell; PANI-EB was
dissolved in N-methyl-pyrrolidone and PANI-ES was dissolved in concentrated HCl
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form, PANI-ES). For PANI-EB the band at 324 nm corresponds to a p! p* transition and

the band at 625 nm has been assigned to the electron transition from a benzenoid to a

quinoid ring [31]. After doping, a rearrangement of the charges owing mainly to the

protonation of quinoid nitrogens leads to the formation of polarons or radical cations.

For PANI-ES, the peak at ca. 440 nm and the broad band starting at ca. 600 nm are assigned

to electronic absorptions of radical cation segments [32].

UV-vis-NIR spectroscopy is also a powerful tool in the investigation of the organization

of the polymeric backbone. When the chains of conducting polymer are well organized in

an extended conformation, the respective electronic absorption spectrum shows a very

intense and broad polaronic band starting from ca. 900 nm and extending to the NIR region

[33]. Further, UV-vis-NIR data have been employed in the study of the polymerization

mechanism of conducting polymers prepared in different synthetic condictions [34]. For

instance, UV-vis spectra obtained in the initial steps of aniline polymerization show that

the formation of N-phenyl-1,4-benzequinonediimine (PBQ, the oxidated form of the ani-

line dimer, which absorbs at ca. 420 nm) is the first main step and afterwards, propagation

occurs by addition of monomer in the PBQ chains. However, many doubts remain, and

more recently it has been suggested that the formation of phenazine-like rings also occurs

in aniline polymerization [35,36], while for polypyrrole and poly(thiophene) the formation

of radical species is the main step in the polymerization mechanism.

The oxidation, doping, and nanostructuring of the polymeric chains also provoke a

dramatic change in the vibrational levels of the conducting polymers. Over the years,

infrared and Raman spectroscopies have been the techniques par excellence for the

investigation of the vibrational structure of conducting polymers. In Raman spectroscopy

the radiation source has much more energy than the vibrational transitions, but through the

scattering of incident light (laser source) by the vibrational modes, it is possible to see the

vibrational levels. Conversely, in IR spectroscopy, the incident radiation has the same

magnitude as the vibrational transitions, being absorbed when its value is similar to a

permitted transition (see diagram in Figure 8.3). When the laser source has energy of very

different magnitude to a permitted electronic transition in the molecule, the scattering light

is almost independent of the incident light, thus the intensity of the Raman bands are

proportional to ls
4 [27]. However, when the energy of the incident light is near to an

available eletronic transition of the molecule, the process changes drastically. The inten-

sities of vibrational Raman modes that are associated with a excited eletronic state that is in

resonance can be greatly increased, typically 105 times. For conducting polymers, which

are a typical multichromophoric system, it is possible to search the different chromophoric

segments, just by changing the incident laser line energy.

8.3.2 X-Ray Techniques (XANES, EXAFS AND XPS)

Spectroscopic techniques that employ electromagnetic radiation between vacuum UV

energy (�10–40 eV, 125–31 nm) and soft X-rays (40–1500 eV, 31–0.8 nm) and going

on to hard X-rays (1500–105 eV, 0.8–0.01 nm) have also been of great importance in

elucidating the electronic structure of complex materials [34]. It is well known that an

electromagnetic wave can be scattered and/or absorbed when interacted with the surface of

material. In the case of absorption, the X-ray beam intensity (I) is attenuated by the solid
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material, following the Beer–Lambert law; i.e. I(x)¼ Ioexp(–�x) shows that the intensity

decreases according to the penetration of the material (x) as the argument (–�x) of the

function is negative. The value of � is a function of the material and the wavelength. The

absorption coefficient decreases with increasing photon energy, but there are sudden

changes, so that the spectrum exhibits a characteristic saw-tooth pattern. These variations

correspond to different edges of absorption in the material. The absorption of X-rays

occurs when the energy of the incident photon is transferred to an electron strongly

connected to the atom [37,38].

Figure 8.4A schematically displays the absorption of an electron in the K shell (1s level)

of an atom of a solid material. Photons with energies lower than the ionization threshold

(h�1) are poorly absorbed by the material because there are no unoccupied energy states

below this energy. However, when the energy of the photon reaches the value h�2, a

sudden increase in absorption is observed, which corresponds to the absorption edge of the

K shell. This energy is called the ionization threshold of the 1s electron. If the photon

energy of the incident power source continues to increase (h�3), the electron can leave the

atom, leaving it ionized. This fact explains why the absorption coefficient is very similar to

the cross-section of the photoelectric effect, i.e., there is a probability of ejection of

electrons of the atom due to absorption of photons [37–39]. If the value of the photon
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Figure 8.3 Schematic representation of two eletronic states (ground and excited) and their
respective vibrational levels (the eletronic and vibrational levels are not represented on the
same scale). The arrows indicate the types of transitions that can occur among the different
levels. It is important to say that in the case of Raman scattering, if the laser line (lo) used has
energy similar to one electronic transition of the molecule, the signal can be intensified by a
resonance process, know as the resonance Raman effect. In the figure, �o and �s are laser line
and scattering frequencies, respectively (just the Stokes, �s < �o, component is shown in the
diagram)

Spectroscopy of Nanostructured Conducting Polymers 347



energy continues to rise, the absorption begins to decrease gradually, but further sudden

jumps may occur, if there are other absorption edges in the material. The identification of a

chemical element in a material is only one item of the chemical information that it is

possible to obtain in the X-ray absorption spectrum. Indeed, the phenomenon of absorption

is much more complex than it appears, and therefore carries more information than our

approach suggests. As can be seen in Figure 8.4B a typical absorption spectrum is formed

by a series of oscillations that extends over a large range of energy values (tens of units of

eV) and loses intensity as it gets further from the edge of absorption. This set of changes is

divided into two regions, one near to the edge of absorption, and another that goes beyond

the edge. The structure near the edge is called NEXAFS (Near-Edge X-ray Absorption

Fine Structure), better known as XANES (X-ray Absorption Near-Edge Structure); the

second region comprises the so-called EXAFS (Extended X-ray Absorption Fine

Structure).

More commonly, the electronic structure of solids has been studied by X-ray photo-

electron spectroscopy (XPS). Through measurements of the kinetic energy of the photo-

electron that leaves the material, the chemical element can be identified, and in addition its

oxidation level determined and the electronic states involved in the chemical bonds

studied. The XPS technique is very sensitive to the surface owing to the higher signal

contribution from the photoelectrons of the first atomic layers, making it a powerful tool to

study surfaces. For conducting polymers, XPS spectroscopy has been widely employed

with the goal of determining their oxidation states and doping degree. For instance, the

different molecular segments present in the PANI chains are known to have different

atomic potentials, creating different chemical shifts in the XPS spectrum at N 1s and C 1s.

For instance, several authors have investigated the XPS spectra of PANI samples in order
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Figure 8.4 (A) Squematic representation of the X-ray absorption process for K edge excitation.
The energy of photons are h�3> h�2> h�1. (B) X-ray absorption spectrum of poly(aniline)
doped with Fe(III) at Fe K-edge. (Data acquired at EXAFS beam line of the Brazilian National
Synchrotron Lab, Brazil.) Generally, it is considered that the EXAFS region starts after�50 eV of
the edge, as represented in the figure
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to identify the different nitrogen bonding states [40–44]. Two N 1s peaks of nearly equal

intensity were obtained for the emeraldine base, which were ascribed to imine (—N=)

398.1 eV and amine (—NH—) 399.3 eV groups, respectively. After doping, the emeraldine

salt gives an N 1s spectrum with an additional shoulder at the high-energy side in the

binding energy region 400–403 eV. Many authors decompose the N 1s signal into four

peaks, ascribing the two additional components at higher energies to positively charged

amine and imine species. The assignments and the quantification of different nitrogen sites

are difficult tasks, because the degree of localization of the partial electronic charges and

their influence on the binding energy values [42,43] are not exactly known. The close

similarities of the N 1s binding energies of amine and protonated imine groups [44] and the

possible weak contributions of shake-up processes may further complicate the analysis of

the N ls data. The high-energy shoulder of the N 1s photoelectron peak gives no indication

of how many bonding states appear. Additional information on the counter-ions from XPS

data and from core excitation, including the antibonding p* states from N 1s

XANES might be useful to characterize the polymers. Energies and probabilities of

inner-shell excitation processes can be derived from XANES, giving the energy differ-

ences between the N ls!2p p* resonances complementary to the N 1s ionization energies

from the XPS.

8.4 Spectroscopy of Nanostructured Conducting Polymers

In the following sections, the main spectroscopic results obtained in the literature for

nanostructured conducting polymers will be described. The major results are concerned

with six classes of conducting polymers, poly(aniline), poly(pyrrole), poly(thiophene),

poly(p-phenylene-vinylene), poly(acetylene), and poly(diacetylene). For each section, the

results are divided in two subsections: (i) nanocomposites, systems where the nanostruc-

tured polymers chains were acquired by using rigid hosts, such as clays, zeolites, and

carbon nanotubes, among others, and where the physical properties are derived from the

combination of the guest–host interactions; and (ii) nanostructures, systems where the

nanostructured polymers were obtained through self-assembly or by using surfactants, and

also systems where the polymer can be separated from the template without loss of the

nanostructured properties are considered in this section.

8.4.1 Nanostructured Polyaniline and its Derivates

8.4.1.1 Nanocomposites

Polyaniline (PANI) and its derivates represent a very important class of conducting

polymers, in which the electronic structure can be modulated by changing the oxidation

and/or protonation levels [5]. The half-oxidized forms of PANI have more environmental

stability than the others, and can be changed from the semiconductor state (called the

emeraldine base, PANI-EB, see Scheme 8.2 for y¼ 0.5), to the highly conducting form

(called the emeraldine salt, PANI-ES, see Scheme 8.1) just by changing the protonation

degree of the polymeric backbone [5].
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One of the pioneering studies showed the preparation of nanostructured PANI chains in

the cavities of zeolites Y and Mordenite [45]. The aniline was included in the structure of

acidic zeolites by adsorption of aniline, followed by its oxidation with persulfate ions. The

electronic absorption spectra of both samples showed absorption bands comparable to bulk

PANI. The bands at ca. 560 nm (2.2 eV) were associated with quinone diimine structures,

[—N=(C6H4)=N—], similar to those observed for free PANI-EB or PANI-PB. The shoulders

at approximately 400 nm (3.1 eV) and the broad features in the visible and near-IR (<1.8 eV)

were associated with polarons. PANI obtained in zeolite Mordenite displayed less protona-

tion (less intense polaron bands) than that prepared in Zeolite Y. The IR spectrum of samples

showed typical vibrations of PANI-ES [46,47] at 1583, 1497, 1315, and 1246 (sh) cm–1 and a

characteristic tail of the electronic excitation corresponding to free carrier absorption. Small

shifts between IR frequencies of the zeolite/PANI inclusions and bulk PANI suggested some

interaction of the polymer with the host. By means of XPS it was possible to verify the

homogeneous distribution of nitrogen in all the zeolite crystals. Porous Vycor glass (PVG),

another type of 3-D host, was also used as a host to PANI. PVG is a highly transparent glass

to visible light, consisting basically of SiO2, with a random network of interconnected 3-D

pores [48]. The nanocomposites obtained were highly transparent and green. Analysis by

UV-vis-NIR and Raman indicated the formation of PANI-ES. It was found that the nano-

composites change color with pH (from dark green at pH¼ 1 to dark blue at pH¼ 13).

Among the different types of hosts used in the formation of nanocomposites with PANI,

undoubtedly lamelar materials are the most employed. One reason is that the distance

between the layers can be modified, facilitating the intercalation of various chemical

species. Hosts, such as MoO3 [49], V2O5 [50], a-Zr(HPO4)2H2O [51], HUO2PO4.4H2O

[52], FeOCl [53], layered double hydroxide (LDH) [54], MoS2 [55], HMMoO6�H2O

(M¼Nb, Ta) [56], and more frequently clays are used for intercalation of PANI [57–

75]. Mainly smectite clays are used, whose structure consists of a central sheet containing

MO4(OH)2 groups of octahedral symmetry associated with two tetrahedral sheets (MO4)

producing layers designated T:O:T [76]. The octahedral sites are occupied by ions of

aluminum, iron, and magnesium, while the centers accommodate tetrahedrons of silicon

and aluminum ions. The individual layers of negative T:O:T assume a mutually parallel

orientation and the electric charge is neutralized by the presence of hydrated positive ions

that are in the interlayer region and can be modulated by ion exchange [76]. These clays

show large surface adsorption and catalytic activity in organic reactions. Montmorillonite

(MMT) is the most common smectite clay, and the negative charge of the lamellae arises

mainly in the layers of octahedral substitution of aluminum by magnesium ions.

It is well known that clays have the property to generate colored species by the

adsorption of aromatic amines. The most remarkable case is the blue color generated by

the adsorption of benzidine (4,40-diaminobiphenyl) in clay [77]. Among the earliest
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Scheme 8.2 Schematic representation of the PANI structure
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studies, Yariv et al. [78], Brindley et al. [79], and Cloos et al. [80] reported that MMT clay

containing oxidant ions (such as Cu2þ ions) become black after adsorption of aniline.

Electron paramagnetic resonance (EPR) and infrared (FTIR) data show that copper ions

oxidize aniline to produce polymeric species through the formation of radical cations,

generating monovalent copper. Soma and Soma [81,82] used resonance Raman spectro-

scopy (RR) in the study of the oxidation of aromatic compounds (benzene and derivatives)

adsorbed on clay, and showed that when vapors of aniline were adsorbed on MMT

containing Cu2þ, benzidine was formed as a dication. However, when aniline was

absorbed on Cu2þ or Fe3þ-MMT, a polymer formed in the liquid phase. Soma and Soma

proposed, by the analysis of the RR spectrum, that the polymer formed was equal to that

generated electrochemically (PANI-ES), but the observation of an additional band at 1432

cm�1 in the RR spectrum of the polymer-MMT excited at 457.9 nm, led the authors to

consider the presence of azo linkages (—N=N—) in the polymer structure. Although the

study of the interaction of amines with clay is relatively old, just recently (a little over a

decade) amine-clay research moved to trying to produce conducting polymer-clay

nanocomposites.

Thus, in 1991, Giannelis et al. [83] synthesized PANI intercalated in a synthetic

hectorite containing Cu2þ ions, the formation of PANI being confirmed by UV-vis-NIR

data. In 1992 Chao et al. [57] reported the polymerization of PANI in MMT clay galleries.

Absoprtion bands were observed at 420 and 800 nm, which are characteristic of the PANI-

ES form. Furthermore, the FTIR spectrum of PANI-MMT showed bands at 1568, 1505,

1311, and 1246 cm�1 characteristic of the emeraldine salt, but the bands were shifted to

higher frequencies in relation to the FTIR spectrum of PANI-ES. According to the authors

this displacement is a consequence of geometric restriction imposed on the aromatic rings.

In other work, Wu et al. [58,59] also obtained PANI-MMT using ammonium persulfate as

an oxidizing agent, the electronic spectrum of the composite is very similar to that obtained

for PANI in an extended conformation. The formation of PANI-ES was confirmed by the

presence of bands at 1489, 1562, and 1311 cm�1 in the FTIR spectrum of the material.

Later, many authors reported the synthesis of PANI in MMT clay by intercalation of

anilinium ions, followed by oxidation with ammonium persulfate [60–70]. In common was

the use of the FTIR spectroscopy to confirm the formation of PANI.

Using resonance Raman (RR) spectroscopy it was possible to show that the structure of

intercalated PANI is different from the PANI-ES structure [71–75], contrary to previously

observed using only FTIR spectroscopy. Figure 8.5 shows the RR spectra of two PANI-

MMT samples and PANI-ES, using two exciting wavelengths. The RR spectrum of PANI-

MMT prepared by in situ polymerization and excited at 632.8 nm is very different from the

PANI-ES spectrum. The bands at 984, 1179, 1201, 1264, 1349, 1395, and 1630 cm�1

cannot be associated with any form of PANI, strongly indicating the formation of another

kind of chromophoric segment in the intercalated PANI chains. This resonance is corro-

borated by the presence of an electronic absorption at 620–670 nm observed in the

intercalated PANI-MMT composites [58,59,71–75]. At 488.0 nm exciting radiation the

RR spectrum of PANI-MMT prepared by in situ polymerization shows bands at 1195 and

1618 cm�1 that can be assigned to reduced benzenoid segments of PANI-ES. In addition, a

band at ca. 1449 cm�1 was assigned to �N=N of azo segments. This assignment was further

proved by extensive study of the adsorption, intercalation, and polymerization of benzi-

dine (4,40-diaminobiphenyl) in MMT clay [84,85]. Another important result was displayed
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by the RR spectra of PANI-MMT obtained by ex situ polymerization (without previous

intercalation of anilinium ions), which are very similar to those of PANI-ES for both

exciting wavelengths (see Figure 8.5). In addition, the FTIR spectra of PANI-MMT,

obtained by in situ polymerization, is dominated by clay bands at 1100 cm�1, at 3700–

3000 cm�1, and at 1630 cm�1, assigned to �Si-O, adsorbed water, and structural OH clay

groups [71,72]. There is no significant difference between the IR bands of the polymers

obtained by the two routes and these spectra are similar to the PANI-ES spectrum. Hence,

the use of the IR information and the observation of a green color of the PANI-MMT

nanocomposites led to a partial view of the structure of intercalated PANI, because only

segments similar to those of PANI-ES were observed.

Using several techniques to follow the polymerization of intercalated aniline it was

possible to elucidade the structure of the nanostructured PANI chains [71]. The RR spectra

obtained at early stages of the polymerization of intercalated anilium ions show the

presence of bands of radical cations of PANI-ES (at 1167, 1318/1339, and 1625 cm�1)

and dications (at 1481 and 1582 cm�1) and also bands due to benzidine dications at 1211,

1370, 1455, and 1608 cm�1, confirming that head-to-tail and also tail-to-tail couplings

between the aniline monomers occur in the clay galleries. In the final stages of the

polymerization, the RR spectra obtained at 632.8 nm resembles neither the spectrum of

radical cation of PANI-ES nor the spectrum of benzidine dication, indicating that another

type of chromophore is also formed. At this point, the use of XANES spectroscopy was

Figure 8.5 Resonance Raman spectra excited at 632.8 nm and 488.0 nm of powdered
samples of: PANI-ES (A), PANI-MMT samples prepared from: ex situ polymerization (B) and
in situ polymerization (C). (Reprinted with permission from Macromolecules, Spectroscopic
Characterization of a New Type of Conducting Polymer-Clay Nanocomposite by G. M. do
Nascimento, V. R. L. Constantino and M. L. A. Temperini, 35, 20. Copyright (2002) ACS)
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very important. Through the analysis of several dyes, with structures possibly present in

the structure of PANI-MMT, it was found that the structure of intercalated PANI also has

phenazine rings. Taking all these considerations into account, the best standard compound,

having an azo group together with phenazine or oxazine-like rings in the structure, which

give out vibrational and electronic signatures similar to those of the PANI-MMT nano-

composites was Janus Green B (JGB). Figure 8.6 displays the UV-vis-NIR spectra of JGB

in solution and also the RR spectra at different excitations. The bands at 620 and 670 nm

are similar to those observed for PANI-MMT. Also, the frequencies and relative intensities

of the dye bands at 1179, 1201, 1347, 1400, and 1628 cm�1 in the RR spectrum at 632.8 nm

exciting radiation (Figure 8.6) are in good agreement with those of PANI-MMT nano-

composites at the same radiation (Figure 8.5). Therefore, this result indicates that a

phenazine-type ring is another kind of segment present in the polymeric structure.

The formation of filaments of PANI was also achieved using MCM-41 as a template

[86,87]. MCM-41 is a synthetic aluminosilicate, with hexagonal arrays of holes ca. 3.0 nm

in size. Nanocomposites of PANI-MCM-41 were synthesized by exposure of MCM-41

containing ions of Cu (II) or Fe (III) to vapors of aniline [88]. The adsorption of aniline

Figure 8.6 UV-vis-NIR spectra of solutions of Janus Green B azo dye in NMP (A), and aqueous
acidic solution (B), and resonance Raman spectra of Janus Green B azo dye in the solid state
obtained at the indicated exciting radiations. The dye molecular structure is also shown.
(Reprinted with permission from Macromolecules, Aniline Polymerization into
Montmorillonite Clay: A Spectroscopic Investigation of the Intercalated Conducting Polymer
by G. M. do Nascimento, V. R. L. Constantino, R. Landers and M. L. A. Temperini, 37, 25.
Copyright (2004) American Chemical Society)
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vapors into the dehydrated host containing these metals produces radical cations or

oligomers of aniline. But just by putting this material in an aqueous medium containing

HCl acid and persulfate ions, PANI is formed. The electronic spectrum of the composite

shows typical bands due to polaron transitions (3.4 and 1.6 eV). The encapsulated polymer

also showns a fairly broad EPR signal (8–19 G), suggesting a lower doping degree or

dipolar interactions with the MCM-41 walls or metal cations inside.

Cyclodextrins (CDs) can also be used for inclusion of monomers and polymers. The �-,

�-, �-, and �-CDs are made up of six to nine units of glucose, respectively [89,90]. The

diameters of CDs range from 0.47 to 083 nm for �- to �-CDs. Shimomura et al. [91,92]

reported that many �-CDs may include polymer chains of PANI-EB in solution. The

authors report that in the inclusion compound, the PANI chains are completely covered by

CD molecules, preventing doping with iodine. The formation of this ‘molecular necklace’

was confirmed by frequency domain electric birefringence spectroscopy (FEB), which

showed that the polymer changes from a coil to an extended conformation after inclusion.

Do Nascimento et al. [93] also synthesized �-CD and PANI-EB. The preparation of the

‘molecular necklace’ was confirmed by measures of X-ray diffraction, FTIR spectroscopy,

and resonance Raman (RR). Using the RR spectra it was possible to monitor both PANI

and the �-CDs, using different exciting radiation, and the doping of the polymer after

exposure to vapors of HCl and iodine, could be verified by the appearance of the �C—N

radical cation band at ca. 1333 cm�1, characteristic of PANI-ES. The observation of the

doping of PANI led Do Nascimento et al. [93] to propose that the chains of PANI are not

fully covered by the CDs.

8.4.1.2 Nanostructures

One of the first examples of PANI nanofibers/tubes came from aniline polymerization in a

medium containing large organic acids [5–8]. These acids form micelles upon which

aniline is polymerized and doped. Fiber diameters are observed to be as low as 30–

60 nm and are highly influenced by reagent ratios [17–20,94–96]. The FTIR spectra of

PANI doped with various organic acids, containing sulfo groups (SO3H–), show broad

absorbances at about 3430 cm�1, 1560 cm�1, 1480 cm�1, 1130 cm�1, and 800 cm�1,

which are related to the PANI-ES structure [95]. UV-vis spectra of all doped PANI

samples show two major absorptions around 400 and 800 nm that are attributed to

polarons. The position of the polaron absorption peak shifts to a long wavelength when

the size of the dopant increases. For example, the polaron absorption for PANI doped with

a smaller dopant is located at 800–900 nm. On the other hand, the polaron absorption for

PANI doped with a larger dopant is shifted to 1060–1118 nm. The RR spectra (1000 to

1800 cm�1) of PANI doped with �-naphthalenesulfonic acid (�-NSA) fibers with different

diameters show similar behavior [19]. The RR spectra of PANI-NSA fibers show bands at

1163 and 1330 cm�1 and these can be assigned to �C—H and �C—N of polaronic

segments, respectively. Their relative intensities in PANI-NSA spectra increase as the

molar ratio of �-NSA/aniline increases. The high relative intensities of bands at 1490 and

1585 cm�1 in PANI-NSA spectra indicate a lower protonation degree of PANI-NSA fibers

than that of PANI-ES. The PANI-NSA fibers can acquire the emeraldine doped state after

treatment with HCl solution. However, SEM images show a loss of fibrous morphology,

indicating great morphological instability of the fibers during the doping process.
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Further studies have revealed that submitting the PANI-NSA to heat treatment at

200 �C, results in the formation of cross-linking structures, proved by the appearance of

characteristic RR bands at 578, 1398, and 1644 cm�1, hence the fibrous morphology is

retained after the doping process [20]. In fact, it was observed that the formation of cross-

linking structures is a general feature of PANI chains prepared in micellar media and it has

been proposed that these structures are responsible for the formation of the nanofiber PANI

morphology [96]. The structure of PANI-CSA (CSA is 1R-(�)10-camphorsulfonic acid)

nanofibers was also investigated by solid-state 13C and 15N nuclear magnetic resonance

(NMR) [97]. The results (compared to the unstructured, granular form of PANI) revealed a

slight variation in the structural features of the polymer that led to some differences in the

chemical environments of the respective nuclei. The presence of two extra-sharp peaks at

96.5 and 179.8 ppm is a distinct feature found exclusively in the nanofiber spectra and the

presence of a complete set of sharp NMR peaks is a consequence of the more ordered

morphology in the PANI nanofibers.

More recently, uniform nanofibers of pure metallic PANI (30–120 nm diameter,

depending on the dopant) have also been prepared by polymerization at an aqueous–

organic interface [14,15]. However, it has often been observed that the quality of the

products, such as the shape and stability of their dispersions, varies with different synthetic

conditions, such as stirring, temperature, and pH, among others. For instance, RR spectra

at low wavenumbers (from 200 to 500 cm�1) of PANI nanofibers prepared in different pH

conditions show a decrease in the intensities of the bands at 200 and 296 cm�1, and also a

shift of the bands from 393–427 cm�1 to 422–451 cm�1 with an increase in the pH of the

synthetic medium. It is possible to correlate the changes in the intensities of the bands with

an increase in the torsion angles of Cring
—N—Cring segments [98–100], owing to the

formation of bipolarons (protonated, spinless units) in the PANI backbone higher than

the PANI samples prepared by the conventional route. The nanostructured surface of PANI

permits major diffusion of the ions inside the polymeric matrix leading to a more effective

protonation of the polymeric chain than PANI prepared in the conventional way, leading to

the reduction of crystallinity of PANI, and a decrease in the amount of nanofibers.

8.4.2 Nanostructured Poly(Pyrrole)

8.4.2.1 Nanocomposites

Polypyrrole (PPy) is a promising conducting polymeric material for various electronic

applications because of its environmental stability to oxygen and water, high conductivity,

and ease of synthesis. Generally, PPys are brittle, insoluble, and infusible, and hence

unprocessible. In order to improve these properties, several approaches have been used in

the literature with the aim of producing Ppy nanocomposites, preferably using clay as host.

One of the fisrt examples of intercalation of PPy in MMT clay was made by the interaction

of colloidal nanoparticles of the polymers with exfoliated clay [101]. The FTIR spectra of

the PPy/clay composites, showed peaks associated with PPy at 1550 and 1460 cm�1, and in

the region of 800–900 cm-1, and clay peaks were observed at 1040, 590, and 480 cm–l. PPy-

MMT nanocomposites were also prepared using dodecylbenzenesulfonic acid (DBSA) as

both an emulsifier and as a dopant [102,103]. Similarly to Ref. [102], the FTIR spectra of
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PPy/clay composites showed bands owing to PPy at 1560 cm�1 (2,5-substituted pyrrole),

1050 cm�1 (C—H vibration of 2,5-substituted pyrrole), and 920 and 800 cm�1 (C—H

deformation of 2,5-substituted pyrrole); those of MMT clay were shown at 1040 cm�1

(�Si—O), 600 cm�1 (�Al—O) [103]. In addition, the electron paramagnetic resonance

(EPR) data showed a sharp signal with 1-D characteristics [104], which originates from the

weak spin–orbit interaction of the intercalated and well-ordered PPy–DBSA nanolayers

between the clay layers. Coulomb interactions between the positively charged polymer

backbone of the intercalated PPy–DBSA nanolayers and the negatively charged surface of

the clay play an important role in enhancing the thermal stability in the PPy–DBSA/clay

samples. It was interesting to find that the peak position of p–p* absorption is 430 nm for

free PPy solution and at 421 nm for the PPy-MMT composites. This blue shift is related to

the decreasing of the conjugated chain length of PPy into MMT galleries.

High conductive PPy-expanded vermiculite (EVMT, conductivity of 67 S cm�1) clay

nanocomposite was prepared using sodium dodecylbenzene sulfate (SDBS) as dopant and

surfactant, and FeCl3 as oxidant.[105] The FTIR spectrum of PPy-EVMT nanocomposite

showed peaks at 3457 and 1641 cm�1 that were attributed to the stretching and bending

modes of adsorbed water, respectively. The bands at 990 and 450 cm�1 were assigned to

�Si—O of EVMT. PPy ring vibrations were located between 800 and 1600 cm�1[106]. The

bands at 1300, 1470, and 1551 cm�1 were attributed to �C—N, �C—C, �C=C modes,

respectively, while the band at 1178 cm�1 was assigned to ring breathing stretching

[107,108]. Thereby, the characteristic peaks of PPy in the EVMT system showed the

intercalation of PPy in the EVMT interlayers.

The effect of iron present in the clay structure, as well as present in the interlayer spaces

on the adsorption of pyrrole during its polymerization has been thoroughly investigated

[109,110]. It was found that high amounts of structural iron in the clay prevent the

formation of intercalated PPy because of the fast spontaneous polymerization of the

adsorbed pyrrole. Structural iron located in the tetrahedral sheet (synthetic saponites)

disfavors pyrrole adsorption. PPy-clay nanocomposites are easily formed in smectites

with none or moderate (0–6%) iron content in the octahedral sheet, but containing a redox

ion, such as Fe3þ, as an exchangeable cation. Pyrrole also intercalates in the organo clays,

but the formation of PPy-organoclay nanocomposites requires further treatment with an

oxidizingt agent, such as I2, to induce its polymerization. Using Mössbauer spectroscopy

[110], the influence of iron on the formation of PPy-MMT composites was investigated; it

was found that the formation of PPy by the oxidative action of Fe3þ is independent of the

intercalation of pyrrole.

PPy-MMT nanocomposites have also been prepared using ammonium persulfate as

oxidant [111,112]. Similar to the other cases, the FTIR spectrum of PPy-MMT show bands

that can be related to both PPy and Clay. Peaks at ca. 1041, 523, and 468 cm�1 corre-

sponding to �Si-O-Si, �Si-O, and dSi-O, respectively, are characteristic of MMT [113]. The

bands at ca. 1554, 1468, 1294, and 1189 cm�1 have been attributed to the PPy chain

[114,115], displaying small shifts in comparison to the bands of pristine PPy. For example,

the band at 1454 cm�1 in the spectrum of pure PPy occurs at 1442 cm�1 for PPy-MMT (1

wt% of MMT) and at 1440 cm�1 for PPy-MMT (10 wt% of MMT) nanocomposites. A

higher band situated at 3434 cm�1 (N—H stretching vibration) in the PPy spectrum is

shifted to 3440 and 3446 cm�1 for PPy-MMT (1 wt% of MMT) and for PPy-MMT (10

wt% of MMT) nanocomposites, respectively. Thus, the FTIR spectroscopy supplies
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evidences of possible interactions between PPy and MMT clay, which were suggested

earlier. The UV-vis spectra show that the characteristic p–p* transition [116] at ca. 467nm

of PPy shifts gradually toward the higher wavelength region in the range 550–565 nm as

the MMT content increases. This is contrary to the usual blue shifts observed for PPy-

MMT clay by other groups [116,103]. Probably, the interfacial interactions of PPy on the

intercalated MMT clay surface uncoil the PPy chain, increasing its conjugation length.

This interaction therefore causes a red shift in the UV-vis absorption spectra.

The XPS spectrum of PPy-MMT is dominated by the main MMT features O 1s (531

eV), Si 2p (103 eV), and Al 2p (74 eV), a qualitative indication that the nanocomposite

surface is MMT-rich. The contributions of the major elements characteristic of PPy, i.e.

C and N, increase with PPy loading, and simultaneously those of Si, Al, and O (the major

ones in the clay) decrease. PPy is thus gradually loaded at the surface of the nanocompo-

sites as the initial pyrrole concentration increases. However, the surface N/Si ratios 0.04,

0.05, 0.06, and 0.11 determined for PPy mass loadings of 2.8, 10.8, 13.3, and 21.4%,

respectively, are lower than those determined for the bulk of the nanocomposites by

elemental analysis.

8.4.2.2 Nanostructures

PPy nanofibers and nanotubes have been synthesized by electrochemical and chemical

polymerization with a scanning microneedle electrode or by using a microporous mem-

brane or porous alumina as a template [117–123]. Compared to the electrochemical

method, in situ chemical polymerization is simpler and cheaper for producing large

quantities of nanostructural PPy, because it overcomes the limitation of the area of

electrode. PPy nanotubes present interesting mechanical and conductivity properties.

Cuenot et al. [121] found that the elastic modulus strongly increases when the thickness

or outer diameter of PPy nanotubes decreases. Martin et al. [8,9] found that the conduc-

tivity enhances when the diameter of PPy nanotubes decreases, the maximum value of

conductivity being over 2.103 S cm�1.

Duchet et al. [122] used track-etched membranes as templates to prepare PPy nanotubes

and nanofibers. From the intensity ratio between a Raman band sensitive to the oxidation

state of the polymer (i.e., 1596 cm�1) and a skeletal band (i.e., 1500 cm�1) a qualitative

measurement of the conjugation length can be obtained. It was observed the ratio increases

as the tube diameter decreases. That means that the polarizability of the system is higher

for smaller PPy tubes, or, in other words, that the conjugation length increases. Liu and

Wan [124] have also synthesized PPy nanotubes, using �-naphthalenesulfonic acid

(�-NSA) as surfactant and dopant. The FTIR spectra of PPy-NSA showed no great

differences when the morphology of PPy-NSA was changed. The characteristic bands of

PPy at 1538 and 1455 cm�1 (pyrrole ring vibration), the=C—H in-plane vibration at

1290, 1100, and 1030 cm�1, and the N-H stretching vibration at 3400 cm�1, were observed

in tubular PPy-NSA. All of these were consistent with previous reports [124,125]. These

results indicated that the polymer main chain of PPy-NSA with different morphology was

identical to that of PPy synthesized by a well-known method.

Coral-like nanowires and nanowire networks of conducting PPy have been synthesized

by chemical oxidation polymerization of pyrrole monomers in a dodecyl-benzene sulfonic

acid (DBSA) aqueous solution with FeCl3 as oxidant and poly(vinyl-alcohol) (PVA) as
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additive [126]. FTIR spectra of PPy with different morphologies showed no obvious

difference. The characteristic bands of the PPy samples were consistent with those in

[127]: the pyrrole ring fundamental vibration at 1544 and 1457 cm�1, the=C—H

in-plane vibration at 1303 and 1040 cm�1, and the C—N stretching vibration at 1175

cm�1. The results indicate that the molecular structure of the PPy chain is identical to that

of PPy synthesized by a common method.

Nanostructured PPy has also been obtained with bowl-, cup- and bottle-like morphol-

ogies; these were generated electrochemically by direct oxidation of pyrrole in an aqueous

solution of camphorsulfonic acid (HCSA) [128]. Well-ordered microstructures were found

to stand upright on the working electrode surface in a high density. Raman spectra of the

PPy structures excited at 633 nm showed strong bands at ca. 1370 and 1085 cm�1 which

were attributed to the ring stretching and the N–H in-plane deformation of the oxidized

(doped) species, respectively [129]. The Raman band at ca. 1600 cm�1 represent the

backbone stretching mode of C—C bonds. The FTIR spectra of the PPy microstructures

display the bands commonly assigned to PPy in addition to the dopant bands at 1035 (SO3
–

group), 1735 (carbonyl group), 2800 (CH3 group), and 2900 cm�1 (CH2 group). In the

FTIR spectrum of dedoped PPy bands of the carboxyl group at around 1700 cm-1 were not

observed, indicating that the polymer is not overoxidized in the growth process.

8.4.3 Nanostructured Poly(Thiophenes)

8.4.3.1 Nanocomposites

Poly(thiophenes) (PThs) have attracted significant research interest in the last decade

because they can be solubilized by appropriate substitution by an alkyl [130] or alkoxy

group [131,132], and also, unlike the majority of conjugated polymers, they retain their

electroactivity upon ring substitution. In the neutral (undoped) state they exhibit extremely

interesting optical properties, such as, for example, strong electroluminescence. Similar to

those observed above for PANI and PPy, the first examples of nanostructured PTh came

from intercalation in layered materials. Structurally better-defined PTh chains, with a

minimal degree of cross-linking and thus improved charge-transport properties, were

obtained in V2O5 galleries by M. G. Kanatzidis et al. [133]. FTIR spectroscopy clearly

showed the presence of PTh with no evidence of free 2,20-bithiophene (the characteristic

intense peaks at 823 and 809 cm�1 were absent). EPR spectra (recorded at 273 and 77 K)

showed a broad signal observed at g�1.963, which arises from interacting V4þ centers,

formed by reduction of the V5þ sites. The typical signal observed from PTh was absent,

suggesting the presence of antiferromagnetic exchange between the unpaired density on

the polymer backbone and that in the V2O5. PTh displays an EPR signal only after

dissolution of the host. These data show that there is no phase separation between the

PTh and the inorganic host. The polymerization of thiophene was also carried out in the

galleries of MMT clay [134]. The FTIR data confirm polymerization of the monomer in

the MMT galleries due to the appearance of peaks at 469, 525, 695, 797, and 1046 cm�1 in

the FTIR spectrum of the composite.

Nanocomposites consisting of a TiO2 core with a grain size of 25–250 nm and a PTh

shell between 1 and 2 nm in thickness have been produced [135]. The presence of two
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sulfur peaks (S 2p3/2) were found, at 163.8 and 165.2 eV in the XPS spectra of composite,

and were assigned to neutral and oxidized thiophene units in the polymer chain, respec-

tively [136]. In the investigated example, 20% of the thiophene units were in the oxidized

form, meaning that, on average, every fifth PTh unit was oxidized. Q.-T. Vu et al. [137]

also prepared PTh/TiO2 nanocomposites composed of nanoparticles with a TiO2 core and a

thin PTh shell (2–3 nm). The chemical structure of the composite was investigated by

Raman spectroscopy. In the oxidized state (black color), the Raman peak at 1420 cm�1

was attributed to the Ca=Cb ring stretching of quinoid units (radical cations). On the other

hand, in the reduced state this peak disappeared and a new peak at 1455 cm�1 has arose,

attributed to the Ca=Cb ring stretching of the neutral PTh (red color) [138]. The bipolaron

band, proposed to be at 1400 cm�1 in the oxidized state was not observed, supporting the

view that the oxidized PTh chains have mainly radical cations. The doping level measured

by XPS was analogous to the PTh/TiO2 composite (20%) shown in Ref. [135].

Nanostructured PThs around nanoparticles of gold have also been investigated [139].

The UV-vis spectrum of PTh-stabilized nanoparticles showed a main absorption band at

450 nm that was attributed to the absorption of free PTh in solution [140]. The presence of

a broad absorption from 500 to 600 nm in the UV-vis spectrum of PTh stabilized

nanoparticles was due to the long-range order of the PTh caused by self-assembly of

polymers on nanoparticles, and there was also a peak from the gold surface plasmon

resonance observed around 530 nm.

PTh/single-wall carbon nanotubes (SWNTs) nanocomposites have been prepared

[141,142]. The FTIR spectrum of nanocomposites is nearly identical to the IR

spectrum of the free PTh in the range 600–3200 cm�1. The IR spectrum of PTh

has several low-intensity peaks in the range 2800–3100 cm�1 that can be attributed

to the aromatic �C—H [143]. The peak at 786 cm�1 is usually ascribed to the bC—H

out-of-plane, whereas other peaks in this region are attributed to the ring stretching

and C—H in-plane deformation modes [128,144]. The Raman spectra for the SWNT–

PTh composites show bands that can be related to free PTh and pristine SWNTs.

The G band of SWNTs is observed at 1581 cm�1 and the radial-breathing modes at

163 and 177 cm�1[145]. Peaks at 1451, 1044, and 697 cm�1, are related to the PTh

chains, which are assigned to �C=C, �C—C plus a C—H wagging component, and

C—S—C ring deformation, respectively [146,147]. The UV-vis spectra of SWNT–

PTh composites exhibit a broadening and a red-shifting of the characteristic polaron

(p–p*-type) band of PTh at approximately 441 nm [148], revealing some interactions

between the quinoid rings of PTh and the carbonic surface of the SWNTs. The S-2p

XPS spectrum of the SWNT–PTh can be deconvoluted into at least two spin-orbit-

split doublet (S-2p3/2 and S-2p1/2) peaks at approximately 163.6 and 163.7 eV,

respectively, which are attributed to the neutral sulfur atoms [149]. This means that

the chemical environment of the S element, in pure PTh and SWNT-PTh, is almost

identical, supporting the idea that the SWNTs serve merely as templates in the

formation of a coaxial nanostructure for the composites.

8.4.3.2 Nanostructures

Poly(terthiophene) and poly(3,4-ethylenedioxythiophene) (PEDOT) with fibrillar

(50–100 nm) morphologies have been achieved by chemical polymerization in a biphasic
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ionic liquid/water system [150]. The formation of the polymers was confirmed by UV-vis,

Raman and other techniques, which suggested that the physical properties of these

materials are similar to those of the bulk polymer material. For instance, the UV-vis

spectrum of the poly(terthiophene) shows significant absorption over the range 365–600

nm, but only a weak bipolaron band at 400–600 nm. This spectrum indicates the presence

of predominantly short-chained or undoped polymer, which is consistent with the sug-

gested difficulties in forming long-chain poly(terthiophene) [151]. Raman analysis of the

poly(terthiophene) is consistent with the formation of the polymer, with bands assigned to

antisymmetric �C=C (1512 cm�1), symmetric �C=C (1451 cm�1), inter-ring �C—C

(1220 cm�1), C—H in-plane bending (1049 cm�1), and inter-ring �C—C (1179 and

1154 cm�1). XPS analysis of poly(terthiophene) samples synthesized in this way indicated

an average doping level of ca. 0.27 charges per terthiophene unit for the majority (ca. 75%)

of the dopant anions. PEDOT displays a small absorption band at 600 nm, which corre-

sponds to the p–p* transition [152], plus a strong, broad free-carrier tail, indicating the

presence of delocalized charges on the polymer chains. The intensity at low wavelengths

may be due to the presence of some ionic liquid, either incorporated into or coating the

polymer, which absorbs at wavelengths below 400 nm. The Raman spectrum is typical of

PEDOT, dominated by the strong symmetric �C=C vibration at 1426 cm�1, whose

position indicates significant doping, and a weaker �Cb—Cb band at 1364 cm–1 [152].

PEDOT nanofibers have also been obtained using liquid-crystal templating [153]. The

UV-vis absorption spectrum shows an absorption at 520 nm, confirming the formation of

PEDOT. At the same time, an absorption at 520 nm as a function of polarization angle was

measured, revealing a sinusoidal variation in absorption with a period of 180� and thus

confirming the the uniaxial orientation of the polymer.

NEXAFS spectroscopy has also been employed to elucidate the conformation of

poly(3-hexylthiophene) (P3HT) chains in nanowires [154]. Figure 8.7 shows a series

of NEXAFS spectra obtained at two different incident angles, 90 and 20�. The

spectra are dominated by four resonances, originating from the 1s states to C=C

p* (285.5 eV), C—H/Rydberg (288.1 eV), C—C �* (293.5 eV), and C—C �* (303.7

eV) orbitals [155,156]. The intensities of the 285.5 and 288.1 eV components at

normal X-ray incidence (y¼ 90�) are stronger than those obtained at grazing inci-

dence (y¼ 20�). The two other transitions show the opposite polarization dependence

with changing incident angle. These results demonstrate that the side chains in the

surface layer are oriented almost perpendicular to the surface [157,158], in which the

CH3 groups are exposed at the surface. Moreover, the backbone (thienyl group)

chains in P3HT 1-D nanowires are oriented parallel to the insulator substrate,

demonstrating the opposite polarization dependence with changing incident angle

for transitions to C=C p* orbitals and C=C �* orbitals.

Thin films of poly(3-hexylthiophene-2,5-diyl) and poly(3-octylthiophene-2,5-diyl)

mixed with two electron-accepting polyquinolines [159] show quenching of the steady-

state photoluminescence and a shortening of the fluorescence lifetime of the polyquino-

lines, suggesting photoinduced electron transfer from polythiophene to polyquinoline at

the polyquinoline/polythiophene interface. A new, weak and red-shifted emission band

centered at 630 nm and reduced lifetimes show the formation of intermolecular exciplexes

at the polyquinoline/polythiophene interface. Exciton diffusion lengths in the polyquino-

lines have been estimated to be 17–22 nm.
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8.4.4 Nanostructured Poly(Acetylene) and Poly(Diacetylene) and their Derivates

8.4.4.1 Poly(acetylene) Nanocomposites

The best-known member within the family of linear polymers is poly(acetylene) (PA)

(denoted (CH)n). Its properties are highly dependent on the synthetic conditions and the

post-synthesis treatment. Although PA exhibits high electrical conductivities in the doped

state, its utility as a conducting polymer is greatly limited by its instability in air. PA has a

dimerized structure, as a result of Peierls instability with two carbon atoms in the repeat

unit, (—CH=CH)n. In recent years, several groups have reported the polymerization of

acetylene in zeolites in an attempt to form well-oriented, isolated chains [160–162]. The

included PA may be very useful as a model for understanding the physical properties of

conducting polymers. However, these first studies only produced oligomeric products

inside the zeolite cavities. Nowadays, by using the layer-by-layer technique, ordered

multilayer nanocomposites have been prepared by electrostatic assembly between

exfoliated aluminosilicate (saponite) nanoplatelets (averaging from 170 to 30 nm) and

substituted ionic polyacetylenes, poly(N-octadodecyl-2-ethynylpyridinium bromide,

(PEPy-C18) [163].

Polarized absorption spectroscopy was used to assess the orientation of PEPy-C18

polymer molecules on ordered saponite layers. Figure 8.8 shows the polarized absorption

spectra of PEPy-C18/saponite 32-bilayer films. The relatively large difference in optical

Figure 8.7 NEXAFS spectra of the C 1s edge of P3HT 1-D nanowires deposited on an insulator
substrate recorded for different angles of incidence (�) of incoming photons. (Reprinted with
permission from Journal of Physical Chemistry B., Controlled One-Dimensional
Nanostructures in Poly(3-hexylthiophene) Thin Film for High-Performance Organic Field-
Effect Transistors by D. H. Kim, Y. Jang, Y.D. Park and K. Cho, 110, 32. Copyright (2006)
American Chemical Society)
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absorption with the direction of polarization of the incident light reveals the molecular

orientation of the polymer chains. The absorption peaks at 471 and 502 nm are much more

intense when observed in s-polarized light than in p-polarized light. This suggests that the

polymer chains are oriented parallel to the plane of the film [164]. Similar results were

obtained with other ionic poly(acetylene), poly(2-ethynylpyridine) [165].

The linear UV-vis absorption spectra of multilayer films show red-shifted peaks at 471

and 502 nm, when compared to the ‘free’ polymer, which was correlated with an increase

in the effective conjugation length or an increase in the p–p contact (p-stacking) between

the double bonds of neighboring conjugated polymer chains as a result of chain orientation

[166]. The same group also prepared nanocomposite films consisting of amphiphilic ionic

PAs, poly(N-octadecyl-2-ethynylpyridinium bromide) (P2EPy-C18), and layered alumi-

nosilicates (saponite) [167]. UV-vis spectra of the nanocomposites indicate that the

maximum absorbance of the polymers increased linearly with deposition cycles. UV-vis

absorption spectroscopy of the (P2EPy-R/saponite) nanocomposite films showed that the

absorption maximum of P2EPy-R at 450 nm was red-shifted to 471 and 502 nm as the alkyl

chain length increased. This indicates that the polyacetylenes tend to be more ordered with

increasing alkyl side chains, resulting in increased p–p interaction of the conjugated

polymer chains on the flat surface of the aluminosilicate nanoplates.

Another PA derivative, poly(2-ethynylpyridine) (P2Epy), has also been intercalated into

MMT clay [168]. Studies on the extracted polymer by FTIR and UV-vis absorption
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Figure 8.8 Polarized absorption spectra of PEPy-C18/saponite 32-bilayer films obtained by
irradiating: (a) s-polarized light and (b) p-polarized light (incidence angle �¼ 80�). (Reprinted
with permission from Chemistry of Materials, Ordered Multilayer Nanocomposites Prepared by
Electrostatic Layer-by-Layer Assembly between Aluminosilicate Nanoplatelets and Susbtituted
Ionic Polyacetylenes by D. W. Kim, A. Blumstein, J. Kumar et al., 14, 9. Copyright (2002) ACS)
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spectroscopies provide some useful information concerning the inserted polymer, such as,

for example, an increase in conjugation with adsorption yield (red shift of the absorption

maximum at 440 and 500 nm) or a clear evidence for the absence of the triple bond

(disappearance of:C—H and —C:C— stretching bands at 3290 and 2110 cm�1,

respectively) after polymerization [169,170]. The solid-state NMR data show that at low

adsorption yield the polymers are more tightly bound to the MMT surface, and as the

adsorption yield increases, the fraction of loosely bound polymer increases. The solid-state

NMR chemical shifts together with FTIR data can be used as an indicator of the extension

of protonation in the in situ polymerized P2EPy/MMT nanocomposites. The NMR spectral

features of intercalated P2EPy-bulk polymers appear to be similar to the in situ polymer-

ized sample, and the positive charge on the nitrogen of the protonated P2EPy-bulk appears

to be partially neutralized by interaction with the negative charge on the surface of the

MMT. The polymer extracted from the nanocomposite P2EPy/MMT complex is in the

uncharged state. It displays similar NMR spectral features to that of a synthesized bulk

polymer in the deprotonated state. The solid-state NMR spectrum of the remaining

residual nanocomposite (after the extraction process) shows the presence of polymer

bound to the MMT surface. The features of this spectrum are similar to that of in situ

polymerized nanocomposite with a low polymer yield.

8.4.4.2 Nanostructured Poly(acetylene)

Recently [171], using a novel polymerization method, it has been possible to produce

helical PA film with a spiral morphology, in which bundles consisting of nanofibrils with

diameters <100 nm are twisted and concentrically curled. These films can be further

transformed after carbonization into carbon nanofibers. It has been considered difficult to

prepare a freestanding carbon thin film through the carbonization of an organic polymer

film. This is because carbonization at high temperature causes thermal decomposition and

volatilization of hydrocarbon gases, destroying the morphology of the original film.

However, it was found that helical PA films doped with iodine can retain their morphology

after carbonization. The Raman spectrum of the carbon film shows a strong, broad peak at

1350 cm�1 attributed to the disordered structure (D-band), together with a comparable

peak at 1580 cm�1 corresponding to the structure of the sp2 hexagonal carbon-bond

network (G-band). It is apparent that the iodine doping prevents the PA film from

thermally decomposing at high temperature. According to the structural model of the

iodine-doped PA film, polyiodide ions such as I3
– and I5

– are situated between the PA

chains, forming a charge-transfer complex. [171]

8.4.4.3 Poly(diacetylene) Nanocomposites and Nanostructures

Among the conjugated polymers reported here, poly(diacetylenes) (PDAs) are unique in

several regards [172–175]. First, unlike most of other conjugated polymers, PDAs are

prepared from UV or �-irradiation of supramolecularly assembled crystalline or semi-

crystalline diacetylene (DA) monomers. PDA materials in the forms of vesicles, lipo-

somes, films, and nanocomposites have been synthesized, and their chromatic responses to

various stimuli, including temperature, pH, ions, solvent, stress, and ligand interactions,

have been demonstrated. However, most of the chromatic responses are irreversible,

limiting their application in colorimetric sensing. PDAs undergo color (typically
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blue-to-red) and fluorescence (non-to-red) transitions in response to various environmen-

tal perturbations. The colorimetric and fluorogenic properties of PDAs have attracted great

attention in chemosensors [175]. Owing to their self-assembly properties, PDAs have been

used as building blocks in the formation of nanostructures and nanocomposites; for this

reason, all cases presented here are discussed in one section.

PDA/Silica nanocomposites with tunable molecular architecture provide nanocompo-

sites with adjustable thermochromatic properties [176]. The UV-vis absorption spectra of

the nanocomposites, subjected to a heating–cooling cycle, show the main excitonic peak of

the blue form at 640 nm with a vibronic maximum at 590 nm, whereas for the red form, the

excitonic peak appears at 540 nm associated with a broad vibronic peak at 490 nm. Once

heated from room temperature to 90 �C, all of the nanocomposites demonstrate a chro-

matic transition from blue to red. It is widely accepted that this color transition is caused by

a reduction in the effective conjugation length resulting from distortions imposed by the

backbone conformation. The distortions can be induced by fluctuations within the side-

chain layers, activated by external stimuli [177]. In fact, all successful colorimetric

reversibilities reported so far, are based on enhanced hydrogen bonding among the head-

groups of the side chains [178]. In contrast, the most recent PDA assemblies have been

produced by covalent bonds formed through the hydrolysis and condensation reactions of

the ethoxysilane groups. The complete thermochromatic reversibility suggests that the

stable covalent interactions between the PDA side chains and the inorganic silica network

help restore the original chain confirmations upon removal of the thermal stimuli.

Periodic mesoporous organosilica (PMO), with a hybrid pore wall, was prepared

embedded with PDA chains [179]. Such a hierarchical molecular design endows the

PDA-PMO with thermochromatic reversibility, mechanical robustness, enhanced thermal

stability, and rapid chemochromatic response. The reversible chromatic responses to

external stimuli were demonstrated by subjecting PDA-PMO to thermal cycles between

20 and 103 �C. PDA-PMO rapidly changes its color reversibly between blue and red, the

chromatic response can be quantitatively defined using the colorimetric response (CR),

which is defined as the percentage of blue-to-red transition calculated from the corre-

sponding UV-vis spectra [180]. Consistent chromatic responses (14% at 103 �C and 0.2 %

at 20 �C) are achieved over 15 thermal cycles. While the high CR value at high tempera-

tures may provide fine thermochromatic sensing ability, the near-zero CR values at low

temperatures imply a complete red-to-blue reversibility and a potentially reusable device.

8.5 Concluding Remarks

The studies of the electronic and vibrational features of the nanostructured conducting

polymers using several spectroscopies has been decisive in the determination of their

structures and the types of interactions between the polymeric chains and the hosts.

Polymerization inside the pores of a rigid host has been commonly employed to acquire

nanostructured conducting polymer chains; shifts in the vibrational frequencies and

changes in the UV-vis-NIR spectra of the confined conducting polymer are generally

observed. Hence, there is a clear indication of the electrostatic interactions between the

nanostructured chains and the walls of the hosts, and also the restricted geometry imposed
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on the aromatic rings. The force of these interactions is responsible for the increases in

thermal stability, conjugation length (as observed for poly(acetylene) derivates), and

chromatic reversibity in the case of poly(diacetylene). Another peculiar effect is the

formation of a polymeric backbone with a distinct structure from that observed in the

free polymer, as observed for poly(aniline). Conducting polymers with nanofiber and

nanotube structures have been largely obtained without the use of rigid hosts. However, the

morphology is more susceptible to synthetic conditions (such as pH) and also post-

synthesis procedures. It has been observed through changes in the vibrational spectra

that the conjugation of the chains increases with reduction of the diameter of the nanofi-

bers/nanotubes.

Acknowledgements

First, the authors would like to thanks the editor for the invitation to write this chapter. In

addition, the authors would like to thank the LNLS and Mr. Paulo de Tarso for XANES

measurements at the SGM beam line.

References

[1] R. Liepins and C.C. Ku, Electrical Properties of Polymers, C. H. Verlag, Munich, 1987.
[2] H. Shirakawa and S. Ikeda, Cyclotrimerization of acetylene by the tris

(acetylacetonato)titanium(III)-diethylaluminum chloride system, J. Poylm. Sci. Polym.
Chem., 12, 929–937 (1974).

[3] C.K. Chiang, C.R. Fincher Jr, Y.W. Park, A.J. Heeger, H. Shirakawa, E.J. Louis, and
A.G. MacDiarmid, Electrical conductivity in doped polyacetylene, Phys. Rev. Lett., 39,
1098–1101 (1977).

[4] H. Shirakawa, The discovery of polyacetylene film: the dawning of an era of conducting
polymers (Nobel Lecture), Angew. Chem. Int. Ed., 40, 2574–2580 (2001).

[5] A.G. MacDiarmid, ‘Synthetic Metals’: a novel role for organic polymers (Nobel Lecture),
Angew. Chem. Int. Ed., 40, 2581–2590 (2001).

[6] A.J. Heeger, Semiconducting and Metallic Polymers: the fourth generation of polymeric
materials (Nobel Lecture), Angew. Chem. Int. Ed., 40, 2591–2611 (2001).

[7] G.A. Ozin, Nanochemistry – synthesis in diminishing dimensions, Adv. Mater., 4, 612–649
(1992).

[8] C.R. Martin, Template synthesis of electronically conductive polymer nanostructures, Acc.
Chem. Res., 28, 61–68 (1995).

[9] C.R. Martin, Nanomaterials – A membrane-based synthetic approach, Science, 266, 1961–1966
(1994).

[10] T. Bein, Conjugated and conducting nanostructures in zeolites. In Recent Advances and New
Horizons in Zeolite Science and Technology Studies in Surfaces Science and Catalysis, ed.
H. Chan, and S.-E. Woo, Elsevier Science, Amsterdam, 1996.

[11] T. Bein, Zeolite inclusion chemistry. In Supramolecular Architecture, Synthetic Control in
Thin Films and Solids, ed. T. Bein, ACS Symposium Series, ACS, Washington-DC, 1992.

[12] E. Ruiz-Hitzky and P. Aranda, Confinement of conductive polymers into inorganic solids,
Anales de Quı́mica Int. Ed., 93, 197–212 (1997).

[13] D.J. Cardin, Encapsulated conducting polymers, Adv. Mater., 8, 553–563 (2002).
[14] J. Huang and R.B. Kaner, Nanofiber Formation in the chemical polymerization of aniline: a

mechanistic study, Angew. Chem., Int. Ed., 43, 5817–5821 (2004).

Spectroscopy of Nanostructured Conducting Polymers 365



[15] J. Huang and R.B. Kaner, A general chemical route to polyaniline nanofibers, J. Am. Chem.
Soc., 126, 851–855 (2004).

[16] Z. Zhang, Z. Wei, and M. Wan, Nanostructures of polyaniline doped with inorganic acids,
Macromolecules, 35, 5937–5942 (2002).

[17] H. Qiu, M. Wan, B. Matthews, and L. Dai, Conducting polyaniline nanotubes by template-free
polymerization, Macromolecules, 34, 675–677 (2001).

[18] Z. Wei, Z. Zhang, and M. Wan, Formation mechanism of self-assembled polyaniline micro/
nanotubes, Langmuir, 18, 917–921 (2002).

[19] G.M. Do Nascimento, C.H.B. Silva, and M.L.A. Temperini, Electronic structure and doping
behavior of PANI-NSA nanofibers investigated by resonance Raman spectroscopy, Macromol.
Rapid Commun. 27, 255–259 (2006).

[20] G.M. Do Nascimento, C.H.B. Silva, and M.L.A. Temperini, Spectroscopic characterization of
the structural changes of polyaniline nanofibers after heating, Polym. Degrad. Stab., 92, 1–7
(2007).

[21] H. Gao, T. Jiang, B. Han, Y. Wang, J. Du, Z. Liu, and J. Zhang, Aqueous/ionic liquid interfacial
polymerization for preparing polyaniline nanoparticles, Polymer, 45, 3017–3019 (2004).

[22] F. Rodrigues, G.M. Do Nascimento, and P.S. Santos, Dissolution and doping of polyaniline
emeraldine base in imidazolium ionic liquids investigated by spectroscopic techniques,
Macromol. Rapid Commun., 28, 666–669 (2007).

[23] X. Zhang, W.J. Goux, and S.K. Manohar, Synthesis of Polyaniline Nanofibers by ‘Nanofiber
Seeding’, J. Am. Chem. Soc., 126, 4502–4503 (2004).

[24] X. Zhang and S.K. Manohar, Polyaniline nanofibers: chemical synthesis using surfactants,
Chem. Commun., 4, 2360–2361 (2004).

[25] D.N. Batchelder, Resonance Raman spectroscopy of conjugated polymers. In Optical
Techniques to Characterize Polymer Systems, ed. H. Brässler, Elsevier, Amsterdam, 1987.
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9.1 Introduction

Atomic force microscopy (AFM) has been widely used for studying conducting polymers

as it is capable of providing information that is not possible with scanning electron

microscopy (SEM). Surface images can be taken of materials under the most varied

conditions (air, vacuum, and liquid medium). With conducting polymers, AFM has been

used to investigate many features. These include surface morphology, conformation and

packing of the polymer chains, tribology, phase segregation, porosity, roughness, mapping

the distribution of electric charges, and chemical interactions. The images obtained with

the different types of AFM are related to the nature of the involved forces: coulombic

repulsion (AFM contact mode), Van der Waals (AFM noncontact mode) [1], magnetic

force (MFM), and electric force (EFM). Though AFM is advantageous for many studies, it

cannot replace electron microscopy completely, and should be seen as complementary.

This chapter aims to explore the major studies using AFM for conductive polymers,

focusing on the application of images and force spectroscopy for nanostructured films,

nanostructures, and sensors.
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9.2 AFM Fundamentals and Applications

9.2.1 Basic Principles

This topic briefly introduces the basic elements of AFM and its principle of operation,

which serves as a background for further discussion of image collection and interpretation.

The microscope scans over the sample surface with a sharp probe (tip) situated at the apex

of a flexible cantilever that is often diving-board-shaped or V-shaped and normally made

of silicon or silicon nitride (Si3N4). A sample is mounted on a piezoelectric tube, which

allows the sample to be precisely scanned, i.e., AFM utilizes a scanner that moves the

sample with a sub-nanometer displacement (stable motion on a scale of less than 1.0 Å)

when a voltage is applied. To form an image, the tip is brought into contact with or close to

the sample and raster-scanned over the surface, causing the cantilever to deflect because of

a change in surface topography or in probe–sample forces. A line-by-line image of the

sample is formed as a result of this deflection, which is detected using a variety of

mechanisms, the most common of which is an ‘optical lever’, consisting of a laser light

reflected off the back surface of the cantilever onto a position-sensitive photodetector.

Forces acting between the sharp probe (tip) placed in close contact with the sample result

in a measurable deformation of the cantilever (console) to which the probe is attached (see

Figure 9.1). The cantilever bends vertically upwards or downwards because of a repulsive

Figure 9.1 A schematic drawing of an AFM. A detector consisting of four photodiodes is shown.
Scanning perpendicular to the long cantilever axis, the (AþB)� (CþD) signal gives topographical
data, while the (AþC)� (BþD) signal responds to friction due to torsion of the cantilever, provid-
ing lateral force information. (Reprinted with permission from Journal of Adehsion Science and
Technology, Application of atomic force spectroscopy (AFS) to studies of adhesion phenomena: a
review by F. L. Leite, P. S. P. Herrmann et al., 19, 3–5, 365–405. Copyright (2005) Brill)
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or attractive interactions. The forces acting on the tip vary, depending on the operating

mode and the conditions used for imaging.

9.2.2 Imaging Modes

A force sensor in an AFM can only work if the probe interacts with the force field

associated with a surface. The interaction force between the probe and the surface in

ambient air is illustrated in Figure 9.2. The total intermolecular pair potential is obtained

by assuming one attractive (–C1/z6) and another repulsive potential (C2/z12).

Superimposing the two gives an expression for the well-known Lennard–Jones potential,

where C1 and C2 are the corresponding coefficients for the attractive and repulsive

interactions, respectively, and z is the distance between the sample surface and rest

position of the cantilever.

There are three basic regions of interaction between the probe and surface: (i) free space,

(ii) attractive region, and (iii) repulsive region. At short distances, the cantilever mainly

senses interatomic forces: the very short range (� 0.1 nm) repulsive forces, and the longer-

range (up to 10 nm) van der Waals forces. Attractive forces near the surface can arise from

a layer of contamination present on all surfaces in ambient air. The contamination is

typically an aerosol composed of water vapor and hydrocarbons. On the other hand, the

repulsive force occurs between any two atoms or molecules that approach so closely that

Force

Contact Mode

Tapping Mode

Contact Mode

Repulsive force

Distance

Non Contact Mode Vibrating Mode

Attractive force

Figure 9.2 Empirical force vs. distance (z) curve that reflects the type of interaction between the
AFM tip and the sample during measurements using distinct imaging modes. (Reprinted
with permission from Journal of Adehsion Science and Technology, Application of
atomic force spectroscopy (AFS) to studies of adhesion phenomena: a review by F. L. Leite,
P. S. P. Herrmann et al., 19, 3–5, 365–405. Copyright (2005) Brill)
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their electronic orbitals begin to overlap. It is thus a result of the Pauli exclusion principle.

When this repulsive force is predominant in an AFM, the tip and the sample are considered

to be in ‘contact’. There are two primary methods for establishing the forces between a

probe and a sample when an AFM is operated. In the contact mode, the deflection of the

cantilever is measured, and in the vibrating mode the changes in frequency and amplitude

are used to measure the force interaction. Every AFM system is used for topography, i.e.,

to reproduce a surface landscape as an image. There are three basic modes in AFM in

which topography can be obtained: contact mode, noncontact mode, and tapping mode

(vibrating modes). The contact mode represents the region of strong repulsive forces

between the tip and the surface (see Figure 9.2), while in the noncontact mode weak

attractive forces are measured. For the tapping mode one uses the region in between, i.e.,

the interaction between the tip and the surface is in the contact region for a short time

(a ‘tap’), but it is in the noncontact region most of the time [3].

9.2.2.1 Contact Mode

In the contact mode, there are static modes (dc-modes), and dynamic modes (ac-modes).

In the former, a cantilever-type spring bends in response to the force which acts on the

probing tip until a static equilibrium is established [1]. In the dynamic mode, the lever

oscillates close to its resonance frequency. A distance-dependence force shifts the

resonance curve. Another technique is to modulate the position of the sample at a

frequency below the cantilever resonance but above the feedback-response frequency

and send the response signal to a lock-in amplifier to measure the signal’s amplitude and

phase [4]. The lock-in output is connected to the auxiliary data acquisition channels to

form an image – this approach is popularly known as force modulation (FM-mode).

FM-mode imaging or force curve is an AFM technique that identifies and maps

differences in surface stiffness or elasticity.

The dc-mode or topography mode with quasi-static probe contact [5] is the most used, in

which the AFM tip is in intimate repulsive contact with a surface, as shown in Figure 9.2.

The contact mode is typically used for scanning hard samples and when a resolution of

greater than 20 nm is required. The cantilevers are usually silicon (Si) or silicon nitride

(Si3N4), with typical resonant frequencies of 50 kHz and force constants below 1 N m–1.

Scanning can be carried out in two ways:

(i) In the ‘constant-force mode’ (constant-deflection mode) the cantilever deflection is

kept constant by extending and retracting the piezoelectric scanner; in this method, a

feedback loop adjusts the height of the sample (to maintain constant deflection) by

varying the voltage applied to the z portion of the xyz piezoelectric scanner (see

Figure 9.3a). The vertical displacement of the scanner under scanning reflects the

sample topography under investigation.

(ii) In the ‘variable-deflection mode’ or ‘constant-height mode’ (free deflection mode) the

piezotube extension is constant and the cantilever deflection is recorded; the feedback

loop is open, so that the cantilever undergoes a deflection proportional to the change in

the tip–sample interaction (see Figure 9.3b). In this mode the scanner of the micro-

scope maintains the fixed end of the cantilever at a constant height value (H), so the

deflection of the cantilever during scanning reflects the sample topography.
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The main advantage of the constant force mode is the possibility to measure with high

resolution the topography in addition to other characteristics such as friction forces and

spreading resistance, while the variable-deflection mode has the advantage of operating at

high scanning speeds (it is restricted only by the resonant frequency of the cantilever). The

variable-force mode is a contact mode for presumably atomic resolution and should be used

in very small scanned areas because the tip and/or the sample could be damaged with large

changes in height on the surface that will produce a large deflection on the cantilever [3].

The AFM tip in the contact mode makes soft ‘physical contact’ with the sample, with a

cantilever with a low spring constant. As the scanner gently traces the tip across the sample

(or the sample under the tip), the contact force causes the cantilever to bend to accom-

modate changes in topography. For example, nanostructured films of conducting polymers

have been investigated using the AFM contact mode. These films may be obtained with

techniques such as the Langmuir–Blodgett (LB) [6] or the layer-by-layer methods (LbL)

[7], which offer precise control of thickness and molecular architecture. For studies of
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Sample Sample
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H
N

Cantilever deflection

Vertical tip position Profile

Cantilever deflection
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area with
larger friction

Angle of cantilever twisting

Friction

Figure 9.3 Contact mode techniques: (a) constant-force, (b) constant-height, and (c) lateral
force mode. (Reproduced with kind permission from Denis Andreyuk, NT-MDT Co.
www.ntmdt.com)

Atomic Force Microscopy Study of Conductive Polymers 379



conducting conjugated polymers, e.g., polyaniline (PANI) and derivatives, interface

properties may vary extensively due to the interplay of the adsorption mechanisms, and

therefore a systematic analysis of the capabilities of LbL films requires use of surface

characterization techniques. Because LbL films are essentially surface films, AFM [8–9] is

suitable for characterizing the initial nucleation and growth, and the final surface structure,

from which a number of features could be captured not only in terms of the film properties,

but also of the adsorption mechanisms.

Leite et al. 2005 [11] analyzed the morphology and adsorption processes for poly

(o-ethoxyaniline) (POEA), a derivative of PANI, layer using the dc contact mode.

Parameters such as roughness, relative surface coverage, and fractal dimension were

used to interpret the data. Figure 9.4 displays AFM images of a POEA layer adsorbed at

different time intervals at pH 3 on a glass substrate. In general, the morphology of a POEA

film is characterized by small globules, ranging from 20 to 100 nm in diameter. The

number of globules increases with the time of immersion and then reaches saturation as the

substrate is entirely coated. Since pH 3 was used for the POEA solution, there should be

considerable repulsion as POEA is positively charged. The surface of POEA is expected to

reflect both the long-range morphology due to the existence of globules, and the short-

range morphology corresponding to the region inside the globules. The last term may be

dominant for thicker films (two or more layers) [12].

The morphological features of nanostructured films have been correlated with the

chain conformations in solution [13], for which a dummy atom model (DAM) was used.

The AFM images in Figure 9.5 represented an ‘off print’ of the solution conformation

when molecules of emeraldine base POEA (POEA-EB) were adsorbed on the substrate.

The size of the globules is comparable to the aggregates of polymer molecules in

solution. Significantly, the adsorption mechanisms and film properties for polyanilines

are altered by a mere change in pH [14], which has been exploited in sensors and other

applications [15].

Conducting LB and Langmuir–Schaefer (LS) films have also been studied with AFM

[16–17]. Riul et al., [18] characterized LB films of parent PANI to optimize

experimental conditions for the formation of stable Langmuir monolayers and their

subsequent transfer onto solid substrates. PANI LB films displayed a fibrillar structure

with the fibril width ranging from 60 to 160 nm, depending on the region of the sample

analyzed. Similar results were obtained by Mazur and Krysinski [19] for PANI chemically

deposited in situ on gold electrodes coated with thiol monolayers containing methyl,

hydroxy, and carboxy terminal groups. The surface of the synthesized polymer was

relatively smooth and regular, consisting of small protrusions with diameters of approxi-

mately 200 nm.

Contact-AFM has been used for characterizing nanoparticles [20], nanowires [21], and

nanofibers [22]. Polypyrrole nanoparticles synthesized in an enzymatic medium and

deposited onto SiO2 and Pt surfaces had the shape and size monitored by contact mode

AFM [23]. Borato et al. [24] studied LbL films of POEA, chitosan, and chitosan-poly

(methacrylic acid) (CS-PMMA) nanoparticles. The authors used this system to detect

copper ions in aqueous solutions. Figure 9.6 shows that films obtained with CS-PMAA –

with no alternating layers – are already thick, which clearly points to the importance of the

nanoparticles for strong adsorption. The roughness was extremely high, almost two orders

of magnitude larger than for a chitosan film. The films with CS-PMMA are also thicker
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and rougher than POEA films alternated with any other polyanion reported in the

literature.

Lateral force microscopy (LFM) is a variant of the dc-contact mode, specifically the

constant-force mode, in which the laser-beam detector is arranged so as to allow monitor-

ing not only of the vertical component of the tip deflection (topography), but also the

(a)

(c)

(b)

(d)

(e) (f)

Figure 9.4 AFM images (contact mode) of POEA films produced from a pH 3 solution for
distinct immersion times: (a) 0.0 min (i.e. bare glass), (b) 0.5 min, (c) 1.0 min, (d) 3.0 min, (e) 10.0
min, and (f) 30.0 min. (Reprinted with permission from Polymer, Study on the adsorption
of poly(o-ethoxyaniline) nanostructyred films using atomic force miscroscopy by F. L. Leite,
L. G. Paterno, C. E. Borato et al., 46, 26. Copyright (2005) Elsevier Ltd)
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torsion deformation exerted by the lateral forces acting on the tip [25] (see Figure 9.3c).

With small deflections, the angle of torsion is proportional to the side (lateral) force. This

mode allows imaging of surfaces that exhibit only minor topographic changes, but

pronounced variations in the chemical composition of the surface. As depicted in

Figure 9.3c, lateral deflections of the cantilever usually arise from two sources: changes

in surface friction and changes in slope. In the first case, the tip may experience greater

friction as it traverses some areas, causing the cantilever to twist more strongly. In the

second case, the cantilever may twist when it encounters a steep slope. To separate one

effect from the other, LFM and AFM images should be collected simultaneously.

LFM images of composite Langmuir–Blodgett (LB) films containing different weight

percentages of cadmium stearate and 16-mer PANI were investigated by Riul et al., [26].

Upon increasing the amount of 16-mer PANI content in the composite, large globular

structures with higher average roughness were observed. The results indicated a phase

separation of 16-mer and cadmium stearate in the composite, with the roughness increasing

considerably when higher contents of 16- mer were employed. Asmus and Wolf [27], studied

the changes in surface properties of polymer materials induced by ion irradiation and on

reproducing hexagonal and square patterns in the micrometre scale. Effects were studied on

thin films of doped polyethoxithiophene (PEOT) and polyethylenedioxithiophene (PEDT)

(a) (b)

(e)

(c) (d)

Figure 9.5 AFM images (10�10 mm) of POEA-EB (pH 10.0) for immersion times of (a) 1s,
(b) 3s, (c) 5s, (d) 180s, and (e) average DAM for POEA-EB. (Reprinted with permission from
Journal of Colloid and Interface Science, Nanoscale conformational ordering in polyanilines
inestigated by SAXS and AFM by F. L. Leite, M. de Oliveira Neto, L. G. Paterno et al., 316,
2. Copyright (2007) Elsevier Ltd) (See colour Plate 3)
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deposited on an insulating substrate of polyethersulfone (PES), caused by bombardment of

14 keV Arþwithin a fluence range from 1014 to 1017 ions cm–2. AFM/LFM images of PEOT

irradiated with 1015 ions cm–2 on copper substrates are shown in Figure 9.7. The irradiated

area does not differ from the shaded region according to AFM-topology (Figure 9.7a), but

shows a significant contrast according to the LFM surface energy (Figure 9.7b). In

Figure 9.7c, a hexagonal honeycomb pattern is visible with positive contrast in the LFM

scanning mode from left to right.

In 1997, Hayes et al. [28] reported the physical and electrochemical properties of

two-component self-assembled monolayers (SAMs) composed of both electroactive

(4-aminothiophenol, 4-ATP) and electroinactive (n-octadecanethiol, ODT) species.

LFM images obtained at three points near the critical region of the isotherm indicated

that these two-component SAMs display complex phase behavior: at relatively low 4-ATP

coverage, the surface consists of small islands of 4-ATP embedded in an ordered film of

ODT; at higher coverage of 4-ATP, however, evidence was found for both separation into

distinct phases and mixing of the two components.

Guan et al., [29], used LFM to examine the topography of patterned PANI films. The

topographic images in Figure 9.8a show the line patterns with relatively clear boundaries,

Figure 9.6 AFM images of: (a) doped POEA alternated with CS-PMMA nanoparticles (pH 3),
(b) dedoped POEA alternated with CS-PMMA nanoparticles pH 3, (c) doped POEA with
chitosan pH 3 and (d) dedoped POEA alternated with chitosan pH 3. (Reprinted with permis-
sion from IEEE Transactions on Dielectrics and Electrical Insulation, Layer-by-layer films of
poly(o-ethoxyaniline), chitosan and chitosan-poly(methacrylic acid) nanoparticles and their
application in an electronic tongue by C. E. Borato, F. L. Leite et al, 13, 5, 1101–1109.
Copyright (2006) IEEE)
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where the bright stripes represent the higher areas, and the dark stripes the lower areas. The

LFM images in Figure 9.8b point to a smooth surface, which suggests that monoaniline is

polymerized on both octadecyltrichorosilane (OTS)-modified ITO surfaces and bare ITO

surfaces. This implies that the rate of polymerization is different in distinct patterned areas.

Another tool for conducting polymers is scanning thermal microscopy (SThM), with

thermal probing of micro- and nanostructured materials and devices. SThM research is

divided into three main categories: those that use (i) thermovoltage-based measurements,

(ii) electrical resistance techniques, and (iii) thermal expansion measurements. SThM

maps the local temperature and thermal conductivity of an interface. The probe in a

scanning thermal microscope is sensitive to local temperatures, providing a nanoscale

thermometer. Thermal measurements at the nanometer scale are of both scientific and

industrial interest. SThM has been used by Dutta, [30], for the visualization of an ultrathin

plasma polymer film of perfluoro(methylcyclohexane) at a submicrometer level. The

growth of the plasma polymer film on a silicon wafer (Si-wafer) was determined using a

new hole-burning technique.

The SThM technique has been used for examining the surface thermal properties of

conducting polymers using microthermal analysis (mTA) [31]. The approaching-retracting

mode was used to collect force–distance data concurrently with the thermal signal (see

Figure 9.9), which is the current measured through the thermal probe. The authors

discussed mTA results in comparison with the data collected from conventional methods

of thermal analysis and concluded that the thermomechanical contribution, which is due to

a variable physical contact area for a ‘sinking’ tip, was dominant in the microthermal

response of polymers. Studies have been performed on conducting polymers and semi-

conductor or metal surfaces [32–33]. Nelson and King [34], used heated silicon AFM

probes to perform local thermal analysis (LTA) on a polystyrene film with nanoscale

spatial resolution.

Figure 9.7 PEOT on copper substrate, the right half of the sector irradiated with 1015 ions cm–12:
(a) AFM surface topology shows no differences between irradiated and shaded area, (b) LFM
surface characterization of the same sector shows a significant contrast of irradiated and shaded
area, (c) irradiated hexagonal honeycomb pattern of the same sample in the LFM-mode,
scanning direction from left to right. (Reprinted with permission from Nuclear instruments
and Methods in physics Research Section B: Beam Interactions with Materials and Atoms,
Modification and structuring of conducting polymer films on insulating substrates by ion beam
treatment by T. Asmus and G. K. Wolf, 166–167. Copyright (2000) Elsevier ltd)
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Hammiche et al., [35], studied the thermal mapping of immiscible polymer blends,

e.g. poly(vinyl chloride) (PVC)/polybutadiene (PB) and poly(methyl methacrylate)

(PMMA)/chlorinated polyethylene (CPE) blends. Figure 9.10 shows a zero-frequency

mode thermal image of a PVC/PB film. The image contrast is a representation of thermal

conductivity variations across the sample within a depth of a few microns. The two phases

are clearly apparent: brighter island-like domains identified as PB of higher thermal

conductivity (0.24 J s�1 m1 K�1) than PVC (0.14 J s�1 m1 K�1), which forms the matrix.

In the PMMA/CPE system, PMMA has a higher thermal conductivity than CPE (0.193

against 0.144 J s�1 m1 K�1) and segregates into island-like domains in a matrix of CPE.

The imaging of a subsurface of metallic particles embedded in a polymer matrix was also

made possible using a probe that acted as both an Ohmic heater and a thermometer [32].

Figure 9.8 (a) AFM and (b) LFM image of patterned PANI films (Reprinted with permission
from Applied Surface Science, Fabrication of patterned polyaniline microstructure through
microcontact printing and electrochemistry by Fei Guan, Miao Chen, Wu Yang et al., 230, 1–4,
131–137. Copyright (2004) Elsevier ltd)
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Figure 9.9 Thermal signal and cantilever deflection vs. tip/surface during the approaching
cycle for a polyethylene sample. The approaching velocity is 5mm s�1 and the initial probe
temperature is 50 �C. (Reprinted with permission from thermochimica Acta, Microthermal
analysis of polymeric materials by V. V. Tsukruk, V. V. Gorbunov and N. Fuchigami, 395, 1–2,
151–158. Copyright (2002) Elsevier Ltd)

Figure 9.10 Thermal images of a PVC/PB immiscible blend. (Reprinted with permission from
Journal Of Vacuum Science and Technology B., Scanning thermal microscopy: Subsurface
imaging, thermal mapping of polymer blends, and localized calorimetry by A. Hammiche, D. J.
Hourston, H. M. Pollock et al., 14, 2, 1486–1491. Copyright (1996) American Institute of
Physics)
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The latter authors concluded that this method could be used quantitatively to map changes

in thermal conductivity in heterogeneous samples. Furthermore, the depth at which

inclusions are located could be determined in cases where the thermal conductivities of

the inclusions and the enclosing material are known.

Alternating current, thermal microscopy, and microthermal analysis have been utilized

by Kuo and Chen, [36] for imaging the surface thermal conductivity and obtaining a local

thermal analysis of polybutadiene–polyaniline core-shell microparticles. The significant

changes in thermal conductivity and stiffness between rubber and the conducting polymer

revealed the remarkable responses in the microthermal analysis. The depth-dependent

thermal microscopy controlled by the heating frequency distinguished the rubber core,

which was buried under a few-micron thick polyaniline outer layer. Local thermal analysis

also demonstrated the heat penetration-dependent sensor response from the rigid polyani-

line shell to the soft polybutadiene core. These experimental results confirmed the

core-shell structure of the microparticles, as well as the continuous conducting phase of

polyaniline. The sensor responses of PSS–PANI and PSSB4–PANi1 are shown in Figure

9.11a, while Figure 9.11b displays the responses for PSS–PANI and PSSB4–PANI7. Three

selected locations are shown in the topographic images before and after the three LTA

measurements.

AFM measurements with an oscillating cantilever can be performed in C-AFM modes,

using the ac-contact mode. In contrast to vibrating modes, in which the amplitude of the

vibrating cantilever is in the 20–100 nm range, in the ac-contact mode the amplitude is

smaller to prevent tip–sample disconnection [37]. A peculiarity of the ac-contact mode

is that the sample area nearest the cantilever also oscillates, not only on the normal

(out-of-plane), but also on the lateral directions. Moreover, the cantilever can oscillate in

higher harmonics. Measurements in ac-contact modes are carried out simultaneously

with topography measurements and allow determining contact stiffness, Young’s

modulus (force-modulation mode, atomic force acoustic microscopy) and other sample

parameters, e.g., electric forces (contact-electric-force microscopy) and magnetic prop-

erties (magnetic sample modulation). Force modulation microscopy (FMM) [38] allows

recording of the local mechanical compliance and maps differences in surface stiffness

or elasticity, but has rarely been used to measure the local viscoelasticity of conducting

polymers.

Daniels et al. [39] investigated the magnetic properties of ferritin, a spherical iron-

storage protein with a hollow shell enclosing a cavity containing iron atoms, using an AFM

with magnetic sample modulation (MSM), as the iron cores of ferritin are ferromagnetic,

thus providing a well-defined reference sample for magnetic imaging. Figure 9.12 shows

baseline reference images without the influence of a magnetic field (Figure 9.12A–C) and

the same sample with an applied AC field (0.2 T, 96 kHz) to acquire the MSM images

(Figure 12D–L). The MSM amplitude and phase images clearly distinguish the locations

of ferritin, with good contrast for the rings and for the individual proteins located

between rings.

The shell of ferritin may act as an electron conductor [40–42], which has motivated

studies of ferritin adsorption on gold surfaces [42]. Xu and Davis [43] used the conductive-

AFM technique (c-AFM) [44] to measure the conductivity of single ferritin molecules on

flat gold surfaces. C-AFM was used to measure the local conductivity of thin molecule

layers by positioning the conductive tip on the top of the thin film layer.
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Figure 9.11 (a) Sensor responses of PSS–PANI and PSSB4–PANI1 with three selected
locations, as shown in the two topographic images in the inset, before and after the measure-
ments. (b) Sensor responses of PSS–PANI and PSSB4–PANI7 with three selected locations, as
shown in the two topographic images in the inset, before and after the measurements.
(Reprinted with permission from Thermochimica Acta, Microthermal analysis of rubber-
polyaniline core-shell microparticles using frequency-dependent thermal responses by
Changshu Kuo, Chien-Chung Chen and William Bannister. 403, 1, 115–127. Copyright
(2002) Elsevier Ltd)
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Figure 9.12 AFM images of ferritin ring structure acquired with MSM: (A, B, C) topography
images acquired with contact mode; (D, E, F) topography acquired using MSM; (G–L) zoom-in
MSM topography. (Reprinted with permission from Analytical and Bioanalytical Chemistry,
Investigation of the magnetic properties of ferritin by AFM imaging with magnetic sample
modulation by S. L. Daniels, 394, 1, 215–223. Copyright (2009) Springer Science þ Business
Media)
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9.2.2.2 Vibrating Modes

There are two main types of vibrating mode: the first is often known as the tapping or

intermittent-contact mode (IC–AFM) [45], whilst the second is usually called the non-

contact mode (NC–AFM) [46]. In the IC-AFM depicted in Figure 9.13a, the cantilever is

deliberately excited by an electrical oscillator to amplitudes of up to 100 nm, so that it

effectively bounces up and down (or taps) as it travels over the sample [11]. The oscillation

amplitude is measured as a root mean square (RMS) value of the deflection signal. The

feedback system is set to detect the perturbation of the oscillation amplitude caused by

the intermittent contact with the surface [47]. A relatively small shift in the oscillating

frequency with sensing repulsive forces means that the contact of the cantilever tip with the

sample surface under oscillation is not constant. Only during a small part of the oscillating

period does the tip ‘feel’ the contact repulsive force. When the tapping mode is carried out

in liquids, the tip of the cantilever taps the sample gently during part of the force curve; this

mode is similar to the tapping mode operating in air, except that the sample is tapped

against the tip instead of the cantilever being driven at resonance to tap the sample [48].

The IC mode has some advantages over the dc-contact mode. The pressure of the

cantilever on the surface is lower, which allows one to work with softer and

easy-to-damage materials such as conducting polymers. The IC mode is also more

sensitive to the interaction with the surface; hence, surface characteristics, such as dis-

tribution of magnetic and electric domains, elasticity and viscosity, are investigated more

precisely. When the vibrating probe tip touches the sample surface it experiences not only

repulsive, but also adhesive, capillary, and other forces. So the interaction between the tip

and the sample surface yields changes in frequency as well as in the phase. If the sample

surface is not homogeneous, phase shifts will be measured upon scanning the surface. This

mode of operation is referred to as phase contrast imaging mode.

In the NC mode depicted in Figure 9.13b, the oscillating cantilever never actually

touches the sample surface. The spacing between the tip and sample is of the order of

tens to hundreds of angstroms, with an oscillation amplitude of only about 5 nm. The NC

mode usually involves a sinusoidal excitation of the cantilever with a frequency close to its

main resonant frequency. In this mode, van der Waals (vdW) forces are in effect. Some

(a) (b)
x

zz

Approach ApproachScanning Scanning

Figure 9.13 Vibrating modes: (a) tapping or intermittent contact mode (�100 nm amplitude)
and (b) noncontact mode (�1 nm amplitude). (Reproduced with kind permission from Denis
Andreyuk, NT-MDT Co. www.ntmdt.com)
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other forces could be in action, such as electrical and magnetic forces; however, if the

surface is not charged and if the surface and tip are not ferromagnetic, the predominant

forces are vdW. A schematic representation of the noncontact mode is given in

Figure 9.13b. When the tip is away from the surface, the cantilever is made to oscillate

close to its resonance frequency with a given amplitude. The oscillation of the deflection

signal is measured by a lock-in amplifier, where the reference is the driving frequency of

oscillation to obtain the topography.

Mattoso et al. [49] observed that adsorption of POEA chains is faster and more effective

for pH 1, which is due to an increase in the electrostatic attraction of the polymeric

molecules to the substrate (glass). This result was confirmed by Paterno and Mattoso,

[50] using self-assembled films of POEA doped with HCl alternated with sulfonated lignin

(SL) at different pH values. The adsorption at lower pH is faster owing to the greater

electrostatic attraction between the POEA and the SL-covered substrate, but a lower

amount of POEA is deposited due to charge repulsion of the additional POEA chains

and conformational steric hindrance. At higher pH the adsorption of POEA takes longer,

but it is more effective for three reasons: stronger contribution from hydrogen bonding,

lower charge repulsion between POEA chains, and a more compact polymer conforma-

tion. AFM was employed to investigate the morphology of the alternating layers, in which

POEA layers were granular and rough, while SL layers were much smoother. Figure 9.14

shows an AFM image of a five-bilayer POEA/SL film prepared at pH 3, with POEA at the

uppermost layer exhibiting a granular structure. This is better illustrated in Figure 9.14b,

where a rough granular surface appears for the POEA layer, whereas a significantly flatter

one is seen for the SL surface.

Souza et al. [51–52] studied adsorption processes in LbL films of poly(o-methoxyaniline)/

poly(vinyl sulfonic acid) (POMA)/PVS, particularly the role of aggregation and the influ-

ence of solution treatment on the adsorption and morphology of the films. Figure 9.15 shows

a sequence of AFM images for POMA/PVS films prepared with solution 1 (1.202 g of

POMA was swollen in 20 ml of acetonitrile, which was then diluted with 980 ml of ultrapure

water). The images correspond to a POEA layer deposited on 10 bilayers of POMA/PVS,

where each layer was adsorbed for 3 min. The structure is globular, similar to that for PANI

films obtained with other techniques, with the size of the grains increasing and decreasing as

the time of adsorption increases.

The adsorption processes to form films with conducting polypyrroles (PPy) have also

been studied [53–55]. Taranekar et al. [56] produced electropolymerized films of poly-

siloxane-functionalized pyrrole or poly(methyl-(undec-pyrrole-1-yldecyl)- siloxane),

whose topography and phase images are shown in Figure 9.16. Unique ‘nanoscale’

morphologies were formed because of phase-segregation of polysiloxane domains and

cross-linked PPy, depending on the thickness and electrochemical conditions. From the

AFM images, one infers that relatively smooth films were formed together with the

appearance of phase-separated ‘dot’ structures, which change in size and distribution

with composition.

Other studies exist involving conducting polymer films using the static (contact) and

dynamic modes (noncontact and tapping) [8,50,57–68].

Pruneanu et al. [69], studied self-assembly of DNA-template PPy nanowires using the

noncontact mode, whose images are shown in Figure 9.17. The thickness of the nanowires

appears to increase after a reaction time of 24 h, with thicker nanowires being entangled
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bundles, as seen in Figure 9.17b and 9.17c. Over longer periods of times, a self-assembly

process occurs, with conducting polymer/DNA nanowires forming nanopores.

Another widely used application of dynamic modes is the investigation of surface

electrical characteristics. Electrical force microscopy (EFM) comprises a set of related

techniques [70], and provides the possibility of probing localized charge distribution,

Figure 9.14 AFM images (tapping mode) of a five-bilayer film of HCl-doped POEA layers
alternated with SL layers, showing the surface of the fifth layer of POEA (500 nm� 500 nm 3-D
image): (a) 1mu�1 mu image of a film containing only one layer of POEA and its cross-section
profile; (b) 1mu�1 mu image of a film containing one bilayer of POEA/SL and its cross-section
profile. (Reprinted with permission from Polymer, Effect of pH on the preparation of self-
assembled films of poly(o-ethoxyaniline) and sulfonated lignin by Leonardo G. Paterno and
Luiz H. C. Mattoso, 42, 12, 5239–5245. Copyright (2001) Elsvier Ltd)
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surface potential, and doping profiles at the surface [71]. The scanning Kelvin probe

microscope (KPM), which detects the local surface potential, can be used to investigate

structural properties of Langmuir–Blodgett (LB) and self-assembled films, since the sur-

face potential depends on the orientation and packing of the chains.

Figure 9.15 AFM images (tapping mode) of LbL films with a POMA layer adsorbed on top of 10
bilayers of POMA/PVS, obtained using solution 1. The time periods of adsorption for the 11th
layer were 0, 10, 30 s; 1, 2, 10, 15, 30 min; 1, 2, 3, and 12 h (starting from the top left corner and
moving to the right and down). The scanned length was L ¼ 500 nm. The number annotated in
each image refers to the surface height (z axis). (Reprinted with permission from Journal of
Physical Chemistry B., Influence of Solution Treatment on the Adsorption and Morphology of
Poly(o-methoxyaniline) Layer-by-Layer Films by N. C. de Souza, J. R. Silva, R. Di Thommazo
et al., 108, 36, 13599–13606. Copyright (2004) American Chemical Society)
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EFM has been used by Barisci et al. [72] to characterize the surface morphology and the

surface potential (SP) of conducting polymer films. The AFM/EFM images in Figure 9.18

exhibit the following features: (i) the film morphology is globular, typical of conducting

polymers [11], with grains ranging from 50 to 100 nm; (ii) the EFM map shows that the SP

distribution is not uniform, i.e. the material is heterogeneous; (iii) the top of the grains is

more doped than the peripheral regions. Significantly, in electrochemically prepared films

Figure 9.16 AFM images (noncontact mode) of (a) pure precursor polymer, (b) 10% pyrrole
copolymer, (c) 50% pyrrole copolymer, (d) pure polypyrrole, and (e) precursor 1 on an Au
electrode. (Reprinted with permission from Langmuir, Distinct Surface Morphologies of
Electropolymerized Polymethylsiloxane Network Polypyrrole and Comonomer Films by
P. Taranekar, X. Fan, and R. Advincula, 18, 21, 7943–7952. Copyright (2002) American
Chemical Society)
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the work function in the grains was higher than in the surrounding areas, suggesting a

higher dopant concentration in the grains [73–74].

Barisci et al. [75] also used EFM to verify the effect of the polymer composition,

preparation method, and nature of the substrate on the surface potential (SP). Both the

average value and the distribution of the SP across the polymer surface are influenced by

these factors. Polythiophene (PTh) polymers, potentially useful for solar energy conver-

sion, were used to examine the generation of light-induced changes in SP. Bush and

Maboudian [76] studied the influence of FeCl3 oxidant concentration on the electric

and morphological properties of LbL films, with a polyanion (polystyrene) and a polyca-

tion (PPy). Using EFM, the film morphology was found to exhibit globular structures

with an approximate grain size of 28 nm and 60 mV surface potential distribution

Figure 9.17 AFM images of PPy-DNA nanowires and nanopores on a SiO2/Si surface: (a)
nanowires observed 3 h after preparation; (b) and (c) two representative images of ‘nanorope’
samples observed after standing for 24 h. (Reprinted with permission from Advanced
Functional Materials, Self-Assembly of DNA-Templated Polypyrrole Nanowires:
Spontaneous Formation of Conductive Nanoropes by S. Pruneanu, S. A. Farha Al-Said,
L. Dong et al., 18, 16, 2444–2454. Copyright (2008) Wiley-VCH)
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(see Figure 19.9). The top of the grains displays the higher surface potential, corroborating

Barisci et al. [72] and Semenikhin et al. [77].

With EFM, Jespersen [78] was able to map individual single-wall carbon nanotubes

(SWCNTs) in spin-cast polymer/SWCNT composites. By correlating the measured EFM

amplitude with its dependence on the SWCNT length and tip–tube separation they showed

that the technique can be used for mapping the three-dimensional position of the SWCNTs

in the polymer matrix. The technique provided important information about the homo-

geneity of the incorporated SWCNT; because individual nanotubes can be identified, the

distribution of lengths and orientation could be measured. Such 3-D mapping is promising

for optimizing nanotube distributions in nanocomposite materials.

EFM was employed by Patricio et al. [79] in the electrical characterization of a blend of

thermoplastic polyurethane (TPU) and poly(2-methoxy-5-(20-ethyl-hexyloxy)-1,

4-phenylenevinylene) (MEH-PPV)-conjugated polymer. Although a qualitative EFM

interpretation is straightforward, its quantitative analysis always relies on approximated

models. The extraction of physically reasonable parameters is normally assumed as a proof

of validity of the theoretical model employed. In order to gather information about the

electrical properties of this blend and to test the EFM technique itself, two distinct models

were developed to fit the experimental EFM data. Even though MEH-PPV was regarded as

a conductor in one model and as a dielectric in the other, both models yielded coherent and

reasonable electrical properties for this blend. Such unexpected results were used to

discuss the robustness of EFM in the analysis of complex materials. Figure 9.20 shows

the AFM (a) and EFM (b through g) images of the MEH-PPV/TPU blend. It was concluded

that: (i) the sole fact that an EFM model fits a data set should not be used as a certification

Figure 9.18 Topography image (left), and SP image (right), of a PPy/p-toluene sulphonate
(PTS) film grown potentiostatically at 0.6 V for 5 min, thickness 150 nm. (Reprinted with
permission from Electrochimica Acta, Characterisation of the topography and surface potential
of electrodeposited conducting polymer films using atomic force and electric force microsco-
pies by J. N. Barisci, R. Stella, G. M. Spinks and G. G. Wallace, 46, 4. Copyright (2000)
Elsevier Ltd)
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of its physical meaningfulness; and (ii) the concomitant use of additional, or even

dissonant, models might prove to be useful as a route for a thorough EFM analysis of

multicomponent complex materials.

In a magnetic force microscope (MFM), a probe coated with a magnetic film is vibrated

slightly above a surface while scanning. As with EFM, the resolution achievable with

MFM depends on the thickness and quality of the coating at the apex of the probe. This is

often very difficult to control so the results from MFM are fairly inconsistent. Also, when

trying to measure the magnetic domains on a soft magnetic material, the domains on the

probe can cause a change in the domain structure on the surface. Santa Maria et al. [80]

used AFM to investigate the morphology and the phase difference of composite materials

based on styrene (STY) and divinylbenzene (DVB), containing iron particles. MFM

images were obtained in order to evaluate the magnetic character of the iron particles.

Figures 9.21b and 9.21d indicate that the magnetic phases are located not on the center of

the palettes, but on the interface between palette layers, as well as in small microspheres

and valleys on the bead surface.

Modified poly(methacrylic acid) microparticles complexed with gadolinium(III)

(Gd3þ) ions were prepared at 100 nm by Michinobu [81]. The emulsion terpolymerization

of methacrylic acid, ethyl acrylate, and allyl methacrylate and the following complexation

with Gd3þ ions yielded the polymer particles with different Gd3þ ion contents.

Potentiometric titration of the complexation of the particle with Gd3þ ions indicated the

formation of a very stable tris-carboxylate coordinate complex with the Gd3þ ion. The

microparticles dispersed on a mica substrate were subjected to AFM, followed by MFM.

AFM showed 100-nm-sized and monodispersed spherical images. The following MFM

Figure 9.19 Simultaneous 2mm� 2mm image of film topography (left) and surface potential
(right) of a seven-bilayer, 30 nm MFeCl3, Ppy/SPS bilayer films. The Z-scale ranges are 50 nm for the
topography and 50 mV for the surface potential. (Reprinted with permission from Sensors and
Actuators A: Physical, Layer-by-layer self-assembled conductive thin films for MEMS applications
by B. Bush, G. Xu, C. Carraro and R. Maboudian, 126, 1, 194–200. Copyright (2006) Elsevier Ltd)
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clearly provided strong magnetic responses at exactly the same particle positions, of which

the images were also dependent on the Gd3þ ion content in the particle.

The use of magnetic nanoparticles in the development of ultra-high-density recording

media is the subject of intense research. Much of the attention of this research is devoted to

the stability of magnetic moments, often neglecting the influence of dipolar interactions.

AFM also provides information on the lateral distribution of the surface potential over a

sample. The term surface potential in this context means the potential difference between

the sample and a conducting probe that is positioned close to the sample. This is so-called

Kelvin probe force microscopy (KFM) [46], which offers a possibility of distinguishing

between regions with different chemical natures or compositions. For example,

Figure 9.20 AFM (a) and EFM (b through g) images of the MEH-PPV/TPU blend. The scale bar
at the bottom left of each image indicates its dimension. Images (b), (c), (d), (e), (f), and (g) were
acquired with at a bias VT ¼ 5 V and tip–sample distance z equal to 200, 150, 100, 75, 50, and
30 nm, respectively. The grayscale in image (a) corresponds to a height variation of 50 nm,
and in images (b) through (g), to a frequency variation of 20 Hz. (Reprinted with permission
from Ultramicroscopy, Electric force microscopy investigation of a MEH-PPV conjugated
polymer blend: Robustness or frailty? by P.S.O. Patrı́cio, L.A. Cury, G.G. Silva, B.R.A. Neves,
108, 4, 302–308. Copyright (2008) Elsevier Ltd)
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Semenikhin et al. [77], studied evidence of local structural inhomogeneity and nonuniform

dopant distribution in conducting polybithiophene (PBT). The KFM data suggested that

the polymer consists of grains that differ in work function and thus in the dopant

concentration from the peripheral regions (see Figure 9.22). For the as-grown polymer,

most of the doping charge is located at the grain tops. The origin and characterization of the

structural inhomogeneity and local potential distribution of conducting polymer have been

studied by other groups using KFM [82–84].

9.2.3 Force Spectroscopy

AFM can be used to determine the dependence of the interaction on the probe–sample

distance at a given location [85], in so-called atomic force spectroscopy (AFS). Both the
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Figure 9.21 MFM images of a poly(styrene-co-divinylbenzene) bead containing iron:
(a) topographic image; (b) out of phase MFM image – 15 nm apart from the surface of one
region of one bead; and (c) topographic 3D image and (d) out of phase MFM image – 15 nm apart
from the surface of one region of another bead. (Reprinted with permission from Microscopy and
Microanalysis, AFM Characterization of Composite Materials Containing Iron in a Resin Host
Based on Styrene and Divinylbenzene by L. C. de Santa Maria, M. A. S. Costa, L. F. Senna et al.,
11, S3, 166–169. Copyright (2005) Cambridge University Press)
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Figure 9.22 Simultaneous images of (a, top) topography and (b, bottom) surface potential
acquired with an as-grown PBT film in the KFM feedback mode. (Reprinted with permission
from Journal of Physical Chemistry B., On the origin of Mesoscopic Inhomogenity of
Conducting Polymers by K. D. O’Neil et al., 111, 31. Copyright (2007) American Chemical
Society)
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dynamic and static modes can be used to locally detect forces, thus comprising a local

probe for studying the mechanical properties of the sample. The type of information one

may infer from a force curve is depicted in Figure 9.23. AFS may be performed in two

ways: local force (LFS) and force imaging spectroscopy (FIS). In LFS, the force curve is

determined at a particular location on the sample surface. Force curves are plots of

the deflection of the cantilever (force) vs. the extension of the piezoelectric scanner

(sample displacement); if the cantilever spring constant is known, then the deflection

can be converted into force. These curves can be used to measure the vertical force that

the tip applies to the sample surface and to study the surface properties of the sample,

including the elastic deformation of soft samples. They can also be used to monitor the

unfolding of protein molecules as the latter are pulled from the sample surface by the

AFM tip.

Segment a–d represents the first half cycle (approach curve) while segment d–h is the

second half cycle (withdrawal curve) of the curve. These cycles can be divided roughly

into three regions: the contact line, the noncontact region, and the zero line. The zero line is

obtained when the tip is far from the sample and the cantilever deflection is close to zero.

When the sample is pressed against the tip, the corresponding cantilever deflection plot is

referred to as the contact line, which can provide information on sample stiffness. The

most interesting regions of the force curve are two noncontact regions, containing the JTC

and the JOC. The noncontact region in the approach curve provides information about

attractive (vdW or Coulombic forces) or repulsive forces (vdW in some liquids, double-

layer, hydration, and steric forces) before contact; this discontinuity occurs when the
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Figure 9.23 Force curve on wood surface illustrating the points where jump-to-contact (JTC)
(approach) and jump-off-contact (JOC) (withdrawal) occur and the maximum values of the
attractive force (pull-on force and pull-off force)
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gradient of the tip–sample force exceeds the spring constant of the cantilever. The

maximum forward deflection of the cantilever multiplied by the effective spring constant

of the cantilever is the pull-on force [86]. The noncontact region in the withdrawal curve

contains the jump-off-contact, a discontinuity that occurs when the cantilever’s spring

constant is greater than the gradient of the tip–sample adhesion forces. The maximum

backward deflection of the cantilever multiplied by the effective spring constant of the

cantilever is the pull-off force [86].

In the mid-1990s, the idea of collecting data from force–distance curves obtained from

many points on a sample was introduced, effectively to produce a map of the tip–surface

interactions [87]. Layered imaging is an SPM technique in which several measurements of

cantilever deflection are made at each image pixel. Each measurement of a deflection at a

given displacement is recorded. When all measurements for the current pixel are

completed, the process is repeated at the next pixel and so on through the scan area. The

resulting spatial maps represent the lateral variation of adhesion force due to material

inhomogeneities and the surface topography [11]. The resulting three-dimensional data set

can be thought of as a stack of ‘layers’ of images. Each horizontal layer is an image which

represents measurements taken throughout the scanned area at a specified height z. Since

several measurements are made at each pixel, the data set can also be processed vertically

to yield the force–distance curve at each pixel. This force imaging spectroscopy

(FIS) mode of AFM can thus be used to measure adhesion, hardness, or deformability of

samples [11].

AFS was used by Leite et al. [88] to measure interaction forces between the tip and

nanostructured layers of POEA in pure water and CuSO4 solutions. When the tip approach

and retraction were carried out at low speeds, POEA chains could be physisorbed onto the

Si3N4 tip via nonspecific interactions. The authors conjectured that while detaching POEA

chains were stretched and the estimated chain lengths were consistent with the expected

values from the measured POEA molecular weight (see Figure 9.24). The effects from

POEA doping can be investigated directly by performing AFS measurements in a liquid

cell, with the POEA film exposed to liquids of distinct pH values. For pH �6.0, the force

curves normally display an attractive region for POEA, but at lower pH values – where

POEA is protonated – the repulsive double-layer forces dominate. Measurements in the

liquid cell can be further exploited to investigate how the film morphology and the force

curve are affected when impurities are deliberately introduced in the liquid. The shape of

the force curves and the film morphology depend on the concentration of heavy metal in

the liquid cell. AFS may therefore be used to study the interaction between the film and the

analyte, with important implications for the understanding of mechanisms governing the

sensing ability of taste sensors. The interaction forces and interface phenomena in

conducting polymers have also been studied by Franceschini and Corti [89] and

Zheng et al. [90].

AFS has been used in the investigation of conductivity in polymers, namely PANI and

its derivatives (POEA and POMA). The degree of protonation and the conductivity vary

within the PANI class, which is attributed to differences in conformation of the polymer

chains and packing in a film. The mechanisms of charge conduction are still not com-

pletely understood, precisely because of the diversity of factors affecting conductivity. It

is, nevertheless, widely accepted that in the PANI structure the doped molecules are not

uniformly distributed, but rather agglomerated into conducting islands. In a systematic
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study by Leite et al. [88] using adhesion maps, POEA films were prepared at different pH

values, with the doping level and fabrication conditions affecting the POEA film morphol-

ogy and the interactions of the atomic force microscopy (AFM) tip with the polymer

molecules. For example, mapping of the forces indicated the presence of conducting

islands surrounded by a less conductive matrix in POEA and PANI films, with the

conducting islands being characterized by the presence of double-layer forces (see

Figure 9.25).

The study of intermolecular interactions at interfaces is essential for a number of

applications, in addition to the understanding of mechanisms involved in sensing and

biosensing with liquid samples. There are, however, only a few methods to probe such

interfacial phenomena, one of which is AFS. Leite et al. [92] used force curve measure-

ments to estimate adhesion forces for a nanostructured film of POEA doped with various

acids, in measurements performed in air. The adhesion force was lower for POEA doped

with inorganic acids, such as HCl and H2SO4, than with organic acids, because the counter-

ions were screened by the ethoxy groups. Significantly, the morphology of POEA both in

the film and in solution depends on the doping acid. In AFS measurements in a liquid cell,

Figure 9.24 Force curve obtained when extending chains of POEA from the chrome surface in
water with frequency of jumps < 1 mm s�1: I: no tip-POEA interactions; II: film being com-
pressed; III/IV: repulsive contact with the substrate; V: pull-of force due to surface adhesion; VI:
cantilever ‘pulls off’ the surface; VII: attractive peak due to stretching of POEA chains.
(Reprinted with permission from Microscopy and Microanalysis, Atomic Force Spectroscopy
on Poly(o-ethoxyaniline) Nanostructured Films: Sensing Nonspecific Interactions by F.L. Leite,
C.E. Borato, W.T.L. da Silva, P.S.P. Herrmann, O.N. Oliveira Jr., L.H.C. Mattoso, 13, 304
(Copyright 2007).
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the force curves for a POEA layer displayed an attractive region for pH �5 due to van der

Waals interactions, with no contribution from a double-layer since POEA was dedoped. In

contrast, for pH £3, POEA was doped and the repulsive double-layer force dominated.

With AFS one is therefore able to correlate molecular-level interactions with doping and

morphology of semiconducting polymers.

The mechanical properties of conducting polymers may also be investigated with AFS,

e.g., nanoindentation [13,93], elastic and viscoelastic properties [94–95], softening transi-

tions [96], and adhesion [91]. Tivanski et al. [97] examined how the adhesion force

between a conducting probe and a conductive surface influences the electrical properties

of conductive polymers. The authors used conducting probe AFM (CP-AFM) and AFS, in

which an attractive electrostatic capacitance force is added to the adhesion force after a

voltage was applied. The results for the adhesion force measurements as a function of

applied bias (see Figure 9.26) show good agreement with the theoretical predictions. To

calculate the adhesion force the authors used the equation

Fadh ¼�V
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�R"o"rkc

p
where R is the tip radius, "r is an effective dielectric constant of the polymer solvent

system, and kc is the elastic constant of the cantilever. According to this equation the

adhesion force depends linearly on the applied bias.

Figure 9.25 Map of forces obtained with AFS showing regions of repulsive (conducting
islands) and attractive interactions on POEA films in solution (pH 3). (Reprinted with permis-
sion from Applied Physics A, TEM, XRD and AFM study of poly(o-ethoxyaniline) films: new
evidence for the formation of conducting islands by F. L. Leite, Applied Physics A, 93, 2.
Copyright (2008) Springer Science þ Business Media)
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9.3 Concluding Remarks

Atomic force microscopy is now perhaps the most versatile tool to investigate surface

morphologies for a very wide variety of materials, including the conducting polymers

analyzed in this chapter. In addition to morphology, other surface properties may be

interrogated with the various types of AFM methods, with which mechanical, electrical,
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Figure 9.26 Upper panel (A): Adhesion force as a function of applied bias. Lower panel (B):
Adhesion force (symbols) and the best fit line for the 1,4-benzene dimethanethiol sample.
(Reprinted with permission from Langmuir, Adhesion Forces in Conducting Probe Atomic
Force Microscopy by A. V. Tivanski et al., 19, 6. Copyright (2003) American Chemical Society)
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and magnetic properties may be studied. Overall, the data acquired with AFM measure-

ments are analyzed only qualitatively owing to the difficulties in establishing models that

allow one to obtain a quantitative treatment, especially because the data depend on

molecular-level interactions. There is now the need to improve the experimental methods

to provide data with increasing resolution, not only in terms of spatial resolution, but also

accuracy in the forces measured. Furthermore, molecular modeling is now becoming

popular, which is promising for the quantitative analysis.
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10.1 Introduction

In the past decade, we have experienced tremendous development in science and technology

on nanometer scales. Substantial advances in material synthesis and nanofabrication tech-

niques have led to the successful preparation of a wide variety nanoscale materials and

structures; fundamental studies have broadened and deepened our scientific understanding

of nature on nanometer scales; phenomena and functionalities that are unique to nanomater-

ials and nanodevices have introduced numerous potential applications, and further driven the

extremely broad and diversified studies on material systems at such length scales.

Among various types of novel nanoscale materials, nanowires made of different

conducting polymers have drawn considerable attention. Compared to other materials,

conducting polymers (CP) have some unique electrical, chemical, and mechanical proper-

ties. For example, they can be flexible, transparent, and conductive, there exists a very

large collection of different CP materials, and chemical modification of CP materials is

relatively easy. They have been widely used for applications in many different areas,

e.g. electronics, optoelectronics, MEMS, and chemical sensing, etc. One-dimension and

quasi-one-dimension conducting polymer nanowires (CPNWs) made of this category of

materials have introduced even more potential attraction.
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Due to the unique nature of CPs, preparation methods and physical properties of

CPNWs differ considerably from those of many inorganic nanoscale materials. In this

chapter, we intend to review the studies on this important category of materials.

The review focuses on the following aspects: (i) preparation of CPNWs, (ii) transport

properties and electrical characterization, and (iii) potential applications. The primary

concentration of this chapter will be on individual CPNWs.

10.2 Fabrication of Single Conducting-Polymer Nanowires (CPNWs)

Since the discovery of conducting polymers (CPs) in the 1970s, tremendous efforts have

been made trying to create miniature features in this category of materials. Particularly in

the last decade, we have experienced significant progresses in preparing nanoscale CP

materials and structures resulting from general advances in chemical synthesis and nano-

fabrication technology. Various conducting polymer nanowires (CPNWs) and nanotubes

(CPNTs) have been demonstrated using several different types of approach. These new

materials have brought numerous novel physical phenomena and introduced various

potential applications.

To date, many different approaches have been applied towards making well-ordered

individual CPNWs and CPNTs. In this section, we will introduce and discuss some of the

most important developments in the preparation of 1-D CPNWs and CPNTs. While

general background information will be provided, primarily, as we have mentioned in

the introduction, we will focus our discussion on those methods that have been

demonstrated to be capable of or have shown potential to produce ordered, single, and

individually addressable CPNWs or CPNTs. Some techniques which are able to produce

ordered arrays of parallel single CPNWs are also included. Generally, the approaches can

be characterized into the following categories: (i) lithography based, (ii) template based,

(iii) scanning probe based, and so on. The advantages, limitations, and future development

potential of each approach will be provided.

10.2.1 Lithographical Methods

Advances in conventional lithography approaches, e.g. photolithography and electron-

beam lithography, etc. have allowed deep submicron patterning for many different kinds of

materials. Arbitrarily designed nanoscale features of inorganic semiconductors, dielec-

trics, and metals, etc. can be fabricated with these lithography technologies. However,

many of these methods cannot be directly used to pattern CP materials. A typical issue is

the incompatibility between a processible CP and the organic solvents (i.e. photoresist

solvent, developer, and photoresist remover, etc.) involved in the lithographic and follow-

up processes. Therefore, modification of existing methods and development of novel

lithographic methods that are suitable for nanoscale patterning of CP materials are

required. In the following, we will review some of the most representative methods in

this category. They include direct electron-beam lithography on CP, nanoimprint litho-

graphy, soft lithography, and block-copolymer lithography, etc.
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10.2.1.1 Direct Electron-Beam Patterning of CP Thin Films

While using photo- or electron-beam-resist on top of CP thin films has some difficulties,

Persson et al. explored the possibility of using electron beams to pattern CP thin films

directly. It was found that when a spin-cast poly(3-octylthiophene) (P3OT) film was

selectively exposed to a 50 KeV e-beam with dosages up to 800 nC cm�2, the polymer

became insoluble in chlorobenzene, while the unexposed portion was still soluble [1].

The authors suggested that the e-beam irradiation causes the polymer chains to partially

cross-link and consequently reduces the solubility of the polymer in chlorobenzene. This

phenomenon introduces a mechanism for direct e-beam patterning of a CP thin film which

responds similarly to electron-beam irradiation to a negative e-beam resist. With this

approach, P3OT lines as narrow as 50 nm have been produced by the authors. Similarly,

microscale features have also been made with optical irradiation (Refs. 11 and 12 in [1]).

Dong et al. used a copolymer strategy, in which other components are incorporated into

the CP to improve its properties, such as adhesion, solubility, conductivity, and coated film

thickness. The copolymer was processed by e-beam lithography followed by a lift-off

process to produce individual sub-100 nm nanowires (Figure 10.1) [2].

10.2.1.2 Nanoimprint Lithography

Nanoimprint lithography (NIL) is a relatively new technique designed to produce precisely

defined nanoscale features in a parallel, efficient, and cost-effective manner [3,4]. In a

typical NIL process, a prepatterned mold is used to press against a resist layer which can go

through a thermal plastic transition at an elevated temperature or can be permanently

Figure 10.1 Atomic force microscopy (AFM) image of one 100-nm-wide polypyrrole wire
that bridges the ends of two polypyrrole microelectrodes (size: 9mm � 10 mm). (Reprinted with
permission from Advanced Materials, Patterning of Conducting Polymers Based on a Random
Copolymer Strategy: Toward the Facile Fabrication of Nanosensors Exclusively Based on
Polymers by B. Dong, D. Y. Zhong, L. F. Chi and H. Fuchs, 17, 22, 2736–2741. Copyright
(2005) Wiley-VCH)
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cross-linked by heating or optical irradiation. As a general lithographic technique, NIL has

tremendous potential in nanofabrication. In recent years, NIL has also been applied for the

preparation of CP nanowires. Usually, a prefabricated mold bearing indented nanofeatures

is used in the process to transfer patterns on the mold directly onto a CP layer or through an

imprint resist layer. For example, this method was used by Guo and colleagues to produce

nanostructures directly on thin CP layers for organic photovoltaic applications [5]. It has

also been shown that poly(9,9-di-n-octyl-2,7-fluorene) (PFO), poly (3,3000-didodecyl-

quaterthiophene) (PQT), and polypyrrole (PPY) nanowires could be made by pressing

the mold into a thin film of the corresponding CPs in a fluidic state followed by cooling or

solvent evaporation while the mold is in place [6]. In a separate study, Behl et al. fabricated

CP nanostructures by imprinting a mixture of CP precursor and photo-initiator with

subsequent UV exposure to cure the polymer. CP nanowires of � 300 nm in width were

demonstrated [7].

Clearly, NIL-based techniques are capable of producing well-ordered and precisely

designed nanoscale CP structures. They are parallel and efficient approaches. A major

concern regarding to these methods is shorting between neighboring features. This is

because quite frequently with NIL it is extremely difficult to completely squeeze out the

material (i.e. polymer or polymer precursor) between two adjacent features. There likely

exists a thin layer of residual CP that creates an electrical short between the adjacent

features. Usually, in order to remove the residual layer, an etching step is required, which

can introduce undesired damage to the prepared features.

On the other hand, with a somewhat different approach, Dong, et al., showed that it is

also possible to fabricate CPNWs using a lift-off method following CP layer deposition on

patterns in a resist layer created by NIL (Figures 10.2 and 10.3) [8].

10.2.1.3 Soft Lithography

Soft lithography includes a collection of lithographic methods in which a soft mold or

template is used to create patterned structures in the subjected materials. These methods

offer attractive solutions for producing well-ordered CP nanowires. For example,

Beh et al. have developed a micromolding in capillaries (MIMIC) process in which a

poly(dimethylsiloxane) (PDMS) mold with embedded channels can be used for the

mold

resist

anisotropic
etching w

h

conducting
polymer

Figure 10.2 Schematic illustration of the fabrication process. (Reprinted with permission from
Advanced Functional Materials, Fabrication of High-Density, Large-Area Conducting-Polymer
Nanostructures by B. Dong, N. Lu, M. Zelsmann et al., 16, 15, 1937–1942. Copyright (2006)
Wiley-VCH)
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formation of nanoscale CP structures. In this approach, CP solution is applied and drawn

into the micro- and nanoscale channels formed between indented features on a PDMS

mold and a substrate by capillary force. Well-ordered CP nanostructures remain on the

substrate after the removal of the PDMS mold. Nanowires of down to �350 nm in width

have been demonstrated with this method (Figure 10.4) [9]. In a separate study, Zhang et

al. also reported that CP nanowires� 278 nm wide had been made by the MIMIC process

as well as the liquid embossing technique in which the PDMS stamp is placed a on surface

which is already covered with a liquid containing the CP (Figure 10.5) [10].

Single CP nanowires may also be prepared by other forms of lithography. Lipomi et al.

reported a method termed ‘edge lithography’. In their study, alternating layers of two

different CPs, poly(2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-

PPV) and poly(benzimidazobenzophenanthroline ladder) (BBL), were spin-coated on a

substrate to form a composite multilayer film from their respective solutions. This film was

then embedded in thermally curable epoxy and was subsequently sliced by an ultramicro-

tome. As a result, each slice contained multiple parallel alternating MEH-PPV and BBL

Figure 10.3 A series of AFM images showing the high-density polypyrrole nanowires fabricated
using NIL and a lift-off process, with the polypyrrole layer deposited for 1 h in a solution
containing FeCl3 (0.08 g), pyrrole (300ml), py-silane (30ml), and purified water (126 ml): (a)
600 nm wide polypyrrole nanowires with a separation of 540 nm (size: 30mm � 30mm). Inset:
enlarged AFM image of (a) showing one 5 mm � 5 mm area; (b) 300 nm wide polypyrrole
nanowires with a separation of 300 nm (size: 30mm � 30mm). Inset: enlarged AFM image
showing one 5mm � 5mm area; (c) 150 nm wide polypyrrole nanowires with a separation of
150 nm (size: 30mm � 30mm); (d) enlarged AFM image of (c) showing one 5mm � 5mm area;
(e) average section analysis of (d). (Reprinted with permission from Advanced Functional
Materials, Fabrication of High-Density, Large-Area Conducting-Polymer Nanostructures by
B. Dong, N. Lu, M. Zelsmann et al., 16, 15, 1937–1942. Copyright (2006) Wiley-VCH)
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Figure 10.4 (A) SEM and (B) AFM images of parallel lines of PANI that were fabricated on a
polyester film by MIMIC. (Reprinted with permission from Advanced Materials, Formation of
Patterned Microstructures of Conducting Polymers by Soft Lithography, and Applications in
Microelectronic Device Fabrication by W. S. Beh, I. T. Kim, D. Qin et al., 11, 12, 1038–1041.
Copyright (1999) Wiley-VCH)

1 2 3 4 μm

Figure 10.5 SFM images of narrow nanowires (278 nm) of semiconducting polymer poly(3-(20-
methoxy-50-octyphenyl)thiophene) (POMeOPT) by soft-embossing. (Reprinted with permission
from Nano Letters, Conducting Polymer Nanowires and Nanodots made with Soft Lithography
by Fengling Zhang et al., 2, 12. Copyright (2002) American Chemical Society)
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nanowires. Either MEH-PPV or BBL wires could be selectively etched leaving behind an

array of desired polymer nanowires with their width controlled by the thickness of the

corresponding layers in the initial composite film [11].

More recently, Jung et al. demonstrated ‘block-copolymer lithography’ (Figure 10.6) in

which, using an etch mask consisting of self-assembled patterns of cylinder-forming

poly(styrene-b-dimethylsiloxane) (PS-PDMS) diblock copolymer confined in topographic

templates, a pattern of an array of 15nm wide nanowires was transferred to the underlying

spin-coated CP (PEDOT:PSS) film (Figure 10.7) [12].

Interference Lithography

PDMS brush

PDMSPS

PEDOT:PSS & 

-b-

Thermal oxide substrate

formation

Spin-coating

Selective removal of PS
via reactive ion etching

Pattern-transfer to
removal of oxidized PDMS

Disordered state

Self-assembly
in a toluene vapor

Spin-coating PEDOT:PSS

Thin SiO2 deposition

Figure 10.6 Procedure for polymer nanowire fabrication. An aqueous PEDOT:PSS solu-
tion was spin-coated on a substrate patterned with a 1.3 mm period grating, then coated
with a thin SiO2 layer and a PDMS homopolymer brush. A PS-PDMS block-copolymer
thin film was then spin-coated and solvent-annealed. The self-assembled block-copoly-
mer patterns were transferred into the underlying PEDOT:PSS film through a series of
reactive ion etching steps employing CF4 and O2 plasmas. (Reprinted with permission
from Nano Letters, Nanowire Conductive Polymer Gas Sensor Patterned Using Self-
Assembled Block Copolymer Lithography by Y. S. Jung et al., 8, 11. Copyright (2008)
American Chemical Society)
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10.2.1.4 Lift-Off Process Following Standard Lithography with Enhanced CP

Adhesion to Substrate

There have also been reports on ways to improve adhesion of the CP layer to the substrate

so that more general lithographic methods can be applied to produce high-quality CPNWs.

Im et al. showed a process called oxidative chemical-vapor deposition (oCVD) in which a

thin layer of CP is grafted onto a polymer substrate containing aromatic groups to achieve

better adhesion between the CP and the substrate. Different lithographical processes can

then be applied to pattern the CP layer into CP nanofeatures down to 60 nm [13].

It has also been shown that a self-assembled monolayer (SAM) with proper functional

groups can significantly improve the adhesion of CP thin film on a substrate. Based on this

concept, Jung and Lee have demonstrated the fabrication of CP nanostructures via a lift-off

process. In their study, 16-mercaptohexadecanolc acid and 3-aminopropyltriethoxy silane

SAM were used on Au and SiO2/Si surfaces to promote the adhesion of PPY and

PEDOT:PSS, respectively. This allowed nanostructures of these CP materials to be

fabricated using standard e-beam lithography followed by a lift-off process [14].

10.2.2 Scanning-Probe-Based Techniques

Scanning-probe-based lithographic techniques have been successfully used for patterning

and delivering material on nanometer scales in many different applications. These versa-

tile techniques have also been applied to patterning and grafting CP nanostructures. In this

section, we will review important studies and progresses in this area.

It is rather clear that the width of a CPNW produced by a scanning probe is closely related

to the dimension of the tip which can have a radius smaller than 2 nm. In general, the shape

and pattern of a CPNW can be defined by the scan path and speed, along with other growth

and deposition parameters. It has been demonstrated that a scanning-probe-based technique

can easily produce sub-100-nm-wide single CPNWs. On the other hand, a clear drawback of

Figure 10.7 Self-assembled block copolymer patterns after two-step reactive ion etching
composed of a 5 s, 50 W, CF4 etch followed by a 30 s 90 W, O2 etch. (Reprinted with
permission from Nano Letters, Nanowire Conductive Polymer Gas Sensor Patterned Using
Self-Assembled Block Copolymer Lithography by Y. S. Jung et al., 8, 11. Copyright (2008)
American Chemical Society)
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this approach is that, since a scanning probe can only produce one CPNW at a time as it

moves along, it is generally a slow process. However, please note that recent developments

using multiple tips on a scan head provide a potential solution to this issue [15,16].

In the following, we introduce a few representative examples in which scanning tips are

used to pattern, deliver, or grow nanoscale CP features. Based on the functionality of the

probe, the approaches in this category include electrochemical polymerization, dip-pen,

and nanomechanical scratching.

10.2.2.1 Electrochemical Polymerization with Scanning Probe

The most common approach based on a scanning-probe technique is the electrochemical

polymerization of the corresponding monomer. In such an approach CP patterns are

electrochemically grown by applying an electrical potential between the scanning probe

and the substrate in the present of monomer solution. There are two slightly different types

of setup within this approach.

In the first case, the tip serves both as monomer (and electrolyte) delivery tool and as the

cathode for the electrochemical polymerization, while the conductive substrate is the

anode. The polymerized material with a well-defined pattern and shape is subsequently

deposited on the substrate. Many kinds of CPNWs, e.g. PPY, PANI, and PEDOT nano-

wires have been prepared with this approach on (semi-)conducting substrates e.g. silicon,

graphite, or gold, using STM or conductive AFM tips [17–21]. Figure 10.8 is an AFM

Figure 10.8 Polymer line fabricated at 10 nm s�1, 48% humidity, –12 V. Polymer line width:
30 nm; scale bar: 250 nm. (Reprinted with permission from Journal of the American Chemical
Society, Direct-Writing of Polymer Nanostructures: Poly(thiophene) Nanowires on
Semiconducting and Insulating Surfaces by Benjamin W. Maynor et al., 124, 4. Copyright
(2002) American Chemical Society)
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image of a 30-nm-wide PEDOT nanowire produced by such a method [21]. The nanoscale

feature size could be attributed to the small effective surface area of the STM tip. As the tip

scans following a preprogrammed route, CPNWs in desired patterns can then be grown and

deposited on the substrate.

In the second case, a slightly different tip-based electrochemical method involves the

attachment of the monomers to an insulating polymer (precursor polymer) backbone as

side chains, and localized cross-linking of the monomer side units by the biased AFM tip to

produce CPNWs in or on the precursor polymer. For example, Jang et al. reported that

using a voltage-biased AFM tip which functioned as the working electrode, sub-100 nm

nanowires of poly(terthiophene) were patterned by electric-field-induced cross-linking on

a substrate coated with an insulating film of a polymer containing terthiophene side

chains [22].

With the AFM tip as the cathode, nanowires of polycarbazole were also patterned by

electric-field-induced cross-linking and polymerization of carbazole units on an Au/mica

or Si substrate (anode) spin-coated with insulating poly(vinylcarbazole) film [23,24].

Figure 10.9 shows a schematic of the experimental setup and Figure 10.10 shows an

AFM image of the patterned CP nanostructures [24]. Similarly, electrochemical oxidation

and cross-linking of carbazole and thiophene due to the flow of electrons from the

conductive AFM tip to the polymer (polystyrene functionalized with carbazole and

thiophene groups) precursor film on an Si substrate produced CP nanofeatures in the

precursor polymer film [25].

In a well-controlled situation, CP features with molecular-level accuracy can be

achieved. An excellent demonstration of such molecular-level manipulation and the

potential of this approach were given by Okawa and Aono [26,27]. In their study,

the authors were able to induce and guide the polymerization of single molecule

chain on a graphite substrate (Figure 10.11) [26]. Atomically ordered polydiacety-

lene molecular lines and monolayer can be created using the STM tip from a

monolayer of a diacetylene compound absorbed on a graphite surface

(Figure 10.12) [27].

Water meniscus

PVK

AFM tip

Si(100)

Figure 10.9 Schematic diagram of electrochemical nanolithography. (Reprinted with permis-
sion from Langmuir, Direct Electrochemical Nanopatterning of Polycarbazole Monomer and
Precursor Polymer Films: Ambient Formation of Thermally Stable Conducting Nanopatterns by
S. Jegadesan et al., 22, 2. Copyright (2006) American Chemical Society)
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10.2.2.2 Dip-Pen

With a different setup, a scanning probe can also be used in ‘dip-pen’ lithography for the

preparation of CP nanofeatures. In this case, the probe delivers a soluble CP ink onto a

substrate following a programmed route to create CPNWs with the desired pattern and

shape.

A few variations to the original dip-pen lithography have been applied in separate

studies. The results have fully demonstrated the potential of this technique [28,29]. For

instance, Lim and Mirkin reported a patterning method in which the AFM tip was coated

with a water-soluble CP by thermal evaporation or dip-coating and the charged water-

soluble polymer was transported from the AFM tip to the pretreated oppositely charged

substrate by electrostatic interactions (Figure 10.13 and 10.14) [28].

Su et al. reported a slightly different method in which a monomer ink was

transported from the AFM tip to the substrate while polymerizing chemically with

an acid promoter to form CPNWs [30]. Another modification of such a dip-pen

nanolithography method is called ‘thermal dip-pen nanolithography’, where a tip

Figure 10.10 AFM image of patterned CP characters ‘NUS’. (Reprinted with permission from
Langmuir, Direct Electrochemical Nanopatterning of Polycarbazole Monomer and Precursor
Polymer Films: Ambient Formation of Thermally Stable Conducting Nanopatterns by
S. Jegadesan et al., 22, 2. Copyright (2006) American Chemical Society)
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heater was integrated with an AFM cantilever coated with a CP which is solid at

room temperature and melts at an elevated temperature and is deposited onto the

substrate surface as nanowires [31].

Cai et al. showed that local enhancement of electrochemical polymerization of PPY and

PANI on a graphite substrate can be achieved by a scanning AFM tip [32]. In their study,

graphite substrate and a platinum wire were used as the working and counter-electrodes,

respectively. A Si3N4 AFM tip was used to manipulate the electrochemical polymerization

and deposition processes of pyrrole and aniline on the substrate. It is found that at a proper

stage of growth, AFM tip can significantly enhance the local polymer deposition rate,

leading to a potential mechanism for the selective growth of desired PPY and PANI

nanostructures. Figure 10.15 shows an AFM image of CPNWs grown by this method.

The minimum feature size obtained by this approach was limited by the grain size of

polymers to �60 nm or larger [32].

Figure 10.11 Scanning tunneling microscope (STM) images and diagrams showing the
process of controlling the initiation and termination of linear-chain polymerization with an
STM tip. STM images were obtained in air at room temperature in constant-current mode.
(a) STM image of the original monomolecular layer of 10,12-nonacosadiynoic acid.
(b) Creation of an artificial defect in advance in the monomolecular layer using an STM tip.
(c) First chain polymerization, initiated at the point indicated by arrow (1) using an STM tip, and
terminated at the artificial defect. (d) Second chain polymerization, initiated at arrow
(2). (e) Third chain polymerization, initiated at arrow (3). (f), (g) Creation of an artificial defect
in advance with an STM tip. (h), (i) Initiation of chain polymerization with an STM tip, and
termination of the polymerization at the artificial defect. (Reprinted with permission from
Nature, Materials science Nanoscale control of chain polymerization by Yuji Okawa and
Masakazu Aono, 409, 6821, 683–684. Copyright (2001) Macmillan Publishers Ltd)
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10.2.2.3 Nanomechanical Scratching with Tip

There have been efforts to put scanning tips to different uses in which the scanning probe is

employed neither as an electrode nor as a monomer/CP delivery mechanism, but as a

nanomechanical tip to create ‘scratches’ on a substrate to guide the growth or promote

selective adhesion of CP nanofeatures. For example, it has been shown that a tip can be

used to scratch the poly(methyl methacrylate) (PMMA) layer on top of electrolyte and

catalyst underlayers to achieve selective chemical polymerization of pyrrole monomer on

Figure 10.12 (a) STM image of 10,12-pentacosadiynoic acid layer on graphite (sample bias
voltage Vs¼�1.0 V and tunneling current It¼ 0.07 nA). (b) Magnified STM image of the
layer (Vs¼þ0.5 V, It¼ 1.0 nA). The arrows in the image indicate the main crystal axes of

graphite,
�

1 1
2

1
2

0
�
. (c) Top and side views of a model of the molecular arrangement.

Parallelograms in (b) and (c) represent the unit cell. (Reprinted with permission from Journal
of Chemical Physics, Linear chain polymerization initiated by a scanning tunneling micro-
scope tip at designated positions by Y. Okawa and M. Aono, 115, 5. Copyright (2001)
American Institute of Physics)
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Figure 10.13 Schematic representation of dip-pen nanolithography for charged comducting
polymers. (Reprinted with permission from Advanced Materials, Electrostatically Driven Dip-
Pen Nanolithography of Conducting Polymers by J.-H. Lim and C. A. Mirkin, 14, 20, 1474–
1477. Copyright (2002) Wiley-VCH)

Figure 10.14 Lateral force microscopy (LFM) image of PPY nanopattern written at 0.8mm s�1.
(Reprinted with permission from Advanced Materials, Electrostatically Driven Dip-Pen
Nanolithography of Conducting Polymers by J.-H. Lim and C. A. Mirkin, 14, 20, 1474–1477.
Copyright (2002) Wiley-VCH)

Figure 10.15 AFM image of cross-lines obtained by disabling the y scanning at different
positions or by rotating the scanning by 90�. The cross-lines show different heights (20–70
nm) due to different scanning times (0.5–2 min). (Reprinted with permission from Langmuir,
Nanomodification of Polypyrrole and Polyaniline on Highly Oriented Pyrolytic Graphite
Electrodes by Atomic Force Microscopy by X. W. Cai et al., 14, 9. Copyright (1998)
American Chemical Society)
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a glass substrate (Figure 10.16) [33]. Similarly, Woodson and Liu in a separate study used

an AFM tip as a nanoscratching tool to define nanochannels in a hexamethyldisilazane

(HMDS) self-assembled monolayer (SAM) on thermal oxide (Figure 10.17) [34]. While

the hydrophobic HMDS functionalization prevented polymer growth from aqueous mono-

mer solution, CP nanowires can be electrochemically polymerized between gold electro-

des inside the hydrophilic nanochannel created by the AFM tip.

Figure 10.16 A general concept for the production of nanowires: an AFM is used as a
nanomechanical tool for scratching a resist layer, to result in selective exposure of the under-
lying polymeric dopant surface containing the catalyst for polymerization. Treatment with the
pyrrole monomer results in polymerization in the nanochannels. (Reprinted with permission
from ChemPhysChem, In Situ Polymerisation of Pyrrole in Nanochannels Produced by Means
of AFM Lithography by S. Jahromi, J. Dijkstra, E. van der Vegte and B. Mostert, 3, 8, 693–696.
Copyright (2002) Wiley-VCH)

Figure 10.17 AFM image of a PPY nanowire created by guided growth. (Reprinted with
permission from Journal of the American Chemical Society, Guided Growth of Nanoscale
Conducting Polymer Structures on Surface-Functionalized Nanopatterns by M. Woodson et al.,
128, 11. Copyright (2006) American Chemical Society)
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In summary, tip-based lithography approaches have proved to be extremely flexible in

producing very narrow CPNWs of various materials. A major disadvantage of this type of

method is its relatively low pattering speed. Also, it has been reported that the process can

be very sensitive to the size and scanning speed of the tip, as well as environmental

conditions, e.g. temperature, humidity, substrate condition, etc.

10.2.3 Template-Guided Growth or Patterning

Owing to the linear molecular chain nature, the persistent length of most CPs is very short.

As a result, unlike some of the inorganic conducting polymer nanowires, of which the

persistent length is usually long, e.g. many microns, CPNWs tend to bend and curve easily

as they are grown/synthesized in free space. Without any form of guidance, it is extremely

difficult to grow long CPNWs with acceptable directionality. In this section, we discuss

another important category of preparation methods – template-guided approaches for

precisely controlled CPNW growth. To date, many different templates have been used

in the studies. In this section, we will introduce the following representative examples, i.e.

anodic alumina, nanoporous polycarbonate (PC), lithographically patterned nanotrenches

and nano-channels, etc.

10.2.3.1 Alumina, Polycarbonate and Block-Copolymer Templates

Anodic alumina (Al2O3) nanoporous templates have been the most widely used to guide

the growth of CPNWs. The very narrow and ordered alumina nanopores provide excellent

templates for the formation of CPNWs. The dimensions of the CPNWs can be accurately

controlled by the diameter and length of the nanopores. Typical pore diameters range from

tens to hundreds of nanometers. Typically, alumina nanopores are used to provide tem-

plates for either polymerization of corresponding precursors or molding of soluble/molten

polymers directly. A few examples of these methods will be introduced in the following.

Electrochemical Polymerization Inside Alumina Nanopores
CPNWs and CPNTs can be grown inside alumina nanopores with electrochemical

polymerization. A thin layer of metal (e.g. gold, etc.) that serves as the anode for the

growth of CPNW in the pores is usually deposited on one side of the alumina template.

Electrochemical polymerization is carried out in the solution phase with a monomer and

electrolyte mixture that can diffuse from the open end into a nanopore, resulting in polymer

deposition on the anode. Subsequently, the grown nanowire serves as the anode for the

continuous growth of well-defined CPNWs inside the nanoporous template.

To isolate one single nanowire for individual electrical connection, additional processes

are required after releasing the CPNWs by dissolving the alumina template. This section

will give only a brief overview of the preparation of CPNWs by this method, and the focus

will be on the processes to isolate and use a single CPNW. For more details of the

experimental setup, growth mechanism, CPNW formation, and template dissolution,

please follow references [30–40]. Figure 10.18 shows a schematic of CPNW preparation

using a nanoporous alumina template [35]. After CPNW growth, the metallic anode

layer and the alumina template can be dissolved so that CPNWs are released.
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Figure 10.19 shows SEM and TEM images of PPY nanowires after the removal of the

alumina template [36]. The CPNWs are then rinsed, ultrasonicated, and dispersed in a

solvent. CPNWs prepared with this method have been featured in many fundamental

investigations of CPNW properties [35,37–39]. A typical way to obtain individual nano-

wires on a substrate is by drop-casting of a very dilute suspension of the CPNWs in

solution [35–45]. An SEM image of a single CPNW placed across four metal electrodes for

four-point measurement is shown in Figure 10.20 [38].

Besides CP nanowires, heterogeneous CP-metal nanowires can also be synthesized in

alumina templates. Nanowires that contain segments of different materials can be grown

electrochemically inside the alumina nanopores via sequential deposition of the materials

using different precursors and electrolytes [46–52]. Figure 10.21 shows SEM images of

gold-PPY nanowires prepared using alumina templates [46]. The incorporated metal

Figure 10.18 Protocol for CPNW fabrication. (Reprinted with permission from Biosensors
and Bioelectronics, Label-free detection of cupric ions and histidine-tagged proteins using
single poly(pyrrole)-NTA chelator conducting polymer nanotube chemiresistive sensor by
C. L. Aravinda, S. Cosnier, W. Chen et al., 24, 5. Copyright (2009) Elsevier Ltd)
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Figure 10.19 (a–c) SEM images and (d) TEM image of the PPY nanowires. (Reprinted with
permission from Nanotechnology, Synthesis, property and field-emission behaviour of amor-
phous polypyrrole nanowires by H. L. Yan, L. Zhang, J. Y. Shen et al., 17, 14, 3446–3450.
Copyright (2006) Institute of Physics Inc.)

Figure 10.20 SEM photograph of a single strand PPy-TBAPF6 (tetrabutylammonium-
hexafluorophosphate) nanowire on a four-probe photolithography pattern. (Reprinted with
permission from Synthetic Metals, Synthesis, characteristics, and field emission of doped and
de-doped polypyrrole, polyaniline, poly(3,4-ethylenedioxythiophene) nanotubes and nanowires
by B. H. Kim, D. H. Park, J. Joo et al., 150, 3, 279–284. Copyright (2005) Elsevier Ltd)
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segments introduce some desirable properties as they can be utilized in making electrical

contact with the nanowires, and provide a special handle in manipulating the nanowires

[46–48,50–52]. For instance, gold and cobalt terminating segments have yielded excellent

contacts for metal-polymer-metal nanowires [49,51], while gold and cadmium (Cd) seg-

ments in a single Au-PPY-Cd-Au nanowire gave rise to the application of the nanowire as a

nanodiode [47], and nickel (Ni) segments in single Au-PPY-Ni-Au nanowires was used to

manipulate and assemble single nanowires by magnetic dipole interactions between the

ferromagnetic nickel segment and the ferromagnetic electrodes in the present of an

external magnetic field (Figure 10.22) [52].

Chemical Oxidation Polymerization
Other than electrochemistry, single CP nanowires may also be polymerized from the

corresponding monomers by chemical oxidation in an alumina nanoporous template.

For example, PPY nanowires have been synthesized in an alumina template using

chemical oxidative polymerization by immersing the template in a solution of

pyrrole monomer and an oxidizing agent. With this approach, pyrrole monomer is

oxidized and cross-linked into polymer filling the nanopores thus forming very well-

defined PPY nanowires [53].

Alumina nanoporous templates have also been used in gas-phase growth of CPNTs. It

has been reported that isolated nanotubes consisting of poly(p-phenylenevinylene) (PPV)

and carbonized-PPV bilayers can be synthesized in an alumina template by chemical-

vapor deposition (CVD) polymerization. In a study done by Kim and colleagues, CVD

polymerization of PPV was carried out by passing monomer vapor through a pyrolysis

zone at 625 �C to form precursor polymer nanotubes on the inner surface of the alumina

nanochannels. The nanotubes were further thermally treated in vacuum at 270 �C for an

extended time (14 h) to be converted into PPV nanotubes. In order to create PPV/

carbonized PPV bilayer nanotubes, the PPV nanotubes were then carbonized at 850 �C

Figure 10.21 SEM images of Au-PPY rods. The bright segments are gold, and the dark
domains are polypyrrole, corresponding to the diagram in the upper right inset. Lower right
inset: A zoom-in image of a single rod, showing the difference in diameter for the two different
blocks. (Reprinted with permission from Science, Self-Assembly of Mesoscopic Metal-Polymer
Amphiphiles by S. Park, J.-H. Lim, S.-W. Chung and C. A. Mirkin, 303, 5656, 348–351.
Copyright (2004) American Association for the Advancement of Science)
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in an argon environment followed by a second growth of PPV nanotubes inside these

carbonized nanotubes using the above-described procedure [54,55]. As will be discussed

in the following section, these PPV/carbonized PPV nanotubes are reported to yield

significant higher photocurrents than single-layer PPV nanotubes.

Polymer Filling
Instead of polymerizing monomers, single CP nanowires can also be prepared in an

alumina template directly using molten or solution-phase polymers. For example,

O’Brien, et al. reported that single poly(3-hexylthiophene) (P3HT) nanowires can be

prepared by a ‘melt-assisted template wetting method’ [56]. By heating a P3HT layer on

the alumina template above its melting temperature, the molten polymer and drawn into

the nanopore due to the high surface energy of the alumina membrane and continues to fill

the entire pores. P3HT nanowires can be obtained this way after slowly cooling to room

temperature. Similarly, single poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(bithiophene)]

(F8T2) nanowires were prepared by a ‘solution-assisted template wetting method’. In

this case, F8T2 solution fills the nanopores of the alumina template by capillary force [57].

Besides nanoporous alumina template, nanoporous polycarbonate (PC) is another

popular choice for the growth of CPNWs. PPV and PEDOT nanowires of a few hundred

nanometers have been prepared by CVD and electrochemical methods, respectively, using

PC templates [55,58].
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Figure 10.22 (A) Schematic illustration of the magnetic assembly of multisegmented nano-
wires. The lines represents the magnetic field of the nanowire and the ferromagnetic electrodes.
The bottom figure shows the placement of different segments of the nanowire on the contact
electrodes. (B) SEM image of single nanowire device assembled using magnetic assembly on
prefabricated electrodes; scale bar: 1mm). (Reprinted with permission from Electroanalysis,
Magnetically Assembled Multisegmented Nanowires and Their Applications by M. A. Bangar,
C. M. Hangarter, B. Yoo et al., 21, 1, 61–67. Copyright (2009) Wiley-VCH)
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In addition, block copolymer has also been used as a nanoporous template for the

growth of CPNWs. Figure 10.23 schematically illustrates an example of CPNW

preparation using a block-copolymer template [59]. A random copolymer of styrene

and methyl methacrylate (PS-r-PMMA) was spin-coated and anchored to the ITO-

coated glass to orient the poly(methyl methacrylate) (PMMA) microdomains normal

to the substrate. A mixture of PMMA homopolymer and PS-b-PMMA was then spin-

coated on top of the random copolymer and the PMMA homopolymer was selec-

tively removed by acetic acid to produce an array of nanochannels in the PS-b-

PMMA matrix. PPY nanowires were then prepared in these nanochannels from the

base by electropolymerization. Finally, the PS-b-PMMA template was removed by

toluene, leaving behind an array of single PPY nanowires of �25 nm diameter standing

normal to the substrate surface (Figure 10.24) [59].

10.2.3.2 DNA Templates

Recently, taking advantage of the ordered nanoscale size of DNA molecules, a few

research groups have explored the possibility of using DNA molecules as templates for

the growth of CPNWs. It was found that a CPNW can be prepared on or around a DNA

strand to produce a nanowire of the DNA/CP complex. Single CPNWs of sub-10-nm

diameter or width are easily produced on DNA templates due to the extremely small size of

the template. In this approach, DNA molecules act as template for precursors to adsorb and

subsequently polymerize to form very narrow nanowires. Figure 10.25 schematically

illustrates how a PANI nanowire is grown by the horseradish peroxidase (HRP) enzymatic

approach on a DNA template [60].

Figure 10.23 Fabrication of ultrahigh density array of conducting polymer nanorods with
block-copolymer nanoporous templates. (Reprinted with permission from Nano Letters, Highly
Aligned Ultrahigh Density Arrays of Conducting Polymer Nanorods using Block Copolymer
Templates by J. I. Lee et al., 8, 8. Copyright (2008) American Chemical Society)
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With this method, single poly(p-phenylene vinylene) (PPV), PANI, and PPY nanowires

have been synthesized and very narrow CPNWs with diameters as small as �5 nm have

been demonstrated using DNA templates [60–63].

10.2.3.3 Lithographically Defined Nanochannels/Templates

CP patterning techniques based on a lithographically defined nanochannel in the substrate

are a more engineered approach for the creation of a single CPNW. In such approaches, a

nanochannel/template is created in the substrate by a nanolithographical method, such as

e-beam lithography and nanoimprinting to physically confine the formation of the CP.

Thus in a fully enclosed channel, the channel shape and dimension dictate the pattern and

scale of the CPNW. The width of a single CPNW produced by such methods can be down

to the smallest scale that the current lithography technology permits. For example, e-beam

Figure 10.24 Top-view SEM image of PPY nanorods after removing the template. (Reprinted
with permission from Nano Letters, Highly Aligned Ultrahigh Density Arrays of Conducting
Polymer Nanorods using Block Copolymer Templates by J. I. Lee et al., 8, 8. Copyright (2008)
American Chemical Society)

Figure 10.25 Fabrication of a polyaniline nanowire immobilized on a Si surface with
stretched double-stranded DNA as a guiding template. (Reprinted with permission from
Journal of the American Chemical Society, Polyaniline nanowires on Si Surfaces Fabricated
with DNA Templates by Y. Ma et al., 126, 22. Copyright (2004) American Chemical Society)
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lithography can easily create a channel of sub-100-nm width in a substrate. Typically,

nanoscale open trenchs or completely enclosed channels are used as templates for the

electrochemical growth of CPNWs with corresponding monomers. For example, Myung

and colleagues have shown that single CPNWs of �100 nm in width can be electroche-

mically grown in a lithographically patterned trench in an insulating substrate

(Figure 10.26 and 10.27) [64–66]. In their study, a pair of gold electrodes served as

Figure 10.26 Schematic diagram of a structure used for electrochemical wire growth:
(a) electrodeposited wire connected between electrodes; (b) cross-sectional view of the Si
substrate, silicon nitride (1mm), Au contacts, and thermally evaporated SiO. Channels for the
electrolyte solution are formed between electrodes by e-beam patterning of the SiO. (Reprinted
with permission from Nano Letters, Electrochemically grown Wires for Individually Addressable
Sensor Arrays by M. Yun et al., 4, 3. Copyright (2004) American Chemical Society)

Figure 10.27 SEM image of a 100 nm wide by 4 mm long PANI nanowire; scale bar: 2mm.
(Reprinted with permission from Nano Letters, Individually Addressable Conducting Polymer
Nanowires Array by Kumaran Ramanathan et al., 4, 7. Copyright (2004) American Chemical
Society)
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anode and cathode electrodes located at opposite ends of the trench. Monomer was

electrochemically polymerized inside the open trench between the gold electrodes. Since

the top side of the channel was not covered, variation of nanowire size and cross-section

did occur along the length of the trench.

Peng et al. used fully enclosed nanochannels for the formation of single CPNWs

[67,68]. Sub-100-nm silicon nitride nanochannels on a SiO2/Si substrate were fabri-

cated (Figure 10.28) [68]. PT and PANI nanowires (Figure 10.29) were prepared

inside the nanochannels through chemical and electrochemical polymerization of the

Figure 10.28 (a) Schematic concept diagram showing two nanochannel templates with
built-in electrodes for electrochemical polymerization and electrical contacting.
(b) Optical image of an actual nanochannel template region with built-in contacts.
Shown are fluid access regions, electrical connections, and a group of five empty
channels. (Reprinted with permission from Nano Letters, A ‘‘Grow-in-Place’’
Architecture and Methodology for Electrochemical Sythesis of Conducting Polymer
Nanoribbon Device Arrays by C.-Y. Peng et al., 5, 3. Copyright (2005) American
Chemical Society)
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corresponding monomers [67,68]. A clear advantage of using the fully enclosed

nanochannels is that the shape of CPNWs is very well defined. However, it may

not be used directly in some applications such as chemical sensing as the analytes

cannot reach the enclosed CPNW.

Chen and Luo have introduced a technique which is capable of creating precisely

defined individually addressable parallel sub-100-nm nanowires of multiple CP

materials side by side on a rigid or flexible substrate in a parallel way [69]. As

illustrated in Figure 10.30, this method consists of electrochemical growth of

CPNWs on an e-beam lithography patterned mold with metal (e.g. Pt and Au)

electrode template in enclosed nanochannels, followed by transfer of the CP struc-

tures onto a desired substrate. The growth of single CPNWs is templated by the

metal electrodes and is further confined in enclosed nanochannels. As it is made,

each individual CPNW is electrically connected with leads and contact pads of the

same CP material via the same growth step (Figure 10.31). No cross-talk leakage

between adjacent CP structures was observed. This approach has offered a method

for the fabrication of completely deterministic heterogeneous CP nano- and micro-

scale devices and circuitries. It has can be readily applied in many polymer nanoe-

lectronic and optoelectronic applications.

Figure 10.29 Fluorescent image of five 200 nm wide, 55 nm high template channels with
polyaniline grown chemically. (Reprinted with permission from Nano Letters, A ‘‘Grow-in-
Place’’ Architecture and Methodology for Electrochemical Sythesis of Conducting Polymer
Nanoribbon Device Arrays by C.-Y. Peng et al., 5, 3. Copyright (2005) American Chemical
Society)
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10.2.4 Other Methods

10.2.4.1 Hydrodynamically Focused Channels

Tseng and colleagues have developed a unique approach for the fabrication of individually

addressable CPNWs. In their study, a precisely confined fluidic stream of monomer and

electrolyte solution is hydrodynamically focused by multiple fluidic jets into a nanometer

scale using PDMS-based microfluidic circuits. PPY and PANI nanowires have been

successfully prepared with this approach. One attractive aspect of this method is that it

conveniently integrates electronic and microfluidic circuits, which has been proven to be

advantageous for gas- and especially solution-phase chemical and biological sensing with

the prepared CPNWs [70] (see Figures 10.32 and 10.33).

10.2.4.2 Growth from Grafted SAM Surface

Jerome et al. demonstrated that a single PPY nanowire with a diameter of a few hundred

nanometers could be prepared from a polyethylacrylate (PEA)-coated conducting

Figure 10.30 Schematic procedure for preparing CP nanofeatures: (a) prefabricated electrode
template with fluoroalkane termination on both SiO2 and Pt surfaces; (b) the first fluidic
polymer precursor mixed with a small percentage of alcohol electrolyte (e.g., LiClO4) solution
is applied to the mold; (c) a flexible planar sheet with low surface energy (e.g., PDMS) is pressed
against the template to remove excessive precursor that is not inside the indented electrode
features on the template; (d) The precursor is electrochemically polymerized on specific
electrodes by applying bias to those electrodes; (e) after the removal of the surface cover
sheet, the template is rinsed with isopropyl alcohol and water to remove ‘uncured’ precursor
while insoluble polymer features remain on the indented electrodes; (f–i) following steps (b–e),
features of another CP are prepared on different electrodes using the corresponding precursor;
(j–l) CP structures are transferred from the growth template to a desired substrate by means of an
adhesion layer. (Reprinted with permission from Advanced Materials, Precisely Defined
Heterogeneous Conducting Polymer Nanowire Arrays – Fabrication and Chemical Sensing
Applications by Y. Chen and Y. Luo, 21, 20, 2040–2044. Copyright (2009) Wiley-VCH)
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substrate [71,72]. Figure 10.34 shows a schematic of PPY nanowire growth by this method

[72]. An insulating polymer PEA was first electrografted onto the conducting substrate.

Then the substrate was used as anode for electropolymerization of PPY nanowires in a

solution containing pyrrole monomers and dopants. Monomers could diffuse through the

solvent swollen PEA layer, start nucleation and PPY growth on the electrode surface

beneath the insulating layer, laterally displacing PEA chains, and forming a small channel

for PPY growth. Figure 10.35 shows a SEM image of a grown PPY nanowire [72].

A single PANI nanowire of�100 nm diameter was produced by electrochemical growth

on gold electrodes modified with SAMs of thiolated cyclodextrins or 4-aminothiophenol

(molecular templates) in alkanethiol [73,74]. Monomers were seeded to the surface within

the isolated hydrophobic cyclodextrin cavities and initiated polymerization. While in these

studies, the shape and directionality of the nanowires were not well controlled, they have

demonstrated the possibility of growing individual CPNWs in selected locations using

molecular templates.

Figure 10.31 (a) 2-D AFM image of a parallel array of sub-100-nm CP nanowires consisting of
different CP materials with connecting micrometer-scale CP wires. The inset is an optical image of
PPY, PEDOT, and PT peripheral fan-out lines. (b,c) Higher resolution 3-D AFM images of parts of
the same structure as in (a). (Reprinted with permission from Advanced Materials, Precisely
Defined Heterogeneous Conducting Polymer Nanowire Arrays – Fabrication and Chemical
Sensing Applications by Y. Chen and Y. Luo, 21, 20, 2040–2044. Copyright (2009) Wiley-VCH)
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10.2.4.3 Electrospinning

Electrospinning is an attractive method that is rather unique to the preparation of polymer/

organic nanofibril materials. Figure 10.36 shows an exemplary schematic setup for CPNW

fabrication by electrospinning [75]. By applying an electric field between a CP solution

droplet held at a tip and a conductive substrate, thin polymer fibrils can be extracted from

Figure 10.32 (a) A laminar interface generated between two miscible fluid streams can serve
as a flowing template for continuous micropatterning in a fluidic channel. (b) A hydrodynami-
cally focused laminar stream produced in a new type of microfluidic setup can be employed as
a dynamic template for site-specific electrochemical deposition of sizecontrollable CP micro-
patterns across individually addressable electrode junction pairs. (Reprinted with permission
from Angewandte Chemie Int. Ed., A Hydrodynamically Focused Stream as a Dynamic
Template for Site-Specific Electrochemical Micropatterning of Conducting Polymers by
S. Hou, S. Wang, Z. T. F. Yu et al., 47, 6, 1072–1075. Copyright (2008) Wiley-VCH)
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the polymer solution droplet and deposited on the substrate. A high electrical bias is

required to create the necessary field. It is common to apply a voltage of several to tens of

kilovolts across a gap that is typically in the range 5–50 cm between the tip and the

substrate. The diameter of the wires can be controlled by the concentration of polymer

solution and the relative speed of the tip against the substrate laterally. Electrospinning is a

Figure 10.33 (a) Photograph of the actual microfluidic device. (b) Micrograph of the device in
action. A pyrrole solution (flow rate: 1.0 ml min�1) was first injected into the device, and two
pairs of sheath streams (flow rate: 30 ml min�1) were employed to compress the pyrrole
solution in sequence to generate a 2-mm-wide hydrodynamically focused laminar stream.
To help visualize the flow characteristics, food dye was dissolved in the pyrrole solution.
(c) The 2-mm-wide focused laminar steam served as a dynamic template for deposition of a
1-mm-wide PPY micropattern across a 10 mm microelectrode junction gap where a constant
current (200 nA) was applied. (d) Scanning electron microscopy (SEM) image of the 1-mm-wide
PPY micropattern across a Pt electrode pair. (Reprinted with permission from Angewandte
Chemie Int. Ed., A Hydrodynamically Focused Stream as a Dynamic Template for Site-Specific
Electrochemical Micropatterning of Conducting Polymers by S. Hou, S. Wang, Z. T. F. Yu et al.,
47, 6, 1072–1075. Copyright (2008) Wiley-VCH)
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serial method for generation of a single CPNW from a droplet of a solution of the CP.

PANI and P3HT nanowires with diameters ranging from 30 nm down to microns have

been demonstrated [75–81]. Figure 10.37 shows the SEM image of a electrospinning-

produced PANI nanowire [80]. The orientation of the CPNWs was controlled by the

relative speed of the tip with respect to the substrate.

PEA film PPy

Carbon

PPy nucleation
on C/PEA
electrode

Channel
formation in
the PEA film

Wire growth by PPy polymerization
from the foot of the channel

No monomer
oxidation on the PPy

Figure 10.34 Schematic growth mechanism for PPY wires from a PEA grafted carbon anode.
(Reprinted with permission from Chemistry: A European Journal, Electrochemical Synthesis of
Conjugated Polymer Wires and Nanotubules by C. Jérôme, S. Demoustier-Champagne,
R. Legras and R. Jérôme, 6, 17, 3089–3093. Copyright (2000) Wiley-VCH)

Figure 10.35 SEM image of PPY/ClO4 wires grown from a PEA grafted carbon electrode; scale
bar: 10 mm. (Reprinted with permission from Chemistry: A European Journal, Electrochemical
Synthesis of Conjugated Polymer Wires and Nanotubules by C. Jèrôme, S. Demoustier-
Champagne, R. Legras and R. Jérôme, 6, 17, 3089–3093. Copyright (2000) Wiley-VCH)
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Figure 10.36 Polymeric nanofibre fabrication process: (a) scanning tip was dipped in a poly-
meric solution; (b) scanning tip was taken out of the polymeric solution and a liquid droplet was
formed on the scanning tip; (c) the potential was applied to a gold wire connected to the
scanning tip and the liquid jet was extracted. The fiber jet was deposited on a counter-electrode
that was attached to an optical chopper motor for controlling nanofibre orientation. (Reprinted
with permission from Nanotechnology, A scanning tip electrospinning source for deposition of
oriented nanofibres by J. Kameoka, R. Orth, Y. N. Yang et al., 14, 10, 1124–1129. Copyright
(2003) IOP Publishing Inc.)

100 nm

10 μm

Figure 10.37 Scanning electron micrograph of a single PANI nanowire lying across four-
terminal gold electrodes used for conductivity measurements. (Inset) Higher-magnification
view of the CPNW of diameter 180 nm. (Reprinted with permission from Nano Letters,
Polymeric Nanowire Chemical Sensor by H. Liu et al., 4, 4. Copyright (2004) American
Chemical Society)
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10.2.4.4 Template-Free Controlled Electrochemical Growth between Electrodes

While a template can effectively produce very well-controlled growth of CPNWs, there

have been some efforts trying to achieve directional growth of CPNWs without a template.

The most common approach is to grow a bridging wire across a pair of metal electrodes by

electrochemical polymerization of monomer in a controlled manner. Usually the electro-

des used in this approach are defined by lithography, and contain narrow tips facing each

other. Different electrochemical growth configurations have been reported to produce

satisfactory CPNW growth: (i) the two facing electrodes each serving as working electrode

and counter-electrode, respectively ; and (ii) both electrodes serving as working electrodes

while a third counter-electrode is employed [82–85]. Figures 10.38 and 10.39 show images

of CPNWs produced by such methods.

Figure 10.38 SEM image of a single nanowire between the nanoelectrodes. The inset, an SEM
image of a device with incomplete nanowire growth, shows the two-nanowire approach to
bridging the gap. (Reprinted with permission from Advanced Materials, Bridging the Gap:
Polymer Nanowire Devices by N. T. Kemp, D, McGrouther, J. W. Cochrane and R. Newbury,
19, 18, 2634–2638. Copyright (2007) Wiley-VCH)

Figure 10.39 An optical micrograph of a wire grown from aqueous EDOT/PSS solution. Inset:
a scanning electron micrograph of a PEDOT nanowire. The scale bars represent 10 mm except
for those in the insets, which denote 500 nm. (Reprinted with permission from Applied Physics
Letters, Directional growth of polypyrrole and polythiophene wires by P. S. Thapa, D. J. Yu, J. P.
Wicksted et al., 94, 3 (2009) American Institute of Physics)
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It has been reported that the size and directionality of the nanowire is very sensitive to

synthetic conditions such as electrode size, the gap between the electrodes, and magnitude

and frequency of the voltage/current, as well as the concentrations of the monomers and

electrolyte, etc. However, even if precautions are taken, control over the dimensions and

directionality of the grown single nanowire is limited. Variation of the wire size is

common, and the wires can be knobbly.

10.3 Transport Properties and Electrical Characterization

10.3.1 Background

Charge transport plays an essential role in electronic and optoelectronic applications of

nanoscale conducting-polymer materials. Understanding the fundamental transport

physics of CPNWs is of significant importance for potential application of these materials

as FET, chemical and biological sensors, and organic photovoltaic devices. Over the last

two decades, following the development of nanomaterial synthesis and nanofabrication

technology, major advances in characterization methodology for low-dimensional mate-

rial systems, as well as fundamental physical understanding have been achieved. There

have been numerous studies on the electronic transport of nanowires, nanotubes, nano-

particles, and single molecules, etc. For example, ballistic electronic transport has been

found in highly ordered inorganic nanowires and carbon nanotubes, the Luttinger model

has been used to explain charge injection into1-D CNTs, and the Coulomb blockade has

been found to be the dominating mechanism for electronic transport between electrodes

separated by a miniature material, e.g. nanoparticles and molecules. On the other hand,

however, while great progress has been made, complete understanding of charge transport

in nanoscale conducting-polymer wires has proved to be much more challenging. This is

largely due to the differences in physical nature between the CP material and other

materials, as well as the enormous structural variation as a result of their different physical

and chemical natures at the atomic and molecular levels.

At the basic atomic and molecular levels, most CPs are constituted of linear chains of

conjugated organic molecules. Compared to inorganic nanowires and carbon nanotubes, in

which 3-D and 2-D chemical bonding constructs very rigid atomic networks, in CPs 1-D

bonding along the linear-shaped molecules makes bending and rotation of the polymer

chain inevitable. This is true even in cases when p–p stacking between neighboring

polymer chains introduces molecular order and stiffness on a localized scale. However,

due to the limited strength of p–p stacking relative to the large configuration entropy of the

system, unlike oligomers or small molecules, most CP materials are either amorphous or

polycrystalline, with the exception of very limited examples where single crystalline

materials, e.g. P3HT self-organized crystals, have been demonstrated [86,87.]

On one hand, the flexibility of the polymer introduces some very attractive properties,

e.g. flexible, solution processible, easy to functionalize, and so on, to this category of

materials; on the other hand, the structure variation causes tremendous variation in the

electronic transport properties of CPs. The overall structure of a CP nanowire is deter-

mined by material organization at several length scales. Therefore, unlike some of the
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inorganic single-crystal nanowires and nanotubes, electronic transport in CPNWs is

collectively determined by a few characteristic charge-transport processes at different

levels, i.e. intramolecule, intermolecule, and intergrain-domain, etc. Depending on the size

of polymer molecule, side-chain modification, and detailed preparation methods, conduct-

ing-polymer nanowires exhibit quite different morphologies, which can lead to significant

disparity in electronic transport.

As discussed previously, significant advances have been made in the preparation of CP

nanowires and nanotubes over the past decade. Various potential applications with nanos-

cale CP materials have been proposed or even demonstrated. As critical factors that govern

the performance of CP nanowires in electronic and optoelectronic applications, electronic

conductance and underlying fundamental transport physics have been a focal point for

many of the studies. While studies on bulk, thin films and the assembly of nanowires are of

importance, electrical characterization and fundamental transport investigation on single

nanowires can provide detailed understanding of the materials with less ambiguity. This is

in contrast to collective results obtained from multiple nanowires that have distributed

properties; and single nanowire study also eliminates the potentially complicated transport

process across wire boundaries. Studies on individually addressable CP nanowires can thus

presumably yield more detailed transport physics. Substantial numbers of investigation

have been carried out on single PAC, PPY, PANI, and PEDOT nanowires and nanotubes

[38,51,79,88–105]. These investigations have significantly improved our understanding of

electrical conductivity in this category of materials. In this section, we will review and

discuss recent progress made in the characterization of electronic transport properties of

single conducting-polymer nanowires.

10.3.2 Brief Summary of Transport in 3-D CP Materials

Before we continue to discuss charge transport in nanoscale CP materials, it is important to

briefly introduce the progress and current understanding of transport physics in bulk CP

materials.Also, it is important topointout that,governedbythematerialnature,manynanoscale

CP materials exhibit very similar electronic and optical properties to their 3-D counterparts.

Significant deviation between nano and bulk materials occurs only when the size of nanoma-

terials reach �10 nm – the typical charge delocalization length scale in a CP material [106].

However, please also note that enhanced structural order in a CPNW much wider than 10 nm is

suggested to be the cause of noticeable improvement of the conductance of a CPNW [68].

Since the discovery of CPs in the 1970s, there has been intensive study of the electrical

properties of these materials. Fundamental understanding of electronic energy band

structures, carrier doping, and transport in 3-D CP materials has been developed to the

extent that theories and models are now readily available to predict and interpret the

electrical conductivity of the materials, and provide guidelines for the design and perfor-

mance analysis of electronic and optoelectronic devices made from this category of

materials. The award of the Nobel Prize in Chemistry in 2000 to Alan Heeger, Alan

MacMiarmid, and Hideki Shirakawa for the discovery and development of CPs indicates

the importance and establishment of this field.

In contrast to single crystalline materials, the heterogeneity in CP structures introduces

remarkable complexity in the electronic transport on different material levels and different
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length scales. The conductivity of a material is determined at least by intramolecular,

intermolecular (within a crystalline grain), and intergrain electronic transport. Depending

on the doping concentration and extent of order (or disorder), each of these factors may

contribute/influence more or less towards the total conductivity of the material. In a simple

way, the underlying causes for different materials yielding similar conductivities can

be fundamentally different as the total conductance is collectively dictated by several

factors at different length levels. Typically, a careful temperature dependence study of

conductivity can reveal much more detailed information on the transport properties of a

material, as the transport in each of the above length scales exhibits different characteristic

temperature dependence.

Based on the doping concentration, in their early studies of PAc and PPY materials,

Heeger and colleagues observed the transition from insulator to metallic as the dopant,

(e.g. AsF5
�, PF6

�, I3
�, etc.) concentration increases. The conductivity of these materials

can be characterized under three distinct categories, i.e. insulating, critical, and metallic

[107–109]. These three cases can be summarized as follows.

First, at low dopant concentrations, both PPY and PAc act as insulators. At a relatively

high temperature, electronic transport can be described by Mott variable-range-hopping

(VRH) model. Resistivity is a function of temperature that follows:

� Tð Þ / exp TMott=Tð Þ1= dþ1ð Þ
(10:1)

where d is the dimensionality. In particular, for 3-D and 1-D systems, the corresponding

temperature dependence of the resistivity are � Tð Þ / exp TMott=Tð Þ1=4
and

� Tð Þ / exp TMott=Tð Þ1=2
, respectively. However, at low temperatures, as the Coulomb

interaction between electrons becomes significant, a crossover from Mott VRH to Efros–

Shklovskii VRH conduction occurs. In the Efros–Shklovskii 3-D VRH model, resistivity

is expected to follow � Tð Þ / exp TES=Tð Þ1=2
. Recently, such a crossover has been observed

in individual PANI and PPY submicron tubes as well, indicating the 3-D transport nature of

these materials (Figure 10.40) [105]. Since resistivity in 3-D E-S VRH has a similar tempera-

ture dependence as 1-D Mott VRH, care should be taken when interpreting the results.

Second, as the dopant concentration increases, the conductivity is in the critical regime

when the metal–insulator transition occurs. For a 3-D system, the temperature dependence

of the resistivity follows a power law [110]:

� Tð Þ / T��

where 0.33< � <1.0.

Third, at high a dopant concentrations the materials become metallic. The total resis-

tivity is a combination of the resistance from the doped metallic islands and resistance

rising from the fluctuation-induced-tunneling (FIT) between metallic islands. The latter

part has a temperature dependence that follows [111]:

� Tð Þ / exp Tt= T þ Tsð ÞÞð

where Tt and Ts are characteristic temperature parameters in the tunneling process.

In reality, due to the polymer and amorphous nature of many CP materials, the overall

resistance of the materials is the sum of resistances of inhomogeneous elements along a
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carrier-transport route. Temperature dependence of the resistance can potentially be rather

complicated. In recent articles, Kaiser further rationalized the overall conductivity of

several CPs with a model of the heterogeneous transport process originating from the

heterogeneous disorder of the materials [112–114]. Capturing the heterogeneous nature of

the materials, this model produces a good agreement with experimentally observed

temperature dependence of conductivity for several CPs.

10.3.3 Conductivity of CP Nanowires, Nanofibers, and Nanotubes

As we discussed in the previous section, in recent years, there has been significant progress

in the preparation of various nanoscale CP materials. Nanowires, nanotubes, and nanofi-

bers of a considerable number of materials have been demonstrated. In many studies,

individually addressable nanomaterials have been successfully prepared. These advances

have provided tremendous opportunities for transport studies of individual linear nano-

materials. In the following, we will review and discuss some of the recent efforts in

conductivity studies of this category of materials.

Determined by their molecular nature, most CP nanoscale materials are either amorphous

or polycrystalline. In the latter case, the size of the ordered crystalline grain/island is typically

less than 10 nm [106]. This limits the electron and hole delocalization length to a similar scale.

Therefore, based on this argument, unless the cross-section of a CP nanowire is comparable to

the delocalization length, electron and hole transport in such a nanowire should follow their

behavior in a 3-D bulk material. As we have discussed in the previous section, many

nanowires and nanotubes prepared so far are indeed larger than the characteristic electronic

localization length, and it is, in general, valid to treat these nanowires and nanotubes with the

already established electronic-transport theories and models for 3-D CP materials.

Although consistently preparing sub-10-nm CPNWs is still very challenging, Samitsu

and colleagues measured the conductance of a very narrow (�3.7 nm wide) section of a

In
 R

 (
Ω

)

15

14

13

12

11

10

9

T–1/2 (K–1/2)

(b)

0.350.300.250.200.150.10

T=66K

12.5

12.0

11.5

11.0

In
 R

 (
Ω

)

10.5

10.0

9.5
0.24 0.28

T–1/4 (K–1/4)

0.32 0.36 0.40

(a)

T=66K

T=300K

Single PANI Nanotube

Figure 10.40 Temperature dependence of resistance of the single polyaniline-CSA tube:
(a) plotted as ln R(T)�T�1/4; (b) plotted as ln R(T)�T�1/2. (Reprinted with permission from
Phys. Rev. B., Electronic transport in single polyaniline and polypyrrole microtubes by Y. Long,
L. Zhang, Z. Chen et al., 71, 16, 165412. Copyright (2005) American Physical Society)
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PEDOT:PSS nanowire (Figure 10.41) [101,102]. The temperature dependence of the

resistance indeed followed Mott VRH for a 1-D system, i.e., � Tð Þ / exp TMott=Tð Þ1=2
.

TMott was determined to be 1900 K, which is similar to that of PEDOT:PSS thin films.

On the other hand, several studies have found out that reduction of the cross-section of

nanowires can induce the morphology of the material to change. According to these

studies, such effects typically become noticeable as the size of the wire approaches the

order of �100–200 nm (Figure 10.42) [68]. However, based on the above analysis,

significant alternation of transport physics will not occur until the size of nanowire reaches

around 10 nm. Therefore, the increase of conductivity observed is possibly due to more

ordered structures within a narrower nanowire, which lead to significant enhancement of

the electrical conductivity of the nanowires.

Similar to bulk or thin film samples, CPNWs doped with different species exhibit

dramatic differences in conductance and temperature dependence. Cao et al. have shown

that the conductance of PEDOT:PPS and PEDOT/(ClO4) nanowires differ qualitatively from

each other and their temperature dependence (in the higher temperature ranges, 30–300 K)

show that PEDOT:PSS and PEDOT/(ClO4) nanowires are on the insulating and metallic

sides of the metal–insulator transition, following Mott VRH and a power law, respectively.

At lower temperatures however, the measured data appear to follow a different relationship

for both nanowires. The authors suggested that tunneling plays a more important role than

thermally activated hopping at a lower temperature [51].

Park, Aleshin and colleagues have conducted detailed studies of conductivities of

PAc and PPY nanofibers [91–94,104]. In these studies, the authors tried to take the

quasi-1-D nature of the polymer molecules into consideration to explain the observed

conductivity as a function of sample temperature – �(T). Experimental results were
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Figure 10.41 Semilogarithmic plot of G vs T�1/2 for PEDOT nanowires. The square and circle
symbols show the conductance values with decreasing and increasing temperatures, respec-
tively. The solid line shows the fitting curve based on the quasi-one-dimensional VRH model.
(Reprinted with permission from Applied Physics Letters, Conductivity measurements of indivi-
dual poly(3,4 ethylenedioxythiophene)/poly(styrenesulfonate) nanowires on nanoelectrodes
using manipulation with an atomic force microscope by S. Samitsu, T. Shimomura, K. Ito et al.,
86, 23. Copyright (2005) American institute of Physics)
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compared with the Luttinger liquid (LL), VRH, environmental Coulomb blockade,

and Wigner crystal models. It was found that each of the above theoretical models

alone cannot explain the data observed. It was suggested that a combination of these

models may be needed to reflect the heterogeneous conductivity of the materials.

Such a consideration is consistent with the inhomogeneous material structure of

CPNWs, i.e. the overall conductance of a CPNW is governed by a few transport

processes at different length scales. Furthermore, the authors proposed a physical

possibility that involves multiple kinks in the LL model. For a more complete

description, readers are directed to later reviews by some of the authors [95,106].

While the temperature dependence of conductance can reveal fundamental trans-

port mechanisms in CPNWs, current–voltage characteristics provide direct informa-

tion on the electrical properties of CP materials. Kaiser and Park introduced an

expression with which the nonlinear I–V characteristics of highly conductive CP

materials can be treated as conduction through small barriers between metallic

regions [100]:

G ¼ I

V
¼ G0 exp V=V0ð Þ

1þ h exp V=V0ð Þ � 1½ �

where G0 is the temperature-dependent low-fieldconductance; V0 is a scale factor; h¼G0 /Gh,

and Gh is the high-field saturating conductance. It has been shown that this expression

describes the I–V characteristics of various types of nanoscale materials very well,

including CPs, carbon nanotubes, and V2O5 nanofibres, etc. at different temperatures

(Figure 10.43) [100].

Very recently, Yin et al. applied this expression in a transport study of individual PPY,

PANI nanotubes, and PEDOT nanowires [99]. The authors also found that the tempera-

ture- and field-dependent I–V characteristics of these nanoscale materials can be fitted

very well with the expression.
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Figure 10.42 Relationship between conductivity and channel width obtained by four-point
measurements. (Reprinted with permission from Nano Letters, Polymeric Nanowire Chemical
Sensor by H. Liu et al., 4, 4 671–675. Copyright (2004) American Chemical Society)
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10.3.4 Summary

We have briefly reviewed fundamental studies and recent progress in charge transport and

electrical conductivity of nanoscale CP materials. It is found that in most situations, as the

sizes of CPNWs or CPNTs are larger than the carrier delocalization length ( usually <10

nm), the transport behavior of nanoscale materials can still be described well with theories

developed for bulk CP materials. When the size of a nanowire gets down to�10 nm, a 1-D

model can indeed be used to better describe the transport process. Given the inhomoge-

neous structures of most CP materials, the overall conductivity of a CPNW can best be

rationalized with heterogeneous carrier transport though different regions of the materials.

This concept has been successfully applied to describe both the temperature and the field

dependence of conductivity of various types of CPNWs.

10.4 Applications of Single Conducting Polymer Nanowires (CPNWs)

After nearly 30 years of research and development, CPs have become a very important

category of materials. Compared to other materials, CPs possess some distinctive chemi-

cal, electrical, and mechanical properties which lead to unique applications in electronics,

optoelectronics, and chemical/biological sensing, etc. They are being widely applied in

many different areas. However, compared to bulk materials, applications of nanoscale CP

materials are still at a relatively early stage. Obviously, whether these nanoscale materials
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Figure 10.43 Current–voltage characteristics of individual polyacetylene nanofibers.
(Reprinted with permission from Synthetic Metals, Current-voltage characteristics of conduct-
ing polymers and carbon nanotubes by A. B. Kaiser and Y. W. Park, 152, 1–3. Copyright (2005)
Elsevier Ltd)

Single Conducting-Polymer Nanowires 449



can find their way into particular applications is mainly determined by whether they can

introduce novel properties and physical phenomena. Quite often, properties of a material

depend heavily on the quality of the material. As we have discussed in the previous section,

in recent years there has been tremendous effort in developing synthesis and fabrication

methodology for the preparation of high-quality nanoscale CP materials. In this section,

we will review some of the important recent progress towards potential applications of

novel nanoscale CP materials. In particular, we will dedicate the discussion mainly to,

again, those individually addressable CPNWs and CPNTs. The applications of an array of

parallel CPNWs which are connected to common electrodes are also included. The general

applications of CP materials in other forms and scales are not a topic of this section and are

addressed in another chapter.

10.4.1 CPNW Chemical and Biological Sensors

One of the most investigated applications of single CPNWs is chemical/biological sensing

[2,8,11,12,35,39,50–53,64,69,70,80,82,84,115,116]. There are several different device con-

figurations. Among them, chemoresistors are the most common and popular type of CPNW-

based sensor. Primarily, the interaction between the CPNW and analytes results in changes

in the charge transport properties of the CPNW; therefore electrical conductance of such a

device varies accordingly with a change in the chemical or biological environments.

CPNW sensors have attracted tremendous attention due to the following main reasons:

(i) quasi-one-dimensional CPNWs have very large surface-to-volume ratio so that their

conductance can response sensitively to environmental changes; (ii) CPs can be modified

and functionalized easily so that they can be sensitive to specific analytes; (iii) CPs can

interact with a wide range of analytes via various chemical and physical interactions; and

(iv) there are a variety of CP materials available.

It has been demonstrated that CPNWs are promising materials for the fabrication of a

wide range of chemical and biological sensors. For example, a single PANI nanowire was

reported to be able to detect ammonia gas at concentrations as low as 0.5 ppm with short

response and recovery times (Figure 10.44) [80]. In another case, a single PANI nanowire

detected ammonia gas down to a pressure of 10�7 bar (Figure 10.45) [84].

A glucose sensor which was made by immobilizing glucose oxidase on a single PANI

nanowire showed a short response time of less than 200 ms and a high sensitivity of less

than 2 mM (Figure 10.46) [82]. Functional biological molecules, avidin-conjugated ZnSe/

CdSe quantum dots (Aqd), were incorpoarted into a PPY nanowire during electropoly-

merization for bioaffinity sensing, and 1 nM of biotin conjugated to a 20-mer DNA (biotin-

DNA) could be detected by the functionalized nanowire due to the binding of biotin-DNA

with avidin in the nanowire [115]. A chemical and biological chemiresistive sensor based

on a single polypyrrole-nitrilotriacetic (PPY-NTA) nanotube was used as for detection of

as low as 1 ng ml�1 histidine-tagged protein and 0.6 ppt cupric ions (Figure 10.47) [35].

A chemiresistive sensor for a cancer biomarker, which was able to detect 1 to 1000 U ml�1

CA 125 in phosphate buffer and in spiked human blood plasma, was made by functionaliz-

ing a single PPY nanowire with antibodies towards the cancer antigen (CA 125) using

glutaraldehyde (GA) and N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochlor-

ide (EDC) chemistry (Figure 10.48) [116].
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Figure 10.44 Measured time-dependent current through an individual CPNW sensor upon
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(Reprinted with permission from Nano Letters, Polymeric Nanowire Chemical Sensor by
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Figure 10.45 Real-time CP nanowire device response to ammonia gas for pressures ranging
from 0.1 to 100 � 10�6 bar. The data is normalized by the resistance R /R( t¼ 0) of the device
prior to each exposure. (Reprinted with permission from Advanced Materials, Bridging the
Gap: Polymer Nanowire Devices by N. T. Kemp, D, McGrouther, J. W. Cochrane and
R. Newbury, 19, 18, 2634–2638. Copyright (2007) Wiley-VCH)

Single Conducting-Polymer Nanowires 451



Figure 10.46 Time course of drain current at Eg¼ 35 mV vs. SCE (Vsd¼ –20 mV) for a PANI-
PAA/PANI-bisulfite/GOx-PDAB nanojunction (20–60 nm) in 20 ml McIlvaine buffer, 0.5 M
Na2SO4 pH 5 upon 1 ml successive additions of 40 mM glucose. (Reprinted with permission
from Nano Letters, A Conducting Polymer Nanojunction Sensor for Glucose Detection by Erica
S. Forzani et al., 4, 9. Copyright (2004) American Chemical Society)

Figure 10.47 Real-time detection of His5-syntaxin with a PPY-NTA single nanotube saturated
with Cu2þ ions. 5 ml injections of: (1) water, (2) 1 ng ml�1, (3) 10 ng ml�1, and (4) 100 ng ml�1.
(Reprinted with permission from Biosensors and Bioelectronics, Label-free detection of cupric
ions and histidine-tagged proteins using single poly(pyrrole)-NTA chelator conducting polymer
nanotube chemiresistive sensor by C. L. Aravinda, S. Cosnier, W. Chen et al., 24, 5. Copyright
(2009) Elsevier Ltd)
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Chen and Luo demonstrated a multi-CPNW sensor approach which includes multiple

precisely defined and individually addressable heterogeneous CPNWs. A collection of PPY,

PEDOT,andCPsbasedontheirvariationswereused topreparemultimodalitychemical-sensor

systems, which showed different responses to different gases or vapors with high sensitivities

(Figure 10.49) [69]. Such a combinatorial approach can potentially provide ‘finger-printing’

for different species for accurate and reliable detection of various chemical analytes.

10.4.2 CPNW Field-Effect Transistors

As an important potential application, single CPNW field-effect transistors (FET) have

also been demonstrated by a few research groups [34,38,49,81,117–119]. Figure 10.50

shows a schematic of CPNW FET [81]. In general, limited by their low carrier mobility,
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the switching speed of various CP-based FETs does not come close to that of a silicon FET.

This is true for CPNW FETs as well. However, with advantages such as ease of fabrication

and low manufacturing cost, CP-based FETs, especially those based on a single CPNW,

have been a focus of intensive studies (see Figure 10.50).

Since most of the CPNWs are p-type (or undoped), an FET made from such a CPNW also

has a p-channel operating in either the depleted or the enhanced mode depending on the

doping level and work function of the metal electrodes. For example, in a depleted-mode

FET, a positive gate bias against the source, above a threshold voltage, is required to turn off

the conductance of holes in the channel. However, quite often, the gating response is rather

poor due to a thick gate dielectric layer and more importantly, a very shallow carrier

depletion depth in CP materials (Figure 10.51) [81,120]. Nevertheless, FETs based on a

single CPNW have shown promising electrical performance. A single CPNW FET with an
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Figure 10.49 (a) Resistance response of 80-nm-wide PPY and PEDOT nanowires to analytes
at 1000 ppm concentration. (b) Sensing responses from the two nanowires presented on a 2-D
scatter plot. Moisture corresponds to 8% relative humidity at 23 �C. IPA stands for isopropyl
alcohol. (Reprinted with permission from Advanced Materials, Precisely Defined
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Figure 10.50 Schematic of the nanofiber field effect transistor structure. (Reprinted with
permission from Applied Physics Letters, Single electrospun regioregular poly(3-hexylthio-
phene) nanofiber field-effect transistor by H. Liu, C. H. Reccius and H. G. Craighead, 87, 25.
Copyright (2005) American Institute of Physics)
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electrolyte solution gate was demonstrated to have better electrical performance than CP

thin-film-based FETs in terms of transconductance and on/off current ratio [117]. Though

not as common as a p-channel FET, an n-channel single CPNW FET may also be fabricated

from a limited pool of CP materials. An FET made from a single poly(benzobisimidazo-

benzophenanthroline) (BBL) nanobelt was measured to be of the n-type with electron

mobility of 7 � 10�3 cm2 V�1 s�1 and on/off current ratio of �104. (Figure 10.52) [118].

10.4.3 CPNW Optoelectronic Devices

CPs have been proven to be excellent materials for optoelectronic applications, e.g. polymer

light-emitting diodes and solar cells etc. [106,121]. Numerous studies have been devoted to

this area with the primary focus on thin-film or bulk materials. For CPNWs in particular,

recent studies have shown that these materials are very promising candidates for efficient

nanoscale photovoltaic devices [30,52,54,57]. Figure 10.53 shows the optical response of a

single CPNW in terms of photocurrent towards light exposure [52].
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For example, Kim et al. showed a single bilayer PPV nanotube photoconducting device

that yielded high photoconductivity efficiencies under light illumination (Figures 10.54

and 10.55) [54]. In comparison, a single-layer PPV yields much lower photoconductivity.

The significant enhancement of photoconductance is a result of effective charge separation

of excitons at the interface between PPV and carbonized PPV, whereas in a single-layer

PPV nanowire, electrons and holes in excitons are tightly bound and cannot split into

separate charge carriers. This is consistent with the observation of efficient quenching of

the photoluminescence (PL) of the PPV layer by the carbonized PPV layer.

A single poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(bithiophene)] (F8T2) nanowire was

made into a photodetector with responsitivity of about 0.4 mA W�1 and quantum

efficiency of about 0.1% under monochromatic illumination (Figure 10.56) [57].

On the other hand, single CPNWs may be use as nano light emitters [45], which can

have potential applications in field-emission displays 36–38, electrochromic displays

[42–44,58] and multicolor fluorescent labeling in bioscience [40]. It has been reported

that a dedoping process can improve the photoluminescence (PL) intensity of a CPNW as

the measured PL intensity of a dedoped single PEDOT nanowire was 2–3 times higher than

that of a doped one, due to the reduction of PL quenching during the dedoping process

(Figure 10.57) [45]. Cho et al. demonstrated the potential application of single CPNWs in

low-power fast electrochomic displays. Alternating square potentials from 1 V to –1 V

were applied to switch the redox state of the single PEDOT nanotubes. The color switching
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(oxidation for decoloring and reduction for coloring) time for induvidual nanotubes with

200 nm diameter and 20 nm wall thickness was less than 10 ms [42].

Other applications of single CPNWs include nanodiodes and nanoactuators. For example,

a single Au-PPY-Cd-Au nanowire could be formed as a nanodiode after a Schottky junction

was formed at the PPY/Cd interface and an ohmic junction was formed at the PPY/Au

interface (Figure 10.58) [47]. An array of parallel PPY nanowires was used as a nanoactuator

as the mechanical function was derived from the expansion and contraction of the PPY

nanowires caused by the movement of ions into and out of the polymer matrix in an aqueous

eletrolyte during electrically controlled reversible reduction and oxidation [122].
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10.5 Summary and Outlook

This chapter has focused on important issues in preparation, transport, and potential

applications of individually addressable single CPNWs. Comprehensive reviews are

given in each of the categories, especially in nanomaterial preparation, transport, and

electrical properties. This review has covered the significant progress made in these areas

in the past two decades. During the same period of time, tremendous advances have

occurred in broad areas of nanoscale science and technology. Numerous fabrication and

synthesis techniques have been developed; fundamental understanding of nanoscale

materials and structures has now become available. Studies on CPs have substantially

benefited from the general advance in our knowledge base, and material processing and

handling capabilities. There have been demonstrations of nanoscale CP materials in

chemical/biological sensing, as well as electronic and optoelectronic applications.

However, looking into the future, several major issues still need to be addressed before

nanoscale CP materials can find their way into major, especially single-wire-based,

applications. The challenges are mainly in the consistent preparation of high-quality

materials that have predictable and reliable chemical, electrical, and optical properties,

and furthermore, similar to an outstanding problem faced by other types of nanoscale

materials, accurately delivering CPNWs to designated locations and arranging them into

ordered structures. Nevertheless, as we have seen in several recent studies, these issues

have been addressed. Nanoscale CP materials and structures with complete deterministic

dimensions and patterns can now be fabricated by a few different approaches.
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11.1 Introduction

Micro- and nanostructured materials, often characterized by a significant amount of

surfaces and interfaces, have been attracting intensive interest because of their demon-

strated or anticipated unique properties compared to conventional materials. As an impor-

tant type of carrier for foreign species, micro- and nanocontainers are common in nature,

for example, the vesicles in living cells. A vesicle is a small, intracellular, membrane-

enclosed container that stores or transports substances within a cell.

In recent years, laboratorially available micro- and nanocontainers have been obtained

with the advancement of nanotechnology resulting from the scientific exploration of

nature. Particularly, conducting-polymer micro- and nanocontainers (CPCs) have roused

great attention because of their special inherent properties. Noticeably, the biggest advan-

tage of nanostructured conducting polymers is that their structure and properties can be

adjusted reversibly by the doping–dedoping process. Therefore, conducting polymers have

been widely studied as actuators in aqueous solution. The polymer matrix expands and

contracts with the flux of counter-ions during the electrochemically controlled reversible

doping and dedoping.

So far, various structures of conductive-polymer containers have been produced by

chemical or electrochemical approaches, including porous films, hollow spheres, tube-like
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structures, etc. Numerous novel methods have been introduced to fabricate CPCs. Among

them, hard templates, soft templates, and nanofabrication are usual and typical routes.

Meanwhile, the formation mechanisms of these CPCs have been investigated. Based on

the comprehensive understanding of their chemical, electrical, and mechanical properties,

CPCs are considered to be competitive potential candidates for applications in encapsula-

tion, drug delivery, and controlled release. A great deal of such examples are available in

recent reports, reviews, and books. However, there are seldom systematic summaries,

including the methods, corresponding mechanisms, and applications of these containers.

Because of their significant possibilities for the future, the current state of knowledge

concerning the aspects mentioned above is reviewed in this chapter with a systematic

perspective.

11.2 Structures of Micro- and Nanocontainers

Conducting polymers (CPs) are typical smart electrode materials with an actuating prop-

erty, which is based on the expansion and contraction of the polymer matrix with the

movement of ions during electrically controlled doping and dedoping processes. This

unique property makes them attractive for laboratories-on-a-chip and applications under

physiological conditions. Targeted delivery and controlled release of the encapsulated

material have a high priority for further development in modern medicine, material

science, and biochemistry [1]. In particular, this research work is important for curing

dangerous diseases, for example, cancer. To date, polymer and polyelectrolyte capsules,

fluoroalcane microemulsions, micelles, hydrogels, and porous hydroxyapatites have been

developed to encapsulate and transfer various materials dispersed at the micro- and

nanolevel [2–10]. A number of conductinge polymers (CPs) have been developed as

prospective electrode materials. Their good conductivity, chemical stability, and mechan-

ical properties allow their use as hosts to encapsulate desirable content. In this short

section, various micro- and nanostructured CPCs are presented.

11.2.1 Hollow Spheres

Hollow spheres are a typical structure of CPCs, which in particular have a wide number of

potential applications, including stationary phases for separation science, biomedical

devices, coating additives, controlled-release reservoirs, and encapsulation. In fact, the

multifunctionality of hollow spheres of CPs is an important subject in the field of materials

science.

In order to give a comprehensive review of micro- and nanocontainers, it is necessary to

introduce lipid-based or lipophilic hollow-sphere containers, which have been intensively

investigated, before starting the discussion of conducting-polymer hollow spheres. Many

studies on pharmaceutical delivery systems have been carried out to develop drug carriers

that are suitable for delivering a drug to specific site. Among them, numerous efforts have

been paid to polymeric micelles, lipid nanocapsules, liposomes, or lipid microspheres

[2,11–15]. Emulsion delivery systems have been widely used to encapsulate drugs.
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However, the use of high quantities of surfactants and cosurfactants (such as butanol), used

to improve the solubility of the shell material (for example, polymers or lipids) in both

organic solvents and water, increases the potential toxicity of the drug carriers. Currently,

lipid microspheres (LM), usually including soybean oil and lecithin, are widely used in

clinical medicine for parenteral nutrition since they are very stable and have no adverse

effects. The lipid microspheres formed by dispersion of the LM particles in aqueous

solution appear to be safe and efficient drug carriers because they avoid any harmful

organic solvents or toxic products [12]. Unfortunately, the preparation of lipid micro-

spheres usually needs a special high-pressure setup to emulsify oil solutions, which

increases the difficulty of preparation and leads to higher processing costs.

To address the problems mentioned above, Dmitry G. Shchukin and his coworkers

developed a simple method to fabricate a novel drug-carrier system by combining an

ultrasonic technique and a layer-by-layer (LBL) assembly protocol (Figure 11.1)

[1,16,17]. They used a lipophilic drug (rifampicin) and vegetable oil to fabricate a new

type of biofriendly drug carrier. The core of the presented drug carrier contained lipophilic
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Figure 11.1 Schematic illustration of the formation of LBL-synthesized containers and drug
release after pH changes (PG, polyglutamate; PEI, polyethyleneimine; PAA, poly(acrylic acid);
LBL, layer-by-layer): (a) Formation of oil-loaded polyglutamate containers in an ultrasonic
field; (b) LBL assembly of a PEI/PAA shell; (c), (d) swelling and dissolution of the container
shell by changing the pH value of the surrounding circumstance. (Reprinted with permission
from Langmuir, A Novel Drug Carrier: Lipophilic Drug-Loaded Polyglutamate/Polyelectrolyte
Nanocontainers by X. Rong Teng, D.G. Shchukin, and H. Mohwald, 24, 2, 383–389. Copyright
(2008) American Chemical Society) (See colour Plate 7)
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drug and vegetable oil, as well as lecithin as an emulsifier, which is similar to lipid

microspheres. The shells of the containers were made of polyglutamate/polyethyleneimine

(PEI)/poly(acrylic acid) (PAA) multilayers. The hydrophobic drug could be released by

switching the polyglutamate/polyelectrolyte shell permeability through variation of envir-

onmental conditions, such as pH value and ionic strength [18–20]. The polyelectrolyte

shell can also be modified to have some additional functionality.

Furthermore, porous CPs (e.g., polypyrrole, polyaniline) films have been used as host

matrices for polyelectrolyte capsules developed from composite material, which can

combine electric conductivity of the polymer with controlled permeability of polyelec-

trolyte shell to form controllable micro- and nanocontainers. A recent example was

reported by D.G. Schchukin and his co-workers [21]. They introduced a novel application

of polyelectrolyte microcapsules as microcontainers with a electrochemically reversible

flux of redox-active materials into and out of the capsule volume. Incorporation of the

capsules inside a polypyrrole (PPy) film resulted in a new composite electrode. This

electrode combined the electrocatalytic and conducting properties of the PPy with the

storage and release properties of the capsules, and if loaded with electrochemical fuels, this

film possessed electrochemically controlled switching between ‘open’ and ‘closed’ states

of the capsule shell. This approach could also be of practical interest for chemically

rechargeable batteries or fuel cells operating on an absolutely new concept. However, in

this case, PPy was just utilized as support for the polyelectrolyte microcapsules.

Comparedwith themethodsmentionedabove, thedirect fabricationofconducting-polymer

hollow spheres was investigated intensively. Up to now, several publications have reported on

the synthesis of polystyrene (PS) cores coated with CPs such as PPy, polyaniline (PANI), and

polyethylenedioxythiophene (PEDOT) [22–27]. Conducting-polymer hollow spheres can be

furthercreatedbyremovingthePScore(Figure11.2).Thiscolloidalapproachwasextensively

investigated not only because it allows improvement of the processability of conducting-

polymermaterials,but alsobecause of the attractivepropertiesof these materials, for example,

well-defined colloidal dimensions or morphologies [23], intense coloration, biocompatibility

[28], high surface area, efficient radiation absorption, wide spectrum of surface

Figure 11.2 Micrographs of PPy hollow nanocontainers after etching of the PS core in THF,
obtained by: (a) SEM and (b) TEM. (Reprinted with permission from Langmuir, Latex and
Hollow Particles of Reactive Polypyrrole: Preparation , Properties, and Decoration by Gold
Nanospheres by Claire Mangeney et al., 22, 24, 10163–10169. Copyright (2006) American
Chemical Society)
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functionalization, good film-forming properties, and so forth [26,29–32]. There has been a

massive amount of work on the synthesis, characterization, and use of latex particles coated

with conducting-polymer shells in solution.

Wei et al. [33,34] utilized emulsion templates to prepare hollow PANI miscrospheres

since the emulsion template can be easily removed through dissolution or evaporation after

polymerization. Bajpai et al. [35] prepared semiclosed PPy containers in the presence of

fluorescein cadaverin in solution. Furthermore, oil microdroplets were used in the template

polymerization of pyrrole into semispherical containers deposited on glass or quartz

surfaces, reported by M. Mazur [36,37]. In the report by Wan et al., a novel route utilizing

organic acid acting as both surfactant and dopant to fabricate conductive polymer micro-

and nanospheres, as well as composites, was developed [38,39]. They indicated that hollow

microspheres of PANI doped with salicylic acid (SA) could be prepared by this simple

method (Figure 11.3) [40]. In fact, they found that this method is essentially a self-assembly

process because micelles formed by SA and aniline act as templates for the formation of the

microspheres. This result further inspired them to use the self-assembly process to prepare

the PANI-SA/TiO2 composite microspheres. They also reported PANI-SA composite

Figure 11.3 SEM images of PANI-SA/RhB synthesized using different concentrations of RhB:
(a) 0 M, (b) 1 mM, (c) 5 mM, and (d) 10 mM. Synthetic conditions: [An]¼ 0.2 M, [An]/
[SA]¼ 1:1, and [An]/[APS]¼ 1:1. (Reprinted with permission from Macromol. Rapid
Commun., Hollow Polyaniline Microspheres with Conductive and Fluorescent Function by
Lijuan Zhang, Meixiang Wan and Yen Wei, 27, 11, 888–893. Copyright (2006) Wiley-VCH)
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hollow microspheres with a high conductivity and a strong fluorescence constructed with

rhodamine B (RhB) as the fluorescent material via a self-assembly process.

11.2.2 Tubes

It is common in human daily life to utilize tube-like receptacles to hold and transport items

or matter, for example, the water pipe that is used to conduct water, the glass test tube to

keep samples. Similar to these well-known commodities, the large inner space of micro-

and nanotubes allows them to be promising candidates for micro- and nanocontainers.

Since Foulds et al. first introduced the incorporation of enzymes in active PPy matrices in

1986 [41], their approach to enzyme immobilization has been widely adopted. This

method has several advantages [42]. However, it also has several drawbacks that need to

be overcome to improve its performance. One critical problem is that the monomer needs

to be soluble in the enzyme-soluble aqueous environment and be polymerized at a

moderate pH. The second is that the enzyme immobilized in the layers of conducting

polymer is not in an independent state, and its activity degrades with time. To confine the

enzyme in a hollow micro- and nanostructured CP would be a solution. Many strategies for

preparing various micro- and nanostructured polymers for novel applications have been

studied. Biosensors and bioreactors, nanoelectrodes, molecular filtration, and ion-channel

mimetic sensing are examples of such applications [43–46]. Martin et al. utilized a

commercially available track-etched membrane to prepare metal, semiconductor, and

conducting-polymer nanofibers and nanotubes [47–49]. Applications of these nanostruc-

tured materials in bioencapsulation and biosensors have also been reported [50–52]. One

involved sealing the opening of the structure with a nonconducting sealing agent that

contained the enzyme within the structure. However, no report focused on separating the

membrane and electrochemical signal transducer by sealing the opening of the tubule

directly with a conducting composite. In a report by Son et al., microscale conducting-

polymer cylinders were synthesized by electrochemical polymerization [53]. According to

a conventional procedure, the microtubes were prepared first, and microcapping was

carried out on the opening of the tubes with a commercially available PEDOT/PSS

aqueous dispersion. This final structure was able to host the electroactive material safely

inside and behaved as a current collector for the redox reaction of the guest agents. With

the aid of the PEDOT layer on the cap, the cap structure was insoluble in an aqueous

environment. The interior free space in the final cylindrical microstructure could be used to

load various materials. Since many types of guest material can be used, this strategy may

be a good choice for enzyme immobilization. Because the enzyme will be in a perturba-

tion-free state in the pore of the structure, it may also reduce the rate of degradation in the

enzyme activity during the immobilization process.

Based on the work on template-synthesized nano-test-tubes, which are closed at one end

and open at the other, Martin et al. explored an alternative payload-release strategy

(Figure 11.4) [54,55]. They supposed that if these nano-test-tubes could be filled with a

payload and then the open end ‘corked’ with a chemically labile cap, they might function

as a universal delivery vehicle. The long-range objective would be to have the bonds

holding the ‘corks’ on the nano-test-tubes be labile only when a specific chemical signal is

encountered (for example, the lower local pH surrounding certain tumor cells). Actually,
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they achieved the first step toward this corked-nano-test-tube strategy by proving that

template-synthesized silica nano-test-tubes functionalized on the upper rim with amino

groups could be spontaneously corked with appropriately sized aldehyde-functionalized

latex nanoparticles, which involved a Schiff-base reaction to form imine linkages between

the test tubes and the nanoparticle corks. This pioneering work provides a powerful

strategy for the preparation of conducting-polymer nanotubes.

Conductive polymer nanotubes with opening ends have also been investigated for

precisely controlled drug release. The response of CPs to electrochemical oxidation or

reduction can produce a change in their conductivity, color, and volume [56–58]. A change

in the electronic charge is accompanied by an equivalent change in the ionic charge, which

includes mass transport between the polymer and the electrolyte [59]. The polymer

expands when counter-ions enter it and the contracts when they exit. The extent of

expansion or contraction depends on the number and size of ions involved [60]. Based

on this principle, electrochemical actuators using CPs have been developed by several

investigators [61,62]. They can be doped with bioactive drugs, and can be applied in

actuators such as microfluidic pumps [63,64]. The precisely controlled local release of

drugs at desired points in time is important for clinical therapy [65]. In previous work,

D. Martin and coworkers have prepared CPs such as PPy and PEDOT in nanostructured

templates for neural prosthesis applications, and shown that PPy and PEDOT can decrease

the impedance of the recording sites [66–68]. They then used biodegradable poly(L-

lactide) (PLLA) or poly(lactide-co-glycolide) (PLGA) nanofibers as templates to fabricate

tube-like CPCs (Figure 11.5) [69]. Their porous structures can be used directly as contain-

ers for drugs. Minimizing the electrode impedance is an important requirement for

obtaining high-quality signals [70], so they prepared PEDOT nanotubes that have a

well-defined internal and external surface texture and further showed that this nanostruc-

ture decreases the electrode impedance by increasing the effective surface area for ionic-

to-electronic charge transfer occurring at the interface between brain tissue and the

recording site. They also demonstrated that dexamethasone can be released from the

nanotubes in a desired fashion by electrical stimulation of the nanotubes.

Figure 11.4 SEM images of anion-aldehyde-corked nano-test-tubes: (A) template embedded;
(B) after template removal. Scale bar¼500 nm. (Reprinted with permission from Journal of the
American Chemical Society, Corking Nano Test Tubes by Chemical Self Assembly by
H. Hillebrenner et al., 128,13. Copyright (2006) American Chemical Society)
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11.2.3 Others

To date, beside the conventional micro- and nanostructures that have been mentioned

previously, there are numerous reports concerning other micro- and nanoarchitectured

CPCs, such as mesoporous, bowl-like, goblet-like, pipette-like structures, and so forth.

Features such as high pore volume and high surface area allow mesoporous materials to

serve as containers for foreign species [71]. A recent example of porous CPCs was reported

by Cui [72]. In their experiment, nanoporous PPy films were synthesized using a

Figure 11.5 SEM images of PLGA nanoscale fibers and PEDOT nanotubes: (A) PLGA nano-
fibers with the diameter mainly ranging between 100 and 200 nm; (B) PEDOT nanotubes on the
electrode after removal of the PLGA core fibers; (C) section view of PEDOT nanotubes cut with
an FIB showing the silicon substrate layer and PEDOT nanoscale fiber coating; (D) higher-
magnification image of (C) showing the PEDOT nanotubes crossing each other; (E) single
PEDOT nanotube which was polymerized around a PLGA nanoscale fiber, followed by
dissolution of the PLGA core fiber; (F) higher-magnification image of a single PEDOT nanotube
demonstrating the textured morphology that has been directly replicated from the external
surface of the electrospun PLGA fiber templates. (Reprinted with permission from Advanced
Materials, Conducting-Polymer Nanotubes for Controlled Drug Release by M. R. Abidian,
D.-H. Kim, D. C. Martin, 18, 4, 405–409. Copyright (2006) Wiley-VCH)
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polystyrene (PS) nanobead template. PPy was synthesized on a PS-modified electrode and

the film grew within the interstitial spaces among the closely packed PS nanobeads.

A nanoporous PPy film was formed after the removal of the PS nanobeads. In addition,

the release efficiency of this nanoporous PPy film was found to be higher than non-

nanostructured films by electrochemically controlled drug-release measurements.

However, electrochemical deposition using a solution composed of a biological entity

and pyrrole monomers restricted homogeneous drug distribution throughout the PPy

surface and interfered with electrochemical control of various parameters such as film

thickness, loading concentration, and diffusion of the biomolecules of interest. In order to

improve the performance of mesoporous CPCs, Cho’s group proposed an alternative

method [73]. As reservoirs of single or multiple substances, nanoparticles are capable of

delivering highly concentrated chemical agents in a controlled-release manner [74–78]. In

Cho’s report, mesoporous silica nanoparticles (MSNs) were first synthesized and then

were embedded into a polypyrrole film by electrochemical deposition. The PPy/MSNs

composite had several potential advantages. For example, efficient loading of nanoparti-

cles due to the large surface area of the conducting polymer, and a spontaneous and

reversible oxidation/reduction reaction would promote release of the contents of the

MSNs in the presence of electrical stimulation.

Moreover, Shi and his group reported electrochemical deposition of PPy microcontai-

ners onto ‘soap bubbles’ associated with O2 gas released from the electrolysis of H2O in an

aqueous solution of �-naphthalenesulfonic acid (�-NSA), camphorsulfonic acid (CSA), or

poly(styrene sulfonic acid) (PSSA), which act both the surfactant and dopant [79–81].

Morphologies such as bowls, cups, and bottles could be controlled by electrochemical

conditions (Figure 11.6). However, the microcontainers were randomly located on the

electrode surface, which limited further applications, Shi and coworkers reported a linear

arrangement of PPy microcontainers by self-assembly with gas bubbles acting as tem-

plates on a silicon electrode surface patterned by photolithography [82]. They found that

capillary interactions between the gas bubbles and the polymer photoresist walls led the

microcontainers to be arranged linearly.

In view of the fact that the direct generation of O2 gas on the working electrode under a

relatively high positive potential (>0.8 V) could result a detrimental overoxidation effect,

Dai et al. introduced the electrochemical polymerization of PPy microcotainers by releas-

ing H2 (electrolysis of H2O) around the working electrode under a negative potential

(Figure 11.7) [35]. Unlike the previous method with which it is hard to obtain PPy

microcotainers below 0.8 V, the modified method should allow the formation of

conducting-polymer microtainers on the working electrode even at a relatively low

potentials. What is more, patented and nonpatented PPy microcontainers with an open-

and-close mouth were also investigated.

To obtain nanocontainers, Wei et al. employed micelles as soft templates to assist the

polymerization [83]. Hollow conical nanostructures are produced by a slow polymeriza-

tion process (Figure 11.8). Microcontainers could be produced in the open or closed state

by changing the polymerization time. However, as far as we are aware, most of the

reported actuators were based on bulk materials or synergistic properties of nanostructure

bundles instead of single nanostructure. Wei et al. realized the manipulation of separated

nanocontainers by an electrochemical approach to control of the state of the nanocontainer

‘in situ’. Studying the switching of single nanostructured CPs will open potential
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Figure 11.7 SEM images of polypyrrole microcontainers formed by soft-template polymer-
ization under different electropolymerization conditions. (Reprinted with permission from
Advanced Functional Materials, Conducting-polymer microcontainers: Controlled syntheses
and potential applications by V. Bajpai, P. G. He and L. M. Dai, 14, 2, 145–151. Copyright
(2004) Wiley-VCH)

Figure 11.6 SEM images of polypyrrole microcontainers synthesized electrochemically using
a ‘soap bubble’-assisted soft-template method. (Reprinted with permission from Chemical
Communications, Electrochemical synthesis of novel polypyrrole microstructures by L. T. Qu
and G. Q. Shi, 2003, 2, 206–207. Copyright (2003) Royal Society of Chemistry)
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applications of this kind of smart nanostructure, such as controllable transfer and the

delivery of extremely small volumes of liquid [83].

As is well known, CPs like PPy and PANI are excellent materials for actuators. Both

macro- and microactuators based on these materials have been presented in previous

literature [56, 57, 60–62, 84–86]. These actuators are based on the reversible volume

change of the CPs upon oxidation and reduction. For instance, microactuators based on

PPy-Au bilayers fabricated by E. Jager, et al. [87–89] enable large movements of struc-

tures attached to these actuators and are of particular interest for the manipulation of

biological objects, such as single cells. Moreover, a kind of self-assembled microcontainer

has been obtained recently (Figure 11.9) [90,91]. The self-folding is based on an on-

demand, thin-film stress-driven mechanism, by utilizing hinges composed of a metallic

bilayer (Cr/Cu), which, coupled with a polymer layer, serves as the motion trigger. The

successes of these two cases suggest the possibility of fabricating low-cost, electric-driven

Figure 11.8 SEM images of polypyrrole conical nanocontainers produced on a platinum
substrate. (Reprinted with permission from Macromol. Rapid Commun., Conducting
Polypyrrole Conical Nanocontainers: Formation Mechanism and Voltage Switchable
Property by J. Huang, B. Quan, M. Liu et al., 29, 15, 1335–1340. Copyright (2008)
Wiley-VCH)

Figure 11.9 Folding sequence of a 500 mm microcontainer with opposite hinge layer con-
figurations. (Reprinted with permission from Small, Thin Film Stress Driven Self-Folding
of Microstructured Container by T.G. Leong et al., 4, 10, 1605–1609. Copyright (2008)
Wiley-VCH)
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microcontainers which use electroactive CP films to serve as the hinge, to compensate for

the lack of precise control shown in the previous example.

11.3 Preparation Methods and Formation Mechanisms

The preparation method is a fundamental topic in the field of conducting polymer nano-

structures, thus numerous efforts have been focused on this issue [34,38,46,92–101].

Nowadays, hard templates and soft templates, as well as the nanofabrication approach

have been used to obtain CPCs. The hard-template method, like its literal meaning,

requires a hard template, such as a porous membrane, or a polystyrene sphere, to guide

the growth of the containers, leading to complete control of the morphology and diameter

of the conducting-polymer containers. In order to obtain pure containers, the hard template

is often removed after polymerization, resulting in a complex preparation procedure. In the

soft-template method, supermolecules are self-assembled via hydrogen bonds, Van der

Waals forces, and electrostatic interactions as the driving forces instead of a hard template

to form the desired structures. Therefore, the soft-template method is simpler one of the

two due to omission of the hard template and its post-treatment removal. However, the

soft-template method often suffers from a lack of controllability compared with the hard-

template method, because the formation of supermolecules is often affected by the reaction

conditions. Moreover, with the advancement of nanotechnology, nanofabrication techni-

ques have become a competitive option for preparing CPCs. Although nanofabrication is a

precise controllable approach, it is still too limited by a expensive cost and complicated

procedures for wide application. In the previous section, CPCs with diverse structures were

introduced. However, details of the preparation methods and formation mechanisms were

not included. For this reason, this section mainly focuses on the methodology and

mechanisms regarding the fabrication of these containers.

11.3.1 Hard-Template Method

Many strategies for preparing various CPCs for novel applications have been devised

(Figure 11.10). In particular, tube-like structures have been synthesized in the pores of

membrane filters (Figure 11.10a). Martin et al. explored a template synthesis method for

the first time to prepare nanotubes or nanowires of CPs using commercially available

porous membranes as templates [47,102,103]. This hard-template method has several

advantages: first of all, it is a general tool to prepare nanostructured materials including

metals, semiconductors and conducting polymers; secondly, the diameter of the nanos-

tructures is controlled by the size of the pores in the membrane; thirdly, the nanostructures

are able to be chemically or electrochemically prepared by a hard-template method. This is

in particular useful for CPs because almost all can be synthesized by either a chemical or an

electrochemical approach. Furthermore, the templates are removable and thus the free

nanostructured materials can be obtained.

Typically, sealed tube-like CPCs can be prepared by the approach introduced by Son

and coworkers [53]. An ITO electrode was used as a substrate electrode, with a conducting
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polymer paste spin-coated onto the surface of ITO glass. The conducting composite paste

has two functions: to glue the template onto the ITO electrode and to provide an electrical

connection between the ITO electrode and the electrolytic solution. PVA and PEDOT/PSS

were used to prepare a conducting-paste composite to achieve this purpose. The porous

template was then fixed onto the ITO glass. After that, electrochemical polymerization of

EDOT was carried out by applying a potential directly to the ITO electrode. The lengths

and thicknesses of the tubes were determined by the conditions of the electrochemical

polymerization. In a subsequent procedure, the guest substance K3Fe(CN)6 was loaded

into the tubes, and the tubes were shaken for several minutes to allow the material to flow

into their hollow inner part. After filling the tubes with the electroactive species, a capping

procedure was completed by performing two different steps. The first was spin-casting of

the conducting composite on top of the filled tubes, followed by placement of a membrane

with nanopores on the composite coating before drying. The conducting composite itself

would not form a capping film during the course of drying without this membrane. This

thick film could hinder the transport of electrolytes, solvents, etc., from the exterior

solution to the tube interior. Since the composite was prepared in an aqueous environment,

there was potentially less harm to the contents than if organic solvents had been used. The

capping procedure was completed by electrochemical deposition a layer of PEDOT to

reinforce the dried composite in order to prevent dissolution in the aqueous solution.

Martin et al. also introduced another method to seal the open end of the tubes [54,55].

They proved that silica nano-test-tubes could be covalently corked by chemical self-

assembly of nanoparticles, which remained attached to the mouths of the nano-test-tubes

after liberation from the alumina template. What is more, the caps were present only at the

mouth and not within the tubes. Commonly, applications in drug delivery may require

modified outer surfaces of tubes carrying specific moieties to direct the carriers to their

Figure 11.10 A schematic representation of the hard-template method used to prepare CPCs:
(a) porous membrane, (b) colloidal particles, (c) nanowires
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targets, and this template-based synthesis approach makes it possible to add these

modifications after release from the alumina template. Significantly, this approach sug-

gests the possibility of fabricating conductive polymer nano-test-tubes which could also be

corked by other techniques, since polymers are more easily modified than silica.

As mentioned above, D.C. Martin et al. used biodegradable poly(L-lactide)

(PLLA) or poly(lactide-co-glycolide) (PLGA) nanofibers as templates to fabricate

tube-like CPCs (see also Figure 11.10b) [69]. PLLA and PLGA were considered to

be suitable polymers for the template because firstly, they can be readily processed

into nanofibers; secondly, they are stable during electrochemical deposition of the

conducting polymer coating; and thirdly, they can be easily removed under condi-

tions that leave the wall material intact. In their experiment, PLLA/PLGA nanofibers

and dexamethasone-incorporated PLGA nanofibers were collected on microfabricated

electrode tips and gold-coated silicon wafers, respectively. The diameters of the

nanofibers were mainly in the range 100 to 200 nm. The nanofibers were distributed

randomly on the surface of the probe. This rough surface morphology was useful for

molding a similar structure in the subsequently deposited PEDOT coating. After

PEDOT deposition, the PLGA fibers were removed by soaking in dichloromethane

for 5 min and finally the PEDOT containers were obtained.

Unlike the porous membrane, colloidal particles (such as PS or silica particle) are

another type of template for the preparation of CPCs (Figure 11.10c). In previous work,

core/shell PS/PANI composite particles were prepared by chemical oxidative seeded

dispersion polymerization. A conventional coating protocol was employed as follows.

The aniline monomer was dissolved in a strongly acidic solution in the presence of the PS

seed latex (an alternative method involves using a miscible aniline hydrochloride mono-

mer without external acid). Then polymerization was initiated by the addition of oxidant

aqueous solution. The suspended PS particles were coated with PANI by in situ deposition

of the formed conducting polymer or oligomer from the aqueous phase.

The deposition of thin PANI and PPy coatings onto monodisperse silica particles had

already been reported in 1991. To date, a massive amount of work on the synthesis,

characterization, and use of colloidal particles coated with conducting polymer shells in

solution has been reported. In addition, great efforts have been made on the surface

functionalization and modification of PS seed particles to improve the adhesion of PANI

and further form a smooth and uniform PANI overlayer. Reynaud and coworkers [104]

introduced a relatively high coverage of PANI based on cross-linked PS particles stabi-

lized by a surfactant bearing an amide group, which allows the formation of hydrogen

bonds with the PANI backbone. Yamamoto et al. [105] synthesized PANI on carboxylated

styrene-butadiene- methacrylate latex particles. Similarly, Aoki and Lei [106] employed a

copolymeric PS latex with sulfonate groups, which could act as a chemical dopant for the

growing conducting polymer. Wang et al. [107] reported cationic PS latex and equilibrated

it with a negatively charged sulfate surfactant prior to the coating process, which was

apparently adopted to take advantage of the electrostatic interaction with the positively

charged PANI oligomer. In work by Mangeney’s group, PPy-coated PS particles were

synthesized. In order to improve the colloidal stability of the conducting polymer-coated

PS particles, the PS was pretreated. Armes et al. [22,108] mainly dealt with polyvinylpyr-

rolidone (PVP)-stabilized PS latexes and invented various surface modification strategies.

However, they claimed that these PANI overlayers still suffered from the shortcoming of
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nonuniform, inhomogeneous morphologies, in contrast to the relatively smooth

morphologies obtained from the deposition of PPy onto the same sterically stabilized PS

latexes [109–111]. It was also emphasized that nonuniform conducting-polymer deposits

would be obtained if the latex was less hydrophobic [24,112,113]. Even though surface

modification could generally optimize the deposition architecture of the PANI overlayer, it

obviously complicates the synthetic procedure. Moreover, it is noteworthy that the che-

mical groups available at the latex seed surface to monitor the deposition of the PANI

component are nonuniformly distributed [114]. Therefore, this widely used synthetic

strategy has its own disadvantages in achieving a perfect conducing polymer shell.

Efforts have been directed to address this phenomenon. A distinctly novel strategy to

fabricate PANI-coated PS microspheres was proposed by Wang and coworkers [115]. In

their system, a PANI overlayer was formed by diffusion-interface polymerization of

aniline preabsorbed on PS seed latex without any surface modification. The resulting

structure and morphology were well controlled by simply changing the initial amount of

aniline or the rate of addition of the doping agent.

Although the preparation of core/shell conducting polymer spheres using nanoscale-

sized latex particles or silica spheres has been widely studied [22,23,108,116–118], there

are a few reports concentrated on using metal-oxide nanoparticles as templates to fabricate

CPCs. Since the polymerization is required to be performed in strong acidic conditions in

general, the core of the metal-oxide nanoparticles are usually etched away during the

polymerization process. Chen et al. developed a new synthetic route employing metal-

oxide nanoparticles to obtain PANI hollow spheres [119]. A double-surfactant-layer

(DSL)-assisted polymerization method was designed to control the polymerization of

PANI onto the surface of various metal oxide nanoparticles, including copper oxide,

hematite, and indium oxide. The prepared metal-oxide nanoparticles were modified by

PVP to improve their dispersibility in solution. The modified metal-oxide nanoparticles

were dispersed in aqueous solution. Sodium dodecyl sulfate (SDS) was subsequently

added to the solution before the polymerization reaction. A double-surfactant PVP-SDS

layer was formed surrounded by the polar amide groups of PVP on the surface of the metal-

oxide core, and the negative side of the SDS molecule facing out into the solution.

Afterwards, aniline monomers were added and adsorbed onto the surface of the metal

oxides due to static interaction. The adsorption resulted in a great increase in the local

concentration of aniline monomer near the core surface. This was favorable for the initial

polymerization of aniline at low monomer concentrations. Once aniline nucleation has

been intitiated, the polymerization predominately and continuously took place in close

proximity to the existing PANI [120]. Eventually, a homogeneous, continuous, and uni-

form PANI shell was coated onto the surface of the metal-oxide core. Hollow PANI

capsules were obtained by the subsequent removal of the template. The hollow sphere-

like CPs were evaluated for various applications, such as encapsulation materials. An

interesting characteristic of the CPCs is that transport rates of small molecules into the

capsule core are affected by the oxidation state of the conductive polymer, which has

potential utility in many molecular uptake and release scenarios. Wan et al. found that

Cu2O can be oxidized by ammonium persulfate (APS) in an acid solution [121], suggesting

that PANI microstructures could be prepared using octahedral Cu2O crystals as templates.

Consequently, they prepared hollow octahedral PANI by using octahedral Cu2O as

template in the presence of H3PO4 and APS as dopant and oxidant, respectively.
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Compared with a conventional template, octahedral Cu2O was not only a new type of

template (in both shape and quality), but also omitted the need for subsequent template-

removal treatment.

Hard-template synthesis can provide micro- and nanocontainers with a controlled

geometric shape. However, this approach requires complicated synthetic steps, including

the dissolution of the template in corrosive media. Collapse of the hollow structure after

template removal is also a critical problem. Therefore, the potential drawback of using

hard templates forced scientists to search for more efficient and facile routes to prepare

CPCs. Among these newly developed approaches, the soft-template method is considered

a powerful tool as an alternative strategy to hard-template synthesis.

11.3.2 Soft-Template Method

The advantage of using soft-template materials is that they can be removed easily after

synthesis, leaving micro- and nanostructures of the resulting polymer. So far, new types of

soft template, such as surfactant micelles, oil droplets, liquid-crystalline phases, ‘soap

bubble’ templates, and so on, have been reported for the fabrication of CPCs via self-

assembly processes (Figure 11.11). For example, emulsion polymerization has been

employed to prepare containers of PPy and PANI [33,34,38,39,83]. Liquid droplets have

also been used for template growth of polymeric nano- or microspheres. Gaseous bubbles

were electrochemically generated at the electrode surface and coated with PPy, forming

microcontainers with various, such as bottles, whiskers, and cups [35,79–82]. The syn-

thetic process and the formation mechanism of these methods are briefly reviewed in detail

below.

Figure 11.11 A schematic representation of the soft-template method used to prepare CPCs:
(a) micelles, (b) oil droplets, (c) gaseous bubbles

482 Nanostructured Conductive Polymers



As is well known, surfactants are a common ‘soft-template’ because they easily form

thermodynamically stable, and controllable nanometer-scale micelles in solution or at

interfaces. Anionic surfactants like sodium dodeyl sulfate (SDS) and cationic surfactants

such as cetyltrimethylammonium bromide (CTAB) were widely used to form micelles.

Surfactants can assemble into aggregates in the bulk solution. The favored aggregate

morphologies of the surfactant in solution for the preparation of CPCs include spherical

and cylindrical. In general, monomer in the solution can be diffused into these spherical or

cylindrical micelles to serve as a ‘soft template’ for forming micro- and nanocontainers.

Once oxidant is added (chemical approach), or oxidative potential is applied (electroche-

mical approach), polymerization will initially take place at the water/micelle interface.

Hollow-structured CPs can then be obtained by stopping the polymerization at the appro-

priate time. In a report by Zhang et al., wire-, ribbon-, and sphere-like PPy nanostructures

were synthesized by a solution chemistry method in the presence of various surfactants

(anionic, cationic, or nonionic surfactant) with various oxidizing agents [122]. The effects

of surfactant concentration, surfactant chain length, monomer concentration, etc. on the

morphologies of the resulting PPy have been investigated in detail. The mechanisms of

templates during polymerization have also been discussed. Among surfactants used as

soft-templates, reverse-emulsion templates are considered to be an efficient tool for the

fabrication of hollow conducting-polymer structures. The most widely used surfactant to

form reverse micelles is sodium bis(2-ethylhexyl) sulfosuccinate (AOT), which is an

anionic surfactant and has two hydrophobic tailgroups.

Based on the characteristics of the surfactants, Wan et al. proposed that the micelles

formed by dopant, dopant/monomer salt, or supermolecules, and even by the monomer

itself might serve as soft-templates in the self-assembled nanostructures [34,38]. The

micelle model was confirmed by dynamic light scattering (DLS) [123] and direct mea-

surement of the micelle morphology by freeze-fracture transmission electronic micro-

scopy (FFTEM) imaging. Based on the above ideas, conductive and superhydrophobic 3-D

microstructures assembled from 1-D nanofibers of PANI, such as hollow rambutan-like

spheres, and hollow dandelion-like and cube-like 3-D microstructures, have been obtained

by Wan et al. [39], with perfluorooctane sulfonic acid (PFOSA) and perfluorosebacic acid

(PFSEA) as the dopant, respectively. The hydrophilic —SO3H group in PFOSA or the two

hydrophilic —COOH end groups in PFSEA serve both as the dopant and the template at

the same time, while the perfluorinated carbon chain in both PFOSA and PFSEA con-

tributes to the hydrophobic properties of the micro- and nanostructures. When PFSEA is

used as the dopant with a high molar ratio of PFSEA to aniline, a hollow dandelion-like

structure is obtained, whereas hollow cube-like 3-D microstructures are synthesized at a

low concentrations of aniline and a low molar ratio of PFSEA to aniline.

By investigating different contact angles for monomer droplets on different substrates,

unique hollow PPy nanostructured arrays with conical shapes have been produced via step-

wise electrochemical polymerization by Wei et al. [83]. In order to investigate the

formation mechanism of the PPy conical nanocontainers, they measured the contact angles

of pyrrole monomer droplets on different substrates. The contact angle of a pyrrole droplet

on a platinum plate was measured as 126.1� (in the aqueous solution of the reaction

system), while the contact angle on an Au/Pt plate was 43.3� under the same conditions.

In the case of electrochemical polymerization, they suggested that the micelles adsorbed

on the surface of substrate acted as a soft template at the beginning of the polymerization.
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Since pyrrole droplets have a contact angle higher than 90� on platinum substrates,

pyrrole-filled micelles were anchored firstly on the substrate by the polymerization of

pyrrole along the contact interface between the micelles and substrate. After that, pyrrole

monomer was predominately polymerized on the edge of anchored micelles due to the

higher electric field originating from edge effects. Therefore, hollow conical nanostruc-

tures were produced by a slow polymerization process. In contrast, in the case of using an

oleophilic Au/Pt substrate as the working electrode, initial nucleation occurred on the

surface of the micelles. Because pyrrole droplets only have a contact angle of 43.3� on the

Au/Pt substrate, each individual nucleus has a diffusion zone depending on the size and age

of the nucleus. The overlap of these diffusion zones joined the growing nuclei in a bulk

film on the substrate during the consequent incorporation process. Therefore, a cauli-

flower-like PPy film was finally produced. The existence of pyrrole-filled micelles was

proven by TEM investigation of a replica film prepared by freeze-fracture replication. The

pyrrole-filled micelles showed a spherical shape with diameters ranging from 30 to

100 nm. When a high current was applied, pyrrole-filled micelles were polymerized

together with the free pyrrole on the electrode. A crater-like structure with an approximate

diameter of 150 nm was observed if polymerization was stopped after the first stage. The

diameter of the crater-like structures was even bigger than the largest micelles observed.

Obviously, the crater-like structure was an intermediate structure in the formation of the

nanocontainers.

Oil micro- and nanodroplets can also sevrve as templates for preparing CPCs. M. Mazur

employed mineral oil droplets as templates directing polymer growth in the form of 3-D

containers on glass or quartz surfaces [36]. The dissolution of fluorescent dyes within the

droplets prior to polymer deposition allowed their entrapment within the containers.

Because of the use of glass or quartz as substrates, the encapsulated dyes were easily

observed from the transparent substrate side, wherein emitted light could be used to track

phenomena occurring within the capsules. In this work, PPy microcontainers were depos-

ited on transparent substrates in two steps. Firstly, liquid emulsion microdroplets were

adsorbed onto the solid substrate, and then coated with a thin adlayer of polymeric

material. An oil-in-water emulsion was prepared by sonication, and then subsequently

used as a dipping solution for glass slides for pretreatment. The immersion of the glass

slides resulted in a rapid adsorption of oil droplets onto the surface. Because no emulsion

stabilizer was used, the adsorption of oil droplets onto the glass surface was relatively easy.

Consequently, the emulsion was relatively unstable, permitting fusion of the droplets onto

the glass surface. The droplets are randomly distributed on the surface, with their sizes

ranging over several micrometers. After oil-droplet adsorption, the next step in preparing

the microcontainer was the deposition of PPy. PPy was easily prepared in the form of a thin

film adjacent to the substrate by in situ polymerization. Polymer layers were grown by

immersing glass slides in a polymerization bath containing monomer and oxidant, finally

forming microcontainers filled with fluorescent dyes.

In addition to the above-mentioned soft templates, ‘soup bubbles’ have been also used

as templates to fabricate CPCs. PPy microcontainers with bowl-, cup-, and bottle-like

morphologies have been electrochemically generated by direct oxidation of pyrrole in an

aqueous solution of �-naphthalenesulfonic acid (�-NSA), first reported by Shi et al.

[79–82]. The bubbles were produced by the decomposition of water. The gas bubbles

and the aqueous solution containing the monomer and �-NSA led to the formation of ‘soap
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bubbles’. The growth of PPy around these bubbles resulted in the PPy microcontainers.

The ‘soap bubble’ size and generation rate and the growth rate of PPy film depended

strongly on the experimental conditions. Thus, changing the electrolysis conditions could

modulate the shape, size, and caliber of the PPy microstructures. They also found that no

microstructures were formed at potentials lower than 0.8 V. However, in view of the fact

that the direct generation of O2 gas on the working electrode under a relatively high

positive potential could have a detrimental overoxidation effect, Dai et al. started the

electrochemical polymerization of PPy microcontainers by releasing H2 around the work-

ing electrode under a negative potential [35]. The newly released H2 gas bubbles were

stabilized by the anionic surfactant molecules in the solution and assembled onto the

working electrode under a positive potential. The mechanism in the case of H2 gas bubbles

is similar to the O2 gas bubbles, although the former allows the formation of PPy

microcontainers on the working electrode at a relatively low potential. Based on their

previous work, Shi et al. reported linear arrangement of PPy microcontainers by self-

assembling gas bubbles to act as a template on a silicon electrode surface patterned by

photolithography [82]. This was mainly due to the surface tension of the gas bubbles being

decreased by interactions between the walls of the polymeric photoresist and the gas

bubbles (capillary interaction), which led the gas bubbles to self-assemble linearly along

the two edges of the silicon electrode.

11.3.3 Micro- and Nanofabrication Techniques

However, each currently developed method has its own disadvantages. Hard-template

methods, for instance, are a universal and controlled approach to obtaining conducting-

polymer nanostructures, but the requirement of a template and the post-treatment for

template removal not only results in a complex preparation process, but can also destroy

the formed structures. Moreover, the size and morphology of available templates is

limited. The soft-template method is another relatively simple, cheap, and powerful

approach to obtain CPCs via a self-assembly process. However, the morphology and

size control of the self-assembled nanostructures obtained is poor. Therefore, finding a

facile, efficient, and controlled route to prepare CPs nanostructures is desirable.

Despite the fact that a number of porous structures containing polymers have been

reported [124–131], few systematic efforts have been made to correlate the patterning of

CPCs by nanofabrication techniquea. Zhou et al. developed a methodology to deposit

PANI in the free volume existing at the patterned surface [132]. Nanosphere lithography

(NSL) has been demonstrated by several research groups to be a simple, reproducible, and

versatile technique for fabricating well-ordered 2-D nanoparticle and metal arrays

[48,133–136]. A periodic 2-D array of colloidal particles has been shown by Van Duyne

and coworkers to be better ordered and more defect-free than a 3-D multilayered particle

network [48,135–137]. Because the upper layers of colloidal particles in a 3-D network

may impose a possible hindrance to the aniline monomer diffusion from the solution to the

underlying electrode surface, the use of a 2-D array should allow a better patterned PANI

film to be formed. Therefore, they predeposited the PS particles with alternating layers of

polyelectrolyte and applied the NSL procedure. By electrochemical polymerization of

PANI within the interstitial voids in a preformed PE-coated colloidal particle assembly and
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extraction of the PS particles using toluene, a PANI honeycomb film with pores containing

PE layers was finally formed.

As discussed previously, it is possible to obtain stimuli-responsive CPCs when combin-

ing the nanofabrication methods reported by E. Jager and D. Gracias. Standard micro-

fabrication procedures, including surface and bulk micromachining methods, which

involve sequential deposition and removal steps, were used to fabricate PPy actuators in

a report by E. Jager et al. Two methods, differential adhesion and sacrificial layer, were

investigated. The differential adhesion method was based on the poor adhesion between

Au and Si. A Cr layer was patterned on a Si surface, resulting in adhesive and nonadhesive

areas. Then an Au layer was deposited over this surface, and PPy was electrochemically

deposited on it. The PPy was patterned; thus a minor part of the Au/PPy bilayer was in

contact with the adhesive Cr layer, and this part functioned as an anchor holding the

actuator to the surface. The major part of the bilayer was in contact with the Si, to which

the Au did not adhere. Activating the bilayer caused it to pull itself free. Although the

differential adhesion method is easy and fast, the author suggested that this technique

would not be suited to all designs, for example it could not be used to fabricate

some individually controlled microactuators. Therefore, they used the well-known sacri-

ficial layer technique to fabricate micro robot arms. A support layer of Ti (the sacrificial

layer) was patterned onto a SiO2-covered wafer. Then they deposited Cr, Au, and PPy

layers. The microactuators were patterned with a small part overlapping the Si as the

anchor point and the rest overlapping the sacrificial layer. A free-hanging bilayer that

could be activated was achieved by removing the sacrificial layer. Although the sacrificial-

layer method suffers disadvantages, including a long underetching time and potential

damage to the PPy, depending on the etchant, it is advantageous for building more

complex microactuator devices. Later, D. Gracias et al. reported stress-driven self-folding

microstructured containers, accomplished by using trilayer hinges. The hinge was com-

posed of a bimetallic component containing chromium and copper and a trigger made of

photoresist polymer. Notably, it is possible to use intelligent CPs serving as the hinges to

connect each nickel wall and then form stimuli-responsive containers. It is worthwhile to

combine these two techniques together to prepare novel micro- and nanocontainers

because of the advantages of lower cost, more precise control, wider applicable conditions,

and so forth.

11.4 Properties and Applications of Micro- and Nanocontainers

Generally, the application of certain materials is based on a comprehensive understanding

of their properties, including physical, chemical, and electrical aspects, etc. Therefore, it is

necessary to summarize the properties of CPs in the first place. So far, a great deal of

research work has been focused on the characterization of CPs. A great number of articles,

reviews, and books about this issue are available in science libraries and digital databases.

For example, CPs are sensitive to numerous stimuli and can be made to respond. They can

store foreign species and are capable of performing intelligent functions. Because of these

inherent properties, containers made from CPs are considered excellent candidates for

encapsulation, drug delivery, and controlled release. As is well known, effective, but
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highly toxic, drugs are usually employed for cancer therapy. To decrease their toxicity and

avoid the negative influence of the toxic drugs on the rest of the body, it is desirable to treat

only the damaged part of the organism. The most promising approach to solving this

problem is to entrap toxic drugs in the inner volume of the micro- and nanocontainers. The

shell of micro- and nano containers will interdict any contact with healthy tissue during the

targeted delivery of drugs before they reach damaged cells. To date, the encapsulation of

chemical species within cavities of conducting-polymer structures can be understood by

using three methods. Furthermore, efforts have focused on the investigation of drug

delivery and controlled release, another important potential application of CPCs. The

ability to recognize particular stimuli and respond, and good biocompatibility allow

these CPCs to be competitive drug-delivery and release systems. More details about the

chemical and electrical properties of CPs and their potential applications are reviewed in

this section.

11.4.1 Chemical and Electrical Properties

CPs are considered to be intelligent materials because of their unique physical and

chemical properties. For example, their chemical properties can be manipulated to produce

materials capable of trapping simple anions or rendering them bioactive. Their electrical

properties can also be controlled to produce materials with different conductivities and

different electrochemical properties. After synthesis, the properties of these fascinating

structures can be manipulated further through processes cycling between oxidation and

reduction states. The application of electrical stimuli can result in drastic changes in the

chemical, electrical, and mechanical properties of CPs. However, these complex proper-

ties can be controlled only if they are completely understood: first of all, the nature of the

processes which control them during the synthesis of the CPs, and the second, the extent to

which these properties are changed by the application of an applied stimulus such as

electrical signal. As defined by G. Wallace, an intelligent material is capable of recogniz-

ing appropriate environmental stimuli, processing the information arising from the stimuli,

and responding in an appropriate manner and timeframe. What is particularly important is

that the responses obtained are appropriate [138]. In other words, they must result in

desirable behavior that enhances the performance of the material or structure. To function

as intelligent materials, CPs must be able to recognize the stimulus, process the informa-

tion, and respond with actuation. As a result, they must have appropriate chemical proper-

ties that can change in response to stimuli, as well as appropriate electrical properties that

allow information to be transported within the structure and switches to be actuated. The

mechanical properties must also be considered, because it will be of questionable value to

create materials with ideal chemical and electrical properties, but with inappropriate

mechanical properties.

The ability of CPs to recognize particular stimuli and respond is determined by the

chemical properties of the resultant structure. Moreover, these properties determine how

the conducting polymer interacts with other materials in the construction of composite

intelligent material structures. The dynamic nature of these chemical properties is impor-

tant. For example, G. Wallace and coworkers have shown that the affinity for particular

antibody molecules can be altered by the application of electrical stimuli [138]. In
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addition, the activity of incorporated functional molecules such as proteins can be altered

by application of appropriate electrical stimuli. That the application of an electrical

potential influences the antigen and antibody interaction was demonstrated in previous

work. Although the mechanism is not absolutely clear, the same principles as sensing

technology proved to be applicable [138].

The electrical properties of intelligent materials are important because they determine

the abilities of those materials to transport information from one part to another, to trigger

responses. Electrical conductivity in CPs is a complex issue. The experimental parameters

applied during synthesis have a significant effect on the polymer conductivity.

Particularly, the electrochemical conditions, and the solvent, dopant, and monomers

used during synthesis influence the electronic properties of the resulting polymer. The

electrochemical conditions during synthesis can be manipulated to vary the concentration

of electrons removed per unit time, which will have a dramatic effect on the resulting

polymer. Charge can be reversibly added to or removed from a conducting polymer by

cycling the material through the oxidation and reduction states. For example, as the

polymer is reduced, anions are encouraged to leave the polymer; however, if it is hard to

accomplish, charge compensation may be achieved by incorporation of cations from the

electrolyte. In some cases, where the anion incorporated during synthesis is bulky or has a

bulky hydrophobic component, the cation-incorporation process will predominate and the

polymer mass will increase upon reduction. The change in resistance is much less when

cation rather than anion movement predominates in the polymer oxidation/reduction

process.

Clearly, the way CPs are assembled has a dramatic effect on their chemical, electrical,

and mechanical properties. This information can be used to guide attempts in material

design at the molecular level. Fully understanding the importance of the properties of CPs

for their successful application requires that the properties of these materials be further

investigated. This, however, requires a greater understanding of their structure, both at the

molecular and the supramolecular level. Fortunately, scientists already have made great

efforts in this aspect to satisfy the requirement of novel applications such as programmable

encapsulation, intelligent delivery, and controllable release.

11.4.2 Encapsulation

The encapsulation of chemical species within cavities of CPCs can be realized using three

methods. In the first method, a small opening is left within the shell of a container during its

synthesis process to allow subsequent loading of the empty cavity with guest molecules.

The opening is sealed using an additional polymerization step after the empty cavity is

loaded (Figure 11.12a). Using this method, polymeric nanotubes have been used to entrap

several enzymes. The tube-like containers were prepared within a porous membrane,

which was then immersed in a solution of the enzyme, and then finally subjected to a

second polymerization step to seal the open ends of the nanotubes [51,103]. In a report by

Son et al., the PEDOT nanotubes were used as containers retaining water-soluble electro-

active materials and to play the role of a current collector for electrochemical reaction of

the species retained inside [53]. In this study, K3Fe(CN)6 was employed as the probe

material stored in the cylinders. The current collector exhibited a fine current response due
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to the redox reaction of the interior species. These results indicate that guest materials can

be stored in these capped nanotubes without the problems associated with the use of

organic solvents during the preparation process.

Bajpai et al. prepared PPy containers in the presence of fluorescein cadaverin in solution

[35]. The containers were loaded with the dye molecules, and the openings of the capsules

were sealed after electrochemical polymerization. To verify that the foreign species were

encapsulated in the containers, they rinsed the sealed microcontainers thoroughly with

distilled water until there was no fluorescence in the rinsing liquid, and then these closed

microcontainers were mechanically broken in distilled water, after which a fluorescence

signal was detected. This phenomenon indicated that the conducting-polymer microcon-

tainers are capable of encapsulating foreign species.

The second encapsulation method uses the permeation of chemical species through the

walls of the container (Figure 11.12b). Using this method, Jang et al. loaded PPy nano-

spheres with pyrene, a photochromic dye material [139]. Green emissions of pyrene

molecules were observed in the form of solid spheres, indicating that pyrene molecules

were introduced into the inner cavity of the polymer containers owing to hydrophobic

interactions. The mesochannels in the polymer capsule wall could act as a passage for the

introduction of pyrene molecules into the pores. They observed that the size of emission

spot was slightly larger than the average pore size of the PPy capsules. This was considered

to show that some portion of pyrene molecules was adsorbed on the outer surface of the

polymer capsule.

Figure 11.12 A schematic illustration of the encapsulation approaches: (a) loading the con-
tent after the synthesis process and then sealing the open ends of the CPCs by a further
polymerization; (b) entrapping the chemical species by their permeation phenomenon (See
colour Plate 8)
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In the third encapsulation method, the chemical species are entrapped through the

polymerization process (Figure 11.13). Feldheim et al. covalently attached rhodamine B

to gold nanoparticles, which were then subsequently coated with PPy. The gold cores were

then etched in a KCN solution, leaving the dye molecules entrapped in the containers. A

method for guest molecule encapsulation inside the cavities of polymeric structures grown

on droplet templates was recently introduced by M. Mazur [36,37]. Target molecules were

dissolved in the oil droplets prior to polymer deposition, and were then entrapped in the

cavity of the polymer after polymerization. To demonstrate the encapsulation of molecules

within PPy containers, two fluorescent dyes, pyrene and perylene, were employed. Their

presence inside the containers could be easily detected with spectrofluorometry, providing

evidence of the successful encapsulation of guest species. The release of the microcontai-

ner content could be achieved by controlling the hydration of the polymeric shell. When

the containers were placed in an aqueous or humid environment, the dye molecules stayed

entrapped. When the PPy was dried, oil containing the fluorophore permeated through the

polymeric walls and flowed away from the containers. However, it was confirmed that

subsequent rehydration of the sample in water did not result in uptake of the oil content

back into the capsule.

11.4.3 Drug Delivery and Controlled Release

Current drug-delivery methods pose specific problems that scientists are endeavoring to

address. For example, many drug potencies and therapeutic effects are limited or reduced

because the drugs partially degrade before they reach the target in the body. Further,

injectable medications could be made more cheaply and administered more easily if they

were dosed orally [140]. However, this improvement cannot take place until methods are

developed for the safe delivery of drugs through specific areas of the body or through an

area where healthy bone and tissue are badly affected. The goal of all drug-delivery

systems is to transport medications intact to specifically targeted parts of the body through

a medium that can control the release of the drugs by means of either a physiological a or

chemical trigger. To achieve this, researchers have put enormous effort into the fields of

micro- and nanotechnology. During past decades, polymeric microspheres, polymer

Figure 11.13 A schematic illustration of the encapsulation approach encapsulating the
foreign species via a polymerization procedure
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micelles, and hydrogel-type materials have all been proven to be effective in enhancing

drug targeting specificity, lowering systemic drug toxicity, improving treatment absorp-

tion rates, and providing protection for pharmaceuticals against biochemical degradation.

So far, many sophisticated and potent drugs have been developed. However, conventional

dosage forms such as oral delivery and injection have been found to be unsuitable for many

of these new protein- and DNA-based drugs. Failing to target a specific area, these delivery

routes often require frequent administration of drugs in high dosages. Consequently, the

body experiences a rapid release of the drug, which renders these dosage forms unsuitable

for many of the new drugs, because their toxicity requires observation for concentration

spikes. Therefore, the blood concentrations and target areas of these drugs must be care-

fully controlled. Furthermore, since the efficacy of many new and traditional drugs is

strongly influenced by their temporal administration, it is necessary to deliver drugs at a

controlled rate. For example, many therapeutic agents are most effective when delivered in

a pulsatile release profile. For these reasons, new cost-effective technology for controlled

drug delivery is demanded for the administration of the new drugs. Progress has been made

in recent years following advances in nanotechnology, such as microparticles, biocapsules,

microneedles, and micropumps. The ideal drug-delivery system that can self-regulate the

delivery rate in response to the patient’s physiological condition to obtain the optimal

therapeutic effect has yet to be attained.

The reasons why CPs are the ideal materials for biomedical actuators and relevant

applications have been summarized by Smela [59]. These lightweight materials have large

strain and high strength. They are able to work at room or body temperature and in body

fluids, and they only require low voltages for actuation. Many CPs are also biocompatible

and suitable for processing by microfabrication with existing technology. CPs have been

chosen as the material for micropump drug-delivery systems. Experiments were conducted

to choose the polymer or polymer composites most suitable for the application. Numerous

articles have indicated that PPy is a good candidate because of its in vivo stability and

biocompatibility. Different micropump designs were also modeled by computer simula-

tion. CPs possess reversible electrochemical responses, where they expand upon oxidation

and contract on reduction. The volume change originates from the insertion or expulsion of

counter-ions from an electrolyte for charge balancing, together with the movement of

solvent molecules. When conducting electroactive polymers expand, they generate force

and movement in a particular direction. This electrochemically controlled actuation has

been investigated for a wide range of applications, including artificial muscles, micro-

robotics, and microfluidics. Electrochemical switching of an electronically conducting

polymer is accompanied by charge compensation through ion flux into or out of a

membrane formed from such a polymer, which can be made to work as an ion gate.

PPy functions very well as an ion-gate membrane, which is positively charged in its

oxidized state and neutral in its reduced state. The ion-gate membrane can be used to

control the delivery of drugs, which can be accumulated in the membrane, e.g. during

oxidation, and then released by electrochemically controlled reduction of the membrane.

PPy is particularly suitable for this purpose because the monomer is nontoxic and the

electrochemical synthesis of the polymer membrane can be done in aqueous solution.

Glutamate and dopamine can be released from a PPy membrane using potential control.

Pyo et al. have shown that controlled release of adenosine 50-triphosphate (ATP) can be

achieved using the same polymer membrane [141]. Hepel and Mahdavi have used a
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composite PPy film as an ion-gate membrane for the potential-controlled release of a

cationic drug, chlorpromazine [142]. The electrochemical synthesis conditions have a

great influence on the redox properties of the PPy membrane and these determine the ion-

gate function of the membrane. In a recent study, efforts were made towards the electro-

chemical polymerization of PPy conductive polymer in order to find the optimum condi-

tions for producing a PPy membrane which could exchange anions [143]. Furthermore,

Iseki et al. evaluated the efficiency of a PPy membrane as a device for drug delivery using

model compounds, which in aqueous solution produce anions with therapeutic activity.

The selected anions were salicylate, nicoside, and naproxen. These anions have an aromatic

structure and are of medium size [144]. The delivery of anions from the membrane was

studied by using an electrochemical quartz crystal microbalance (EQCM), as well as high-

pressure liquid chromatography (HPLC) as an analytical tool.

In a report by D.G. Shchukin, the release and reloading cycles of a PPy microcontainer

system were visualized by fluorescence microscopy, employing FITC-labeled dextran as a

probe (Figure 11.14). The initial dextran-loaded PPy microcontainer electrode demon-

strated a high uptake yield in solution without applied potential bias. Changing to a

reductive potential resulted in the release of the encapsulated material. Further, hollow

polyelectrolyte capsules could be reloaded with new portions of FITC-dextran at a positive

potential bias. Twenty minutes of incubation at an oxidative potential were sufficient to

reload the capsules inside the PPy microcontainer electrode. The incubation time or release

time could be reduced by increasing the potential bias.

D. Martin et al. demonstrated that PEDOT nanotubes can precisely release individual

drugs and bioactive molecules at desired points in time by using electrical stimulation

(Figure 11.15) [69]. In their research, PEDOT nanotubes were placed in a neutral electrical

condition to stimulate the body environment. External electrical stimulation controlled the

Figure 11.14 Schematic representation of the functioning of a polypyrrole microcontainer
electrochemical system. (Reprinted with permission from Journal of the American Chemical
Society, Microcontainers with Electrochemically Reversible Permeability by Dmitry
G. Shchukin et al., 128, 14. Copyright (2006) American Chemical Society)
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release of dexamethasone from the PEDOT nanotubes due to contraction or expansion of

the PEDOT. By applying a positive voltage, electrons were injected into the chains and

then positive charges in the polymer chains were compensated. To maintain overall charge

neutrality, counter-ions were expelled towards the solution and the nanotubes contracted.

PEDOT contraction then produced a mechanical force creating pressure within the nano-

tubes. The hydrodynamic force inside the nanotubes thus caused expulsion of PLGA

degradation products and dexamethasone, presumably either through the ends of

PEDOT nanotubes or though openings or cracks on the surface of the nanotubes created

Figure 11.15 Schematic illustration of the controlled release of dexamethasone: (A) dexa-
methasone-loaded electrospun PLGA; (B) hydrolytic degradation of PLGA fibers results in the
release of the loaded drug; (C) electrochemical deposition of PEDOT around the dexametha-
sone-loaded PLGA fiber; (D) the PEDOT shell slows down the release of dexamethasone;
(E) PEDOT nanocontainers in a neutral electrical condition; (F) external electrical stimulation
controls the release of dexamethasone from the PEDOT nanocontainers due to contraction or
expansion of the PEDOT; (G) cumulative mass release of dexamethasone from: PLGA fibers
(black), PEDOT-coated PLGA nanocontainers (red) without electrical stimulation, and PEDOT-
coated PLGA nanocontainers with electrical stimulation of 1 V applied at the five specific times
indicated by the circled data points (blue); (H) UV absorption of dexamethasone-loaded
PEDOT nanocontainers after 16 h (black), 87 h (red), 160 h (blue), and 730 h (green). The
UV spectra of dexamethasone have peaks at a wavelength of 237 nm. (Reprinted with permis-
sion from Advanced Materials, Conducting-Polymer Nanotubes for Controlled Drug Release
by M. R. Abidian, D.-H. Kim, D. C. Martin, 18, 4, 405–409. Copyright (2006) Wiley-VCH)
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by actuation. This research provided a general method capable of facilitating integration of

electronically active devices into living tissues.

Encapsulation, drug delivery, and controlled release are the main goal of scientists in

preparing CPCs. Considering their special structures and unique properties, CPCs could

also applied to other aspects. For example, because of the high specific area, conducting-

polymer microcontainers are considered to be good candidates for sensing applications.

Dai et al. found that the response current for PPy microcontainers is roughly double that of

the corresponding PPy film when using them to detect glucose [35]. Furthermore, CPCs

are capable of serving as a catalyst support due to their hollow structures and high surface-

to-volume ratios. Despite their potential applications in other fields, encapsulation of

certain foreign species, and delivery and release of contents continue to be the focus of

research.

11.5 Conclusions

In this chapter, various micro- and nanostructured CPCs have been reviewed.

Conventional structures (such as hollow spheres and tubes) and novel structures

(for example, goblet- and pipette-like structures) have been presented. The methods

developed so far to prepare CPCs have also been discussed. The hard-template-

assisted method, which employs commercial available porous membranes or remo-

vable colloidal particles and nanowires as the template is a powerful tool to

obtain CPCs. However, the template-removal process often cause structural damage

to the CPCs. Therefore, the soft-template method was proposed as another way to

fabricate CPCs. In this method, the desired structures are formed by driving forces

such as supermolecular self-assembly via hydrogen bonds, Van der Waals forces,

and electrostatic interactions. Because the formation of supermolecules is often

affected by the reaction conditions, the soft-template method has the disadvantage

of lacking controllability compared with the hard-template method. Furthermore,

with the advancement of nanotechnology, the nanofabrication technique has become

a competitive option for the preparation of CPCs. However, this technique is still

limited by the expensive cost and the complicated procedure.

CPs have attracted intensive attention because of their inherent properties, such as

stimuli recognition, information processing, response actuation, and good biocompat-

ibility. They can store foreign species and are capable of performing intelligent

functions. Therefore, CPCs are considered to be promising candidates for applica-

tions in encapsulation and controlled drug delivery and release. Three kinds of

approach have been used to encapsulate foreign species in the empty cavities of

CPCs. Individual drugs and bioactive molecules were precisely released at desired

points in time by using electrical stimulation of the CPCs. Detailed evidence has

proven that CPCs are particularly applicable for controlled delivery in some circum-

stances. We envision that CPs can be further optimized with the assistance of

developed or developing techniques to form micro- and nanocontainers for applica-

tions such as the construction of ‘smart’ containers with enhanced functionality and

those with on-demand, reversible opening and closing capabilities.
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12.1 Introduction

Conductive conjugated polymers belonging to polyenes or polyaromatics, such as poly-

acetylene, polyaniline (PANI), polypyrrole (PPy), polythiophene, poly(p-phenylene), and

poly(phenylene vinylene) classes, have been investigated extensively [1–3]. PANI and

PPy families of conjugated polymers are of much interest due to their low cost, easy

synthesis, unique conduction mechanism, good stability and environmentally benign

performance [4,5].

The conductivity of a conductive polymer is strongly dependent on the doping agent

(dopant) with electron donor or acceptor ability. The doping process can even transform an

intrinsically insulating conjugated polymer to a near-metallic conductor [6,7].

Conductive-polymer thin films doped with different species have been reported to serve

as polymeric rechargeable batteries for energy-storage purposes [8], electrode materials

used in electrochemical supercapacitors [9,10], metal-corrosion protection coating mate-

rials [11,12], matrices for structural composite materials [13], electromagnetic
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interference (EMI) shielding, electro-chemomechanical devices [14], and sensors for pH

[15], gas, and humidity testing [16,17].

Composites are engineered materials made from two or more constituent materials with

significantly different physical or chemical properties which remain separate and distinct

on a macroscopic level within the finished structure. Nanocomposites can be defined [18]

as multiphase solid materials, in which at least one of the phases has a dimension of less

than 100 nanometers (nm). In other words, the structures have nanometer-scale dimen-

sional repeat distances between the different phases that make up the unity. In the broadest

sense this definition can include colloids, porous (mesoporous) media, gels, and copoly-

mers, but is more usually taken to mean the solid combination of nanodimensional phases

differing in properties due to dissimilarities in structure and chemistry. The properties of

the nanocomposites are different from the bulk composites.

From the mechanical point of view, nanocomposites differ from conventional compo-

site materials due to the exceptionally high specific surface area (surface-to-volume ratio)

of the reinforcing phase. The reinforcing nanosized material can have a range of shapes

and morphologies, such as nanoparticles, nanotubes, nanoflakes, and long and short

nanodiameter fibers. These are exemplified by oxide nanoparticles, carbon nanotubes,

exfoliated clay particles, short carbon fibers, and long electrospun fibers, respectively. The

area of the interface between the matrix and reinforcement phases is typically an order of

magnitude greater than that in conventional composites. The matrix material is signifi-

cantly affected by proximity to the reinforcement. This large reinforcement surface area

means that the effect of a relatively small amount of nanoscale fillers can have an

observable effect on the macroscale properties of the composites. For example, adding

carbon nanotubes improves the electrical and thermal conductivity. Other kinds of nano-

particles may result in enhanced optical, electronic, dielectric properties, or mechanical

properties, such as stiffness and strength. In general, the nanofillers are dispersed into the

matrix during processing. The percentage (weight/mass fraction) of the nanoparticles

introduced can remain very low (on the order of 0.5% to 5%) due to the low filler

percolation threshold, especially for the most commonly used nonspherical, high aspect-

ratio fillers (such as thin nanoplatelets, nanoflakes, or carbon nanotubes).

Polymer-based nanocomposites reinforced with nanoparticles (NPs) have attracted

much interest due to their homogeneity, relatively easy processability, and tunable physi-

cochemical properties, such as mechanical, magnetic, electric, thermoelectric, and elec-

tronic properties [2,19–36]. High particle loading is required for certain industrial

applications, such as electromagnetic-wave absorbers [37,38], photovoltaic cells (solar

cells) [39,40], photo detectors, and smart structures [41–43]. A nanoparticle core with a

polymer shell renders many industrial applications possible, such as nanofluids and

magnetic resonance imaging (MRI).

Magnetic nanoparticles, due to their unique magnetic and electronic properties, are used

in various applications, such as biomedical drug delivery, specific site targeting, magnetic

data storage, and sensors [43–47]. The magnetic nanoparticles include metals such as iron,

cobalt, nickel, and their alloys among them or with others (such as FePt), oxides (�-Fe2O3

[48–51], Fe3O4 [5,52,53], cobalt oxide [54]), iron cobalt oxide ferrite [55], manganese-

zinc ferrite (Mn0.68Zn0.25Fe2.07O3) [56], and barium ferrite (BaFe12O19) [57]. Compared

with the metallic magnetic materials, ferrite materials can have higher resistivity and still

have larger saturation magnetization, which allows them to obtain a good
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frequency-permeability responses for high frequency applications [55,58]. By combining

in a single material the electrical conductivity of the polymer and the magnetic properties

of the nanoparticles, magnetopolymeric materials can be built and have many potential

applications [55]. The insulating properties of the ferrites have the advantage of reducing

the eddy current losses and some of the soft ferrites have been extensively investigated for

RF applications such as AC/DC converters, wide-band transformers, antennas, and elec-

tromagnetic interference (EMI) shielding.

There are four important physical parameters, as shown in Figure 12.1, used to describe

the magnetic properties of a nanomaterial, i.e., saturation magnetization (Ms, emu g�1),

remanent magnetization (Mr, emu g�1, a material’s ability to retain a certain amount of

residual magnetic field when the magnetizing force is removed after achieving saturation),

coercivity (coercive force, Hc, Oe, the amount of reverse magnetic field which must be

applied to a magnetic material to make the magnetization return to zero), and blocking

temperature (Tb, K, characteristic of the transition temperature between the superpara-

magnetic state and the ferromagnetic state).

According to the magnetic properties, materials can be classified into soft and hard

categories. Materials, with coercivity (coercive force) larger than 200 Oe, are called hard

materials and smaller than 200 Oe are called soft materials. In the soft materials, a unique

category is called superparamagnetic materials. Superparamagnetic material consists of

small ferromagnetic clusters (e.g. crystallites), but where the clusters are so small that they

can randomly flip direction under thermal fluctuations. As a result, the material as a whole

is not magnetized (coercivity and remanent magnetization equal to zero) except in an

externally applied magnetic field (in that respect, it is like paramagnetism).

Successful incorporation of magnetic nanoparticles into a conductive polymer matrix

will definitely widen their applicability in the fields of electronics, biomedical drug

delivery, and optics. These doubly functionalized nanocomposites will exhibit the mag-

netic properties of the magnetic particles and the conducting properties of the conductive-

polymer matrices. However, one of the challenges so far is the ability to integrate a high
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Figure 12.1 Schematic of the magnetic properties: (a) hysteresis loop and (b) ZFC and FC
temperature-dependent magnetization curves
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fraction of nanoparticles into the polymer matrix in a strong acidic environment. The

acidic environment, which is normally required for conductive-polymer synthesis, will

etch away the nanoparticles in an aqueous solution. A balance between the polymerization

requirement in an acidic solution and the prevention of dissolution of reactive iron oxide

nanoparticles will be a determining factor for high-quality nanocomposite fabrication.

Polypyrrole nanocomposites with iron oxide and other nanoparticles have been prepared

by several methods. For example, in situ chemical oxidative polymerization approach with

either ultrasonication [59] or mechanical stirring [60] was reported. The nanocomposites

showed particle-loading-dependent magnetic properties and electric conductivity. In addi-

tion, a supercritical fluid approach, implemented because of green chemistry, was also

reported to be used as a medium in in situ chemical oxidative polymerization for the

fabrication of conductive-polymer magnetic nanocomposites [61].

The stirring method (ultrasonication or mechanical stirring) is believed to have a

significant effect on the formed nanocomposites and the subsequent physicochemical

properties. However, there are few papers reported in the literature. In this chapter, the

synthetic methods for making magnetic conductive-polymer nanocomposites are sum-

marized. The effect of nanoparticle addition on the morphology of the polymer matrix,

the magnetic properties, and the electrical conductivity of the resulting nanocomposite

are addressed. The conductive mechanisms within the magnetic conducting-polymer

nanocomposites are also discussed.

12.2 Magnetic Polymer Nanocomposite Preparation

Several methods have been reported for the preparation of magnetic-nanoparticle-

reinforced conductive-polymer nanocomposites, including the oxidation in solution

method, the electrochemical method, sequential deposition approaches, the irradia-

tion method, etc.

12.2.1 Solution-Based Oxidation Method

Polypyrrole nanocomposites filled with �-Fe2O3 nanoparticles were fabricated by the

oxidation method in aqueous solution [49]. A dispersion of �-Fe2O3 nanoparticles

(5–25 nm) was made by adding the desired amount of �-Fe2O3 in 20 ml deionized water

under sonication. p-Toluenesulfonic acid (CH3C6H4SO3H, p-TSA, 6.0 mmol) and pyrrole

(7.3 mmol, Aldrich) were added to the above suspended nanoparticle solution under

sonication. Ammonium persulfate (APS, oxidant, 3.6 mmol) was rapidly mixed into the

above solution at room temperature, and the resulting solution was kept under sonication

for one hour. In addition, the effect of reaction time was investigated by using a seven-hour

sonication, as used previously in the study of micron-size iron oxide particles [60]. Both

mechanical stirring and ultrasonic stirring were used to produce nanocomposites. All the

products were washed thoroughly with deionized water (to remove the unreacted APS and

p-TSA) and methanol (to remove oligomers). The precipitated powder was dried at 50 �C.

A similar solution-based oxidation method has been used to prepare polyaniline-barium

ferrite nanocomposites [57].
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A microemulsion polymerization method [62,63] was also reported to produce magnetic

polypyrrole nanocomposites filled with �-Fe2O3. The nanoparticles were dispersed in the

oil phase. FeCl3 was used as an oxidizing agent. Sodium dodecylbenzenesulfonic acid

(SDBA) and butanol were used as the surfactant and cosurfactant, respectively. FeCl3
(0.97 g) was dissolved in a mixture of 15 mol deionized water, SDBA (6 g), and butanol

(1.6 ml). A specific amount of �-Fe2O3 suspended nanoparticle solution was added to the

above solution for dispersion. Pyrrole was added for nanocomposite polymer fabrication in

the microemulsion system. The polymerization was continued for 24 hours and quenched

by acetone.

12.2.2 Electropolymerization Method

Compared to an inorganic substrate, a conductive polymer has the advantages of light

weight, flexibility, and easy synthesis. The conductive polymer needs be very stable at a

negative potential during electropolymerization in order to serve as an electrode. A PPy

thin film doped with m-sulfobenzoic acid has high conductivity in the order of 100 S cm�1

in air, at relatively high temperatures, in a reductive agent and with negative potential,

which provides the opportunity for electrodeposition applications [64]. The electrochemi-

cal synthetic approach has been used to produce a multilayered structure with a conductive

polymer as the substrate [65]. Yan et al. used a heavily doped PPy film as a substrate for

subsequent multilayered Co and Cu formation and observed magnetic-field-dependent

electron-transport behavior [65]. Abe et al. [66,67] reported an Fe3O4 film formation by

using electroplating (anodic oxidization) or electroless plating (air oxidation) in aqueous

solution at low temperature (T <80 �C) and this approach promoted the formation of

oxides on various substrates or in matrices. The nanoparticles used in the polypyrrole

nanocomposite fabrication included �-Fe2O3 [68] and Fe3O4 [69].

Jarjayes et al. have fabricated PPy-Fe2O3 nanocomposites in one single electrochemical

step [68], rather than the two-step deposition process [70]. The anionic ferrofluid, a stable

liquid solution containing magnetic nanocrystals coated with anionic chelating agents

(surfactant), rendered the neccessary compatability between the nanoparticles and the

polymer chains. The ferrofluid-containing PPy films were electrodeposited in a single

compartment cell on an ITO anode (2 � 3 cm) by electrolysis at 0.7 V/SCE of a nonstirred

aqueous solution of 0.5 mol l�1 pyrrole and ferrofluid (0.1 mol l�1 in Fe). The deposition

charge is typically 5 C cm�2 for a current density of around 1 mA cm�2. The films were

purified by washing with deionized water and acetonitrile. The films were stripped from

the electrode substrate after one night free standing and dried under vacuum at 60 �C for

12 hours.

Yan et al. [69] have further extended the electrodeposition method to prepare multi-

layered PPy and magnetite (Fe3O4). The conductive polymer layer was electropolymer-

ized in a one-compartment three-electrode cell with a computer-controllable EG&G

potentiostat Model M273. The electrolyte was 0.1 mol l�1 p-toluenesulfonate and 0.1 mol l�1

pyrrole aqueous solution. Stainless steel (4 � 2 cm), Pt sheet and Ag/AgCl (0.1 M KCl)

electrodes were used as the working electrode, the counter-electrode and the reference

electrode for the PPy film formation, respectively. A galvanostatic method (consisting of

placing a constant current pulse upon an electrode and measuring the variation of the
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resulting current through the solution; a way to measure the rate of an electrochemical

reaction) was used for electrochemical polymerization of PPy in a current density of

1 mA cm�2 and the thickness of the deposited film was controlled by the passed electric

charge during the electropolymerization thin-film growth. A working electrode covered

with PPy film was washed thoroughly with distilled water and acetone, and used as the

working electrode for magnetite (Fe3O4) film electrodeposition. The galvanostatic method

was employed again with a current density of 0.5 mA cm�1. The electrolyte contained

0.03 mol l�1 FeSO4 with a pH value of 7 (adjusted with NaOH solution) at 75 �C.

A sandwich structure with different alternating layers was obtained by repeating the above

process. The maximum thickness of magnetite is about 0.2mm. Zhang et al. [71] and Long

et al. [72] reported nanostructures (nanorods and nanotubes) of PANI composites containing

Fe3O4 nanoparticles synthesized by a self-assembly process in the presence of �-naphtha-

lene sulfonic acid (NSA) as a dopant for the first time in 2003. Briefly, 0.2 ml of aniline

monomer and a quantitative amount of Fe3O4 nanoparticles were mixed with NSA (0.26 g)

dissolved in 10 ml of deionized water under supersonic stirring for 10 min to form an

emulsion of an aniline/NSA complex containing Fe3O4 nanoparticles. An aqueous solution

of (NH4)2S2O8 (APS, oxidant, 0.46 g in 5 ml deionized water) was then added to the above

reaction mixture with supersonic stirring. The mixture was left overnight. The product was

washed with deionized water, methanol, and ether, and then dried in vacuum for 24 h to

obtain a green-black powder of PANI-NSA/ Fe3O4 nanocomposites. It was found that the

conductivity and magnetic properties of the PANI-NSA/Fe3O4 nanostructures could be

adjusted by changing the content of Fe3O4 NPs in the composites.

12.2.3 Two-Step Deposition Method

Forder et al. [70] have successfully prepared superparamagnetic conductive polyester

textile composites (polypyrrole and magnetite on polyester textile fiber substrate) by a

two-step deposition method, i.e., magnetite deposition and PPy deposition.

Preparation of magnetite-textile fiber composites is described as follows. The cleaned

and dried polymer textile substrate (average fiber diameter 10–20 mm) was immersed in

the magnetite dispersion for about half an hour and air-dried for several hours. The coated

textile was further dried at 60 �C. The magnetite-impregnated textile was further used for

conductive-polymer coating. The solution for immersion of the treated textile fibers was

1,5-napthalenedisulfonic acid (0.27 g), 5-sulfosalicylic acid (1.71 g), and FeCl3 6H2O

(1.82 g) in 150 ml deionized water. The magnetite-treated textile fibers (2.75 g) were

immersed in the above solution and then pyrrole (0.20 cm3) was added for the polymer-

ization. The polymerization was quenched with excess deionized water and the product

was washed and dried.

12.2.4 UV-Irradiation Technique

Poddar et al. [56] successfully extended the UV-irradiation technique [73] for PPy forma-

tion to composite fabrication. In this technique, silver nitrate (10–5 mol%) was added to

the pyrrole monomer as the electron acceptor for pyrrole photopolymerization.

A photoinitiator was used to increase the polymerization rate and uniformity. A cationic
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photoinitiator (CYRACURE UV 16992 from DOW Inc.) was added to the pyrrole/salt

solution at 0.3%. A specific amount of ferrite nanoparticles were dispersed in the above

solution and spin-coated onto a glass substrate. The nanocomposite thin films were formed

by overnight polymerization under UV light (365 nm) irradiation.

12.3 Physicochemical Property Characterization

A Fourier-transform infrared (FT-IR) spectrometer in transmission mode under dry nitro-

gen flow (10 cubic centimeters per minute, ccpm) was used to test the physicochemical

interactions between PPy and Fe2O3 nanoparticles. The dried PPy powder was mixed with

powdered KBr, ground and compressed into a pellet. Its spectrum was recorded as a

reference for comparison with that of the Fe2O3/PPy nanocomposites.

The dispersion quality of the nanoparticles within the conductive polymer matrix, and

the nanostructures of the polymer and nanocomposites were normally investigated by

scanning electron microscopy (SEM). SEM specimens were prepared by spreading a thin

layer of powder onto a double-sided carbon tape. The microstructure and crystallinity were

investigated with a transmission electron microscope with an accelerating voltage of

100 keV. The samples were prepared by dispersing the powder in anhydrous ethanol,

dropping some suspended solution onto a carbon-coated copper grid and drying naturally

in ambient conditions.

The magnetic properties of the nanocomposite were measured in a 9 tesla physical

properties measurement system (PPMS) by Quantum Design. Two different measure-

ments were normally carried out. The temperature-dependent magnetization was investi-

gated using zero-field-cooled (ZFC) and field-cooled (FC) conditions at an applied field

(for example,100 Oe). ZFC was done by cooling the sample first to 5 K without a field,

then magnetization changes were recorded with the temperature increasing from 5 to

300 K with an applied field of 100 Oe. FC was recorded immediately after ZFC by

decreasing the temperature from 300 to 5 K with a constant field of 100 Oe. Field-

dependent magnetization (hysteresis loop) was tested for certain temperatures.

The electrical conductivities were measured using a standard four-probe method to

minimize the surface contact resistance.

12.4 Microstructure of the Conductive Polymer Nanocomposites

Figure 12.2 shows the SEM microstructures of pure PPy and Fe2O3/PPy nanocomposites

synthsized by the conventional method, as used for micron-size iron oxide particle-filled

PPy composite fabrication [60]. The conventional method is based on mechanical stirring.

In contrast to the network structure of pure PPy, as shown in Figures 12.2(a) and (b),

discrete spherical nanoparticles with uniform size distribution are observed in the nano-

composite counterparts fabricated by the conventional method, as shown in Figures

12.2(c) and (d). However, no attraction was observed when a permanent magnet was

placed nearby, and further quantitative magnetic characterization did not show any sign of

magnetization in the nanocomposites. The disappearance of the magnetic nanoparticles is
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due to slow dissolution over time caused by the acidic solution used in the pyrrole

polymerization. This observation also suggests the formation of a porous polypyrrole

shell rather than a solid one that can protect the magnetic nanoparticles from dissolution.

For in situ formation of the conductive magnetic nanocomposite, a short reaction time

(1 hour) was used to balance the PPy polymerization and the nanoparticle dissolution.

Ultrasonic stirring was used rather than mechanical stirring to minimize contamination and

achieve better particle dispersion. The red particles turned black after the polymerization,

indicating the formation of PPy. Unlike the network structure observed in pure PPy, the

SEM micrographs (shown in Figure 12.3) of nanocomposites with different initial particle

loadings show discrete nanoparticles without any obvious agglomeration. In stark contrast

to the obvious loss of magnetic particles when mechanical stirring was used for seven-hour

polymerization, the dried nanocomposite powder in Figure 12.3 was attracted to a perma-

nent magnet, indicating the presence of the magnetic nanoparticles.

12.5 Interaction between the Nanoparticles and the
Conductive-Polymer Matrix

Figure 12.4 shows the FT-IR spectra of pure PPy and Fe2O3/PPy nanocomposites. The

characteristic peaks of PPy are observed in all the samples, indicating the formation of

Figure 12.2 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication
and Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by
Z. Guo, K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Science þ
Business Media’’)
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Figure 12.3 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication
and Characterization of Iron Oxide Nanoparticles Reinforced PolypyrroleNanocomposites, by
Z. Guo, K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Science þ
Business Media)

Figure 12.4 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication
and Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by
Z. Guo, K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Science þ
Business Media)
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PPy. The peaks at 1547 and 1464 cm�1 can be assigned to C=C and C—N stretching

vibrations, respectively. The peaks at 1164 and 901 cm�1 are due to the C—H in-plane

bending and ring deformation, respectively. Similar patterns were also observed in PPy-

Fe[OH] microcomposites [60]. The obvious spectral differences between pure PPy and the

composites indicate that PPy exhibits a different chain structure, and there are physico-

chemical interactions between the nanoparticles and PPy. The presence of iron oxide

nanoparticles in the composite is strongly supported by the new peaks at 485 cm�1 and

588 cm�1 as shown in Figures 12.4c and d, which are due to the stretching vibrations of iron

oxide [74]. This observation indicates that a magnetic nanocomposite can be synthesized

with PPy if polymerization is achieved in a short period of time. Pprolonged polymerization

is characterized by the disappearance of the characteristic IR peaks of iron oxide, Figure

12.4b. The small differences between the spectra of PPy and the nanocomposites with

prolonged polymerization also indicates the loss of iron oxide nanoparticles.

The thermal stabilities of the pure PPy and Fe2O3/PPy nanocomposites were investigated

by TGA measurements and the results are shown in Figure 12.5. Figure 12.5(a) shows the

thermogravimetric profiles of nanocomposites with particle loadings of 0, 20, and 50 wt%,

respectively. The black nanocomposites were observed to turn red upon test completion,

characteristic of iron oxide rather than the black carbon, indicating complete loss of PPy. The

weight loss at temperatures lower than 120 �C was due to loss of moisture, and the major loss

at temperatures higher than 240 �C was due to the decomposition of PPy. The differences in

the residues reflected the different amounts of iron oxide nanoparticles present. In addition,

the nanocomposites showed better thermal stability than that of the pure PPy. The thermal

stability increased slightly with increasing nanoparticle loading, which is believed to be due

to the lower mobility of the polymer chains when the polymer chains are bound onto the

nanoparticles with strong chemical interactions [75].

The only peak at 254.5 �C observed in the as-received nanoparticles, as shown in

Figure 12.5(b), is due to the decomposition of the iron oxide-hydroxide (goethite,

FeOOH as proved by the FT-IR spectra) [31,76]. Similar to the TGA observation, a higher

decomposition temperature (308.0 �C) was observed in PPy formed with the aid of

nanoparticles than that of pure PPy formed without them (298.4 �C). Whereas only one

peak was observed in the pure PPy samples, two exothermic peaks were observed in the

DTA curves of the nanocomposites. These were due to the decomposition of PPy at 307 �C

and the possible phase transition of iron oxide at 480 �C, as reported for the Fe2O3/PPy

nanocomposites fabricated by the simultaneous gelation and polymerization (sol-gel)

method [77,78] respectively. As compared with no obvious phase transition in the pure

iron oxide nanoparticles, the observed phase transition was due to the intermediate product

of PPy [77,78].

12.6 Magnetic Properties of Conductive-Polymer Nanocomposites

Figure 12.6 shows the magnetic hysteresis loops of nanocomposites with an initial particle

loading of 20 wt% and 50 wt%, respectively. There was no hysteresis observed in the sample

formed from the seven-hour reaction due to the dissolution of the magnetic nanoparticles in

the acidic solution. The saturation magnetizatiosn (Ms) were 29.4 emu g�1 and 45.1 emu g�1
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Figure 12.5 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication
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based on the total weight of the nanocomposites with initial loadings of 20 wt% and

50 wt%, respectively. The saturation magnetization of iron oxide was reported to be

74 emu g�1 and independent of the surface chemistry of the nanoparticles. Thus, the real

nanoparticle loadings in nanocomposites with initial loadings of 20 wt% and 50 wt%

were calculated to be 27 wt% and 68 wt%, respectively. The calculated particle loading

based on the magnetic data is much higher than the initial particle loading considering

the partial particle loss from dissolution during the nanocomposite fabrication. This

indicates that the yield of PPy was lower. In other words, the pyrroles were partially

polymerized into PPy, which led to the higher particle loading. In addition, the polymer

yield was observed to be lower at the higher initial particle loading than that at the lower

initial particle loading.

The effect of the stirring method, i.e., mechanical or ultrasonic stirring, was investigated

by polymerizing for seven hours, as used with mechanical stirring. The final product

exhibited a strong tendency to be attracted onto a permanent magnet, indicating the

presence of iron oxide nanoparticles. Figure 12.7 shows the hysteresis loop of as-received

nanoparticles and nanocomposite synthesized with ultrasonic stirring over seven hours and

an initial particle loading of 50 wt%. The weight percentage of the iron oxide nanoparticles

in the nanocomposite was estimated to be 20.2%, based on the saturation magnetizations of

the nanocomposite and the as-received nanoparticles. This weight percentage is much

lower than the initial particle loading and the composite sample formed with one hour of

ultrasonic stirring. This indicated that more particles were lost due to dissolution with a

longer reaction time between the nanoparticles and the protons. The coercivity was
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observed to be much larger in the nanocomposite (65 Oe) than for the as-received samples

(18 Oe), due to the dispersion of the single-domain-size nanoparticles.

12.7 Electron Transport in Conductive-Polymer Nanocomposites

The electrical conductivity was measured by a standard four-probe method. Figure 12.8a

shows the temperature-dependent resistivity of pure PPy and nanocomposites with differ-

ent particle loadings. The PPy, synthesized in the presence of the nanoparticles with a long

reaction time, was observed to have large resistance beyond the capability of the utilized

equipment. This was due to poor contact between small particles [79] and the amorphous

structure which will be discussed later. At lower temperatures the resistance was too large

to be measured by the available equipment. The much lower resistivity in pure PPy

prepared by the conventional method was due to the formation of a network structure, as

shown in the SEM image in Figure 12.2(b), which favors electron transport. The resistivity

change was not due to the doping extent, based on the fact that all the samples were washed

and doped with the same solution (species) [80]. The resistance was observed to decrease

dramatically in the Fe2O3/PPy nanocomposites, which was due to a crystalline structure

change and will be discussed later. Nanocomposite with an initial particle loading of

50 wt% was observed to have a higher resistivity, which was due to the known insulating

effect of iron oxide [81,82] and consistent with silicon carbide/polypyrrole [83], silica/

polypyrrole [84], and titanium dioxide/polyaniline nanocomposites [85].
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Figure 12.8b shows the temperature-dependent conductivity (�). The conductivity of

pure PPy and nanocomposites with two different particle loadings can be linearly corre-

lated to temperature with the quasi-three-dimensional variable-range hopping (quasi-3D-

VRH) model. The variable-range hopping theory analysis indicates that three-dimensional

hopping dominates in these samples, and the correlation between conductivity and

temperature can be expressed by Equation (12.1),

� Tð Þ¼�0 exp � T0

T

� �1=4
" #

(12:1)

where T0 is the characteristic Mott temperature and the pre-exponential factor �0 is the

conductivity at infinite temperature. �0 was calculated to be 3000.1 S cm�1 for pure PPy,

and 978.4 S cm�1 and 298.8 S cm�1 for nanocomposites with initial particle loadings of

20 wt% and 50 wt%, respectively. T0 was calculated to be 1204137 K for pure PPy, and

138346 K and 212010 K for nanocomposites with initial particle loadings of 20 wt% and

50 wt%, respectively. The parameter T0 is inversely proportional to the localization length

of the charge carriers. A larger T0 implies a strong localization of the charge carriers, which

results in an increase in resistance at low temperatures; whereas a small T0 implies a weak

localization [2]. The observed T0 variation for the component is consistent with the

observed resistivity change in the synthesized PPy and Fe2O3/PPy systems.

It has been reported that the electrical conductivity strongly depends on the ordered states of

the conductive polymer [86]. In other words, the structural and electronic properties of PPy

can be easily modified due to the soft lattices, which are reflected in the crystalline structure of

the nanomaterials. Iron oxide nanoparticles were thought to serve as a template for the

subsequent PPy matrix formation. Ultrasonic energy has been reported to have a strong

capability to alter the electronic structure of the polymer or even produce various nanoparti-

cles. Here, the crystalline structure change with the nanocomposite formation was investigated

by selected-area electron diffraction (SAED) and dark-field TEM microstructures.
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Figure 12.9a and b show the bright-field TEM microstructure of pure PPy and the correspond-

ing selected-area electron diffraction (SAED). Similar to the SEM observation, linked

nanoparticles were observed in the bright-field TEM images, as shown in Figure 12.9a.

The clear ring pattern shown in Figure 12.9b indicates the crystalline structure of the

formed polypyrrole. Conductive polymer is reported to have a homogeneously dis-

ordered structure, i.e., partially crystalline, especially in nanostructures such as nano-

tubes (15%) [87]. Higher crystallinity is reported to render higher conductivity [88,89].

The calculated lattice distance (the lattice constant of PPy refers to the constant

distance between unit cells in a PPy crystal lattice) indicates partial crystallinity for

PPy nancomposites. The lattice distances and crystalline planes (from the inner to the

outer) of pure PPy calculated from the electron diffraction patterns are 0.117 nm (100),

0.0666 nm (111), 0.0577 nm (200), 0.0434 nm (220), and 0.0386 nm (300). However,

no ring pattern was observed in PPy formed in the presence of iron oxide nanoparticles

over a long reaction time, indicating an amorphous or disordered structure. The

observed discrete spherical structure shown in Figure 12.9c is consistent with the

SEM observation, which leads to the poor contact and high resistivity.

Figures 12.10 and 12.11a, b and c show bright-field microstructures, selected-area

electron diffraction, and dark-field micrographs of prepared nanocomposites with

initial particle loadings of 20 wt% and 50 wt%, respectively. Discrete nanoparticles

observed in the nanocomposites were consistent with the SEM observations. The image

Figure 12.9 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication and
Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by Z. Guo,
K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Scienceþ Business Media)

Figure 12.10 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication and
Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by Z. Guo,
K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Scienceþ Business Media)
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contrast arose from the molecular weight of PPy and iron oxide. The dark and grey

regions corresponded to the iron oxide and PPy, respectively. The lattice distance of the

related SAED of nanocomposite with an initial particle loading of 20 wt% shown in

Figure 12.9b was indexed to be 0.167 nm (2 1 1, Fe2O3), 0.137 nm (2 0 8, Fe2O3),

0.114 nm (100. PPy), 0.086 nm (2 3 8, Fe2O3), and 0.0804 nm (2 4 4, Fe2O3). The SAED

pattern of the nanocomposite with an initial particle loading of 50 wt% was calculated

and indexed to be 0. 167 nm (2 1 1, Fe2O3), 0.137 nm (2 0 8, Fe2O3), 0.111 nm (100,

PPy), 0.0863 nm (2 3 8, Fe2O3), 0.0804 nm (2 4 4, Fe2O3), 0.0648 nm (111, PPy),

0.0569 nm (200, PPy), and 0.0376 nm (300, PPy). All the calculated numbers in the

reflection planes were all even or odd, indicating face-centered-cubic structures [90].

The dark-field micrographs of the nanocomposites corresponding to the bright-

field image shown in Figures 12.10 and 12.11c also indicate a crystalline structure.

The high crystallinity observed in the nanocomposites is most likely responsible for

the increased conductivity. In addition, the lattice distance of PPy was observed to

be smaller in the nanocomposite with the higher particle loading, indicating that the

nanoparticles favor a compact PPy structure with a lower resistivity. However, the

high resistivity in the higher particle-loaded nanocomposites is due to the insulating

nature of the iron oxide nanoparticles, which dominate the electron transport. T0 is

the characteristic Mott temperature, i.e. the energy needed for hopping conduction

of charge carriers. A smaller value of T0 indicates higher conductivity of the

sample. The value of T0 can be obtained from the slop of ln �(T) � T �1/2 plot.

This explains the phenomenon of the characteristic Mott temperature of nanocom-

posite with a 20 wt% particle loading decreasing and then increasing again with 50

wt% loading.

The effect of the stirring method, i.e., mechanical or ultrasonic stirring, on the

conductivity was investigated by polymerizing for seven hours. Figure 12.12 shows

the temperature-dependent resistivity and conductivity (�) of nanocomposite with

an initial particle loading of 50 wt% and ultrasonically stirred for seven hours. In

comparison to the high resistivity of the nanoproduct (pure PPy, complete loss of

the nanoparticles), the lower resistivity and the presence of magnetic hysteresis

indicates that the stirring method has a significant effect on the composite prepara-

tion. Ultrasonic stirring favors protection of nanoparticles from dissolution. The

(a) (b) (c)

Figure 12.11 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication and
Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by Z. Guo,
K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Scienceþ Business Media)
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linear relation between ln(�) and T�1/4 indicates a quasi-three-dimensional variable-

range hopping (quasi-3D-VRH) mechanism.

Figure 12.13a–c shows the bright-field microstructures, the corresponded selected-

area electron diffraction, and dark-field microstructures of nanocomposites with

ultrasonic stirring, respectively. The contrast shown in Figure 12.13a represents

iron oxide nanoparticles (black region) and PPy polymer (gray region). The nano-

particles were observed to be enclosed and protected from complete dissolution by

the polymer matrix. The ring patterns with clear spots shown in Figure 12.13b
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Figure 12.12 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication
and Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by
Z. Guo, K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Science þ
Business Media)
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Figure 12.13 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication
and Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites, by
Z. Guo, K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Science þ
Business Media)
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indicate the highly crystalline structure of the nanocomposites, which can be indexed

to the iron oxide nanoparticles and the formed PPy. The dark-field microstructures of

the nanocomposites also indicate a crystalline structure.

The crystalline structural parameter and electrical resitivity of pure PPy and the

nanocomposites are summarized in Table 12.1. The crystalline structure parameter

was observed to be larger in nanocomposites with seven-hour ultrasonic stirring and

an initial particle loading of 50 wt%, which is due to the majority being PPy matrix,

as observed in the TEM (Figure 12.13a), and also the lower final particle loading.

With a similar crystalline structural parameter, the presence of iron oxide nanopar-

ticles made the nanomaterials less conductive. With an amorphous structure, PPy

formed with the presence of the iron oxide nanoparticles, and mechanical stirring for

a long time produced insulating materials.

12.8 Giant Magnetoresistance in Conductive-Polymer Nanocomposites

A giant magnetoresistance (GMR) effect indicates a significant change in resistance in

response to an external magnetic field. With zero external field, the magnetization

directions of adjacent ferromagnetic layers in a GMR material are antiparallel due to a

weak antiferromagnetic coupling between the layers. When an applied external field

aligns the magnetization in adjacent layers, a low level of resistance is observed. Since

Table 12.1 Physical properties of pure PPy and Fe2O3/PPy nanocomposites

Material name Resistivity at
10 K (ohm.cm)

Resistivity at
290 K(ohm.cm)

Lattice constant
of PPy(nm)

Final particle
loading( wt %)d

Pure PPya 8058.60 1.10 0.117 0
Nanocomposite 20

wt%b (1 hour
ultrasonic stirring)

94.90 0.12 0.114 27.0

Nanocomposite 50 wt%
(1 hour ultrasonic
stirring)

1117.00 0.69 0.111 68.0

Nanocomposite 50 wt%
(seven hour
ultrasonic stirring)

96424.20 1.82 0.117 20.2

Nanocomposite 50
wt%c (seven hour
mechanical stirring)

Infinite Infinite Amorphous 0

a Pure PPy formed without iron oxide nanoparticles.
b The weight percentage was the initial particle loading before polymerization and calculated based on the total mass of
monomers and the nanoparticles
c This is pure PPy and the nanoparticles were completely dissolved due to the reaction between the nanoparticles and the
protons
d Particle loading was estimated from the saturation magnetization.
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the discovery of GMR in thin-film structures composed of alternating ferromagnetic and

nonmagnetic metal layers in 1988 [91], GMR sensors have spurred many commercial

applications, such as magnetic storage (read heads in modern hard drives) [92], magnetic

random access memory (MRAM), and biological detection [93,94]. Compared with

traditional metal matrix composites, polymer nanocomposites containing magnetic

nanoparticles are more attractive because of their high flexibility, easy processing, and

low cost.

With PPy as the substrate, Yan et al. noticed interesting GMR behavior with a value of

4% in cobalt and copper multilayers, as shown in Figure 12.14 [65]. The copper layer serves

as a spacer for cobalt layers, similar to a conventional metal electrode system. However,

there is no report regarding conductive polymer layers as ferromagnetic layer spacers. The

reported value is lower than that of the pure metal system. There were three proposed

reasons for the difference: the quality of the cobalt layer (with more copper in the

ferromagnetic cobalt layers with a PPy substrate); the roughness of the PPy thin film

(rougher compared than conventional metal); and the low conductivity of the PPy film used.

The flexibility of a plastic substrate-based GMR is shown in Figure 12.15a,b and the

observed GMR values in polyester are lower than those in silicon and kapton substrates, as

seen in Figure 12.15c [95]. By minimizing the roughness of the plastic substrate with a

suitable buffer layer (2 mm photoresist), Chen et al. [95] improved the roughness of the

plastic, which was comparable to that of the conventional Si substrate, as seen in Figure

12.16a. The number of bilayers was found to have a significant effect on the GMR values

(Figure 12.16b,c).

Granular polymer nanocomposites have also been investigated for possible GMR

applications [43,96]. Conductive iron nanoparticle-reinforced vinyl ester resin nanocom-

posites are observed to possess MRs of only 0.9%, which increase to 1.7% after
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Figure 12.14 Resistance vs. in-plane magnetic field curves at room temperature for
electrodeposited (30 repeats) Co (2 nm)/Cu (3 nm) on conductive polypyrrole film (thick-
ness 5 mm).65 (Reprinted with permission from Journal of Materials Chemistry, A flexible
giant magnetoresistance sensor prepared completely by electrochemical synthesis by
F. Yan, G. Xue and F. Wan, 12, 2606–2608. Copyright (2002) Royal Society of Chemistry)
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carbonization (Figure 12.17a). The particle loading was found to have a significant effect

on the GMR values (Figure 12.17b). Optimizing the particle loading has great potential to

achieve further increases in GMR.

12.9 Summary

The effect of iron oxide nanoparticles on the chemical polymerization of pyrroles in

acidic solution has been investigated and found to significantly influence the mor-

phology (size and shape) and other physicochemical properties of PPy. Pure discrete

PPy nanoparticles with a much higher resistivity were formed over a long reaction

time in the presence of iron oxide nanoparticles. Similar to pure PPy formed with

nanoparticles and different from the network structure of pure PPy formed without

nanoparticles, discrete nanoparticles were observed in all nanocomposites with initial

particle loadings of 20 wt% and 50 wt%. Subsequent nanocomposites were observed

to have improved thermal stabilities with higher decomposition temperatures. FT-IR,

TGA/DTG and TEM/SAED analyses indicated a strong interaction between the

nanoparticles and polymer matrix. PPy was observed to have a lower yield of

nanocomposite with a higher initial particle loading. Saturation magnetization in

Figure 12.15 (a) Schematic illustration of (Co/Cu)N multilayers deposited on Si and
flexible substrates. (b) A photographic image of circularly bent (Co/Cu)20 MLs deposited
on a polyester substrate. (c) GMR curves for (Co/Cu)20 MLs deposited on polyester,
kapton, and thermally oxidized Si substrates. (Reprinted with permission from
Advanced Materials, Towards Flexible Magnetoelectronics: Buffer-Enhanced and
Mechanically Tunable GMR of Co/Cu Multilayers on Plastic Substrates by Y. M. Yuan-
fu Chen, Rainer Kaltofen, Jens Ingolf Mönch et al., 20, 3224–3228. Copyright (2008)
Wiley-VCH)
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nanocomposite with a high particle loading was larger, and the conductive behavior

followed the three-dimensional variable-range hopping mechanism. The presence of

nanoparticles in the nanocomposites was observed to produce a more condensed

structure of PPy. The decreased conductivity with high particle loading was due to

the insulating behavior of the iron oxide. Compared to mechanical stirring, ultrasonic

stirring played a critical role in iron oxide-PPy nanocomposite formation and pro-

vided protection from proton dissolution for nanoparticles, arising from a tight PPy

matrix formed around the iron oxide nanoparticles.

12.9.1 Materials Design Perspective

The importance of hierarchical theories and models bridging multiple length- and time-

scales, working in conjunction with experiments, was recognized in 1987 with the pub-

lication of the book Design of New Materials [97]. Recent theoretical and modeling work

on nanocomposites confirms the earlier predictions [98,99]. Nanocomposite experimenta-

tion in synthesis and fabrication represents a case-in-point scenario design challenge

which covers the micro-, meso-, and macro-size scales, as illustrated in the current

work. This brings into perspective several experimentally derived concepts for which

theory and modeling must account:

• Nanoparticles in relatively small amounts, through their high surface area, affect not

only the mesoscale and macroscale physical properties, but electrical properties and

magnetic properties as well.

• Nanoparticles, through their higher surface energies, are more reactive and this must be

controlled during synthesis since it can influence meso- and macroscale structures, as

well as physical chemical and physical properties.

• Nanoparticles dispersed in a matrix bring their own properties to bear on the system, as

seen with the reduced electrical conductivity with increasing concentration and the

changes in magnetic properties.
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13.1 Introduction

Until the early 1970s polymers were considered to be insulating materials. This view was

revolutionalized by the demonstration of metal-like conductivity in iodine-doped poly

(acetylene) by Heeger and coworkers, which ignited research into the use of polymers as

active components in electronic devices [1]. Another important breakthrough was

achieved in 1990 when Friend and coworkers discovered electroluminescence in the

semiconducting polymer poly(p-phenylenevinylene) (PPV) [2]. After only a few dec-

ades of development the optoelectronic properties of conjugated polymers are now of

commercial as well as scientific interest, with organic light-emitting diode displays

(OLEDs) and polymer transistor backplanes currently competing against their inorganic

counterparts in the marketplace.

One large potential impact for conjugated polymers lies in the field of solar energy.

Polymer solar-cell devices can be manufactured cheaply and with low embodied energy.
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Furthermore, the production is expected to be easily scalable. This technology is currently

developed by many researchers around the world, but has not yet reached the marketplace.

In order for polymer solar cells to become economic their efficiency must be improved.

The power conversion efficiency of a solar cell is dictated by three factors: (i) the

fraction of sunlight that can be absorbed, (ii) the fraction of absorbed photons that lead

to extracted charges (‘internal quantum efficiency’), and (iii) the energy that is retained

by the extracted charges (ideally close to the ‘open-circuit voltage’). In this review we

will refer often to factors (ii) and (iii). Their interplay is not well understood and at

present these have not both been optimized simultaneously even in state-of-the-art organic

solar cells.

Photon absorption in conjugated polymers results in formation of a bound electron–

hole pair, termed an exciton, which must be split into charges to achieve photovoltaic

energy conversion. This excited state has a Coulombic binding energy of around 0.5 eV.

Therefore, separating the electron and hole directly from it requires impractically high

electric fields. A much more promising approach is to form nanocomposites by blending

electron donating and accepting organic materials. Excitons created close to the hetero-

junction may undergo a charge-transfer reaction at the interface and the charges can be

further separated and transported to the electrodes by weak electric fields [3–5]. The

active layer of the devices can be conveniently fabricated by mixing the two materials in

organic solvents and spin-casting them onto a substrate. This creates partially demixed

blends of the two materials with a large interfacial area, which is termed the ‘bulk

heterojunction’. We focus our review on the understanding of charge transfer in various

blends used in organic solar cells. We will review how the overall device efficiency of

polymer:polymer solar cells is related to the photophysical processes that occur at the

heterojunction.

13.1.1 Polymer: PCBM Solar Cells

Organic solar-cell devices using regioregular poly(3-hexylthiophene) (P3HT) as a light

absorber and electron donor and the soluble C-60 derivative [6,6]-phenyl-C61-butyric acid

methyl ester (PCBM) as an electron acceptor (PCBM is a weak absorber in the visible

spectral region so its role in absorption is minimal) have power conversion efficiencies

exceeding 5% [3,6]. For further detailed information about device physics, characteriza-

tion, and fabrication the reader is referred to other recent reviews [7,8]. The power-

conversion efficiency can be increased by stacking two or more active layers in a tandem

cell configuration wherein each of the active layers is tailored to efficiently absorb a

specific region of the solar spectrum. Using this approach a power conversion efficiency of

6.5% has been reached [9]. One advantage of PCBM/polymer solar cells is that the internal

quantum efficiency, which is the ratio of charge carriers collected at the electrodes per

absorbed photon, is high [6]. The main disadvantage is that PCBM is a very strong electron

acceptor (see Figure 13.1), which implies that a significant amount of energy is lost in the

charge-transfer reaction. This leads to a moderate open-circuit voltage of approximately

0.7 V in the best cases and imposes a significant constraint on the further optimization of

this material system [10].
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13.1.2 Polymer: Polymer Solar Cells

Solar cells based on two conjugated polymers can have smaller band-edge offsets than

PCBM-based solar cells and therefore reach higher open-circuit voltages of around 1.3 V

(see Figure 13.1). However, the internal quantum efficiencies of such systems are, in

general, poor. This indicates that a significant amount of charges recombine before they

are collected at the electrodes. The highest power-conversion efficiencies achieved in

single-active-layer polymer:polymer solar cells are approaching 2% [11–13]. This is

considerable lower than the efficiencies for polymer:PCBM solar cells. However, if the

loss mechanisms that reduce the quantum efficiency in these devices can be reduced or

circumvented, high power-conversion efficiencies, surpassing those of devices using

PCBM as an electron acceptor, could be obtained.

Polymer:polymer solar cells have further potential advantages relative to PCBM-

containing blends such as enhanced optical absorption and techniques to control mesoscale

morphology. Increasing the fraction of solar photons absorbed, while maintaining the

open-circuit voltage and quantum efficiency, is one approach to better power-conversion

efficiency. Selecting two polymers that strongly absorb visible light in complimentary

portions of the solar spectrum increases the fraction of absorbed photons and consequently

raises the maximum achievable power-conversion efficiency [12,14]. The development of

polymers that absorb in the near infrared will provide opportunities to utilize material

combinations with very broad-band optical absorption [15]. In terms of control of the

mesoscale morphology, which is a parameter critical in determining the quantum effi-

ciency of the solar cell, polymer brushes, which are grown from one of the electrodes

[16,17], and block copolymers, which can be used to form a wide variety of mesophases,
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are attractive options. The use of a block copolymer to form a bicontinuous double-gyroid

template that is selectively dissolved and replicated in titanium dioxide has been demon-

strated in a dye-sensitized solar cell of the Grätzel type [18]. Manufacturing such ordered

phases directly from a block copolymer made from two conjugated materials would

provide a greater control of domain morphology compared to that currently achieved by

partial demixing of two component solutions during film formation. This control might be

used to address quantum-efficiency loss mechanisms by a more precise control of domain

size and interfacial area.

13.1.3 Polymer: Inorganic Nanoparticle Solar Cells

Various types of colloidal inorganic nanoparticles can be used as electron donors or

acceptors in polymer-based solution-processed solar cells. Colloidal nanocrystals consist

of a roughly spherical core of an inorganic material with a diameter of less than 10 nm,

surrounded by a coating of an organic ligand that passivates the nanocrystal surface and

also stabilizes the nanocrystals in solution by preventing aggregation [19,20]. The optical

and electronic properties of nanoparticles can be tuned by the particle size. The first report

on polymer:nanoparticle solar cells used cadmium selenide nanoparticles as an electron

acceptor [21]. Volatile ligands were used that could be removed from the surfaces of the

nanoparticles after a blend film was formed. This facilitated charge transfer by allowing

nanoparticle and polymer to come into direct contact. Subsequently, nanoparticles with

more exotic shapes, including high-aspect-ratio rods and tetrapods, have been developed

in the attempt to improve charge transport in solar-cell device structures [22–25]. Also,

devices utilizing nanoparticles that extend the absorption of the solar cell into the infrared

[26,27] and devices made from less toxic and environmentally damaging materials have

been developed [28]. The best power-conversion efficiencies achieved to date are in the

region of 2–3% [28–30]. The mechanism and rate of charge transfer between polymer and

nanoparticle are still not well understood, and are complicated by the possible influences

of organic ligands and nanoparticle surface states. Furthermore, in many cases energy

transfer from a polymer exciton to a nanocrystal exciton could precede or compete

with charge transfer. Recent studies of charge transfer between nanoparticles and sur-

face-adsorbed ligands are beginning to address these issues and provide estimates for

charge-transfer rates in the solid-state blend [31,32].

13.2 Charge Transfer in Conjugated Polymers

In this section we review theoretical and experimental results important for understanding

the photophysics of polymer solar cells. We examine the states that are involved in the

processes of photoinduced charge generation, and present a theoretical framework that

describes the separation and recombination of charge-transfer states. Finally, we review

the mechanisms for charge formation that operate in a film of a single conjugated

polymer and the additional mechanisms, relevant to solar cell devices, that occur in binary

donor:acceptor blends.
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13.2.1 Excitons as the Primary Photoexcitations

In the early literature there was significant debate regarding the singlet exciton binding

energy, and therefore the ease with which dissociated polarons could be created in a

conjugated polymer following photoexcitation. Some interpretations of transient optical

absorption and transient photoconductivity measurements suggested that free charges

could be directly produced by photoexcitation with a yield of up to 90% [33,34]. Other

experiments suggested that optical excitation exclusively led to singlet excitons with

significant binding energies [35]. Although charge generation in conjugated polymers

depends strongly on the disorder, morphology, and purity of the sample, the early

discrepancies were later attributed to experimental artifacts caused by the high photon

fluxes used in the initial optical-spectroscopy experiments [36]. It is now widely accepted

that the primary photoexcitation is singlet excitons with a significant Coulombic binding

energy of approximately 0.5 eV. As the exciton binding energy is around 20 times higher

than thermal energy at room temperature, charges do not spontaneously form. The high

binding energy is a fundamental property of organic oligomers and polymers, and arises

from the weak screening of charges in organic materials, substantial electron–electron

correlation and geometric relaxation effects [37].

Excitons are localized on a small number of repeat units (few nanometers) and do not

extend over the whole polymer chain. An exciton in a conjugated polymer is thus very

similar to its counterpart in a photoactive small molecule, but has little in common with

extended, weakly bound excitons in inorganic semiconductors.

13.2.2 Charge Transfer at Semiconductor Heterojunctions

In order to facilitate efficient ionization of the exciton, bulk heterojunction structures are

used, at which the excitons can undergo a charge-transfer reaction at the interface between

an electron-donating and an electron-accepting material. Depending on the relative

alignment of the HOMOs (highest occupied molecular orbitals) and LUMOs (lowest

unoccupied molecular orbital) of the two semiconductors, two regimes are distinguished,

as sketched in Figure 13.2. A ‘type I’ heterojunction does not lead to charge transfer, but

rather exciton transfer at the heterojunction. In case of a ‘type II’ heterojunction, charge

transfer is supported and it is therefore the alignment regime of choice for organic

photovoltaics. Once an exciton is photogenerated in the electron-donating material,

electron transfer can occur if there is a favorable difference in LUMO energy levels of

the two materials. Likewise, an exciton generated in the electron-accepting material can

ionize and a hole is transferred to the electron-donating material. The offsets in between

the HOMOs and LUMOs, respectively, have to be larger than exciton binding energy

minus the binding energy of the charge-transfer state that is formed. As a rule of thumb,

band offsets of >0.4 eV are sufficient for charge generation to occur.

After ionization of the excitons, the spatial separation of electrons and holes is small, i.e.

<10 nm. Therefore, the charges attract each other by Coulomb interaction, and cannot be

thought of as two independent freely moving species (Figure 13.2b). In the literature on

organic solar cells this situation is described as ‘bound electron–hole pairs’, or ‘geminate

electron–hole pairs’. The separation of electron and hole can be so small that their
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wavefunctions overlap [38], allowing absorption and/or photoluminescence from these

states to be observed [39–41]. The states were initially identified by their photolumines-

cence in polymer:polymer blends and termed ‘exciplex’ [40], because an associated

absorption was not observed. However, more recently it was demonstrated in PCBM:

polythiophene blends, that corresponding states may absorb photons, and accordingly they

were classed as ‘charge-transfer states’ [39]. In order to simplify the nomenclature we will

use the term ‘charge-transfer state’ in this chapter to describe all states where the two

charges are placed directly at the heterojunction. Charge-transfer states are closely bound

and are characterized by wavefunction overlap. This is not a requirement for classification

as geminate charge pairs, where significant Coulomb interaction is characteristic.

Charge-transfer states play a key role in organic solar cells as they dictate the rates for

charge separation and recombination. A ‘free’ charge can be transported to the electrodes

and may contribute to the photocurrent, whereas a charge trapped by its counter-charge in

a charge-transfer state may not. The internal electric field will assist the separation of

charge-transfer states and help the charges to move away from each other, in the

appropriate direction for charge collection in the external circuit (Figure 13.2c). The

competition between charge-transfer state separation and recombination can account

for the major quantum efficiency loss mechanism in various classes of organic solar cell

(see below) [42–44].

Figure 13.2 Schematic energy-level diagram for ‘type I’ and ‘type II’ organic semiconductor
heterojunctions where Fa and Fc, the electrodes’ work function are also indicated. For type II,
panel (a) shows a tightly bound exciton on the hole-transporting material and panel (b) shows a
weakly bound charge-transfer state at the interface after exciton ionization. Both cases are in
the flat-band regime. Figure (c) shows the device under short-circuit conditions. The separation
of the charge-transfer state at the interface is assisted by the internal electric field
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We also note that charge-transfer states play a central role in OLEDs. Whereas recom-

bination of charge-transfer states is an unwanted loss mechanism in organic solar cells, it is

vital for the operation of OLEDs. Indeed, blends of conjugated polymers with type II band

alignment and metastable interfacial charge-transfer states can be used to fabricate highly

efficient OLEDs [40]. In this case, the charge-transfer state acts as a weakly emissive, but

long-lived, energy reservoir that can endothermically transfer into a highly emissive

singlet exciton on one blend component.

13.2.3 Charge Transport

After splitting of the exciton at the heterojunction and further separation of the charge-

transfer state, the charges (or polarons) need to be transported within the semiconductor

materials network to the respective electrodes. Despite the recognition that it is mainly the

separation of the charge-transfer states that limits current polymer:polymer solar-cell

devices, charge transport also has to be considered, because it is another potential loss

mechanism. We will briefly cover this topic; the interested reader is referred to a recent

review by Blom et al. [7].

In amorphous films of conjugated polymers, the lack of crystalline lattice structure

prevents the charge-transport mechanism from being considered band-like; instead the

charge-transport process has to be regarded in terms of a hopping of carriers between

localized states [45]. Moreover, defects, kinks, and twists disrupt the polymer backbone

conjugation giving mobility in the range of 10–12–10–10 m2 Vs�1 for polymer LEDs and

photovoltaics. Three main models have been developed to justify such low mobilities in

disordered polymer semiconductors. The polaron model accounts for the strong electron–

phonon coupling in conjugated polymers, which leads to relaxation of the polymer back-

bone around the charge. If enough thermal energy is available, the polarons may hop

between adjacent sites. In this representation, which is theoretically described by Marcus

theory [46], the hopping probability for a carrier increases with the electric field. Although

the activation energy varies considerably between materials, it has been estimated to range

between 25 and75 meV by using this model [47].

Bässler’s Gaussian disorder model for disordered conjugated systems introduces ener-

getic and positional disorder [48]. Energetic disorder is approximated by a Gaussian

density of states (DOS), which is motivated by the Gaussian profile of the polymer’s

excitonic absorption spectra and the recognition that the polarization energy is determined

by a large number of internal coordinates, so the central limit theorem of statistics holds.

The charge transport using the Gaussian disorder model cannot be solved analytically,

hence Monte Carlo simulations are used [48,49]. Using the hopping rate described by the

Miller–Abrahams formalism, Monte Carlo simulations reveal that the charge-carrier

mobility is temperature and field dependent. The Gaussian disorder model agrees with

experimental data only at high electric fields, a problem that has been attributed to the

absence of correlation of energies of adjacent sites in the original model [50].

An alternative model to account for low mobilities in organic semiconductors is the

multitrapping and release model. Traps are localized levels as lattice defects or impurities

in which charge carriers are immobilized. The ones localized near the center of the

bandgap are called deep traps, while the ones close to the conduction or valence band
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are called shallow traps. The model considers all charges below a certain energy as

trapped, and all those above, as free. A thermally assisted process releases the charges,

which can move through the lattice until they meet another trap site. Transport of charge

carriers in this model depends on the energy levels of the trap states and the applied voltage

[51]. Although the temperature dependences of the mobility extracted by using the

disorder, polaronic, or multitrapping models are different, none of them has been

universally approved or disapproved. This may be because it is difficult to correctly

interpret the experimental data, as the accessible temperature range is small. There has

been intense research effort to refine the transport models, as well as try a unified

interpretation of the experimental data [52]. For a disordered organic system, it is most

likely that charge transport will be a superposition of the three effects: trapping, disorder

(more important at low temperature), and polaronic (more important at high temperatures).

With respect to organic photovoltaic devices, it is important that the electron and hole

mobilities in the electron- and hole-accepting materials, respectively, are high and that

they are balanced. This is due to two reasons: (i) The charge carriers have a higher

probability to escape geminate recombination if their initial mobility is high and

(ii) afterwards, high and balanced mobilities are important to efficiently sweep the charge

carriers out of the device with a high quantum efficiency. However, it is not straightfor-

ward to determine the mobilities in the devices, because the intimate mixing in a bulk

heterojunction cell prohibits extrapolation of mobilities obtained from pristine polymer

films. Therefore the mobilities have to be measured in situ [7]. Furthermore, the small

domain size used in bulk heterojunction cells may cause electrons and/or holes to be

trapped in domains, which have to be connected to the matching electrode. This issue is

particularly problematic, because increasing the domain size will decrease the exciton

ionization efficiency (see below) and it is at present not possible to reliably control the

shape and relative alignment of the domains.

13.2.4 Photoinduced Charge Transfer

We now discuss in greater detail how charges can be created after photoexcitation, first in

the case of pristine polymers and then in donor:acceptor blends with type II heterojunc-

tions. In general, we consider a two-step mechanism: first, the singlet exciton is trans-

formed into a charge-transfer state. This state is intermediate between exciton and ‘free’

charges. It is characterized by a larger charge separation than the exciton, but the electron

and hole are still bound by their mutual Coulomb attraction and have a varying degree of

wavefunction overlap [38]. In pristine materials this charge-transfer state may be either

intra- or intermolecular, with the electron and hole wavefunctions centered on the same or

different polymer chains. Once the charge-transfer state is created, the electron and hole

may either recombine with each other (geminate recombination) or, with the assistance of

a field or thermal energy, hop apart and escape their mutual attraction. The three cases of

charge generation that we will consider are schematically illustrated in Figure 13.3. Panel

(a) shows charge generation via highly excited singlet state in a pristine conjugated

polymer. Panel (b) depicts the process of charge generation via a singlet state assisted by

thermal activation or an applied electric field in a pristine conjugated polymer. Finally,

panel (c) shows the case relevant to organic solar cells under solar illumination, where
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charge generation occurs by exciton ionization at an interface between two materials with

appropriately aligned band offsets (the type II heterojunction, introduced above).

We note at this point that the concepts and language used to describe the photophysics of

organic electronics very much reflect the different backgrounds of the researchers parti-

cipating in this field. Initially, physicists developed models based on band theories.

However, motivated by the insight that the device physics are significantly affected by

localized states, a more chemistry-oriented theoretical framework based on molecular

excitations has been established in recent years. Each of these approaches has merits, it is

easy to rationalize the energetics of semiconductor heterojunctions (see Figure 13.2) using

a sketch that is inspired by ‘physical’ band theories. On the other hand, it is more intuitive

to address the question of charge-transfer state recombination and separation, which we

will discuss in the following, using a ‘chemical’ framework based on molecular excita-

tions. We therefore, use either the ‘physical’ or ‘chemical’ framework as simplicity and

convenience of understanding dictate while discussing the photophysics of organic bulk

heterojunction solar cells. With reference to continuity (and terminology), this situation

may be undesirable, but we believe this deficit is justified in order to present the concepts

most intuitively case to case.

(a)

charge-transfer state

E
n

er
g

y/
eV

spatially-separated polarons

r (e-h separation)
a

Sn

S1

S0

charge-transfer state

E
n

er
g

y/
eV

spatially-separated polarons

increasing field

a
r (e-h separation)

S0

S1

(b)
E

n
er

g
y/

eV

a

charge-transfer state

spatially-separated polarons

disorder assisted separation

r (e-h separation)

S0

S1

(c)

Figure 13.3 Charge-transfer state generation and separation. The energetics of charge-transfer
state generation and subsequent separation are shown for (a) a highly excited singlet state in a
pristine material, (b) thermal excitation or electric field assistance in a pristine material, and
(c) a donor-acceptor blend
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13.2.5 Onsager–Braun Model of Charge-Transfer State Dissociation

Before we discuss the various cases for charge-transfer state generation and recombina-

tion, we will briefly review Onsager–Braun theory [53], which is commonly used to

describe the charge-transfer state separation into free and mobile charge carriers.

Onsager–Braun theory is based on Onsager’s model of charge dissociation in organic

crystals [54], and is similar to a special case in the more general model developed by

Tachiya and Sano [55]. An alternative description that considers the role of interfacial

dipoles at the heterojunction has been proposed by Arkhipov [56]. Onsager theory

determines the probability that an electron and hole in a charge-transfer state escape

from each other. It considers that the electron and hole both move in the same material.

The electron and hole in the charge transfer are assumed to have some initial degree of

spatial separation. Subsequently, the electron and hole may diffuse, but are somewhat

bound to each other by their mutual Coulomb attraction. If their separation ever becomes

zero they instantly recombine. If they hop apart far enough that their Coulomb attraction

becomes negligible, they become considered free (spatially separated). This model was

modified by Braun to better represent systems in which the charge-transfer state was

relatively stable, as is the case in donor–acceptor blends. He assumed that the charges

would not instantly recombine if they met, but instead considered that their decay could be

described with a finite rate constant [53]. The fraction of charge-transfer states that

separates can then be calculated from the kinetic competition between separation and

relaxation as:

PðF; TÞ ¼ kdisðF; TÞ
kdisðF; TÞ þ kr

; (13:1)

where kdis(F, T) is the field and temperature dependent dissociation rate. The expression

for kdis(F, T) is given by

kdisðF; TÞ ¼� exp ð�DE=kTÞð1þ bþ b2=3þ b3=18þ . . .Þ : (13:2)

where

�¼ 3hmie
4ph"i="0 a3

; (13:3)

b¼ e3F

8ph"i"0 k2
b T2

; (13:4)

The barrier to dissociation is given by the Coulomb energy of the initial pair as

DE ¼ e2= ð4p h"i "0aÞ, and the summation is an approximation of the Bessel function of

order one. Here the dielectric constant and mobility, h"i and hmi represent the spatially

averaged values accounting for both materials in a blend. This averaging of the properties of

the materials is the only way in which a blend of donor and acceptor material is accounted for

in Braun–Onsager theory. No explicit consideration of the mesoscale morphology is

included. This problem can be overcome by using Monte-Carlo schemes in which charge-

carrier migration is modeled in realistic blend morphologies [57,58]. Nevertheless, the

Onsager–Braun model provides a qualitative view of charge-transfer state separation that
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is very useful. The separation of charge-transfer states is temperature activated and enhanced

by the application of an external electric field. Furthermore, the efficiency of separation

scales with the spatially averaged mobility of the two materials. We will consider that this

general picture of charge-transfer state separation applies to all the cases below, and examine

how the formation and relaxation of the charge-transfer state varies from case to case.

13.2.6 Charge Formation from High-Lying Singlet States in a Pristine Polymer

Excitons in high-lying states can directly form charge-transfer states, as shown in Figure

13.3a. For example, when the singlet exciton is in a high-lying singlet exciton state Sn, with

energy greater than the charge-transfer state energy, it can either relax via internal

conversion to the S1 state or form an intra- or interchain charge-transfer state. The

formation of the charge-transfer state in this way is assisted by the greater electron–hole

separation in the wavefunctions of high-lying excitons 59. The scheme as drawn in Figure

13.3a is supported by a wide range of experimental evidence. First, examination of the

steady-state photocurrent in pristine materials as a function of incident photon energy

shows that photocurrent is only generated from photons with at least 1 eV of energy in

excess of the optical bandgap [59–61]. Ultrafast laser experiments, in which highly excited

excitons can be created by sequential absorption of photons, by exciton–exciton annihila-

tion, or by excitation with photons much higher in energy than the band gap, provide also

evidence for this route of charge-transfer state generation [62–66]. Recently it was

reported that charge-transfer states may also be generated from excited triplet states in a

polyfluorene [67]. The rate of charge-transfer state formation must compete with internal

conversion from the Sn to S1 level, which occurs on the order of 100 fs. In order to generate

spatially separated charges from the charge-transfer state, it has to separate, which

competes with the relaxation of the charge-transfer state either back to an exciton

(which is in this case exothermic) or its direct recombination to the ground state. Recent

work on the photophysics of poly(phenylenevinylene) show that only around 1% of the Sn

states create charge-transfer states, and of these only around 10% become spatially

separated [68,69]. Thus, the total yield of extractable charges generated by such a method

is very low. Exceedingly little photocurrent can be created in an organic solar cell by this

mechanism, because the mechanism is inefficient and also because extreme excitation

conditions are needed to generate a significant quantity of Sn states.

13.2.7 Field-Assisted Charge Generation in Pristine Materials

The generation of a charge-transfer state from an S1 singlet exciton can occur in the

presence of a sufficiently large external electric field. The external field alters both the

energy of the charge-transfer state and the potential barrier it needs to overcome in order to

further separate into spatially separate polarons, as shown in Figure 13.3b. Studies

using bias-dependent transient absorption spectroscopy on ladder-type PPV and poly

(9,9-dioctylfluorene) have shown that charges can be created from excitons over their

entire lifetime [70,71]. These findings show that exciton splitting and generation of a

charge-transfer state can itself be field dependent. When this is the case, Onsager–Braun
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theory will not correctly predict the number of photoexcitations that separate because the

model considers only the bias dependence of charge-transfer state separation and neglects

any bias dependence of the initial charge-transfer state generation. We note that in solar

cells the built-in field from the work-function difference of the metallic contacts is too

weak to dissociate a sufficient amount of excitons within their lifetime. Therefore organic

solar cells based on pristine material are very inefficient, and the rate of exciton splitting

and charge-transfer state generation can be considered field independent.

13.2.8 Charge Generation in Donor: Acceptor Blends

The inability to efficiently create charges from excitons in a pristine conjugated polymer

has led to the use of blends of electron-donating and -accepting materials to energetically

stabilize charge-separated states with respect to excitonic states in organic solar

cells [3,5,34]. The energy levels of the various states in the blend are summarized in

Figure 13.3c. If the alignment of the HOMOs and LUMOs is appropriate (a type II

heterojunction), the charge-transfer state has a lower energy than the singlet excitons on

both materials (as indicated in Figure 13.3c). Thus, it will form spontaneously when the

exciton approaches the interface between the electron donor and acceptor. The ionization

efficiencies of excitons in blends depend on the natural lifetime of the excitons and the

time it takes for an exciton to travel to the nearest interface. This in turn depends on how far

the exciton has to travel to reach a heterojunction (ie. the sample morphology) and how

quickly the exciton moves. To achieve high yields of exciton ionization, the domain size of

each component within the blend should not be greater than an exciton diffusion length,

which is typically assumed to be on the order of 10 nm.

In order to uncover the photophysical processes and the loss mechanism in polymeric

solar cells, two main approaches can be distinguished: electrical measurements and time-

resolved optical spectroscopy. Electrical measurements have the fundamental disadvan-

tage that they lack time and spatial resolution to probe the processes that occur directly

after exciton ionization. To investigate these dynamics, time-resolved spectroscopy is a

much more promising approach, because ultrafast laser systems allow observing these

processes directly with subpicosecond time resolution.

Figure 13.4 shows a summary of the photophysical processes in polyhtiophene:PCBM

blends, as presented in recent work by Durrant and coworkers [10]. The generation of

charge-transfer states (which are labeled in Figure 13.4 as BRP: ‘bound radical pairs’)

from excitons can be observed in real time by using femtosecond transient absorption

spectroscopy [72–74]. A consensus in the literature has been reached with regard to the

timescales of initial charge-transfer state generation, which was found to be 45 fs in a study

where sub-10-fs pulses were used [72]. This time constant was measured at a high

concentration of electron-accepting PCBM molecules, where exciton diffusion within

the polymer domains can be neglected. Theoretical studies highlight the importance of

phonon modes in this ultrafast reaction [75,76]. It was also found that the charge-transfer

time and efficiency depend on the blend composition [72,73], which was assigned to

exciton migration prior to charge transfer. Interestingly, the maximum charge-generation

efficiency was found for PCBM contents from 20 wt% to 50 wt%, whereas the maximum

short-circuit current density, which is indicative of the most efficient solar cells, is found
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for 80 wt% PCMB content [73]. The discrepancy must be related to a more efficient charge

transport out of the device and/or a lower nongeminate charge-recombination rate in

blends with higher PCBM contents. This reflects a general tradeoff that research into

bulk heterojunction solar cells faces: if the polymer or PCBM domains get too big (as in

the case of 80 wt% PCBM content), the exciton ionization efficiency is not optimal and if

the domains are two small, the charge-transfer states will not separate and/or the charge

transport to the electrodes is inhibited.

It seems intuitive to also follow processes subsequent to exciton ionization, i.e. charge

separation and transport, with transient absorption spectroscopy. Unfortunately, this is

made challenging by the fact that charge-transfer states and free charges both show broad

and unstructured photoinduced absorption in amorphous polymers. P3HT:PCBM blends,

however, are a fortunate case, because the absorption of charges in the polycrystalline

P3HT changes significantly depending on their confinement. The spectral signature of a

charge localized on a single P3HT chain is very different to that of a charge delocalized

over several P3HT chains in a crystalline domain [77]. This signature can be used to detect

spatially separated charge carriers that have migrated away from the interface into a

crystalline polymer region [74].

The rates of charge-transfer state separation and geminate and nongeminate recombina-

tion of charges have been examined using transient absorption spectroscopy on nanose-

cond to microsecond timescales in PCBM:polythiophene blends [10,74,78–80]. The

charge-transfer state (labeled ‘BRP’ in Figure 13.4) may recombine geminately or further

separate into spatially separated charges (labeled ‘CS’ in Figure 13.4). The timescale for

both of these processes are on the order of 100 ns [10]. Hwang et al. report a much faster

charge separation time (picoseconds) [74]. Despite this discrepancy, it is agreed that the

rates vary with material system and morphology, and have been shown to limit the

efficiency of organic solar cells [80,81]. For example, the ratio of charge-transfer state

recombination to separation depends strongly on the annealing conditions and associated

morphological changes [42,74,82]. Finally, the separated charges can recapture an oppo-

site charge and undergo bimolecular recombination, become trapped in a low mobility

state leading to trap-assisted recombination (‘CStr’ in Figure 13.4), or be extracted from

the solar cell. It has been suggested that ‘hot’ charge-transfer states (‘BRP’ in Figure 13.4)

<100 ns
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1BRP

3P*

3BRP CSfr

CStr
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Figure 13.4 Charge generation in PCBM:polyhtiophene solar cells. Charge-transfer state gen-
eration, separation, and recombination rates for P3HT:PCBM are shown. (Reprinted with permis-
sion from Journal of the American Chemical Society, Charge Carrier Formation in Polythiophene/
Fullerene Blend Films Studied by Transient Absorption Spectroscopy by H. Ohkita, S. Cook,
Y. Astuti et al., 130, 10, 3030–3042. Copyright (2008) American Chemical Society)
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transform faster into spatially separated charges than cooled charge-transfer states, which

is also indicated in Figure 13.3 [10]. This would mean that charge-transfer states created

with significant excess energy (for example those created from excitons) would be more

likely to separate than charge-transfer states created with little excess energy (for example

those that are reformed due to bimolecular charge capture).

The work on PCBM:polythiophene blends underlines that, in order to increase the

efficiency of organic solar cells, the kinetics of the charge-transfer state are a key factor.

To improve device efficiency the rate of charge-transfer state recombination should be

reduced and the rate of separation of charges from the charge-transfer state should be

increased. In order to modify these rates the mechanisms by which the processes occur

must be understood in greater detail.

13.2.9 Mechanisms of Charge-Transfer State Recombination

In the previous section we discussed that the solar-cell quantum efficiency is affected by

the ratio of charge-transfer states that separate to those that recombine. In order to gain

OLED High Voc Solar Cell Low Voc Solar Cell

Ground State Ground State Ground State

CT1
CT3 Tn

S1

T1

T1 T1

S1 S1

CT1
CT3

CT1
CT3

1
2

Figure 13.5 Energy diagrams of charge-transfer state recombination. Panel (a) shows that in
OLEDs the charge-transfer state can recombine into a singlet or a triplet exciton. Transfer from the
charge-transfer triplet (CT3) to T1 is in the Marcus inverted region, so transfer proceeds via a
higher lying triplet state (Tn). Depending on the relative energy of the Tn with respect to the CT3

and S1 states, this may lead to slower recombination of the triplet charge-transfer state than the
singlet charge-transfer state (CT1) [115], which helps explain the high electroluminescent effi-
ciencies found for OLEDS made from some conjugated polymer blends. Panel (b) shows the
possible recombination pathways in a high open-circuit voltage (VOC) solar cell. The charge-
transfer states can directly recombine into the ground state (for example by exciplex emission
[40]), and also into lower-lying triplet exciton states. The mechanism for recombination into the
triplet exciton could involve: (i) intersystem crossing within the charge-transfer state manifold,
followed by electron transfer, or by (ii) electron transfer from the singlet charge-transfer state to
the triplet manifold by spin–orbit coupling. Panel (c) shows the simple case of recombination in a
low-VOC solar cell, such as for PCBM:P3HT, wherein the T1 state is thermodynamically
inaccessible and the charge-transfer states recombine directly to the ground state
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more insight into what limits the rate of charge-transfer state recombination we now

examine more closely the specific pathways and mechanisms involved in it. We agree

with the recent statement of Brédas et al. that ‘it is remarkable to realize that, at this point in

time, our understanding of the charge generation and recombination processes is still

rather limited’ [83]. One theme that we examine is the role of triplet states in charge

recombination.

The possible relaxation pathways for charge-transfer states of varying energy are shown

in Figure 13.5. The relative energy of the charge-transfer state with respect to the excitonic

levels is correlated with the band offsets between HOMOs and LUMOs of the electron-

donor and -acceptor molecules. Larger band offsets, which imply lower open-circuit

voltages, lead to charge-transfer states with lower energies. As the charge-transfer state

varies in energy from the highest excited state (as in OLEDs), to the lowest excited state

(as in photovoltaic blends with a very strong electron acceptor like PCBM) we see that the

energetic channels available for charge recombination vary. As the energy drop in

the charge-transfer reaction increases, the open-circuit voltage of the solar cell decreases.

We note that in photovoltaic blends with a high open-circuit voltage, the role of triplet

states could clearly play a role in relaxation. This has only recently been realized [79] and

we present in the following a detailed discussion of this situation.

13.3 Charge Generation and Recombination in Organic
Solar Cells with High Open-Circuit Voltages

In this section we will discuss spectroscopic studies of the energy flow in a model blend of

two conjugated polyfluorenes that exhibits a high open-circuit voltage (�1.3 V) in solar

cells (see Figure 13.1) [84]. The band-edge offsets (see Figure 13.1) are optimized for

exciton ionization at the heterojunction, but are small enough so that a high open-circuit

voltage of 1.3 V is achieved. The polymers are poly(9,9-dioctylfluorene-alt-benzothiadia-

zole) (F8BT) and poly(9,9-dioctylfluorene-co-bis-N,N0-(4,butylphenyl)-bis-N,N0-phenyl-

1,4-phenylene-diamine) (PFB) with molecular weights Mp¼ 135 kg mol�1 and Mp¼ 150

kg mol�1, respectively (see Figure 13.1). When mixed in organic solvents, such as

chloroform, toluene etc., and spin-coated onto a substrate, the blend partially demixes,

which is a general property of polymeric materials [85]. The degree of demixing can be

controlled by changing the drying time, in order to form domains with characteristic sizes

ranging from less than 10 nm to micrometers. The boiling point of the solvent is a

convenient way to control the drying time [8]. Alternatively, the blends can be annealed

above the glass transition temperature of the polymers to facilitate phase separation [84]. If

not noted otherwise, all the experiments summarized in the following are performed on

PFB:F8BT blends spin-cast from chloroform. Atomic force microsocopy (AFM) cannot

resolve distinct features on the surface of these films, which suggests a domain size of less

than 10 nm [84]. In solar cells, this blend gives a moderate power-conversion efficiency,

which is due to its low quantum efficiency of roughly 3.4% [84]. We will argue that this

poor quantum efficiency is due to substantial geminate recombination of charge-transfer

states.
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13.3.1 Exciton Ionization at Polymer: Polymer Heterojunctions

Figure 13.6 shows femtosecond to picosecond transient optical absorption data for

F8BT:PFB blends in the visible region. The lower-band-gap polymer, F8BT (lmax ¼
475 nm), is excited selectively at 490 nm, so that no excitons are generated in the

higher-optical-gap material PFB (lmax ¼ 390 nm). In pure F8BT, positive and negative

differential transmission signals (DT/T) are observed due to the stimulated emission and

photoinduced absorption of excitons at wavelengths shorter than and longer than 620 nm,

respectively (see Figure 13.6a) [63,84]. The transient absorption spectra of the blends

show the same features at early times, which then rapidly evolve into a secondary broad

and long-lived absorption. The latter band is a typical signature of equal populations of

PFB cations and F8BT anions [63,80,84,86]. Figure 13.6c shows the time evolution of the

signal, spectrally averaged from 530 nm to 600 nm. In this wavelength region a positive

signal corresponds to stimulated emission of singlet excitons and a negative signal is due to

photoinduced absorption of the charge-transfer state. Thus it is a convenient monitor of the
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Figure 13.6 Exciton ionization in PFB:F8BT blends measured by femtosecond transient
absorption spectroscopy. Panels (a) and (b) show differential transmission spectra of pure
F8BT and a 50 wt%:50 wt% blend, respectively, at delay times as indicated in the figure. The
markers in panel (c) show the kinetics spectrally integrated from 530 nm to 600 nm. The F8BT
content is indicated and was controlled by manipulating the ratio of F8BT and PFB in solution.
The traces are normalized to the number of absorbed photons. The excitation photon flux was
< 1 � 1014 photons cm�2 for all samples and low enough to avoid charge generation by
multiphoton interaction [63]. The lines are a global fit to a generic kinetic model to deconvolve
the time dependence of charge and exciton species (see [87] for details). Panel (d) shows the
concentration of charges reconstructed from the fits. (Reprinted with permission from Physical
Review Letters, Probing the morphology and energy landscape of blends of conjugated poly-
mers with sub-10 nm resolution by S. Westenhoff, I. A. Howard and R. H. Friend, Physical
Review Letters, 101, art.no. 016102. Copyright (2008) American Physical Society)
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charge-transfer dynamics. Similar experimental data sets collected for PFB:F8BT films

under different annealing conditions were used to assess the efficiency of charge genera-

tion as a function of annealing temperature [84]. In Figure 13.6c it is observed that the time

for the evolution from the positive ‘singlet exciton’ to the negative ‘charge’ signal

increases with increasing concentration of F8BT. This indicates that the charge generation

is limited by diffusion of excitons to the heterojunction. This is also highlighted in panel

(d), where the concentration of charges is plotted as a function of time, with the data

extracted from panel (c) by a fit to a generic kinetic model [87]. The initial amplitude in the

data in Figure 13.6d corresponds to charges formed by excitons that are generated at the

heterojunction. The charge transfer from excitons that do not have to migrate to the

heterojunction is ultrafast (<100 fs), which is consistent with charge-transfer times in

PCBM:P3HT blends and with theory [72,75]. The larger the polymer domains, the longer

the excitons have to diffuse before they arrive at the heterojunction to ionize. This data can

therefore be used to extract information about the phase size of the polymer blends on a

length scale of less than 10 nm, which is not accessible by other techniques.

Two methods to determine the morphology of the blends were recently demonstrated by

us based on data shown in Figure 13.6 [87]. The first method relies on initially measuring

and modeling the kinetics of exciton diffusion in a pristine film. Exciton diffusion is

modeled as hopping of Frenkel excitons, which are thought to be localized on extended

segments of the conjugated backbones. This method yields the maximum displacement ,

Rmax, of excitons as a function of time due to diffusion. With the knowledge of Rmax, the

charge generation time (see Figure 13.6d) can be translated into the distribution of distances

that excitons have travelled prior to reaching the heterojunction. This spatial information

reflects the distribution of phase sizes within the blend and can measure the distribution of

phase sizes with characteristic dimensions smaller than the resolution of the most advanced

force microscopy techniques, i.e. sub-10 nm [87]. The second method is to solve the

Fokker–Planck equation for exciton diffusion in spherical symmetry, which yields the

time-dependent exciton population as a function of domain size, exciton diffusion, and

exciton drift. The model in [87] takes into account the time-dependence of the exciton

diffusion coefficient, which can be determined rigorously from Rmax. Immediate charge

transfer at the heterojunction is included as one of the boundary definitions. It can be

seen in Figure 13.7 that the experimental data is only well reproduced when a drift

component towards the heterojunction is included. This is because excitons on polymer

chains at the heterojunction have a lower energy than bulk excitons [88], i.e. they form

energy sinks and excitations transfer to these sites preferentially. Such a ‘drift’ compo-

nent would enhance the rate of charge transfer in polymer solar cells, which provides a

framework for understanding the high efficiencies of exciton ionization that are usually

observed for solar-cell polymer blends. It is in agreement with a recent model by

Beljonne, Herz, and coworkers that is described in the next section [88].

13.3.2 Photoluminescence from Charge-Transfer States

The recent discovery of emission from interfacial charge-transfer states in blends of

conjugated polymers has challenged the assumption that exciton ionization at the hetero-

junction leads to pairs of charges without any wavefunction overlap between electrons and
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holes [40]. The emission is red-shifted from that of the lower-band-gap polymer and has a

lifetime on the order of tens of nanoseconds, which is significantly longer than that of an

exciton. The emissive states in polymer:polymer blends were initially termed exciplex,

because of the absence of direct absorption from the ground state in blends of polyfluor-

enes and poly(p-phenylenevinylene) derivatives [40,79,89]. Recently, an emissive charge-

transfer state was also reported for the popular P3HT:PCBM blend system [39]. In the

same study it was also described that this state has a direct absorption from the ground state

and it has therefore been classified as a charge-transfer exciton [39]. Further studies to

clarify the exact nature (exciplex or charge-transfer state) of this state and its role in

organic solar cells will be of interest. However, in both cases, the existence of lumines-

cence implies that the interfacial states have some excitonic character and that the charge

separation is small. Herein, we refer to both such species as charge-transfer states.

Interfacial charge-transfer states are characterized by a weaker Coulombic exciton

binding energy compared to bulk excitons in conjugated polymers. Making use of

their emissive properties, this quantity can be conveniently measured by recording

the change of photoluminescence with electric field. Such studies yield a binding

energy on the order of 100 meV for the charge-transfer state [39]. This is reasonable,

considering that these states are intermediates between tightly bound excitons with a

Coulombic binding energy of �500 meV and free charges with a binding energy of

� 0 eV. By observing exciplex emission from a number of polymer blends, it was

found that the energy of emission is correlated with the band-edge offsets and the

open-circuit voltage of the polymer blends [79,90]. This is expected from basic

theory of exciplexes [91].
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Figure 13.7 Exciton diffusion to the heterojunction. Experimental (symbols) and modeled (lines)
diffusion-limited exciton populations are compared. The experimental data show the exciton
population recovered from femtosecond transient absorption measurements of charge generation
inPFB:F8BT polymer blends.The modeled data area fit using a modified Fokker–Planckequation,
with (dashed line) and without (solid line) the drift component close to the interface. The inset
shows a cartoon of the diffusion (D2) in the bulk of the domain and the additional drift towards the
heterojunction (D1) in the interface region. (Reprinted with permission from Physical Review
Letters, Probing the morphology and energy landscape of blends of conjugated polymers with
sub-10 nm resolution by S. Westenhoff, I. A. Howard and R. H. Friend, Physical Review Letters,
101, art.no. 016102. Copyright (2008) American Physical Society)
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The discovery of emissions from interfacial charge-transfer states has already contrib-

uted significantly to the current understanding of photophysics at polymer heterojunctions.

Offermans et al. have reported that an exciplex in a conjugated polymer blend can decay

into a triplet exciton localized to the lower band-gap material, and suggest this may be a

loss mechanism in organic solar cells [79]. Morteani et al. describe how singlet excitons are

endothermically regenerated at the heterojunction [89] and provide an elegant explanation

for the high brightness of OLEDS made of polyfluorene blends with minimal band-edge

offsets [40,92]. Electronic-structure calculations support this finding [93]. The emissive

charge-transfer states have also been studied as a function of hydrostatic pressure [94].

However, because all these studies rely on luminescence measurements of states with

unknown oscillator strength, it is difficult to quantitatively account for all excitations.

Quantitative treatment is especially relevant when one wants to characterize the major loss

mechanism in organic solar cells. To achieve this, time-resolved photoluminescence and

absorption measurements can be combined (see Section 13.3.4).

13.3.3 The Nature of the Charge-Transfer States

The electronic structure of interfacial excitations was recently described by Beljonne,

Herz, Friend, and coworkers [38,88]. Static dipoles in the ground state of one polymer

chain are considered to modulate the exciton energy on the neighboring polymer chains by

Coulomb interactions across the heterojunction. Depending on the relative position of the

chains, attractive or repulsive interaction were found, which respectively stabilize or

obstruct charge-transfer state formation [88]. This implies that the density of states of

interfacial excitons is broader than that for bulk excitons. Indeed, this was experimentally

observed by femtosecond time-resolved photoluminescence spectroscopy in the same

study [88]. The broader density of states at the heterojunction is consistent with the fast

directional motion toward the interface described above (see Section 13.3.1) [87]).

Excitons could transfer quickly into lower energy interfacial sites when they approach

the interfacial region.

In a second study, the same collaboration also characterized the electronic structure of

excited states at the heterojunction [38]. Using semiempirical quantum-chemical calcula-

tions it was found that the excited states at the heterojunction can have very different

radiative lifetimes, charge-transfer characters (which reflects the degree of charge separa-

tion), and absorption oscillator strengths, all of which again depend on the relative

orientation and position of the polymer chains [38]. With slight variations in relative

positions of the chains, the most stable excited state could change from an exciton that is

fully localized on the lower band-gap polymer to a charge-transfer state with electron and

hole localized on polymer chains across the polymer heterojunction (see Figure 13.8). The

calculations agreed directly with the lifetime and polarization anisotropy of the photo-

luminescence observed from these states [38,90]. The surprising variety of interface states

shows that the local arrangement of polymer chains at the heterojunction can be equally

important as the band offset of the bulk materials when charge transfer is evaluated. It is at

present not possible to control the arrangement of polymer chains across the heterojunction

on a molecular level; research in this direction, however, could present interesting possi-

bilities for the design of OLEDs and photovoltaic devices.
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13.3.4 Probing the Major Loss Mechanism in Organic Solar Cells

with High Open-Circuit Voltages

It is clear from photoluminescence quenching studies and from spectroscopic measure-

ments, such as those shown in Figure 13.6, that the ionization of excitons at the hetero-

junction is highly efficient, even in polymer blends with small band-edge offsets

[42,84,87]. Thus, the loss mechanism that limits the efficiency of polymer solar cells

with high open-circuit voltages has to be a process that follows the initial charge-transfer

reaction. Indirect evidence about possible loss mechanisms can be obtained by electrical

measurements. However, these studies have not reached agreement, also because electrical

measurements lack time resolution to probe the early (ns) timescales. Electrical and optical

studies probing long (> ms) timescales have proposed that inefficient bulk charge transport

and the convoluted nature of charge-collection pathways in bulk heterojunction cells lead

to (trap-limited) nongeminate recombination as the dominant loss channel [92,95–97].

However, significant charge extraction and recombination should occur on the nanosecond

timescale. Indeed, a number of studies quantitatively account for all photogenerated

charges with nanosecond or better time resolution and suggest that intensity-independent

geminate recombination may significantly deplete the number of long-lived and extrac-

table charges [79–81,84,98]. None of the methods used was able to satisfactorily determine

the reason for the poor charge-collection efficiency in polymer solar cells with high

open-circuit voltages.

With the objective to characterize the performance-limiting recombination process in

photovoltaics with high open-circuit voltages, we have recently introduced polarization-

resolved transient absorption (TA) spectroscopy to directly track the movement of
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photogenerated charges. The polarization anisotropy of photoinduced absorption signals is

commonly used to track exciton diffusion in organic semiconductors on picosecond

timescales [99–102]. In order to resolve the fate of the charge pairs on longer (nanosecond

to microsecond) timescales, we augmented our femtosecond TA spectrometer with a

nanosecond Nd:YVO4 laser, which was synchronized and electronically delayed

with respect to the femtosecond pulses. With this setup, transient absorption spectroscopy

can be performed on all timescales from femtoseconds to milliseconds. To measure

the polarization anisotropy with a high signal-to-noise ratio, it is advisable to simulta-

neously measure differential transmission signals (DT/T) for parallel and perpendicular

polarizations of each probe pulse [99]. This yields both time-resolved polarization

anisotropy (r¼ (DT/ Tpara – DT/ Tperp)/(DT/ T paraþ 2 DT/ T perp)) and magic angle (popula-

tion) decays (DT/ T para þ 2 DT/ T perp).

Figure 13.9b shows the population decay kinetics of PFB:F8BT blends on a nanosecond

timescale, spin-cast from chloroform, containing 50 wt% (circles) and 10 wt% F8BT

(squares). The photoinduced absorption at the probe wavelength (532 nm) is due to charge

pairs, and after �40 ns triplet excitons also contribute to the decay (see Section 13.4.5).

The photoinduced absorption decays quickly, with 75% of the signal disappearing within

40 ns. The polarization anisotropy, on the other hand, is roughly constant over this 40 ns

period. This indicates that the charge-transfer states, which are initially formed at the
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Figure 13.9 Polarization-resolved transient absorption spectroscopy on nanosecond time-
scale. Panel (a) shows the differential transmission kinetics recorded at 532 nm probe wave-
length for two F8BT:PFB blends. The polarization was set to the magic angle to measure the
population dynamics. Open circles and squares correspond to blends containing 10 wt% and
50 wt% F8BT, respectively. The excitation fluence was 1 � 1014 and 1 � 1013 at 490 nm,
respectively. Panel (b) shows the corresponding polarization anisotropy decays with markers as
in panel (a). The lines are monoexponential fits to guide to the eye. (Reprinted with permission
from Journal of the American Chemical Society, S. Westenhoff, I. A. Howard, J. M. Hodgkiss, K.
R. Kirov, H. A. Bronstein, C. K. Williams, N. C. Greenham and R. H. Friend, Charge recombi-
nation in organic photovoltaic devices with high open-circuit voltages, 130, 13653–13658.
Copyright (2008) American Chemical Society)
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heterojunction, are predominantly immobile. The similarity of the decay kinetics of the

polarization anisotropy for the two blend compositions in Figure 13.9b suggests that the

decay dynamics are sensitive to the domain size. The differences in amplitudes of the same

traces are related to the blend morphology and caused by differences in the average

distance travelled by an exciton prior to charge transfer in the two different blends [87].

The fact that the 40 ns timescale of the limited polarization anisotropy loss approaches or

exceeds the lifetime of the photoinduced absorption shows directly that most charge pairs

recombine geminately at their site of generation.

These measurements show very directly that the charge-transfer state is located at the

heterojunction and no significant amount of charge separation occurs within 40 ns. This

finding is in agreement with the observation of exciplex emission in the same blends [40].

That the charge-transfer state is immobile is in stark contrast to singlet and triplet excitons,

which are generally found to be highly mobile in disordered organic semiconductors, with

elementary hoping times of 1–10 ps and 1–10 ns, respectively. Hence, the charge-transfer

state does not sample many different sites in the films. This emphasizes that the local

arrangement of chains at the heterojunction, as predicted by electronic-structure calcula-

tions [38], plays an important role for the overall device physics.

13.3.5 Geminate Recombination of Interfacial Charge-Transfer

States into Triplet Excitons

At this stage, we have seen how excitons ionize at the heterojunction (Section13.3.1),

reviewed the properties of the interfacial charge transfer states (Sections 13.3.2 and 13.3.3) and

learned that the majority of charge-transfer states recombine geminately (Section 13.3.4).

It remains to clarify the mechanism of charge recombination. Figure 13.10 summarizes

nanosecond transient absorption spectra with a broad-band probe pulse (spanning from

530 to 780 nm). Figure 13.10a shows that the photoinduced absorption spectra shift on a

nanosecond timescale. After 5 ns the broad charge absorption (lmax¼ 670 nm) is observed,

whereas after 75 ns a new component absorbing in the> 700 nm region has arisen (lmax¼
740 nm). The latter spectral shape is characteristic of F8BT triplet excitons [43,103].

The recombination of charge-transfer states into triplet excitons represents a potential

limitation to photovoltaic efficiencies in polymer solar cells. However, the yield of free

charge carriers is dependent on the competitive kinetics of long-range charge separation vs.

recombination. The branching ratio was quantified using the data that are displayed in Figure

13.10c [43]. The signal at 475 nm is due to the ground-state bleach of F8BT and thus the total

number of excited states is probed; the signal at 625 nm is mainly due to photoinduced

absorption of polarons; at 780 nm photoinduced absorption of polarons and F8BT triplets

contribute; and at 2200 nm, which is below the band gap of triplet excitons, charges are

probed exclusively [104]. The data at the infrared (IR) wavelength show directly that most of

the charges decay on a nanosecond timescale. Triplets are generated on the same timescale

as highlighted by the dotted line in Figure 13.10c. This confirms that triplet excitons are

formed directly from the charge-transfer state. However, �10% of the IR signal prevails

beyond 500 ns, which are those that do not undergo conversion into triplets. As the

polarization anisotropy has decayed to zero in the 50% blend at 500 ns delay time (see

Figure 13.9b), these charge pairs must have migrated away from the heterojunction.
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A kinetic model summarizing these findings is presented in Figure 13.11 (see [43] for

details of the model). Primary interfacial charge-transfer states (marked ‘charge pairs’

in Figure 13.11) are generated on a picosecond timescale with near unity efficiency

(see Section13.3.1; Fig 13.6). These charge-transfer states may be emissive exciplexes

[40] that can decay directly to the ground state, or nonemissive polaron pairs [38]. All

interfacial charge-transfer states may recombine into triplet excitons, which are thermo-

dynamically available in blend systems with a small band-edge offsets and the high

exchange energies typical of conjugated polymers [105], or they can recombine directly

into the ground state nonradiatively or radiatively (exciplex emission). Charge separation
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Figure 13.10 Triplet generation in F8BT:PFB polymer blends. Panel (a) shows time-resolved
spectra of a PFB:F8BT (50:50 wt%) blend at delay times as indicated in the figure. The spectra are
smoothed using a fast Fourier-transform filter (Origin 6.0, Originlabs Inc). Panel (b) shows the
photoluminescence decay of the exciplex as measured by time-correlated single photon counting
at 650 nm (symbols) together with a monoexponential fit (line). Panel (c) shows TA kinetics with
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Excitation was at 355 nm with fluences of �5� 1013 photons cm�2 (at 650, 775, and 2200 nm),
and �2.5� 1013 photons cm�2 (at 475 nm). The dashed black line is the triplet density recon-
structed from the global fit. (Reprinted with permission from Journal of the American Chemical
Society, S. Westenhoff, I. A. Howard, J. M. Hodgkiss, K. R. Kirov, H. A. Bronstein, C. K. Williams,
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kinetically competes with these recombination reactions. The rate constants are presented

in Figure 13.11 and the bold arrows schematically highlight the major decay pathway. It is

clear that geminate recombination of the metastable interfacial charge-transfer states are

the bottleneck for device efficiency in blends of F8BT and PFB. Furthermore, the main

mechanism of charge recombination is the formation of a triplet exciton on the F8BT, with

75% of the charge-transfer state population recombining into triplet excitons on a time-

scale of 40 ns. During this time the charges in the charge-transfer states do not move

significantly. The fraction of charge-transfer states that form spatially separated, ‘free’

charges is limited to a modest 10%, which readily explains the low external quantum

efficiency of 3.4% measured in solar cells under short-circuit conditions made from this

material system [84].

Currently the best-performing heterojunction photovoltaic devices are made from

blends of polythiophenes and PCBM [6,106]. Here, the charge-transfer states are stable

with respect to triplet excitons, which comes at the cost of modest open-circuit voltages of

�0.6 V. Recent experimental evidence suggests that the high performance of PCBM:

polymer solar cells could also be attributed to the kinetic advantage in charge-transfer

state separation that these cells have over those made from amorphous polymers. It is
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suggested that the high local charge mobility allows charges to readily escape the interface

region on a picosecond-to-nanosecond timescale with minimal applied field [74,81,107].

This consideration suggests that electron acceptors with lower electron affinities than

PCBM ought still to be considered for photovoltaic devices, as long as they exhibit high

local electron mobility. The geminate recombination time of roughly 40 ns sets a general

benchmark against which the kinetics of long-range charge separation must be favorable

for efficient charge extraction in the next generation of photovoltaic materials.

13.3.6 The Exchange Energy of Interfacial Charge-Transfer States in

Semiconducting Polymer Blends

In the previous section we have seen that intersystem crossing from the singlet to the triplet

charge-transfer state is the dominant loss mechanism in PFB:F8BT blends, which serves as

a model organic solar cell with high open-circuit voltage. It is notable that this intersystem

crossing rate (2.6� 107 s�1, see Figure 13.11) is similar to the rate of triplet formation

from singlet excitons in pristine F8BT (1.2� 107 s�1) [103]. Thus, the increased triplet

population in blends is due to the increased lifetime of the charge-transfer state, rather than

a change in the triplet formation rate. Currently, the mechanism of intersystem crossing

involving the charge-transfer state is not clear.

Intersystem crossing can occur by spin–orbit coupling, hyperfine interaction, or spin–

lattice relaxation. The timescale for spin–lattice relaxation in PPV was recently measured

to be �30 ms [108]. This is much longer than the lifetimes of the singlet exciton and

charge-transfer state, so it can be neglected in polymer blends. The other two mechanisms

are only efficient when the energy gap between the triplet and singlet charge-transfer states

is small. The exchange energy of charge-transfer states in organic blends has been

measured by Segal et al., who electrically excited an OLED containing small organic

molecules to obtain a negative exchange energy of�7 meV [109]. Kadashchuk et al. used

temperature-dependent photoluminescence measurements on PPV to measure a value of

3–6 meV [110]. The negative exchange energy determined by Segal et al. is interesting,

because it means that the triplet charge-transfer state lies above the corresponding singlet

state. This has recently been rationalized in a theoretical study [111], where it was also

found that the sign of the exchange energy can change depending on the orientation of the

two molecules on which the charge-transfer state resides. These studies indicate that it

might be possible to engineer the magnitude and sign of exchange energy by choosing

appropriate materials or controlling the molecular orientation. This is certainly an inter-

esting option which may suppress intersystem crossing within the charge-transfer state and

consequently lead to enhanced charge-collection efficiencies in organic solar cells with

high open-circuit voltages.

13.4 Conclusions and Outlook

Charge-transfer states are formed efficiently at heterojunctions in polymer blends,

provided that the band-edge offsets are appropriate and that the domain size is smaller
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than an exciton diffusion length. Their formation rate provides detailed insight into the

morphology of the solar-cell blend. This domain-size information is of great importance

for charge transport and has hitherto eluded the resolution of force microscopy. Following

the efficient formation of the charge-transfer states, it is the kinetic competition between

geminate recombination and further spatial separation that places the major limitation on

solar-cell quantum efficiency. The pathways available for charge-transfer state recombi-

nation vary. In low open-circuit voltage blends, such as those that employ PCBM as an

electron acceptor, the charge-transfer states can only recombine directly into the ground

state. The absence of any other recombination channels, coupled with the fast kinetics of

charge separation due to high carrier mobilities, may explain the high quantum efficiency

observed in P3HT:PCBM solar cells. In high open-circuit voltage solar cells, further

recombination mechanisms arise, because the triplet excitons on the lower-band-gap

polymer are now thermodynamically available. Thus, charge-transfer states can recombine

to form a triplet exciton and this also is the fundamental loss channel that reduces the

solar-cell quantum efficiency.

Control over the kinetics of the various recombination mechanisms is needed to

optimize the efficiency of future generation of solar cells. An elegant solution would be

to direct the charges away from the heterojunction with energy cascades. This is realized in

dye-sensitized solar cells and photosynthetic reaction centers. A third material separating

the electron donor and acceptor materials could fulfill this proposition. The energy levels

should be aligned such that stepwise electron/hole transport occurs. The manufacturing of

such blends is a demanding task as the current solution-based manufacturing methods offer

only little control over the molecular arrangements of the components in the films.

However, recent advances in the chemistry of self-assembled large supramolecular struc-

tures using hydrogen bonding [112], or the use of polymer brushes [113] may open up

perspectives for the design of such materials.
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14.1 Introduction

Conducting polymers have been investigated for many years now for their electrical and

electrochemical properties. The moderate range of conducting polymers now available,

their many derivatives, broad range of counter-ion doping options, level of proton doping,

and the many synthetic routes result in a large range of material properties in terms of

conductivity, chemical sensitivity, selectivity, and redox characteristics. This allows them

to participate in many chemical interactions which are suitable for chemosensing

applications.

Nanotechnology allows conducting-polymer materials to be studied and applied to

chemical sensing in a new way. Controlling the structure and morphology of conducting

polymer materials at nanoscales brings the prospect of a range of enhancements not

possible with traditional bulk materials. Traditional routes to polymer formation, such as

chemical and electrochemical synthesis, lack any fine control on the tertiary structure of

the growing polymer, and this lack of structural reproducibility has negative consequences

for the performance of the material as a sensor interface. In addition, such polymerizations,
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particularly electrochemical polymerization, cannot be easily scaled up and automated for

large-scale production of sensors.

Nanostructured conducting polymers have several potential advantages over their bulk

counterparts. Firstly, as synthesis is controlled at the nanoscale, the level of order and

structural reproducibility should be much improved, thereby imparting more predictable

and reproducible material behavior. Secondly, nanostructured materials provide enhanced

surface-area-to-volume characteristics which vastly increase the interfacial area for che-

mical interactions and electron-transport processes to take place, overcoming other limita-

tions of sensor performance such as diffusion. Thirdly, nanostructuring opens up an even

wider array of composited materials which have new physical, electrical, and electroche-

mical properties resulting from these novel combinations. Fourthly, nanostructured mate-

rials may exhibit enhanced catalytic and electrocatalytic properties not possessed by their

bulk counterparts due to surface structural features and quantum mechanical properties

imparted by the nanostructuring process. Lastly, many nanofabrication techniques allow

more and separate control of both the nanomaterial synthesis and the nanomaterial

deposition processes, resulting in combined improvements in the fabrication of the

sensors. The application of conducting-polymer nanostructured materials to chemical-

sensing applications is a relatively new area of exploration and much current investigation

is focused on the general behavior of various nanomaterials for sensing, rather than

detailed and rigorous analytical evaluation, which must follow if we are to understand

the real value of these materials.

If nanostructured conducting-polymeric materials are to be of value in chemical-

sensing applications, they should achieve one or both of the following. They should

undoubtedly lead to an improvement in the analytical performance of the sensor itself,

in terms of sensitivity, limit of detection, reproducibility, stability, and interference

rejection. They should also lead ultimately to improvements in the processability of

the materials and their amenability to production as a real-world, working sensor

device. This chapter will explore the range of polymers and nanostructured materials

which have been used to produce chemical sensors and discuss their performance and

ease of fabrication. It will examine the interaction between the polymer nanostructur-

ing methodology and the application of the materials as sensors and how this combi-

nation of factors affects sensor performance. Definition of these materials in the

literature is imprecise at present and some materials can be defined under more than

one category. Some simplification of definition and categorization has been used, as

appropriate.

14.2 Nanowires and Nanotubes

Template-assisted polymerization of conducting polymers has been an effective way to

reproducibly fabricate conducting-polymer nanowires. Fundamentally, the technique

employs a hard membrane template with pores of uniform length and diameter, typically

composed of alumina. Polymerization can be performed chemically using a mixture of
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monomer and oxidant, or the membrane can be attached to an electrode surface and the

polymerization can proceed electrochemically. The nanowires are removed by sonication

and dissolution of the template, yielding highly uniform nanowires. Nanowires composed

of poly(pyrrole) (PPy) and poly(3,4-ethylenedioxythiphene/poly(styrene-sulfonate)

(PEDOT/PSS) have been deposited at electrodes either through drop-coating or electro-

chemically. Others have enhanced the conducting-polymer nanowires with additional

materials through the electrodeposition of nickel and gold (Figure 14.1). This has been

used to evaluate responses to ammonia vapor [1] and was shown to be sensitive to 100 ppm

using a conductimetric transduction methodology. These nanowires were used as the basis

Electrodeposition of
different segments

Seed layer removal

Template dissolution Au

A B

C

Ppy

Ni

Au

Figure 14.1 Template-directed synthesis of conducting-polymer nanowires. Nanowires of
PPy were synthesised by electropolymerization within an alumina template structure with
a gold electrode base (A,B). Nanowires could be further functionalized by the growth of
additional species such as nickel and gold (C). (Reprinted with permission from
Electroanalysis, Magnetically Assembled Multisegmented Nanowires and Their
Applications by M. A. Bangar, C. M. Hangarter, B. Yoo et al., 21, 1, 61–67. Copyright
(2009) Wiley-VCH)
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of a sensitive chemical field-effect transistor (chemFET) device, described in the next

section. A PEDOT/PSS-modified electrode was shown to be responsive to vapors of

methanol, ethanol, and acetone in a conductimetric sensor [2]. However, there was little

analytical characterization of the performance of the sensor to these gases, or comparison

with other techniques, with resistance changes being ascribed to swelling of the polymer or

changes in charge-carrier concentration of the PEDOT.

Others have fabricated PPy nanowires by template-free potentiostatic polymerization in

LiClO4 and Na2CO3 [3,4], which leads to the formation of disordered polymer mats at the

electrode surface. These electrodes were used for the electrocatalytic reduction of nitrite

and the oxidation of ascorbic acid. However, no comparisons were made between the

nanostructured surfaces and bulk electropolymerized films.

Nanotubes are a distinct structure from nanowires in that they are fabricated with an

empty core. Imaginative routes to nanotube fabrication have been developed by Gao et al.

[5,6] for monitoring trimethylamine.

14.3 Nanogaps and Nanojunctions

The concept of the ChemFET has been in existence for some time. In such devices, a

chemically selective component forms the gate of a conductor. In the case of conducting-

polymer-based devices, the gate can be composed of a polymer nanowire. The chemical

interaction of the polymer wire with analytes in its vicinity can lead to changes in the

conductivity of the wire. It’s small size and high aspect ratio means that it should be

particularly sensitive to low concentrations of analyte, which should bring about relatively

large and rapid changes in conductivity.

To fabricate the device, a nanojunction must first be formed. These tend to be created

using gold electrodes through standard photolithographic techniques [7–9] or milling [10,11]

to form gap junctions from 500 to 60 nm. The gap is then bridged either by the deposition of

preformed nanotubes by drop-coating a dilute solution so a single nanotube lies fortuitously

across the two gold electrodes [12–14], or they are grown electrochemically between the

adjacent electrode faces [7–11]. Poly(aniline) (PANI), PPy and poly(thiophene) (PTh)-based

sensors have been fabricated in this way. Several have been used for the detection of

ammonia, one being capable of detection of 16 ppb, low enough to be used in the detection

of ammonia in human breath samples [9]. Further functionalization of the conducting

polymer nanostructures with chemoselective reagents such as metal chelators, e.g. nitrilo-

triacetic acid (NTA), modification of PPy [12] or (His)6 functionalization of PANI [8] has

led to the enhanced sensitivity of the sensors to heavy-metal ions in drinking water with

limits of detection for Cu2þ and Ni2þ as low as 0.6 ppt (10�14 M) and 23 ppt (0.4 nM),

respectively. The PANI nanojunction device has also been used to measure the oxidation of

dopamine, where as little as 100 nM could be detected in the presence of 1 mM ascorbic acid

interferent [7]. Wang et al. used a four-electrode geometry and a PTh-modified gap junction

to reduce interferences from parallel conduction pathways at such short length scales in the

sensing of vanillin and 1-pentanol (Figure 14.2) [15].
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Figure 14.2 Detection of 1-pentanol using a 4-electrode poly(3-hexylthiophene)-modified
field effect transistor configuration: (a) shows the normalized source-drain current in
response to exposure to 1-pentanol using the 15 nm cap junction over a range of gate
voltages (Vg); (b) shows the 4-electrode nanogap junction configuration prior to modifica-
tion with poly(3-hexylthiophene). Scale bar 100 nm. (Reprinted with permission from
Sensors and Actuators B., L. Wang, D. Fine, S.I. Khondaker, T. Jung and A. Dodabalapur,
Sub 10 nm conjugated polymer transistors for chemical sensing, 113, 539–544. Copyright
(2006) Elsevier Ltd)
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14.4 Nanofibers and Nanocables

As with nanowires and nanotubes, nanofibers also benefit from the extremely high aspect

ratio of this type of 1-D nanostructure, which again has benefits in chemical sensing,

particularly with regard to sensitivity to doping and its impact on conductivity. Nanofibers

are continuous polymer filaments and have been produced by electrospinning which can

produce reasonable quantities of uniform, isolated fiber, but suffers from inherent scale-up

issues, by wet-spinning [16], or chemical polymerization techniques popularized by the work

of Huang and Kaner [17,18]. The spun fibers are typically deposited by their direct collection

onto the sensor surface as a mat, or can be collected, dispersed, and drop-cast separately. It

must be stressed that, as a result, there is little inherent control over the deposition localization,

which is essentially random. Conductimetric chemical sensors based on conducting-polymer

fibers of poly(o-toluidine) [19] and PANI [20], both of which were doped with camphorsul-

fonic acid (CSA) have been fabricated for the detection of alcohol vapors. Both groups

showed similar resistance response ratios for exposure to ethanol vapor of 0.36 and 0.38,

respectively, with the poly(o-toluidine) sensor showing better response to water (0.53). Pinto

et al. made a further comparison between the nanofiber mat and the sensitivity of isolated

nanofibers which showed response ratios for methanol, ethanol, and 2-propanol of 0.94, 0.94,

and 0.97, respectively, compared to the mats which were 0.93, 0.38, and 0.18, respectively.

Little difference in sensitivity thus resulted for methanol, but this improved for ethanol and

propanol. Response times for the single nanofiber sensor were not necessarily better than the

nanofiber mat. However, the recovery times were much improved, which may relate to

improvements in the ratio of fiber mass and immobilized analyte mass in the isolated fiber

system. No data were given as to the limits of detection of the films to these volatile vapors.

Electrospun poly(diphenylamine), a derivative of PANI, has also been used as an ammonia

sensor with 1 ppm detection and 1.5 minute response time [21].

The work of Kaner and coworkers has focused on the sensing of hydrogen gas on either

PANI fabricated by the rapid mixing method [22–24] or PPy using the ‘quick shake’

reaction [25,26]. Concentrations of 0.06% were readily detectable. The CSA-doped

nanofiber PANI was found to have 10-fold greater sensitivity over bulk polymer and

had a response ratio of 0.03 [22]. However, HCl doped and undoped fibers had responses

of 1.11 and 1.07, respectively [23]. The dedoped PANI films were also superior to PPy

which had a response ratio of 0.12 and a response time of 43 s compared to the dedoped

PANI with 28 s [25]. The dedoped PANI also showed the best stability and repeatability.

This may relate to the sensing mechanism which appears to involve hydrogen bonding

with the PANI nitrogens and which may be affected by protonation levels as well as

competitive binding by interferences such as water vapor. Sensor response and response

time were also affected by dopant and nanofiber size [24]. However, more studies need to

be performed to determine which of these factors are responsible.

Nanocable chemosensors have been formed in which an inner core fiber filament is

further modified by polymerization of the conducting polymer on its surface. This was

first described for sensing by Zhang et al. in which a carbon fiber was used as the template

for the electrochemical polymerization of a thin film of PANI [27]. The resulting nanoelec-

trode sensor was used to detect changes in pH resulting from the level of protonation in the

polymer backbone. PPy nanofibers have been formed by the electrospinning of nylon fibers,
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followed by the vapor deposition of pyrrole to form PPy [28] (Figure 14.3). Mats of the

coaxial fibers were used for the amperometric detection of phosphate anions with applica-

tions in water-quality monitoring, where the limit of detection was found to be 1.2 mM with

the suggestion of good long-term storage stability. A coaxial nanofiber based on electrospun

poly(methyl methacrylate) and in situ solution polymerization has also been tested as a

sensor for triethylamine (TEA) [29]. TEA is of significant interest in the food-processing and

quality-monitoring fields as it is a volatile organic amine which results from the degradation

of proteins and can be used to monitor food spoilage. The sensitivity to TEA vapor was

shown to be dependent on the type of dopant used and the fiber diameter produced. Toluene

sulfonic acid with 250-nm diameter fibers allowed the detection of 20 ppm TEA with a

response ratio of 0.77 at 500 ppm.

As with nanowires and nanotubes, the advantage of nanofibers for chemical sensing lies in

the high aspect ratio of the fibers, which leads to benefits in surface-area-to-volume ratio and

improved sensitivity to doping and dedoping. However, little high-quality analytical data has

yet been published to show the benefits of these materials over others. Nanofibers are mostly

produced via electrospinning, which has issues of scale-up. However, continuous wet-

spinning techniques can be adapted for continuous production and the physical properties

of the fibers can be improved by their compositing as coaxial composites. Problems which

remain are the lack of control of the fiber-deposition process, which remains essentially

random and which may affect device performance and reproducibility.
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Figure 14.3 (a) The fabrication of PPy coaxial nanofibers. Fibers of nylon/ferric chloride were
first created through electrospinning at a field strength of 750 V cm�1 and deposited onto the
metallic collector plate. Vapor deposition of PPy took place in a saturated pyrrole vapour at 15
mmHg for 22 hours [28]. (b) Nanofiber mats of nylon/ferric chloride/PPy on a metallic
collector. Scale bar 2 mm. (Reprinted with permission from Electroanalysis, Disposable elec-
trospun electrodes based on conducting nanofibers by F. Granato, M. Scampicchio, A. Bianco
et al., 20, 1374–1377. Copyright (2008) Wiley-VCH)

Nanostructured Conducting Polymers for (Electro)chemical Sensors 571



14.5 Nanofilms

Sensor nanostructures have also been fabricated by controlling the layer thickness of

conducting-polymer films. Bulk and electrochemical deposition of polymer films has

been performed extensively in the past. Certainly, exerting greater control over the

thickness of the deposited film may again improve surface-area-to-volume ratio effects

and allow application in the traditional 2-D planar electrode configuration. This can be

achieved either through bulk processing methodologies, in which the layer thickness is

maintained at the nanometre scale, or by using already nanostructured materials from

which a continuous 2-D film results. However, such an approach has not been extensively

adopted for chemical-sensing applications.

The Langmuir–Blodgett (LB) technique is a well-established method of producing

monolayers of highly ordered and orientated molecules at air–solution or solution–solu-

tion interfaces, which can then be transferred to solid surfaces via a dipping technique.

This technique has been adapted using conducting-polymer nanowires and nanorods and

applied to chemical sensing of ammonia. PEDOT nanowires doped with toluene sulfonic

acid were fabricated using the template-directed oxidative polymerization method and

then applied to the surface of an interdigitated electrode via the LB technique [30]. This

resulted in the deposition of a highly ordered nanowire film. Unfortunately, no data is

provided on the length of the nanowires, or the thickness of the LB film formed. In

addition, the LB nanofilm did not show any improved performance over the unordered

nanowire film in the detection of ammonia, with 20 ppm giving a response ratio on both

surfaces of approx. 0.09. Detection of ammonia was observed at approx. 8 ppm. In

contrast, Manigandan et al., claim the formation of PANI ‘rod-like’ nanostructures of

less than 100 nm in diameter formed by the lateral compression of cation-doped PANI in

an LB trough [31]. However, these structures lacked uniformity, order and structural

homogeneity. The authors quote a response ratio of 0.98 for an unknown quantity of

ammonia vapor, with a response time of 52 s.

>Layer-by-layer (LbL) assembly is widely used to produce molecular monolayers and

multilayers on sensor surfaces and has also been used to fabricate nanometric films of

conducting polymers. The technique may involve repeated alternating deposition of the

substrate into polycationic and polyanionic solutions. In one example, the polycation was

the conductive polymer, PANI, and the polyanion, the counter-ion dopant, was poly(vinyl

sulfonate) (PVS) or a metal-containing phthalocyanine complex [32]. Cyclic voltammetry

revealed that greater discrimination of the oxidation peaks of ascorbic acid and dopamine

could be achieved when iron was the metal selected as the metal guest. In other work,

alternating layers of self-doped, anionic polymers such as poly(anilinesulfonic acid)

(SPANI) with cationic poly(allyl amine) (PAH) have been assembled onto seed layers of

PAH/poly(styrene sulfonate) (PSS) and evaluated as a humidity sensor [33]. Conversion of

the polymer film from the leucoemeraldine to the emeraldine form due to proton transfer to

water is suggested as the basis for the reduction in resistance of the film on exposure to

water vapor [34]. A capacitance-based sensor for monitoring electrolyte concentration

(NaCl) was also established using poly(o-ethoxyaniline)/PSS multilayered films [35].

Itoh et al. and Wang et al. have created an organic/inorganic hybrid nanofilm from the

chemical vapor deposition of MoO3, followed by the ion-exchange-induced intercalation
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of PANI [36], poly(o-anisidine) [37], or poly(N-methylaniline) [38] between the molyb-

denum trioxide sheets, bringing about highly sensitive changes in conductivity, particu-

larly to volatile organic carbons. These hybrid nanofilms had layer thicknesses of the order

of 1.3 nm and were able to detect 25 ppb formaldehyde and acetaldehyde, which is suitable

for applications such as sick building syndrome, in which the required sensitivity is 80 ppb.

The PANI/MoO3 hybrid showed the greatest sensitivity to formaldehyde at 50 ppm (0.08),

and the poly(o-anisidine)/MoO3 to acetaldehyde with a response ratio of 0.044 at 10 ppm

(Figure 14.4).

The use of self-assembled monolayer formation has been adapted to the deposition

of conducting-polymer nanofilms by the chemical polymerization of aniline at an

amino-silane surface that acts as the seed layer for polymerization, which led to a

more ordered nanofibrous growth than would be seen using bulk chemical polymeriza-

tion [39]. This was shown to be capable of detection of 0.5 ppm ammonia vapor, with a
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Figure 14.4 Nanofilms for sensing of volatile organic compounds formed from PANI
films intercalated with MoO3. (a) Aniline monomer was intercalated within the MoO3

film through a cation-exchange process with sodium ions and polymerized with ammo-
nium persulfate. Conductimetric responses to 50 ppm of formaldehyde (b) and acetalde-
hyde (c) in dry air. (Reprinted with permission from Thin Solid Films, The preparation of
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(2006) Elsevier Ltd)
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response ratio of 2 at 20 ppm. Response time was from 60 to 100 s and recovery from 1

to 5 min.

14.6 Metallic Nanoparticle/Conducting-Polymer Nanocomposites

Probably the most exploited area of nanostructuring relating to conducting polymers

and sensors lies in composites of nanostructured or unstructured conducting-polymer

films and conductive materials with nanostructured morphologies. This is particularly

so of metallic nanoparticles embedded within conducting-polymer films and materials.

Metals, including noble metals and transition metals, have been extensively studied for

their associated catalytic and redox behaviors and a wide variety of these phenomena

have been applied to electrochemical sensors. Metallic nanoparticles have also been

extensively investigated for their enhanced catalytic and electrocatalytic behaviors due

to size, step-defect, and quantum-mechanical properties, which are extremely useful

properties in electrochemical sensing [40]. Films of conducting polymers have long

been seen as extremely useful substrates and carriers for such nanoparticles due to their

excellent film-formation properties, and good levels of conductivity, as well as their

open 3-D structures, which allow good diffusion of solution species to the surfaces of

the embedded nanoparticles. Composites of these two species thus possess advanta-

geous properties imparted by both materials and have the potential to improve sensor

capability. Most attention for chemical-sensing applications has focused on the use of

noble-metal catalysts such as Au, Pt, and Ag utilizing principally voltammetric

techniques.

Sensors for the neurotransmitters dopamine and epinephrine have been constructed by

the incorporation of Au nanoclusters through the reduction of HAuCl4 onto the surface of

an electropolymerized overoxidised PPy film [41]. The electrocatalytic oxidation of both

dopamine and epinephrine was found to be enhanced significantly in the composite

films, as compared with either polymer, nanoparticles, or gold alone, and the enhance-

ments have been ascribed to a combination of the ability of the overoxidised film to

accumulate dopamine and epinephrine due to the presence of greater numbers of

carboxyl and carbonyl groups, as well as the increased gold electrode surface area

imparted by the embedded nanoparticles. The two species could be measured simulta-

neously using differential pulse voltammetry with a limit of detection of 1 nM for

epinephrine and 15 nM for dopamine. Similar techniques using PPy and PEDOT have

also been illustrated for the detection of uric acid at nanomolar concentrations [42,43]. In

a further modification, an electropolymerized overoxidised PPy film with nanowire

morphology was shown to have improved sensitivity to the oxidation of hydrazine and

hydroxylamine, which shows moderate enhancement over the electrodes modified with

gold nanoclusters alone [44].

Nitrite is a common environmental pollutant. Electrochemically, it is a difficult species

to reduce without the application of high overpotentials, and many have explored catalytic

mechanisms to make it more amenable to reduction. Li and Lin [45] modified PPy

nanowires with Pt nanoclusters and showed enhanced performance of the composite

over an electrode modified by Pt nanoparticles alone, with increased reduction current
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seen at –120 mV vs. Ag/AgCl, compared to –144 mV for the Pt film alone. The system was

capable of detection of nitrite in water at 0.15 mM and a linear range from 0.5 to 1000 mM,

and was illustrated for the determination of nitrite in rainwater, river water, and lake water,

where the concentration varied between 2.4 and 4.8 mM, well within the range of the sensor

device, with RSDs below 4%.

In two recent studies, conductimetric sensors for alcohol vapors were fabricated using

metallic nanoparticles of Pd and Ag embedded in chemically synthesized bulk PANI

films [46,47]. Both studies showed the enhanced detection of alcohol vapors, including

methanol, ethanol, and propanol. However, the chemical interaction was explained in

terms of the interaction of the alcohol groups with the imine nitrogen and the enhance-

ment in the presence of the metal nanoparticles was only in terms of an increase in

surface area brought about by the embedding of the nanoparticles in the film. However,

PANI has an open, porous structure, which allows good diffusion and interaction with

the polymer throughout its bulk. Greater consideration should be given to alternative

polymer structures that result at the interface between the polymer and the nanoparticle

which brings about such enhancements. In another alcohol-related application, an array

of seven composites composed of PEDOT and Au or Pt nanoparticles modified with

various surface coatings, was used to measure the differential pulse voltammetric

responses to a number of Italian wines and was analyzed by principal-component

analysis; according to the authors this was found to be a reliable way of distinguishing

both style and vintage [48].

14.7 Metal-Oxide Nanoparticles/Conducting-Polymer Nanocomposites

Metal oxides are widely used as sensing materials in the semiconductor industry, particu-

larly for gas sensing. Although their rigid inorganic crystalline structure is well-suited to

fabrication using traditional electronics processing on rigid substrates, they are not suitable

for alternative fabrication methodologies or deposition on flexible substrates. Sensors

based on these metal oxides tend to require operation at high temperatures. Once again,

combining these materials with conducting organic polymers has been seen as a way of

obtaining synergistic properties in which the metal oxides impart their sensing function-

ality, while the conducting polymer provides a flexible conductive medium. This compo-

siting is again achieved by fabrication of metal-oxide nanoparticles and their incorporation

in or on polymer films.

Among the metal oxides, titanium dioxide (TiO2) has attracted much interest as a

composite material with conducting polymers. It is a relatively environmentally benign

and stable n-type semiconductor, and has been applied to the sensing of several gases.

However, it typically requires operation at elevated temperatures. Many have investi-

gated the possibility of forming composites with nanoparticles of TiO2 embedded in

conducting-polymer films. The composite films are most easily and typically formed via

the in situ polymerization of the monomer in the presence of the nanoparticles, which

become embedded in the growing film. PANI is well known for its interaction with

nitrogenous species such as ammonia and higher amines. PANI-TiO2 nanoparticle
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composites have been shown to have enhanced sensitivity to triethyl- and trimethyla-

mine over PANI or TiO2 alone [49,50]. However, the majority of this effect appears to be

due to the conducting polymer, and its enhancement in the presence of TiO2 nanopar-

ticles may be merely due to the effect of polymer nanostructuring. PANI-TiO2 nano-

particle composites were also shown to have better responses to ammonia than their

unstructured counterparts [51], being 1.67 and 0.49, respectively, at the lowest measured

value of 23 ppm. The sensor was also demonstrated to have decreased responses at

elevated temperatures [52]. However, this phenomenon is typical of ammonia interac-

tion with PANI and is probably independent of the effect of TiO2 nanoparticles. The

behavior of a PPy-TiO2 nanoparticle composite was quite different, however, with the

composite showing greater responses with increasing temperature, while the unstruc-

tured polymer showed a nonlinear response which was lower than the composite at

elevated temperature [53]. This nanocomposite showed a response of 2.73 at 23 ppm

with response and recovery quoted as 17 s and 60 s, respectively. It is far from conclusive

at this time what benefit, if any, the TiO2 may be bringing to the material beyond the

nanostructured morphology that is achieved, although some temperature-dependent

enhancements may be present.

Composites of PANI-TiO2 and PANI-SnO2 have also been investigated for their change

in conductivity/impedance in response to CO vapors [54]. An LbL assembly approach was

used to create a nanocomposite film. PANI was chemically polymerized around the

deposited nanoparticles on a PSS monolayer. Both types of film showed good sensitivity

to CO, with the PANI-TiO2 film being particularly sensitive in the 0 to 100 ppm range. The

PANI-SnO2 film also demonstrated response and recovery times in 1 ppm CO of approx.

50 s and 60 s, respectively (Figure 14.5).

PPy-based TiO2 nanoparticle composites have been investigated for humidity sensing.

PPy was formed by in situ UV polymerization in the presence of TiO2 nanoparticles and Ag

NO3 as oxidant [55,56]. Films have also been endowed with greater flexibility through the

addition of the ionic polymer poly-[3-(methacrylamino)propyl] trimethyl ammonium chlor-

ide (PMAPTAC) [57]. Responses to humidity were either investigated impedimetrically or

using a QCM mass balance. PPy-TiO2 composites with and without the ionic copolymer

both exhibited excellent responses to humidity. However, the PMAPTAC-modified film

showed impedance changes over four logs, whereas the films without ionic copolymer

showed impedance changes over two logs for humidities between 20 and 90% RH.

Responses were also very frequency dependent, with good linearity at lower humidities at

1 kHz, becoming poorer at higher frequencies due to the rate of polarization of the adsorbed

water. Response to 60% RH was 126 with CO (200 ppm) and CO2 (500 ppm) being 1.83 and

4.18, respectively. The sensors exhibited rapid responses, switching to and from approx.

10% to 90% RH within 60 s. The QCM-based measurements were shown to detect water

vapor at concentrations of 174 to 9700 ppm.

Several other examples of conducting-polymer/metal oxide nanocomposite materi-

als also exist for chemical sensing of a range of analytes, including humidity [58,59],

NO2, [60,61], CO and H2 [60], and H2O2 [62]. This latter example employed the use of

Prussian blue, which is an iron complex with excellent catalytic properties, particularly

towards O2 and H2O2. Miao et al. [62] stabilized nanoparticles of Prussian blue

with polymerization of a PANI shell to form a Prussian blue/PANI core–shell

composite.
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14.8 Carbon Nanotube Nanocomposites

Another area of intense interest in conducting-polymer nanomaterials for chemical sensing

is their combination with carbon nanostructures, most particularly carbon nanotubes,

either single-walled (SWNT) or multiwalled (MWNT). This again reflects the desire to

combine the beneficial properties of both types of material to create new combinations

with novel properties. CNTs empart high conductivity and high aspect ratios, which yield

low percolation thresholds with nanodimensional structural order. This has led to their

application as chemical sensors. However, CNT-based devices are difficult to fabricate, an

issue which may be overcome by their dispersion in a conductive polymeric matrix.

In terms of fabrication, the focus is on the embedding or incorporation of the CNTs

into the bulk polymer, with polymerization of the bulk polymer by conventional means,

including chemical [63–68], electrochemical [69–71], photopolymerisation [72,73]and

vapor deposition [74]. So, clearly, the main focus of the evaluation of the
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MoO3 thin film and its sensitivity to volatile organic compounds by J. Wang, I. Matsubara,
N. Murayama et al., Thin Solid Films, 514, 329–333. Copyright (2006) Elsevier Ltd)
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nanocompsites is the enhancement brought by the incorporation of CNTs into tradi-

tional bulk materials. As well as more obvious enhancements in the conductivity of the

composite films over conducting polymer alone, it has also been suggested that poly-

merization in the presence of the CNTs alters the polymerization process, leading to

templating and growth orientation [75,63]. A PPy-SWNT conductimetric sensor for

NO2 detection was shown to be of comparative sensitivity to SWNTs alone when the

composite was spin-cast and chemically polymerized [66] with a sensitivity of 0.9 at

3000 ppm. However, response and recovery times were slow, being approx. 30 min and

90 min, respectively. A PPy-MWNT electrode was investigated for its response to

ethanol vapors [72]. Increases in film resistance were observed upon exposure to

ethanol due to the highly electron-withdrawing oxygen in the ethanol molecule,

whereas the MWNTs donate electrons and reduce absorption energy. Although the

sensor response to the composite was not as good as PPy alone, being 1.19 and 1.24,

respectively, the response times improved from a T90 of 40 s to 20 s at 30 000 ppm.

A PPy-MWNT sensor has also been integrated with an active radio-frequency device

for remote wireless monitoring of the anesthetic sevoflurane. This conductimetric

sensor had a response of 1.1 at 150 ppm with a response/recovery time of approx.

75 s [73].

As detailed earlier, the conductivity of conducting polymers is very sensitive to the

degree of proton doping. Not surprisingly, composites of conducting polymer and CNTs

have been investigated for their response to acid environments, both liquid and vapor. PPy

[74], PANI, [71] poly(2,5-dimethylaniline) [67], and poly(o-anisidine) [65] have all been

investigated in this regard. However, the added value of the incorporation of CNTs into

these films is far from clear. In most instances, CNTs, as well as conducting polymer/CNT

composites, showed similar responses to changes in pH or HCl vapor concentration. It was

also noted that CNTs alone had lower resistances than the semiconducting polymer/CNT

composite [65], but that the response sensitivity to the composite was 10-fold greater than

CNTs alone. Unfortunately, polymer films alone were not presented for comparison and it

might be suggested that the addition of the CNTs, while marginally increasing film

conductivity, is contributing little to the overall chemical sensitivity of the sensor to proton

concentration. In the case of the PPy-carbon nanofiber ‘nanocable’ composite [74], the

sensor did show increased sensitivity to low concentrations of HCl vapor over PPy alone.

The response was also very rapid. However, the recovery times were in excess of 300 s at

20 ppm (Figure 14.6).

PANI and PPy-carbon nanotube composites have also been investigated for nitrogenous

compounds such as ammonia, trimethylamine, and triethylamine [63,68,69,74] where, in

general, significant improvements over polymer alone have been observed. In the case of a

PANI/MWNT composite, the response to triethylamine vapor was also very dependent on

the type of dopant used. The change from sulfosalicylic acid to p-toluene sulfonic acid

changed the response sensitivity by more than twofold, reaching approx. 0.8 at 8 ppm [68].

The composite also showed much reduced response times over bulk polymer from 300 to

198 s. Recovery times were comparable. However, the exact mechanisms for these

performance improvements remain unclear. Nonetheless, high sensitivity for detection

of ammonia has been achieved with these composites, with 50 ppb being detectable using a

PANI/SWNT composite [69] with response and recovery times of the order of 80 and 250 s,

respectively, at 10 ppm ammonia.
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14.9 Nanoparticles

Conducting-polymer nanoparticles are a distinct structural morphology with aspect ratios

of roughly 1:1:1. As is the case with other forms of nanoparticle, such as metallic and metal

oxides, these materials have several potential physical and chemical benefits. They have

high surface-area-to-volume ratios and high radii of curvature which drastically alter the

surface morphology in comparison to bulk polymer structures. This effect, in common

with other nanostructures, may lead to enhancements of alterations in electrocatalytic

processes. Nanoparticles can also be formulated to be stable suspensions, which can be

processed as if they were a true solution. This has significant benefits for production and
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Figure 14.6 Sensing of HCl and NH3 using PPy/carbon nanofiber composites: (a) SEM image
of the nanofiber mat and (b) TEM of a single composite nanofibers; (c) responses of the
composite nanocables (a and b) and bulk PPy (c and d) to NH3 (a and c) and HCl (b and d)
(Reprinted with permission from Sensors and Actuators B: Chemical, CO gas sensing from
ultrathin nano-composite conducting polymer film by M. K. Ram, O. Yavuz, V. Lahsangah and
M. Aldissi, 106, 2, 750–757. Copyright (2005) Elsevier Ltd)
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fabrication processability, where solution processing can be employed with preformed

polymer materials. The discrete particulate nature of the material is advantageous in

certain types of deposition processes, such as inkjet printing, where ejection nozzles can

be prone to clogging.

Several distinct nanoparticle structures can be synthesized via different synthetic

routes. Micellar templates have been extensively employed in which amphiphilic

micelles are formed which act as a site for polymerization of the monomer, such as in

the fabrication of PANI nanoparticles on a dodecyl benzenesulfonic acid (DBSA)

template [76]. However, there are only a limited number of examples of their application

to chemical sensing. These PANI/DBSA nanoparticles have been optimized for deposi-

tion via inkjet printing [77] and used to fabricate printed sensor films [78]. These films

were evaluated for their ability to detect ammonia in both aqueous and gaseous envir-

onments. For aqueous detection, an amperometric flow injection technique has been

employed [79]. The sensor was shown to operate optimally at near neutral pH. Exposure

to aqueous ammonia resulted in a transient current response at –0.3 V vs. Ag/AgCl

,where it becomes temporarily fully oxidized and recovers to the reduced form when the

flow of buffer is restored. The nanoparticle sensor was shown to be capable of detection

of ammonia across the industrially relevant range of 1 to 100 ppm, with a detection limit

of 0.54 ppm (3.2 mM) with RSD below 5%. A range of common buffer interferences such

as primary alcohols and salts were also investigated. For gaseous detection of ammonia,

PANI/DBSA nanoparticles have been used in a conductimetric mode on screen-printed

interdigitated electrodes [80]. The effect of the number of printed layers and operating

temperature were also investigated in the industrially relevant range of 1–100 ppm.

A T50 response time of 15 s was found for single layer films, irrespective of operating

temperature. However, increasing the temperature to 80�C reduced recovery time to

210 s for 50 ppm ammonia. The sensitivity of the response was also shown to decrease

with increased temperature and the sensor had a response of 0.24 for 100 ppm when

operated at 80 �C. The background sensor response showed little dependence on the

change in humidity from 35 to 98% at room temperature. These materials have been used

in a noncontact, passive RF mode to detect ammonia inside a sealed container, which has

applications for remote monitoring of food quality in so-called ‘smart packaging’

applications [81].

PANI/DBSA nanoparticles have also been studied for their oxidation of ascorbic acid

[82]. The nanoparticles were drop-coated onto screen-printed carbon paste electrodes. The

peak current response was achieved at approx. 250 mV vs. Ag/AgCl. However, the device

also showed sufficient catalysis at 0.0 V vs. Ag/AgCl to allow measurements to be made at

this potential where it was capable of detection of 8.3 mM ascorbic acid and was linear in

the range of 0.5 to 8 mM.

The other type of nanoparticulate structure and fabrication morphology is the core–shell

and associated hollow spheres. In this instance, a spherical nanostructure is established by

polymerization onto a preformed nanoparticle. Different template materials have been

used for fabrication. For chemical-sensing applications, the two most widely used have

been silica and polystyrene, as highly monodisperse nanoparticles of these materials can

be reliably synthesized. In addition, their surface chemistry can be modified to achieve

different monomer interactions. Core–shell structures could be formed from the
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electrochemical polymerization of aniline/PSS on sulfate-modified polystyrene nanopar-

ticles [83]. The positively charged monomer adheres to the negatively charged particle

surface and polymerization occurs on the particle surface. The polystyrene nanoparticle

can be simply removed by solvent treatment to create associated hollow-sphere structures.

Both the core–shell and hollow-sphere structures have been shown to have enhanced

catalysis over bulk polymer in the oxidation of NADH, with hollow spheres showing the

best performance. This may be due to enhancements in analyte diffusion throughout the

film and available surface area for electrocatalysis.

Others have formed PANI-polystyrene core–shells and hollow spheres using chemical

polymerization and decorated them with Au nanoparticles [84] (Figure 14.7). These

composites were found to have improved conductivity over undecorated polymer nano-

particles. These were used to investigate dopamine oxidation using cyclic voltammetry.

The peak oxidation potential was reduced due to the presence of the Au and the

amperometric responses were increased significantly over Au nanoparticle or PANI-

modified films alone, most likely due to the distribution of the Au nanoparticles and

associated improvements in dopamine diffusion and access to the Au nanoparticle

surfaces (Figure 14.8).

Figure 14.7 TEM of PANI hollow spheres produced by chemical polymerization of aniline
on polystyrene particles and removal with tetrahydrofuran, and decorated with gold
nanoparticles. (Reprinted with permission from Langmuir, Polyaniline / Au composite
hollow spheres: Synthesis, characterisation, and application to the detection of dopamine
by X. M. Feng, C.J. Mao, G. Yang et al., 22, 9, 4384–4389. Copyright (2006) American
Chemical Society)
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14.10 Nanoporous Templates

Solid templating methods have also been applied to the fabrication of nanoporous films and

associatedcompositesprior to the removalof the template. In thiscase,ordered,closepackingof

the template materialmust typically be achieved to create the porous networks (Figure 14.9(A)).

Such films have been shown to have enhanced electrocatalysis to the reduction of nitrite

over bulk polymer [85]. The amperometric responses to nitrite were nearly threefold higher

in the nanocomposite material over bulk polymer at 50 mV vs. Ag/AgCl (Figure 14.9(B)).

The amperometric response from the nanostructured composite was very dependent on

the thickness of the deposited template layer, showing once again that the surface area

enhancement due to nanotemplating enhances the catalytic efficiency of the film. Typically,

inefficient diffusion of the species within the film may limit the catalysis achievable with bulk

polymers, and this limitation appears to be overcome by nanostructuring. The optimized

nanocomposite had a linear range for NaNO2 of 5 � 10�7 to 1.4 � 10�3 M (r ¼ 0.999,

n ¼ 12), a response time of 5 s, and a detection limit of 2.7 � 10�7 M (S/N ¼ 3). The

nanocomposites and nanoporous structures did exhibit comparable levels of catalysis which

Figure 14.8 Cyclic voltammograms of glassy carbon electrodes modified with PANI hollow
spheres and gold nanoparticles (A), PANI alone (B) and gold nanoparticles alone (C) in a range
of concentrations of dopamine (DA) at a scan rate of 100 mV s�1 vs. SCE. (Reprinted with
permission from Langmuir, Polyaniline / Au composite hollow spheres: Synthesis, character-
isation, and application to the detection of dopamine by X. M. Feng, C.J. Mao, G. Yang et al.,
22, 9, 4384–4389. Copyright (2006) American Chemical Society)
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suggests that in this instance the presence of the template was not a barrier to diffusion through

the film. However, removal of the template did lead to decreases in electrochemical reprodu-

cibility, which may be due to collapsing or shrinkage of the film.

Greater enhancements in nitrite catalysis have been achieved by decorating the surface of

bulk electropolymerized PANI films with polystyrene nanoparticles and repeating the poly-

merization process, forming either core–shell/hollow spheres or nanocomposite/nanopores,

before and following template removal. In this way, multiordered structures have been

formed with the bulk polymer exhibiting structure at the micrometer scale and the nanotem-

plating achieving order at the nanometer scale [86]. All types of multiordered film showed

that catalysis was superior when the template was present. In the case of the core–shells,

catalysis was greatest when the shell was thickest. However, for nanocomposites, the opposite

was the case, with a single round of polymerization being optimal. In any case, a response of

16 mA at 500 mM was achieved (7.07 mm2) which is double that achieved elsewhere [85].

14.11 Application Summaries

Table 14.1 gives an alphabetical listing of electrochemical sensors based on nanostruc-

tured conducting-polymer materials and composites. The main sensor characteristics have

been extracted from the literature. The data given in the table are based on values extracted

from the associated publications, either directly, or approximated from graphical data. The

comments principally refer to abbreviations of the synthetic and deposition methods used,

as well as other pertinent characteristics of the sensor. Responses or sensitivity values are

based on either single data or slopes determined from calibrations. Detection limits are

either formal limits of detection, or the lowest concentrations determined in the work, and

(a) (b)

Figure 14.9 The application of porous PANI films and composites to the sensing of nitrite.
Scale 1 mm (A) Porous film of poly(aniline) formed from the in situ electrochemical synthesis in
the presence of 100 nm polystyrene nanoparticle templates. (B) Enhanced electrocatalysis of
concentrations of 50 mM nitrite in 0.1 M HCl atþ 50 mV vs. Ag/AgCl of the nanocomposite film
(d) compared to classy carbon (a), pre-treated glassy carbon (b) and bulk PANI [85]. (Reprinted
with permission from Chemistry: A European journal, Nanocomposite and nanoporous poly-
aniline conducting polymers exhibit enhanced catalysis of nitrite reduction by X. Luo,
A.J. Killard and M.R. Smyth, 13, 2138–2143. Copyright (2007) Wiley-VCH)
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Table 14.1 Alphabetical listing of analytes detected via electrochemical sensing employing nanostructured conducting polymer

Analyte Polymer material
and morphology a

Method b Response/
Sensitivity c

Analytical
range

Detection
limit

Response
timed

Recovery
timed

Commentse Ref.

Acetaldehyde PNMA-MoO3

nanofilms
Cond. S2 � 0.028 @

9.1 ppm
1�9 ppm 0.91 ppm – – Chemical vapor deposition,

chemical polymerization,
ion exchange intercalation

[38]

PANI-MoO3

nanofilms
Cond. S2 � 0.06 @

7 ppm
25�7000
ppb

25 ppb – – Chemical vapor deposition,
chemical polymerization,
ion exchange intercalation

[87]

PANI-MoO3

nanofilms
Cond. S4 ¼ 1.04 @ 50

ppm
50 ppm 50 ppm �600 s �1000 s Chemical vapor deposition,

chemical polymerization,
ion exchange intercalation

[36]

Acetone PEDOT/PSS
nanowires

Cond. – 20�80%
saturation in
N2

<100
ppm

T90 � 30 s � 20 s Template-directed
electrochemical
polymerization,
dielectrophoretic
deposition

[2]

Ammonia PPy nanowire Cond. S3 ¼ 6 � 10�4/
ppm

40�300 ppm 40 ppm – – Template-directed
chemical polymerization,
drop-coating

[13]

PANI/SiW12

nanotubes
Cond. S4 � 3 @

100 ppm
2�100 ppm 5 ppm �1500 s – Template-directed

chemical polymerization
[6]

PANI/PEO nanowire/
nanojunction

Amp. 130 nA @ 50
ppm

0.5�50 ppm 0.5 ppm �300 s – Electrospinning [14]

PANI nanowires/
nanojunctions

Cond. S3 � 1.4 0.1�100 �
10�6 bar

0.1�
10�6 bar

£60 s – Galvanostatic, template-
free

[10,11]

Nanojunctions Cond. 0.42 mA/Log
ppb

16�575 ppb 16 ppb – – Electropolymerization,
human breath

[9]

Poly(diphenylamine)-
PMMA nanofibers

Cond. – 10�300 ppm 1 ppm � 1.5 min – Electrospinning [21]

PANI-DBSA
nanoparticles

Cond. S5¼ 0.24@ 100
ppm

1�100 ppm 1 ppm T50 ¼ 15 s – Micellar-templated chemical
polymerization, inkjet
printing, industrial detection

[80]

PANI-DBSA
nanoparticles

Amp. 6.8 � 10�4 A/
M

20 mM–10
mM

57 ppb – – Micellar-templated chemical
polymerization, inkjet
printing, industrial detection

[79]



PANI-DBSA
nanoparticles

Imped. RF signal �250 – – – – Micellar-templated
chemical polymerization,
inkjet printing, RF,
noncontact detection of
ammonia

[81]

PANI/CSA, PTSA,
PFOA nanorods,
nanoparticles

Cond. S3¼0.91�0.97 – – 52�120 s – Langmuir-Blodgett films [31]

PANI nanofibers Cond. S5 ¼ 2 @
20 ppm

0.5�20 ppm 0.5 ppm 60�100 s > 15 min SAM-assembled nanofibers [39]

PEDOT/TSA
nanowires

Cond. S3 ¼ 0.09 @
20 ppm

8�70 ppm 20 ppm �7 s �10 s Langmuir-Blodgett films [30]

PANI/HCl/TiO2 NP
nanocomposite

Cond. S5 ¼ 9 @
141 ppm

23�141 ppm 23 ppm 2�8 s 19�70 s In situ chemical
polymerization, influence
of synthesis temperature on
response

[52]

PANI-TiO2 colloids
nNanocomposite

Cond. S5 ¼ 6.6 @
141 ppm

23�141 ppm 23 ppm 5�18 s 16�69 s In situ chemical
polymerization

[51]

PPy-TiO2

nanocomposite/
nanofilm

Cond. S5 ¼ 0.08 @
141 ppm

23�141 ppm 23 ppm 12�19 s 60�85 s Layer-by-layer assembly,
chemical polymerization,
impact of air and N2 carrier
on response

[53]

PPy/CNF Nanocable
(coaxial)

Cond. S5 ¼ 3 @
50 ppm

10�50 ppm 10 ppm – �500 s Vapor deposition
polymerization

[74]

PANI-SWCNT
Nanocomposite

Cond. S3 ¼ 0.02/ppm 0�400 ppm 50 ppb Minutes Hours Electrochemical
polymerization

[69]

Ascorbic
acid

PPy nanowires Pot. 44.11 mA/M
cm2

5.0 � 10�4–
2.0 � 10�2

M

4.65 �
10�5 M

– – Template-free potentiostatic
polymerization

[4]

PANI-DBSA
Nanoparticle

Amp. 10.75 mA/mM
cm2

0.5�8 mM 8.3 mM – – Templated chemical
polymerization, drop-
casting, @ 0.0 V vs. Ag/AgCl

[82]

PANI-
phthalocyanine
nanofilms

CV – – – – – Layer-by-layer, chemical
polymerization, interferent
in dopamine detection

[32]
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Table 14.1 (continued )

Analyte Polymer material
and morphology a

Method b Response/
Sensitivity c

Analytical
range

Detection
limit

Response
timed

Recovery
timed

Commentse Ref.

PEDOT/Au NP
Nanocomposite

DPV – 0.5�3.5 mM 0.5 mM – – Electrochemical
polymerization, interferent
in dopamine detection

[43]

Carbon
monoxide

PANI-TiO2 colloids
Nanocomposite

Cond. S5 �1.8 @141
ppm

23�141 ppm 23 ppm – – In situ chemical
polymerization, effect of
humidity on background
response shown

[51]

PANI-TSA/PSS TiO2/
SnO2 NPs
Nanocomposite/
nanofilm

Imped./
Cond.

DR ¼ 49�100
kO @ 1000
ppm

1�1000 ppm 1 ppm �80 s �80 s Chemical polymerization,
LbL assembly

[54]

PANI-CSA/In2O3 NP
Nanofiber/
nanocomposite

SAW 2.0 kHz @ 500
ppm

60�1000
ppm

60 ppm T90 ¼ 24 s T90¼ 36 s Chemical polymerization,
drop casting

[60]

Chloroform PANI-nitric acid/
benzoyl peroxide
nanofiber

Amp. I/I0 ¼ 0.86 in
2.2 %
chloroform

– – T90 ¼ 50.2 s – In situ UV polymerization [88]

PANI-Cu
nanocomposite

Cond. S3 ¼ 1.5�3.5 10�100 ppm 10 ppm � 5 min – Chemical polymerization,
pelleting, chloroform vapor

[89]

Chloro-
methanes

Poly(3-
methylthiophene)-
MWCNTs
nanocomposite

Cond. S3 ¼ 3.6�11.9
� 10�3/ppm

4�20 ppm 60�120 s In situ chemical
polymerization, drop-
casting

[64]

Copper PPy/NTA nanotubes/
nanojunctions

Cond. S3 ¼ 0.6
@10�11 M

1 � 10�14�
1 � 10�10 M

0.6 ppt � 50 s – Template-directed
electrochemical
polymerization and drop-
casting

[12]

PANI/PSS-peptide
chelator
nanojunctions

Cond. – 0.06�1000
nM

62 pM – – Drinking water analysis [8]

Dimethyl
methyl
phosphonate
(DMMA)

PTh-CNT
nanocomposite/
nanofilm

Cond. S3¼ 0.08 @ 0.6
ppm

0.05�25
ppm

0.6 ppm – – Spin-coating [90]



Dopamine PANI nanojunctions Cond./
Amp

– – 100 nM � 40 s ChemFET in the presence of
1 mM ascorbic acid

[7]

PANI/Au hollow
nanospheres

CV 54.1 mA @ 10
mM

0.5�10 mM 0.5 mM – – Chemical polymerization,
drop-coating

[84]

PANI-
phthalocyanines
nanofilms

CV – 0.25�8 mM 10�4 M – – Layer-by-layer, chemical
polymerization, ascorbic
acid interference

[32]

PPy-Au nanocluster
nanocomposite

DPV – 7.5 � 10�8-
2.0 � 10�5

M

1.5 �
10�8 M

– – Electrochemical
polymerization and
deposition

[41]

PEDOT/Au NP
Nanocomposite

DPV 0.2 mA/nM 20�80 mM 2 nM – – Electrochemical
polymerization, ascorbic
acid interference

[43]

Poly(anilineboronic
acid)/CNT
nanocomposite

CV S1 ¼ 0.45 @
>30 nM

1�10 nM 0.6 nM – – In situ electrochemical
polymerization

[70]

Epinephrine PPy-Au nanoclusters
nanocomposite

DPV 3.58 mA/mM 0.3—21 mM 30 nM – – Electrochemical
polymerization and
deposition

[42]

Ethanol PEDOT/PSS
Nanowires

Cond. – Nonlinear
10�100%
saturation in
N2

<100
ppm

– – Template-directed
electrochemical
polymerization,
dielectrophoretic deposition

[2]

Poly(o-toluidine)
camphorsulfonic
acid fibers

Cond. S3 ¼ 0.360 –
0.063

– – – – Electrospinning, surface
collection

[19]

PANI-CSA nanofibers Cond. S3 ¼ 0.94 – – 20 s 20 s Electrospinning [20]
PANI/Ag NP
nanocomposite

Cond. S4¼ 0.002/ppm 0�500 ppm 100 ppm 102�52 s � 40 min In situ chemical
polymerization, pelleting,
ethanol vapor

[47]

PPy/MWCNT/
NaClO4

nanocomposite

Cond. S4¼ 1.19@ 30
000 ppm

30 000�
40 000 ppm

30 000
ppm

T90 ¼ 20 s T90¼ 20 s Spin-coating, UV
polymerization, ethanol
vapour in air. Acetone
interference assessed

[72]

PEDOT/PSS
nanowires

Cond. S3 ¼ .55@ 25
Torr

0�25 Torr 0.25 Torr – – Ethanol vapour in N2, block
copolymer nanolithography

[91]
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Table 14.1 (continued )

Analyte Polymer material
and morphology a

Method b Response/
Sensitivity c

Analytical
range

Detection
limit

Response
timed

Recovery
timed

Commentse Ref.

Formaldehyde PNMA-MoO3

Nanofilms
Cond. S2 � 0.026 @

9.1 ppm
1�9 ppm 0.91 ppm Chemical vapor deposition,

chemical polymerization,
ion-exchange intercalation

[38]

PANI-MoO3

Nanofilms
Cond. S2 �0.06 @ 5

ppm
25�5000
ppb

25 ppb – – Chemical vapor deposition,
chemical polymerization,
ion-exchange intercalation

[87]

PANI-MoO3

Nanofilms
Cond. S4 ¼ 1.09 @ 50

ppm
50 ppm 50 ppm �1000 s �3000 s Chemical vapor deposition,

chemical polymerization,
ion-exchange intercalation

[36]

HCl Poly(2,5-
dimethylaniline)/
CNT nanocomposite

Cond. – – – – – Langmuir-Shaefer films and
spin coating

[67]

PAO-CNT
nanocomposite

Cond. S3 ¼ 0.28 @
100 ppm

100�400
ppm

– 5 s @ 100
ppm

– Pulsed plasma CNT
alignment, chemical
polymerization, Langmuir-
Shaefer films

[65]

PPy/CNF Nanocable
(coaxial)

Cond. S5� 1.3@ 50
ppm

10�50 ppm 10 ppm – �150 s Vapor deposition
polymerization

[74]

Hexane Poly(o-toluidine)
camphorsulfonic
acid fibers

Cond. S3¼ 0.015 –
0.014 (n ¼ 4)

– – – – Electrospinning, surface
collection

[19]

Humidity SPANI nanofilm Cond. – 50�90%RH – 15 s @
D5%RH

– Layer-by-layer technique [33]

PPy/Ag/TiO2 NP
nanocomposite

SAW 0.0069 Hz/
ppm @ 171.1
ppm

173.9�9711
ppm

173.9 12 s @ 55
ppm

20 s @ 55
ppm

Spin-coating, UV
polymerization, low
humidity detection

[55]

PPy/TiO2 NP/
PMAPTAC
nanocomposite

Imped. �0.05 Log Z/
%RH

30�90 %RH – 11-90%RH
in 40 s

Spin-coating, UV
polymerization, effect of
frequency and temperature
studied

[57]

PPy-TiO2 NP, AgNO3

nanocomposite
Imped. �0.03 Log Z/

%RH
30�90% RH – 30�80%RH

in 40 s
– UV photopolymerization [56]

PPy-Fe3O4 NPs
nanocomposite

Cond. S4¼ 1000 @
75%RH

20�80%RH – 10�15 s 20 s Emulsion polymerization
and pelleting

[58]



POA/WO3

Composite
Cond. – 25�95%RH – 50 s 49 s Chemical polymerization,

pelleting
[59]

Hydrazine PANI/SiW12

nanotubes
Cond. S4� 0.1 @ 100

ppm
100 ppm 100 ppm – – Template-directed

chemical polymerization
[6]

PPy-Au nanowire/
nanoparticle/
nanocomposite

DPV 63.0 mA/mM 1�500 mM 0.21 mM Electrochemical
polymerization and
deposition

[44]

Hydrogen PANI nanowires/
nanofibrils

CV,
SAW

0.065�1% in
air

Templated and template-
free electropolymerization

[92]

PPy nanofibers Cond. S3¼ 0.12 @ 1% 0.06�1% 0.06% 43 s – Chemical polymerization,
drop casting

[25]

PPy nanofibers SAW Df ¼20 kHz @
1%

0.06�1% 0.06% T90 ¼ 39 s @
1%

T90¼ 219
s @ 1%

Chemical polymerization,
drop casting

[26]

PANI, PANI-HCl
nanofiber

Cond. S1¼1.11/1.07
@ 1%

0.06-1% 0.06% 28�32 s – Chemical polymerization,
drop-casting

[23]

PANI-CSA nanofibers SAW Df ¼ 14 kHz @
1%

0.06�1% 0.06% <250 s <400 s Template-free rapid mixing
method, chemical
polymerization

[24]

PANI/CSA Nanofiber Cond. S3 ¼ -0.03 0�1% 0.1% – – Chemical polymerization,
airbrush deposition

[22]

PANI-CSA/In2O3 NP
nanofiber/
nanocomposite

SAW 11 kHz @ 1% 0.06�1% 0.06% T90 ¼ 30 s T90¼ 40 s Chemical polymerization,
drop casting

[60]

PANI/WO3 nanofiber SAW 7 kHz @ 1% 0.06�1% 0.06% T90 ¼ 40 s T90¼ 100
s

Template-free chemical
polymerization, ’quick-
shake’

[93]

PANI nanofiber SAW Df ¼ 9.2 kHz @
1%

0.06�1% 0.06% 12 s 44 s Electropolymerization [94]

Hydrogen
peroxide

PANI/PB NPs
nanocomposite

CV 1�10 mM 1 mM Chemical and
electrochemical
polymerization

[62]

PPy-Au/PB
nanoporous template

Amp. – 10�4�10�9

M
10�9 M – – Nanotemplate lithography,

galvanostatic
polymerization

[95]

Hydroxy-
lamine

PPy-Au nanowire/
nanoparticle/
nanocomposite

DPV 126 mA/mM 1�500 mM 0.20 mM – – Electrochemical
polymerization and
deposition

[44]
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Table 14.1 (continued )

Analyte Polymer material
and morphology a

Method b Response/
Sensitivity c

Analytical
range

Detection
limit

Response
timed

Recovery
timed

Commentse Ref.

Methanol PEDOT/PSS
nanowires

Cond. S4 ¼ 1.01 10�50%
saturation in
N2

<100
ppm

T90 �30 s � 20 s Template-directed
electrochemical
polymerization,
dielectrophoretic
deposition

[2]

PANI-CSA nanofibers Cond. S3 ¼ 0.94 – – 32 s 20 s Electrospinning [20]
PANI/Pd NP
nanocomposite

Cond. – 0�10 ppm – 2�8 s – Chemical polymerization
and pelleting, vapor in air

[46]

Nickel PANI/PSS-peptide
chelator
nanojunctions

Cond. – 0.1�1000
nM

0.4 nM – – Electropolymerization,
drinking water

[8]

Nitrate PPy nanowires Amp 1.17�1.65 nA/
mM

10 mM�1
mM

4.5–1 mM – – Membrane template
polymerization,
dielectrophoresis,
microfluidic device

[96]

Nitrite PPy nanowires Amp 55.84 mA/M
cm2

0�20 mM – – – Template-free
electrochemical
polymerization

[3]

PPy-Pt nanowire/
nanocluster/
nanocomposite

CV 0.566 mA/mM 5 � 10�7-1
� 10�3 M

1.5 �
10�7 M

– – Electrochemical
polymerization and
deposition

[45]

PPy, Poly(o-
anisidine), poly(1.3-
DAB) and poly(1,2-
DAB) nanotubes

Amp 10�1000 mM 2 mM – – Template-directed
electropolymerization,
drinking water analysis

[97]

Nitrogen
dioxide

PPy nanofibers SAW Df ¼ 4.5 kHz @
2.1 ppm

– 2.1 ppm T90 ¼ 133 s T90¼ 298
s

Chemical polymerization,
drop-casting

[26]

PANI Nanofiber Cond. – 10�200 ppm – – – Interfacial polymerization,
drop-casting

[98]

PEDOT/SnO2 and
PTh-SnO2

nanocomposites

Cond. DRt ¼ 16-120
kO
@800�1000
ppb

0�1000 ppb <100 ppb – – Range of polymers studied,
in situ surface
polymerization

[99]



PANI-CSA/In2O3 NP
nanofiber/
nanocomposite

SAW 2.5 kHz @2.12
ppm

0.5�2.1 ppm 510 ppb T90 ¼ 30 s T90¼ 65 s Chemical polymerization,
drop-casting

[60]

PANI/chitosan/WO3

nanofiber/
nanocomposite

Amp. – 100�500
ppb

– 8 s – Electrochemical
polymerization

[61]

Polypyrrole/CNT
nanocomposite

Cond. S5� 0.9 3000 ppm 3000 ppm 50 s 90 s Chemical polymerization,
drop-casting

[66]

1-Pentanol PTh nanogaps/
nanojunctions

Amp – – – � 2 s >20 s ChemFET, chemical
polymerization and inkjet
printing

[15]

pH PANI-carbon
nanofiber nanofiber/
nanocable

Pot. -60.0 –0.5 mV/
pH

pH 2.0�12.5 – 6�120 s – Electrochemical
polymerization

[27]

PPy/CNT, PANI/CNT
nanocomposite

Pot. � -66.6 mV/pH pH 1�13 – – – Elecrochemical
polymerization

[71]

Phosphate PPy/nylon/FeCl3
nanofibers

Amp. 1.35 mA/mM 0.1�1.2 mM 1.2 mM – – Electrospinning [28]

Propan-2-ol PANI-CSA nanofibers Cond. S3 ¼ 0.97 – – >110 >50 Electrospinning,
concentration not specified

[20]

Serotonin PPy-Au nanocluster
Nanocomposite

DPV 7.0 �
10�9�2.2 �
10�6 M

1.0 �
10�9 M

– – Electrochemical
polymerization and
deposition

[41]

Sevoflurane PPy/CNT
nanocomposite

Cond. 30 MO 8% 8% 75 s – In situ UV polymerization,
wireless RF monitoring of
anaesthetic

[73]

Sodium
chloride

POEA/PSS nanofilm Imped. 7.6 � 10�8 F @
10 mM

0.1�10 mM 10 mM – – Layer-by-layer self-
assembly

[35]

Toluene PANI-nitric acid/
benzoyl peroxide
nanofiber

Amp. I/I0 ¼ 0.413 – – T90 ¼ 44.2 s – In situ UV polymerization [88]

Triethylamine PANI/SiW12

nanotubes
Cond. S3� 10 @ 100

ppm
100 ppm 100 ppm � 2000 s – Template-directed

chemical polymerization
[6]

PANI/egg shell
membrane or PVA
Nanotubes

Cond. S3 ¼ 9 100 ppm 100 ppm �200 s – Electrospun fiber template,
eggshell membrane
template, chemical
polymerization

[5]

(continued overleaf )



Table 14.1 (continued )

Analyte Polymer material
and morphology a

Method b Response/
Sensitivity c

Analytical
range

Detection
limit

Response
timed

Recovery
timed

Commentse Ref.

PANI/PMMA
nanocable (coaxial)

Cond. S3¼ 0.77 @
500 ppm

20 � 500
ppm

20 ppm – – Electrospinning, in situ
solution polymerization

[29]

PANI-nitric acid/
benzoyl peroxide
nanofiber

Amp. I/I0 ¼ 0.074 – – T90 ¼ 13.7 s – In situ UV polymerization [88]

PANI-HCl, TiO2

composite
Amp – – 5.14 �

10�7 mM
– – Spin coating, in-situ

polymerization
[49]

PANI/PSS-CNT
nanocomposite

Cond. S5¼ 0.8 0.5�8 ppm ppb T90 � 200 s T90 � 10
min

In situ chemical
polymerization

[68]

Trimethy-
lamine

PANI/PSS/TiO2

Nanocomposite
QCM R ¼ 2.1 � C 10�200 ppm 10 ppm – – Chemical polymerization [50]

PANI/CNT
nanocomposite

Amp 0.5 mA @ 5.14
� 10�7 mM

– – – – Spin coating, in situ
chemical polymerization

[63]

Uric acid PPy-Au nanoclusters
nanocomposite

DPV 1.81 mA/mM 0.05�28 mM 12 nM – – Electrochemical
polymerization and
deposition

[42]

PEDOT/Au NP
nanocomposite

DPV 0.12 mA/nM 20�130 mM 2 nM – – Electrochemical
polymerization, ascorbic
acid interference

[43]

Vanillin PTh nanogaps/
nanojunctions

Amp – – – 4 s – ChemFET, chemical
polymerization and inkjet
printing

[15]

White wines PEDOT/Au and Pt
nanocomposites

DPV – – – – – Principal component
analysis

[48]

a PNMA, poly(N-methylaniline); PANI, poly(aniline); PEDOT, poly(3,4-ethylenedioxythiphene; PSS, poly(styrene-sulfonate), PPy, poly(pyrrole); PEO, poly(ethylene oxide); DBSA,
dodecylbenzene sulfonic acid; CSA, camphor sulfonic acid; PTSA, poly(o-toluene sulfonic acid); PFOA, perfluoro-octanoic acid; TSA, toluene sulfonic acid; CNF, carbon nanofiber;
SWCNT, single-walled carbon nanotube; NP, nanoparticle; MWCNT, multiwalled carbon nanotube; PTh, poly(thiphene); CNT, carbon nanotube; POA, poly(o-anisidine); SPANI,
poly(anilinesulfonic acid); PB, Prussian Blue; DAB, 1,2-diamino benzene; POEA, poly(o-ethoxyaniline); PMMA, poly(methyl methacrylate).
b Cond, conductimetric; Amp., amperometric; Imped, impedimetric; Pot., potentiometric; CV, cyclic voltammetric; DPV, differential pulse voltammetric; SAW, surface acoustic wave;
QCM, quartz crystal microbalance.
c See text for definitions of S .
d Tx, time taken to reach x% of final value.
e Fabrication and polymerization processes and points of note.



the analytical range is again that which was studied, either linear or nonlinear. Response

and recovery times are also as stated. Tx values, where given, refer to the time to reach x%

of the final signal.

Several methods are used to determine sensor response (S) in the literature, particularly

in regard to conductimetric gas sensing, where the ratio of the test response to a control

response is determined. The method used typically depends on whether the test response

results in a signal that is either greater or lesser than some control value. To avoid

confusion and allow standardization, five measures of S are used in this table, denoted

S1–S5. In some publications, these values are further multiplied by 100 to yield a percen-

tage response. However, in this work, all percentage values have been divided by 100 to

yield the response quotient.

The five sensor response values are as follows:

S1¼ðRc � RtÞ=Rt

S2¼ðRt � RcÞ � 1

S3¼DR=Rc

S4¼Rt=Rc

S5¼ðRt � RcÞ=Rc

(14:1)

Where Rc is the control response value, Rt is the test response value and DR is the

difference between the control and test response values, either absolute or otherwise, as

specified in the publication.

As can be seen from the table, several sensing applications tend to dominate, such as

ammonia, dopamine, aldehydes, humidity, alkylamines, and other nitrogenous gases. This is

no surprise as the chemistry of these polymers is dominated by conjugated ring structures

possessing nitrogen atoms with associated electronic and doping characteristics. Thus,

sensitivity to nitrogenous compounds, as well as to acids and water vapor is a common

feature. However, chemical sensing using these polymers is thus dependent on their inherent

chemical sensitivity, and the sensing aspect of the polymer is not separate from its selectivity

characteristics. This severely limits the range of analytes that are amenable to detection with

conducting polymers and also creates problems associated with sensor specificity.

Nanostructuring, particularly nanocompositing is increasing the range of materials charac-

teristics, bringing with it modifications in terms of the range of analytes these materials are

sensitive to, as well as their selectivity/specificity characteristics. In addition, novel polymer

derivatives are being synthesized with modified functionality and associated sensitivity/

selectivity characteristics. Nonetheless, many improvements are still necessary in both the

polymer chemistry and its nanomaterials control to bring about further improvements in

these aspects of the sensing material. Significant improvements can be made to sensor

selectivity by the addition of selective layers using the nanomaterials paradigm in much

the same way as it has been used for bulk sensor development in the past.

14.12 Conclusions

The utility of conducting polymers as an electrochemical sensor interfacial material is

being enhanced by nanotechnology through the fabrication of nanodimensional polymeric
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materials and their compositing with a wide variety of conductive and inert nanomaterials.

These are beginning to yield improvements in sensor analytical performance, as well as

sensor design and fabrication. Continuing work in this field will see further refinements

and improvements in the fabrication methodologies, expansion of the range of polymers

and their nanostructural morphologies, and further compositing to improve sensitivity and

selectivity.
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15.1 Introduction

Dimensional changes in conducting polymers such as polypyrrole (PPy), polyaniline

(PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) during oxidation and reduction

have been used for over 15 years to create movement, an actuating effect. This has opened

up the possibility of the development of a new class of polymer-based, large strain,

artificial muscles, to stand alongside other prospective materials, such as dielectric

elastomers, shape-memory alloys, and carbon nanotube fibers [1]. Advantages of conducting

polymers over more established actuator technologies, such as piezoelectric polymers,

are seen in their low operation voltages, high work densities per cycle, and force

generation capabilities, but with limitations seen in cycle life and energy conversion

efficiencies [2].

However, a complete picture of the volume changes at work in conducting polymers has

yet to be determined [3], and it is widely recognized that an understanding and better

exploitation of nanostructural aspects of conducting-polymer actuators will be necessary

to improve their performance as required for practical applications [4–7]. In this chapter

we will outline the main mechanisms of actuation which have been investigated for

conducting-polymer actuators, along with recent research to model actuator performance

and develop applications. The effect of morphology and nanostructure, such as chain
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alignment and conformational changes at the molecular level, will then be examined,

before considering the role of the solvent, ion size, and conductivity on actuator perfor-

mance and the use of composite materials with the likes of carbon nanotubes and hydro-

gels. Prospects for future research with a nanostructural focus will then be raised.

15.2 Mechanisms and Modes of Actuation

15.2.1 Ion Movement and Conducting-Polymer Electrochemistry

The mechanism behind the actuation of intrinsically conducting polymers has been

recognized as being due, to a large extent, to the movement of ions and solvent in and

out of the polymer during oxidation and reduction processes, as described in recent

reviews [3,8–10]. Conducting-polymer actuators are generally formed by electrochemical

polymerization on an inert electrode, and can be actuated either in contact with that

electrode, or removed and operated as a free-standing film. When relatively small anions

are present in the solution, expansion upon oxidation and contraction upon reduction is

typically seen, often referred to as anion-driven actuation. The situation is reversed when

larger anions become immobilized within the conducting polymer structure, in which case

smaller cations instead move to maintain the charge balance, with expansion upon polymer

reduction. This type of actuation is referred as cation-driven actuation. In many cases both

anion and cation movement can be detected, which can cancel out the actuation of each of

the ions – which ion will predominate can be difficult to predict.

Quartz crystal microbalance studies have shown that the movement of the solvent

molecules associated with ions can be considerable. Using PPy prepared in sodium

dodecyl sulfate, a mix of both cation- and anion-driven processes was seen when cycled

in NaCl, and the mass changes involved indicated that four water molecules moved per Cl�

and 15 water molecules per Naþ [11]. The role of solvent water molecules has also been

examined for PPy in dodecyl benzene sulfonate (DBS), a very widely studied system,

where the insertion of cations accounted for only 20% of the mass change upon polymer

reduction, indicating that four water molecules were brought into the film with each Naþ

[12]. As the electrolyte concentration was changed from 0.1 M to 6 M, the total inserted

mass became smaller and the mechanism moved from pure cation transport to an equal

amount of anion transport [13]. These results were said to support an osmotic expansion

model, whereby the difference in osmotic pressure between the electrolyte and polymer

bulk (greater with more dilute electrolyte solutions) drives solvent movement.

Alongside swelling and deswelling effects, the role of conformational changes in the

polymer backbone have been recognized as being equally important for certain systems

(see below).

15.2.2 Bilayer and Trilayer Actuators

The first actuators described for conducting polymers in the early 1990s were ‘bilayer’ or

‘bending-beam’ structures in which a polymer film on a thin conductor would bend to well
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over 90� owing to the reversible expansion and shrinking of the film (Figure 15.1). These

included a bilayer structure based upon PPy shown to act as an actuator by Otero [14], and

a bending beam consisting of a 10 mm PANI layer used by the group at Linköping, Sweden,

as a sensitive way to monitor volume changes in conducting polymers [4]. Various uses for

conducting polymers as biopolymer muscles were envisaged owing to their high conduc-

tivity and electroactivity, although it was recognized even then that strain rates can be

small owing to the redox processes being under the control of ionic diffusion, with the

prospect that microporous materials with a more limited diffusion length could be used to

increase strain rates [4]. Recently bilayer gold-polypyrrole ‘nanofingers’ 12–15 mm long

and 250 nm in diameter have been prepared via a template synthesis and have been used to

demonstrate electrochemically induced nanowire bending [15].

Soon after it was shown that PANI could be used as both anode and cathode in an all-

plastic actuator in which the two conducting polymer films were assembled on either side

of a solid polymer electrolyte (SPE) or similar material and operated in air [16]. An

analogous ‘trilayer’ was demonstrated for PPy with two films working with respect to

each other to achieve the bending motion [17]. Trilayer actuators have been shown to be

able to move objects along a surface [18], and to allow very precise control of the position

and movement of the actuator [19]. A range of solid polymer electrolytes have been used in

further trilayer designs, with recent examples including PPy deposited on a polyurethane/

Mg(ClO4)2 SPE [20], PPy layers on gold-coated 20-mm-thick cellophane papers [21],

PANI in conjunction with poly(ethylene oxide) [22], PPy or PANI deposited onto cellulose

paper, which showed enhanced displacement at the resonance frequency of the system

around 3 Hz [23], and the use of nitrile rubber as the base elastomeric material with either

PPy [24] or PEDOT [25].

Trilayer PPy actuators have also been constructed in which PPy is electrodeposited on

either side of a gold electrode using the large DBS ion on one side (cation-driven PPy) and

a smaller benzenesulfonate on the other (anion-driven PPy), which bent quickly in a co-

operative manner as the trilayer was oxidized or reduced in 1 M LiClO4 [26]. A problem

with any design in which the conducting-polymer remains attached to an inert metal

Figure 15.1 Conducting-polymer actuation based upon bending of a bilayer or trilayer
actuator in which 5–50-mm-thick polymer layers are typically grown on a metal-coated inert
support; the linear stretching of a free-standing film, of several mm to cm in length; and the out-
of-plane actuation of conducting-polymer films
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electrode during actuation is eventual delamination from the surface as stresses are

generated. The ease of delamination of a conducting-polymer actuator from a smooth

thermally evaporated gold surface was lessened by additional gold electrodeposition to

produce a much rougher surface. Along with better adhesion, the strain also increased by

up to threefold and gave a more stable response [27]. A further design method which has

been suggested to deal with the interfacial stresses which develop at the gold (Young’s

modulus of 83 GPa) and conducting-polymer interface (typically 0.2 GPa) is to include a

‘buffer’ layer of conducting polymer with a larger modulus value (�5 GPa) [28]. This

layer remains conducting, but does not itself develop actuation strain, and is predicted to

form zero strain at the polymer/gold interface at a particular buffer layer thickness.

An approach which creates an all-polymer bending actuator, and removes the delamina-

tion problem, is one in which two differently structured PPy layers are assembled on top of

each other. The growth of an initial PPy layer containing an anion such as DBS, to produce

a cation-driven layer, followed by further PPy deposition in the presence of p-phenol

sulfonic acid (PPS) to produce an anion-driven layer, led to a ‘bi-ionic’ actuator which

bends in the one direction as the whole assembly is either oxidized or reduced [29]. A stripe

shape pattern of PPy bi-ionic actuators was also formed using a patterning technique to

produce an electrochemically active spring which folded with a strain of some 60%.

Problems remained with creep and mismatches of the size of the stroke of the spring

elements [30]. The bi-ionic approach has been extended to include a central polythiophene

layer as a high-strength conductive-polymeric support to two PPy layers, one doped with

ClO4
� to give an anion-driven film and the second a cation-driven film doped with DBS.

The movement rate and extent of actuation was larger than for the alternative bi-ionic

version [31]. In a further example, PPy doped with p-toluene sulfonic acid (p-TS) with

cation-driven actuation was formed on top of PPy(ClO4) with anion-driven actuation, to

create an actuator which bent in response to an applied current [32].

15.2.3 Linear Actuators and the Inclusion of Metal Contacts

Bilayers and trilayers have proved to be very impressive in showing a high degree of

angular movement, while the conducting-polymer film itself only lengthened by 1–2%.

The desorption and sorption of water on a free-standing polypyrrole strip was also

demonstrated to lead to contraction of around 1% upon applying a DC voltage, as an

alternative to electrochemical doping [33], and more recently used to construct an ‘ora-

gami’ folding actuator capable of caterpillar-like motion [34]. However, most studies have

focused upon the electrochemically driven movement, and studies of ‘linear’ actuation

movement have since been made which have allowed a range of actuation metrics to be

evaluated [35]. With many conducting-polymer actuators, the conductivity of the polymer

itself is not high enough to permit effective actuators to be constructed of any significant

length. A development introduced by Santa Fe Science and Technology has been the

production of fibers of PANI doped with 2-acrylamido-2-methyl-1-propane sulfonic acid

with conductivities up to 1000 S cm�1 for use in linear actuators. Solid-in-hollow linear

actuators were constructed using a gel electrolyte [36]. With the advent of polymer-

electrode combinations which permit the linear actuation to exceed 10%, more considera-

tion is being given to linear actuators (see below).

602 Nanostructured Conductive Polymers



Considerable improvement in the performance of linear actuators has been obtained by

including a wire along the length of the conducting polymer to counter the drop in potential

which severely limits performance for distances greater than 10 mm from the electrode

contact, even with highly conducting polymer forms [37]. A very clear indication of the

importance of conductivity to the performance of linear actuators was presented by Kaneto

[38]. In considering PPy/CF3SO3 (triflate) films, a similar absolute length change was seen

with linear actuators in the 14.5 to 55 mm range, giving a progressively lower percentage

contraction as the actuator length increased. Maximum actuation was achieved many times

faster when a gold sputtered layer was included which did not interfere with the overall

actuator movement, developing 7% strain within a few seconds.

In further designs involving the addition of metal contacts, helical Pt wires included in

hollow PPy tubes were found to be superior to hollow tubes on their own and to flat films

[35]. The inclusion of the helical metal wire was found to improve the electrochemical

efficiency of actuators several centimetres in length, with strain rates up to 13% s�1 [39].

Approaches to bundled 20 mm and hollow 350 mm PPy fibers, alongside the use of a Pt

metal coating, have also been considered to optimize the strain and force generated

[40,41]. A further approach to include a conductive metal wire within a PPy(BF4)

actuator, designed to push as well as to pull, has been to deposit the polymer electro-

chemically on a 0.25 mm tungsten microcoil. The larger contact area between metal

electrode and conducting polymer lowered the voltage drop along the PPy actuator, and

allowed strains of up to 11.6% to be achieved [42,43] A Pt zig-zag wire or Pt/Ir coil was

used in certain high-strain PPy actuators to maintain strains of over 20%, although the Pt/

Ir coil somewhat disturbed the actuation response [44,45] Through the use of a corru-

gated metal coating (4 mm deep with a corrugation period of 10 mm), the speed and extent

of actuation (�0.3% s�1 and 12%, respectively for PPy(DBS)) has been significantly

improved [46].

15.2.4 Out-of-Plane Actuators

Another type of actuation which has been demonstrated is the ‘out-of-plane’ actuation of

conducting-polymer films attached to an electrode substrate. PPy(DBS) out-of-plane

actuation has been studied by Smela using atomic force microscopy, where a volume

change of up to 35% was observed for films 1–15 mm thick, which is considerably larger

than the linear actuation (�2%) given for comparable PPy(DBS) films [47]. Films 1.5 mm

thick were found to produce the greatest strain, as confirmed using a profilimeter. Reasons

suggested for the anisotropy of the PPy(DBS) films included the effect of the DBS

surfactant producing micelles during PPy deposition, through to a rearrangement of chains

segments when the PPy(DBS) is first subject to a cathodic current and cation insertion

[48]. The DBS surfactant is also believed to form a lamellar structure, leading to bilayers of

PPy chains oriented parallel to the electrode surface, with very fast in-plane ion transport

[49]. The out-of-plane actuator of PPy doped with polystyrene sulfonate (cation-driven)

was also studied in a systematic manner using AFM [50]. Larger strains of up to 12.3%

were obtained for thinner films (97 nm), which decreased as the PPy thickness was

increased (to 5.5% strain for a 3.17 mm thick film). The strain with thicker films was

also more dependent upon voltammetric scan rate, ascribed to a large increase in diffusion
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time, raising the importance of polymer nanostructure in rate-limiting mechanisms invol-

ving ion diffusion.

15.2.5 Effect of Synthesis Conditions

It needs to be stressed that the performance of conducting-polymer actuators is heavily

dependent upon their conditions of preparation, in that the quality of the films, including

factors such as chain alignment and polymer density, can be readily altered as electro-

polymerization conditions are varied. Several synthetic conditions relevant to conducting-

polymer nanostructure are included below.

Volume changes in PPy(DBS) bilayers grown from solutions across a range of pH

values have been examined by Smela. The role of the large aromatic surfactant ion was

outlined and the influence of the pH of the cycling solution [51]. A higher deposition

current density in the electropolymerization of PPy(DBS) films led to small bilayer

movement, ascribed to the formation of a denser PPy structure with more limited charge

transfer [52]. In a further systematic evaluation of the performance of PPy(DBS) bilayer

actuators, an increase in pyrrole or NaDBS concentration in the preparative solution

lowered the potential of electropolymerization, and changed the resulting cyclic voltam-

mograms of the materials, while a similar actuation performance was obtained with low,

medium, and high concentrations. At the same time considerable variability was seen in

both peak currents and bilayer tip displacements for actuators formed under the same

conditions [53].

It has also been noted with PPy(ClO4) that electropolymerization at a higher potential

(0.9–1.0 V (Ag/AgCl)) produced an actuation 20% less than for films prepared at an

optimum potential of 0.7 V. It was thought that the higher polymerization potential could

lead to a higher degree of cross-linking and a lowering of the ability of the polymer to

stretch [27]. PPy doped with p-toluene sulfonate also exhibited superior actuation perfor-

mance when prepared at a lower current density [54]. A wide range of actuation measure-

ments were made of stretched highly conducting PANI(AMPS) film and fiber actuators, in

both HCl [37], and methanesulfonic acid [55], and related to formation conditions. With

PPy(triflate) films formed in propylene carbonate electrolytes, we have found that an

increased electrochemomechanical deformation was achieved when a higher concentra-

tion of pyrrole or CF3SO3
� was used during electropolymerization, leading also to more

highly conductive films [56], while the extent of linear strain decreased when a higher

deposition current density was employed [57].

15.3 Modelling Mechanical Performance and Developing
Device Applications

Relating chemical and material properties to actuation behavior has proven to be a major

challenge, and remains an important area of investigation for several research groups, as

efforts are made to systematically improve actuator performance in proposed devices.

Properties at the nanoscale are being seen as increasingly important in this regard, as will

be discussed in subsequent sections.
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15.3.1 Modelling of Conducting-Polymer Actuation

The mechanical performance of PPy actuators has been characterized and modelled by

Madden and Hunter. The relationships between load, displacement, voltage, and current

have been considered, which confirmed that strain is directly proportional to the charge

passed during actuation. On the other hand, electrochemical efficiencies were found to be

low (�0.1%) for typical conducting-polymer actuators. The description predicts that high

strain rates and power can be obtained through miniaturization of the actuators [58].

Limiting factors in the performance of conducting-polymer actuators include capacitance

charging and diffusion rates, which can be represented in a transmission line model [59].

This model considers the polymer matrix as a double-layer capacitor, and was successfully

applied to the electrochemistry of conducting polymers when variation of parameters such

as polymer conductivity with polymer oxidation state were included [60]. In an attempt to

better link material properties to performance, Madden has developed a diffusive elastic

model to examine conducting-polymer charging and the associated diffusion of ions [61].

The model assumed that mass transport is limited by molecular diffusion within the

polymer, which then expands in an elastic manner, while the polymer presents a negligible

electronic resistance [59]. The model helps establish that actuation performance can be

improved by: (a) increasing the charging rate, where smaller ions are expected to move

more quickly into the films, and a larger concentration gradient can be built up using a

higher electrode potential (so long as degradation processes are avoided), and where

polymer morphology and thickness will be important; (b) increasing the strain-to-charge

ratio, reliant on ion size and the involvement of the solvent; and (c) undertaking resistance

compensation to control the voltage applied at the polymer–electrolyte interface. Some

aspects of real conducting polymers which the model does not deal with include the

voltage drop along the polymer due to its resistance, the creep which develops, polymer

conformational changes and anisotropy, and what fraction of the actuation is due to ions of

the one charge [61]. Substantial creep can develop especially for actuators subject to high

loads [59], and the creep which cannot be subsequently recovered has been linked to

irreversible degradation of polymer redox sites [62]. Further modelling using equivalent

circuits has shown that better actuation speed will be obtained as smaller, more porous, and

more highly conducting polymeric actuators are employed [63].

The oxidation and reduction of conducting polymers relies on both ion and electron

movement. Smela has developed an experimental system designed to make ion transport

the rate-limiting step and has studied the reduction reaction in PPy(DBS) (Figure 15.2).

It was shown that there are different rate-limiting processes at different electrode

potentials for PPy reduction and the insertion of cations (e.g. diffusion in the electrolyte

or electron transport), including a key role for migration in ion transport at more negative

electrode potentials [64–66]. Modelling of the curvature of PPy(DBS) on gold bilayer

actuators, including strain and modulus values, were also used to relate curvature to

different gold and PPy thicknesses and lengths, and it was determined that the optimal

PPy-to-gold thickness ratio was 5:1 [5].

Research groups at Wollongong, Australia, have examined a number of conducting-

polymer performance criteria, such as the energy output (work) for different actuator

geometries, and the way the strain typically decreases as the force under operation is

increased. Part of the explanation for the behavior of conducting-polymer actuators can be
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related to a change in Young’s modulus which occurs as PPy passes through different

oxidation states – the elastic modulus tends to decrease as the polymer is reduced leading

to a length increase under load, which can work against the contraction in length due to ion

and solvent expulsion [35,67] The decrease in modulus for the reduced polymer has been

explained as a lowering in interchain interactions, given that strong p–p stacking interac-

tions within the oxidized polymer state lead to a stiffer structure [68]. Other groups have

shown how the modulus varies with the applied potential [69], and that the modulus is

dominated by the degree of counter-ion swelling for both anions and cations, with an

emphasis on how critical the modulus changes will be to the mechanics of devices driven

by polypyrrole actuators [70].

Figure 15.2 Comparison of experimental (points) and modelling (lines) of ion concentrations
for fronts moving inwards during PPy(DBS) reduction at: (A) –0.7 V (diffusion component
greater than the drift component), and (B) –1.5 V (phase boundaries clearly visible, with
migration playing the dominant role in ion transport). (Reprinted with permission from
Advanced Materials, Visualizing ion currents in conjugated polymers by X. Wang,
B. Shapiro and E. Smela, Adv. Mater., 16 18, 1605–1609. Copyright (2004) Wiley-VCH)
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Conducting polymers are unusual as artificial muscles in that their work-per-cycle goes

through a maximum as the applied stress is increased, again related to the change in

modulus which occurs upon oxidation and reduction (by up to 500%) [71]. The application

of mathematical models has allowed the geometry of trilayer bending actuators to be

optimized for input parameters such as actuator thickness and input voltages. For certain

PPy layers thicker than about 60 mm the extent of bending declined as the actuator could

not overcome the increased rigidity of the system [72]. The force output at the tip of

trilayer actuators has also been predicted using a mathematical model. Forces of the order

of 1 mN were generated, and a general trend was obtained where a higher force is produced

for a higher applied voltage [73]. At the same time it is recognized that the complex

interplay of mechanical, chemical, and electrical parameters necessary to describe mass

transfer in conducting-polymer actuators creates problems for the development of ade-

quate models [74,75]. The creep observed in PPy(PF6) trilayer bending actuators has also

been modelled, and the mechanism of creep ascribed to the build up of osmotic pressure in

the oxidized PPy layer leading to a spreading around of ions and solvent molecules and to

further bending of the actuator [76]. Feedback control has enabled the effects of creep to be

accounted for to establish better positioning ability of conducting-polymer actuators with

continued operation [77].

15.3.2 Applications of Conducting-Polymer Actuators

A number of interesting device applications have been investigated based upon conduct-

ing-polymer actuation. An early approach was to use PPy actuators in conjunction with a

solid ionic polyelectrolyte to create a steerable catheter which could be considered for use

in minimally invasive surgery [78]. A more recent catheter design has been developed

using laser-micromachining of polypyrrole actuators, including two-dimensional control

made possible through the use of a four-electrode system [79]. A range of PPy/gold bilayer

microactuators were developed by Smela and Inganas and used for applications such as

closing a microvial, trapping living cells (Figure 15.3), to make self-assembling boxes

[80], and these were strong enough to move silicon plates [81]. Through the microfabrica-

tion of conducting-polymer actuators, and the use of patterned electrodes and soft litho-

graphy, PPy(DBS) actuators as small as 10 � 40 mm were constructed on a silicon wafer

and used to lift and move small loads [82]. ‘Micromuscles’ based upon the PPy(DBS)/Au

bilayer have also been used to lift plates, to grab microscale objects, to construct a robotic

arm, and to create various 3-D structures using hinge arrangements [83]. The application of

conducting-polymer actuators in the biomedical context has also been reviewed by Smela

[84]. This review provides a summary of actuator configurations, and particularly the use

of microactuators. Current biomedical applications make use of the good biocompatibility

of PPy to construct a blood-vessel connector, or a PPy valve for the control of urinary

incontinence.

Conducting-polymer actuators have been developed for several applications by the

Wollongong group [9]. These include the use of bilayer PPy actuators in a cochlear

ear implant [85]. Hollow-tube actuators with helical wire interconnects have also been

developed for use in an electronic Braille screen [39]. A trilayer actuator valve has been

included in a combined sensor-actuator system to control a gas valve inlet for food
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packaging applications. While successful operation was demonstrated, difficulties remain

with forming a tight closure of the gas opening and for achieving continued operation

beyond about 50 hours [86]. A further area under consideration is in prosthetic applica-

tions, including a design where PPy fiber actuators are used to open and close a glove,

while fabric strain gauges have been introduced to bring a sensing element into

garments [87].

Further device applications have included the use of PPy actuators to vary the camber of

propeller blades for underwater vehicles. While the extent of deflection obtained was

appropriate, the forces generated were too small for the desired application [88]. Otero has

joined four PPy bilayers and two plastic hinges to create a rhombic-shaped device. Contact

failures and breakages around metal/polymer joints were found to be the most problematic

[89]. Recently 3-D PPy(DBS) actuators have been produced using special fabrication

procedures for use as micromanipulators, capable of gripping and lifting a cylindrical

object [90]. Two PPy(PF6) trilayer bending actuators with a carbon-fiber finger have also

been combined to construct a microgripping system [76]. PPy(BF4) actuators suitable to

act as tremor suppressors have been considered, and by optimizing the synthesis conditions

and the choice of electrolyte, a PPy actuator operating at up to 30 Hz with significant force

has been constructed, relying on the stiffness change being much faster than the change in

actuator length [91]. The inclusion of a bioadhesive polydopamine polymer layer on a

gold-polypyrrole bilayer actuator has also led to a device capable of accumulating bacteria

from aqueous solutions [92].

Conducting-polymer actuators have been employed in a number of designs for a

micropump. Strong membrane-type PPy actuators have been employed in a diaphragm-

based pump by the EAMEX group in Japan. A planate actuator has also been described in

which anion- and cation-driven polypyrrole bimorph layers deform centrally within a test

device, leading to fluid movement at the rate of 28 ml min�1 [93]. This group has also

shown that PPy bilayer actuators can be combined to produce ring- and lip-type actuators

[94]. A PPy tube configuration has been constructed at Wollongong in which pressure is

Figure 15.3 Cell clinics constructed using PPy hinges to seal a 100 � 100 mm microcavity:
(A) schematic with PPy hinge; and (B) picture of an open and closed cell clinic formed in a 20
mm thick SU-8 photoresist on a transparent class substrate. (Reprinted with permission from
Science, Microfabricating conjugated polymer actuators by E. W. Jager, E. Smela and
O. Inganas, 290 5496, 1540–1545. Copyright (2000) American Association for the
Advancement of Science)
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applied to a metallized polyurethane tube containing a PVDF porous support fiber,

inducing a 12% volume change, and creating a tube in tube actuator node (TITAN)

(Figure 15.4). Peristaltic fluid motion could be achieved using a series of the actuator

tube units and flow rates of 2.5 ml min�1 [95].

The use of PPy-Nafion-PPy trilayers has enabled a low-power pump to be constructed at

Dublin in which two trilayers act as tweezers in compressing the fluid inside a flexible

polyurethane tube. Through the choice of conical inlets and outlets to create unidirectional

fluid movement, flow rates of up to 1.6 ml s�1 were achieved [96]. A further pump design

involving a polypyrrole-polydimethylsiloxane diaphragm with check valves has been

developed, with a pumping rate of 52 ml min�1 [97].

A further microfluidics application for conducting-polymer actuators has been to

consider the use of bilayers as valves. A number of valve designs were considered

for a PANI-hydrogel composite, in which swelling of the blend was used to close a

hole using a sphincter or plunger configuration [98]. A PPy bilayer has been used in

the development of a miniaturized drug-delivery system, with an actuator valve just

200 mm in width [99]. The use of PPy(DBS) has been considered in this context,

actuated by the movement of Naþ, because of the high concentration of Naþ in

extracellular fluid [100].

Controlled release of a drug from PEDOT nanotubes was demonstrated by elec-

trical stimulation of PEDOT nanotubes at a potential of 1 V (vs. Ag/AgCl), which

created a mechanical force within the nanotubes (Figure 15.5) [101]. PEDOT

nanotubes were created by electropolymerizing PEDOT around a biodegradable

polymer loaded with model drug molecules and electrospun on the electrode. The

electrical stimulation caused expulsion of biodegradable polymer degradation pro-

ducts along with drug molecules from the nanotubes, although it was not clear

whether this happened through the ends of the PEDOT nanotubes or through open-

ings and cracks on the nanotube surface.

Eluent

Electrolyte

E. Plastic tube

D. Metalised PVDF membrane
     (PPy coated)

C. Inert PVDF membrane

B. Metalised polyurethane tube
    (PPy coated)

A. Porous fibre (OD 600 µm)

The cross-section view

5 mm

Figure 15.4 Schematic of the TITAN microfluidic pump based upon a PPy-coated metallized
polyurethane tube (1050 mm outer diameter). (Reprinted with permission from Smart Materials
and Structures, TITAN: a conducting polymer based microfluidic pump by Y. Wu, D. Zhou,
G. M. Spinks et al., 14, 6, 1511–1516. Copyright (2005) Institute of Physics)
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15.4 Effect of Morphology and Nanostructure upon Actuation

The micro- and nanostructure of conducting polymers varies considerably based upon

synthesis conditions with respect to properties important to actuation, such as conductiv-

ity, porosity, and alignment of polymer chains. It has been pointed out that electrochemical

deposition itself tends to produce a nonuniform molecular structure and morphology in

PPy films, since the material closer to the electrode is exposed to the polymerization

voltage for a longer period of time, leading to more cross-linking and substitution reactions

and more electronic defects (and ultimately a decrease in strain) [5]. The initial PPy

deposition also proceeds via a nucleation and growth mechanism, while later polymeriza-

tion on coalesced nuclei tends to produce columnar growth. Differences between various

literature values for the same conducting polymer tested in the same electrolyte can be

ascribed to preparation conditions and differences in the degree of polymer chain align-

ment [37]. Strategies to accentuate conducting-polymer alignment, anisotropy, porosity,

and polymer conformation changes will be considered in this section.

15.4.1 Chain Alignment

The importance of the alignment of the polymer chains has been recently demonstrated in a

study in which PPy(PF6) films have been stretched to 96% [102]. The conductivity parallel

to the stretch was increased, while the strain perpendicular to the stretch increased from

1.45 to 2.65% (but with more creep); at the same time very little strain could then be

produced parallel to the stretch. The suggestion made was that counter-ions migrated to

locations between the oriented polymer chains, producing strain perpendicular to this

direction. The nanoscale chain configuration has also been altered by rolling as well as
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Figure 15.5 Left: SEM image of PEDOT nanotubes on a neural probe tip; Right: mass release of
dexamethasone from poly(lactide-co-glycolide) (PLGA) fibers (black), PEDOT-coated PLGA
nanoscale fibers without electrical stimulation (red), and PEDOT-coated PLGA nanoscale fibers
with electrical stimulation of 1 V at the times with the circled data. (Reprinted with permission
from Advanced Materials, Conducting-polymer nanotubes for controlled drug release by
M. R. Abidian, D.-H. Kim and D.C. Martin, 18, 4, 405–409. Copyright (2006) Wiley-VCH)

610 Nanostructured Conductive Polymers



stretching PPy(PF6) films [103]. Wide-angle X-ray diffraction showed how disordered

PPy chains are held together by small crystalline bundles surrounded by solvent and

counter-ions, with further texturing achieved through the rolling and stretching processing

techniques where chains become orientated parallel to the machine direction (Figure 15.6).

A 100% increase in active strain perpendicular to the machine direction was achieved

through processing to strain values of up to 11.3%.

It has also been found that by using a tubular design (0.5 to 2 mm diameter) for a linear

PPy(DBS) actuator, a strain of 7% was obtained (and larger for a thicker diameter tube),

over twice that of a rectangular film. It was suggested that expansion in the cylindrical

direction was effectively converted into the tube direction [104]. It has also been found that

PANI actuators constructed in a tubular geometry produce a larger linear strain (2.0%)

than comparable flat films (0.9%). The conductivity also increased fourfold by changing

the geometric shape of the actuator. The amount of strain produced with the tubular PANI

actuators increased further to 2.7% when a Pt wire helix was incorporated into the tube,

likely through alignment of the polymer along the wire [105].

From an early stage in the development of conducting-polymer actuators, it was

recognized that microstructures such as fibers (e.g. embedded in a solid electrolyte

elastometric matrix) will offer a quicker electrochemical response compared to bulk

films [106]. Recent research has examined the possibility of constructing actuators by

assembling nanoscale fibers of conducting polymers. Bundles of parallel 43-mm-long

PPy(DBS) nanowires, 200 nm in diameter, formed using an alumina template, were able

to act as electrically controlled actuators. These nanowire actuators were able to lengthen

by around 3%, with the prospect of nanoscale bilayers being constructed to produce a

larger angular movement [6]. Bundles of PPy bilayer membranes have been formed using

Figure 15.6 Polypyrrole chain microstructure before and after processing using stretching or
rolling leading to chain alignment in the machine direction (MD). (Reprinted with permission
from Polymer, Anisotropic actuation of mechanically textured polypyrrole films by R. Z. Pytel,
E. L. Thomas, Y. Chen, and I. W. Hunter, Polymer, 49, 5, 1338–1349. Copyright (2008)
Elsevier Ltd)
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an amphiphilic templating method [7]. The amphiphile chosen for this work formed

supramolecular hydrogels with pyrrole in aqueous solutions, which acted as templates

during PPy electropolymerization, leading to highly porous films (Figure 15.7). Fast

diffusion of dopant ions was recorded through the porous films leading to a superior

electrochemical response. The templated PPy also displayed a larger strain upon actuation

in p-TSNa than typical PPy.

15.4.2 Anisotropy

A further nanostructured approach which has been undertaken is to establish a degree of

anisotropy across a conducting-polymer film, often due to differences created at the inert

Figure 15.7 SEM images: (A) regular PPy; and (B) templated PPy. (Reprinted with permission
from Synthetic Metals, Templated polypyrrole electro-polymerization: Self-assembled bun-
dles of bilayer membranes of amphiphiles and their actuation behavior by K. Kagawa,
P. Qian, A. Tanaka and T. M. Swager, 157, 18–20, 733–738. Copyright (2007) Elsevier Ltd)
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electrode compared to the solution side or some other interface during electropolymeriza-

tion. The intrinsic anisotropy then leads to a bending actuation within the film during

oxidation and reduction processes. When PPy films were prepared in a gap between PTFE

films or within a PTFE pipe, considerable vertical anisotropy was introduced leading to a

bending actuator. The surface in contact with the PFTE film was very smooth, while

micrometer sized PPy particles were seen on the solution side, which was also five orders

of magnitude less conductive than the smooth surface [107,108]. An asymmetry in PANI

membrane actuators was also introduced when a thin dense skin layer was prepared next to

a porous substructure, described as an integrally skinned asymmetric membrane [109]. An

anisotropic PPy film has also been formed by successive electropolymerizations to form a

pure PPy zone followed by one containing TiO2 nanoparticles which produces a much

looser structure. The resulting bilayer showed a fast response and large bending angle,

again with a long lifetime due to elimination of the forces created in multilayer designs

between stretching and supporting layers which otherwise lead to delamination and device

failure [110].

Anisotropy has also been introduced into conducting polymers through the appearance

of a very porous morophology on one side of the film. Preparation of PANI using a phase-

inversion technique in hexane produced membranes with macrovoids distributed asym-

metrically throughout the film (Figure 15.8) [111]. A larger Young’s modulus (1.4 GPa)

was obtained than for synthesis in water, owing to the denser structure formed, and the

asymmetry meant that a single membrane was able to bend by up to 90�.

A single-layer PPy film, capable of bending actuation due to its intrinsic anisotropy, but

without delamination problems, was constructed by electrochemical synthesis on a steel

Figure 15.8 SEM image of a PANI membrane prepared by the phase inversion technique with
the appearance of macrovoids. (Reprinted with permission from Advanced Functional
Materials, High-performance, monolithic polyaniline electrochemical actuators by
J.-M. Sansinena, J. Gao and H.-L. Wang, H.-L., 13, 9, 703–709. Copyright (2003) Wiley-VCH)
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electrode in a mixed solvent containing an anionic surfactant [112]. The anisotropy was

generated owing to the very porous morphology created on the PPy side in contact with the

metal electrode, with pores up to 50 mm in size likely resulting from emulsion drops which

initially form on the electrode surface. The electrolyte side was rough and compact and

was able to be oxidized more efficiently.

15.4.3 Porosity

In other research, the creation of a highly porous structure has been used to improve the

rate of exchange of ions in and out of the polymer film, thus leading to improvements in

actuator performance. The linear actuation achieved with films of PPy(DBS) were found to

increase from 2.5% to 5.6% when 1-pentanol was included as a cosurfactant during

electropolymerization [113]. The morphology of the 1-pentanol films was quite different

with large nodules on the solution side of the film and large voids on the side in contact

with the stainless-steel electrode used for electropolymerization. Although the conductiv-

ity of the films was not greatly affected by the presence of 1-pentanol, it did lead to a higher

doping level and a more isotropic film expansion. A change in PPy(�-naphthalene sulfonic

acid)-film morphology was observed for electrochemical synthesis on different electrode

substrates, with more compact films seen in one case on Pt than on ITO, while a highly

porous structure was obtained on stainless steel, from which anions could be exchanged

more easily [114]. The electrodeposition of PPy in the presence of an emulsion created by

an anionic sulfosuccinate surfactant created a very porous structure and the presence of

voids [115]. The subsequent cathodic expansion was sizeable owing to the ability of quite

bulky cations to enter the films (Figure 15.9), including the tetrabutylammonium cation

which had previously proven too large to enter PPy(DBS) films. The preparation of the

PANI actuators using a phase-inversion technique also created a porous microstructure,

with a change in pore size seen across a rather brittle film [105].

15.4.4 Conformational Changes

The role of conformational changes within the conducting polymer itself are continuing to

be considered as an important aspect determining actuation behavior, with prospects for

advances from improved nanostructuring. In an early study of PEDOT actuation, the

volume changes observed were thought to be due to structural modifications within the

polymer as much as to ion transport [116]. Upon oxidative doping the films were observed

to first contract (but not due to cation ejection) and then expand. The fuller doping of

PEDOT to a bipolaron state was suggested to generate a strong coulombic repulsion which

would expand the polymer [116]. The actuation of integrally skinned asymmetric PANI

membranes was ascribed mainly to changes in polymer conformation under electroche-

mical control, alongside ion movement into the membrane for chemical actuation [109].

Ab initio calculations have also recently been used to predict the shape change which can

accompany the oxidation of PPy chains. These calculations show a helical shape for

neutral PPy, whereas upon oxidation the chains become planar. This creates the possibility

614 Nanostructured Conductive Polymers



of a single-molecule actuation mechanism and may explain the conformational changes

seen in related polythiophene-type conducting polymers [117].

The ability to create molecular level actuators has been taken even further in the

example of thiophene-based molecular muscles by Madden and Hunter. Conformational

rearrangement of the polymer backbone in molecules such as calix[4]arene-bithiophene

was created at the molecular level [118]. This work has recently been reviewed and

prospects for future research in this area considered [119].

15.5 Solvent and Ion Size Effects to Achieve Higher Actuation

15.5.1 Effect of Ion Size

In addition to nanostructural properties of the conducting polymer, considerable influence

on actuation behavior has been demonstrated due to the choice of electrolyte. This has

included properties of the solvent employed, and crucially the size of doping ions and their

interaction with the conducting polymer. As mentioned above, PPy films doped with

moderately small anions (e.g. Cl�) lead to actuation driven by anion movement. By

contrast, it is generally found that the inclusion of a large dopant anion (e.g. DBS) within

PPy leads to cation-driven actuation, typically when a smaller cation is employed (e.g.

Naþ). However, it is not always a simple matter of predicting which movement, anion or

cation, will predominate for a particular electrolyte system, and for a particular type of

Figure 15.9 Illustration of the high cathodic strains seen with larger cations in a PPy
actuator formed in the presence of an emulsion: TMA¼ tetramethylammonium,
TEA¼ tetraethylammonium, TBA¼ tetrabutylammonium. (Reprinted with permission from
Chemistry Letters, Improved cathodic expansions of electrochemomechanical behavior in
polypyrrole films electrodeposited from Aerosol OT emulsion by W. Takashima, S. S. Pandey
and K. Kaneto, Chem. Lett., 33, 8, 996–997. Copyright (2004) Chemical Society of Japan)

Nanostructural Aspects of Conducting-Polymer Actuators 615



conducting polymer, related to its conditions of formation. Under some conditions dual ion

movement has been observed. In the case of PEDOT in TBAPF6, both anions and cations

were found at times to play the dominant role in the actuation, meaning that the polymer

films both contracted and expanded in response to single anodic and cathodic currents

[120]. It is also possible to move from cation- to anion-driven actuation by first forming

PPy in an electrolyte with a larger anion (e.g. �-naphthalene sulfonic acid or p-phenol

sulfonate) and then cycling in an electrolyte containing a smaller anion (e.g. Cl�), which

eventually replaces the initial ionic dopant [121].

The size of the cations in PPy actuators was found to be a crucial factor, with a faster

response given for smaller cations for cylindrical films formed in Nap-TS, showing that

the bending mechanism was controlled by cation insertion and extraction [107]. For PPy

films doped with [Fe(CN)6]3–, a larger deformation was established with increased solva-

tion of the alkali-metal cation used, in the order Liþ > Naþ > Kþ [122]. This finding was

confirmed in a further study using PPy(DBS) tubular films [104].

15.5.2 Ionic Liquids

The effect of anion size, independent of solvation effects, becomes most apparent when

ionic liquids are used as the supporting electrolyte, as movement of solvent and osmotic

processes are no longer involved. We can note here that a number of conducting-polymer

actuation properties can be enhanced through the use of ionic liquids in place of aqueous or

organic solvents. Low volatility, fast ion movement, and large electrochemical windows

make ionic liquids attractive electrolytes for use with PANI and PPy actuators, where

many thousands of cycles can be performed with little degradation [123]. In a case of a

solid-state actuator consisting of PEDOT formed chemically on a nitrile rubber base

containing different ionic liquids, an increased displacement was obtained when a larger

anion was used, while it was recognized that conformational effects on the polymer chains

will also influence the extent of actuation [25].

In further reports involving ionic liquids, an environmentally stable ethyl-methyl-

imidazolium bis-(trifluoromethanesulfonyl) amide ionic liquid was employed with PPy

trilayers on PVDF and in PPy polymer tube/Pt helix actuators. The ionic liquid served to

overcome the PPy degradation observed at higher potentials in propylene carbonate, and

also led to higher ionic conductivity and continued high strains with applied stress

[124,125]. A higher degree of reproducibility and more stable strain response was obtained

when ethyl-methyl-imidazolium tetrafluorosulfonic acid was employed as the ionic liquid

electrolyte with a PPy actuator. The use of current pulse cycling instead of voltage cycling

also improved actuator reproducibility and stability, in that it ensured that oxidation and

reduction processes were equal in magnitude [126]. The Young’s modulus for PPy

actuators run in propylene carbonate can change by a factor of four as the polymer is

oxidized and reduced (being larger in the oxidized, expanded state), while in an ionic

liquid, a much smaller change (�8%) was seen [127]. On the other hand, for poly

(3-methylthiophene), actuation in an ionic liquid led to the strain actually increasing a

little (to 0.6% from 0.45%) as the applied stress was increased up to 4 MPa, in contrast to

the large decline in strain seen in propylene carbonate. This resulted in much higher work

per cycle at the higher operating stresses (3–4 MPa), even though the strain for zero applied
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stress was greater in propylene carbonate (1.5%) [128]. Ionic liquids have also been used

successfully with PEDOT to create a long-lasting actuator response without

degradation [129].

15.5.3 Ions Producing Large Actuation Strains

In more recent times it has been found that certain moderately large anions, such as the

triflate ion (CF3SO3
�), can produce large anion-driven actuation. Kaneto compared the

performance of a number of tetrabutyl ammonium salts with various anions for inclusion in

PPy films formed in methyl benzoate solutions and cycled in aqueous NaPF6, all showing

strains over 10% and stresses of over 20 MPa. Highly stretchable anion-driven films were

obtained when BF4
�, PF6

�, or CF3SO3
�were included in the polymerization solution [130].

Of these, PPy films formed with the triflate anion showed a longer mechanical elongation,

ascribed to a lower degree of cross-reactions in the PPy formed [131]. It was suggested that

a certain interaction between triflate or BF4
� ions and pyrrole made them soluble in methyl

benzoate and led to densely packed PPy chains upon electropolymerization to produce

powerful actuators where conformational changes on the PPy chains could support the

large stretching produced [132]. This type of PPy has subsequently been applied as

powerful actuating elements in devices being developed by the EAMEX company in

Japan [60]. Shu Yi Chu et al. also examined the influence of synthesis conditions (mono-

mer and electrolyte concentration and deposition current density) on the formation of

PPy(triflate) films from propylene carbonate solutions and tested in aqueous NaPF6. The

extent of actuation, of up to 10%, was found to be very sensitive to formation conditions

[56,57].

Even larger actuation strains of 40% or more, approaching that of natural muscles,

have been obtained in free-standing films involving insertion and expulsion of large

bis(perfluoroalkylsulfonyl)imide anions [133]. In this case a very spongy and gel-like

PPy morphology (less entangled PPy chains with weak interactions) was obtained (Figure

15.10) with stresses (2–10 MPa) intermediate between the stronger triflate ion films (50

MPa) and typical polymer gels (0.1–0.3 MPa). While the contraction of PPy films doped

with the bis(trifluoroalkylsulfonyl)imide (TFSI) anion was relatively slow in aqueous

solutions, the rate of contraction was faster in mixed water/propylene carbonate electro-

lytes (presumably giving a more swollen polymer), achieving values over 10% s�1

[134,135]. Exceptionally high actuation strains were also obtained using a trifluoromethyl-

sulfonylmethide anion of over 30% (third cycle), with the best performing films being

produced on a glassy carbon electrode (Figure 15.10A), but with a relatively low stress (�1

MPa) and slow response rate [136]. PPy actuators containing the TFSI ion have also been

operated in ionic liquids, but with strain values for cation movement of less than 5%; some

compromise between the higher stability afforded by ionic liquids and the greater degree

of actuation achieved in organic solvents was seen with a 24% strain (due to anion

movement) achieved in a mixed ionic liquid/propylene carbonate solvent [137].

PPy doped with TFSI has also been used to create a fast bending trilayer actuator, based

upon a gold-coated PVDF membrane operated in air, relying on high diffusion rates

through the gel-like polymer, more so than the size of the polymer conductivity. Tip

displacements peaked for certain actuation frequencies (between 4 and 90 Hz, depending
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upon the length of the actuator), corresponding to the natural resonance frequency of the

system [138]. The use of a laser ablation technique has allowed microsized actuators of this

type to be produced (500 to 900 mm in length) that operate in air or in liquids [139].

Using the sequential deposition of selectively chosen sulfonic-acid-based dopants,

giving firstly anion and secondly cation-driven PPy actuators, Kaneto was able to construct

a linear artificial muscle which expanded by about 1% upon the application of both

positive and negative electrode potentials [140]. In our own laboratory we were able to

choose PPy preparative and test conditions which produced the same mixed-ion effect

using a single PPy-triflate actuator system, and with a much larger actuation strain (up to

6% in both directions) (Figure 15.11A) [141]. This behavior is seen when employing

nonaqueous solvents such as propylene carbonate (PC), to lessen the rate of polymer

degradation, as an alternative to aqueous NaBF6. An interesting feature of these systems is

that potential steps in either direction (from –1 to þ1 V (Ag/AgCl)) did not lead to an

overall cancellation of actuation strain, but produced first film contraction followed by

film expansion in both cases, showing that ion movement out of the polymer film (at a high

concentration) occurs faster than ion movement into the polymer (which relies on diffusion
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Figure 15.10 SEM images PPy films doped with TFSI anions and prepared on: (A) a glassy carbon
electrode; and (B) on a Pt electrode. The electrode side (with a macroporous morphology on Pt) is
shown on the left in each case, and the solution side on the right. (Reprinted with permission from
Synthetic Metals, Tris(trifluoromethylsulfonyl)methide-doped polypyrrole as a conducting poly-
mer actuator with large electrochemical strain by S. Hara, T. Zama, W. Takashima and K. Kaneto
156, 2–4, 351–355. Copyright (2006) Elsevier Ltd)
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from a more dilute bulk solution). The cation-driven actuation can be largely suppressed

by moving to an aqueous electrolyte (Figure 15.11B) [56], or while still employing

propylene carbonate, through the use of a higher PPy formation potential [141], or by

cycling in a PC/TBAPF6 electrolyte [142]. By contrast we have found that PEDOT films

doped with the triflate ion (TBACF3SO3) in either propylene carbonate or methyl benzoate

showed exclusively cation-driven actuation of up to 3% in either PC [143], or aqueous

electrolytes (Figure 15.11C).

15.6 Nanostructured Composite Actuators

In this section, consideration will be given to research in which conducting polymers have

been combined with other materials to create a composite with improved actuation proper-

ties. This might involve the incorporation of a stiffer material (e.g. carbon nanotubes) to

improve the stresses produced, or the inclusion of a gel to increase the amount of strain

generated, albeit in a weaker actuator.

15.6.1 Blends of Two Conducting Polymers

A composite actuator was constructed using a copolymer of PPy and poly(methoxyaniline)

formed in p-phenol sulfonic acid (PPS). Higher actuation deformations were seen at low

pH. Pure PPy(PPS) initially showed mixed cation and anion actuation when tested in 1 M

NaCl, but the cathodic expansion was removed by the inclusion of 30% poly(methoxyani-

line) and the extent of electrochemical creep was also diminished [144]. The inclusion of

poly(2-methoxyaniline-5-sulfonate) (PMAS) into PPy(DBS) films improved the cathodic

expansion of the films. The presence of the PMAS also led to some anodic film expansion

in some electrolytes (e.g. KCl), but exclusively enhanced cation expansion in other

electrolytes (TBAPF4) [145].
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Figure 15.11 Electrochemomechanical strain during cyclic voltammetry scans (2 mV s�1,
2nd or 3rd cycle) for PPy films polymerized in PC/TBACF3SO3 and cycled in: (A) PC/
TBACF3SO3; (B) NaPF6 (aq.); and (C) a PEDOT film polymerized in PC/TBACF3SO3 and cycled
in LiCF3SO3 (aq.)
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15.6.2 Graphite

The inclusion of conducting graphite powder in PANI(AMPS) actuators was found to

improve conductivity for all PANI redox states, and allow larger bending angles to be

achieved for longer (over 50 000 cycles) at a lower electrode potential [146]. The synthesis

procedure resulted in a graphite-rich (stiffer) layer on one side of the 10-mm-thick PANI

films (Figure 15.12). As the potential was evenly distributed along the actuator, the

bending motion was achieved along the whole length of the film.

15.6.3 Carbon Nanotubes

Composites of PANI with carbon nanotubes (CNTs) in a mat form showed similar

actuation patterns to the two constituents, behaving like PANI for low applied loads and

like CNTs when a high load was applied to the sample (a reinforcing effect of the carbon

nanotubes, which have a high Young’s modulus). CNTs rely on non-Faradaic charging for

their expansion, and continued high PANI actuation strains were obtained at higher

stresses when CNTs were included in the composite [147]. Addition of CNTs lowered

the creep of PANI actuators from 0.8% per cycle to 0.1% per cycle [148].

A PANI/CNT coating has also been applied to a PPy hollow fiber with a Pt helix. The

inclusion of the Pt wire lowered the IR drop along the fiber, and thus increased

actuation strain, while the addition of PANI and/or CNTs led to decreased strain

[127]. CNTs have been added to PANI fibers to produce actuators with higher breaking

strength and with larger modulus values (stiffness), even with an addition of only

0.76% of CNTs. Despite a lower free-stroke strain with zero applied stress, a higher

charge-transfer efficiency was noted with the CNT-reinforced fibers leading to a higher

Figure 15.12 SEM images of: (A) cross-section and bottom side of a PANI-graphite film; and
(B) cross-section of a PANI film case without graphite. (Reprinted with permission from Polymer,
Preparation and characterization of monolithic polyaniline-graphite composite actuators by
W. Li, C. L. Johnson and H.-L. Wang, Polymer, 45, 14, 4769–4775. Copyright (2004) Elsevier Ltd)
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work-per-cycle output due to the higher strains achieved at much higher stresses [148].

The addition of 2% CNTs in wet-spun PANI fibers gave a maximum actuation of 2.2%,

double that of PANI on its own, ascribed to a strong interaction between PANI and the

CNTs [149].

15.6.4 Hydrogels

Blends of PANI, which provides the ‘electronic backbone’, and PHMEA hydrogels, which

provide the ‘ionic body’ and high degree of swelling, were prepared by a combination of

electropolymerization and UV hydrogel polymerization. A much larger swelling and

shrinkage under electrochemical control was achieved than for the conducting polymer

on its own. Of importance to valve applications, the blend was smooth in morphology and

quite thick [98]. Conducting polymer/hydrogel composites were formed by the chemical

oxidation of pyrrole in the presence of PEO as a stabilizer and added as a colloid to

poly(acrylic acid). The gel composites were electroactive and could still be swollen with

water [150].

PPy has been successfully grown within a thermosensitive microgel template using

oxidative polymerization. While the PPy particles were found to interact strongly with the

microgel network, similar reversible collapse-swelling properties were maintained [151].

Soft actuators have been formed using a polyacrylamide (PAMPS) gel composite with the

inclusion of PPy. This procedure gave the gel a greater mechanical strength and conduc-

tivity, and allowed a gel rod to bend faster in an applied electric field [152].

An interpenetrating polymer network has been formed by preparing PANI within a

chitosan hydrogel phase. Freeze-drying was employed to create a highly porous structure,

after which a metal layer was added using electron-beam evaporation, to create an actuator

which operated under an applied electric field [153,154]. This group has also incorporated

conductive PANI/CNT fibers into a chitosan hydrogel composite. It was possible to use pH

switching to achieve hydrogel swelling, and PANI redox reactions to produce a second

(smaller) strain response under electrochemical stimulation [155].

Further approaches have recently been reported in which a conducting polymer/hydro-

gel composite is constructed and where a large swelling action is achieved. In one case, a

hydrogel composed of acrylamide and maleic acid was doped with a PPy/carbon-black

composite to create a fast acting and reversible electroactuator operating at neural pH

[156]. PANI has been included within a polyacrylic acid-co-poly(vinyl sulfonic acid)

hydrogel creating an interpenetrating network (IPN). The IPN was then able to undergo

a reversible volume change upon application of an electrical stimulus of several volts. The

PANI was included to help speed up the hydrogel response through expected changes in

the local pH from redox switching reactions [157].

15.6.5 Other Interpenetrating Networks

An interpenetrating network of PEDOT and poly(ethylene oxide) formed a material

capable of a reversible angular deflection owing to the built-in gradients of polymer and

conductivities [158]. A further network of PEDOT and polybutadiene/poly(ethylene
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oxide) was prepared and actuated in an ionic liquid [129,159]. A gradual dispersion of

PEDOT through the IPN led to one-piece actuator devices designed to overcome delami-

nation problems. In the presence of an ionic liquid, over a million bending deformations

were achieved [160].

15.7 Prospects for Nanostructured Conducting-Polymer Actuators

Intrinsically conducting-polymer actuators have shown promising performance in a wide

range of application designs, particularly on the microscale. However, due to the pre-

dominant actuation mechanism of (solvated) ion diffusion, larger-sized actuation elements

with relatively fast actuation have been more difficult to construct. This limitation might

be overcome by designing a controlled nanoporous conducting-polymer morphology

which will allow the electrolyte solution to wet the whole bulk of the material, while at

the same time not significantly diminishing the bulk polymer modulus. Some recent

advances discussed in this chapter clearly support this idea [49,113,115]. Based on this

past research, it has been shown that a more extensive nanoporous morphology can be

achieved by adjusting synthesis conditions, such as the polymerization current density,

polymerization potential, electrolyte salt, and solvent employed, through the use of

nanostructured templates, or a post-polymerization processing to create ion channels.

Alongside mechanical testing of new conducting-polymer actuating elements, a fuller

understanding of the underlying chemistry will be required to improve actuator perfor-

mance. For example, the consistency and size of polymer chain lengths and the extent of

cross-links or branched structures likely play a crucial role in defining actuator perfor-

mance [131], and are very sensitive to polymerization conditions. The utilization of highly

sensitive spectroscopic and surface analysis techniques (e.g. solid-state NMR, X-ray

diffraction studies etc.) could well be applied more widely to link chemical structure

with mechanical performance, both of newly formed actuators, and of actuators showing a

loss of performance from prolonged use.

A further limiting factor at the present time is the relatively poor electrical conductivity

of conducting polymers, which causes a significant IR drop in larger-sized actuators. New

approaches are required to significantly increase polymer conductivity. Some develop-

ments lie in modifying the organic synthesis of the conducting polymers and their mono-

mers to lower the band gap of the semiconducting polymer, along with enhancement of

chain alignment (and lowering the extent of defects) during the synthesis, which will

greatly affect polymer conductivity. The later can be achieved, for example, by using other

well-aligned molecular templates, such as (polymer) liquid crystals [161], and by mechan-

ical stretching [103].

In order to gain a better understanding of the structure–property relationships in con-

ducting-polymer actuators, further advances in system modelling are also required.

Although several significant models have been presented in the recent literature

[58,59,63,64,66,71,72,74], a fuller description of the mechanical, chemical, and electrical

phenomena in a conducting-polymer/electrolyte system is still sought. It will be particu-

larly challenging to incorporate dynamic changes in material properties as the conducting

polymer is cycled through a wide potential range (between oxidized and reduced states),
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and to include the creep which develops (partly due to a viscoelastic property of the

polymer material which differs with the redox state, and is affected by the kinetics of the

osmotic pressures that develop). Advanced models would ideally take into the account

changes in the polymer conformation with redox processes, and the effect of differences in

the nanostructuring such as average pore size.

In the future there are many opportunities open to explore conducting-polymer

nanostuctures (nanowires, nanorods, nanotubes, nanospheres) [162,163] that may

ultimately posses higher conductivities then the bulk counterparts, due to more

controlled synthesis conditions of the nanosized objects. Having such nanostructures

available may also provide an easy means of preparing a wider range of composites

of conducting polymers with carbon nanotubes, other conventional polymers etc., so

long as the (solution-based) processing techniques (e.g. electrospinning of conduct-

ing-polymer fibers), provide a polymer structure with an equal or better mechanical

performance, in terms of stress and strain output, as provided by the best of the

electropolymerized films currently available.
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16.1 Introduction

The first conducting polymers (named ICPs for intrinsically conducting polymers, or ECPs

for electroactive conducting polymers) were discovered in the seventies by McDiarmid,

Heeger, and Shirakawa [1] who showed that unsaturated conjugated polymers (polyace-

tylene, polyphenylene) became conductive when doped, corresponding to the chemical

oxidation of the ethylene or polyphenyl carbon chain.

The electropolymerization technique, applied to oxidizable monomers (phenols and

their derivatives) and developed in the seventies to obtain homogeneous thin dielectric

films [2], was extended to heterocyclic conducting polymers as early as 1979 with

polypyrrole (PPy) [3], and some time later to polyaniline (PANI, 1981) [4,5] and

polythiophene (PT, 1982) [6]. It was shown that adherent homogeneous conductive solid
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polymer films could be obtained through electro-oxidation of the corresponding mono-

mers on a noble metal (platinum or gold). Their particularity of switching between

conductive (1–100 S cm�1) and insulating states (10�6–10�9 S cm�1) when they are

successively oxidized (chemically or electrochemically) and reduced, is a unique polymer

property which was found and continues to be extremely suitable for various analytical

applications [7].

The use of conducting polymers for the protection of metals against corrosion was

investigated a few years later, after DeBerry [8] (1985) found that a polyaniline film

(PANI) obtained by electro-oxidation of aniline on stainless steel and mild steel in sulfuric

acid solution could afford protection against corrosion. This was the beginning of a

systematic research, which initially was based on the electropolymerization of pyrrole in

neutral media and on commodity metals such as iron, mild steel, and stainless steel. The

first attempts made in organic media [9,10] were somewhat disappointing, because the

adherence of films to the metal was very poor and, moreover, considerable amounts of the

metal were dissolved during the electrodeposition of the polymer. The reason was obvious,

and intuitively this application would seem to be impossible, as the thermodynamic

oxidation potential of the metal (corresponding to its dissolution) is much lower than

that required for electropolymerization. Nevertheless, this difficulty was overcome by

changing the relative rates of the two processes, i.e. slowing the dissolution reaction

without preventing electropolymerization. In the case of pyrrole on iron, success was

achieved by using solvents slightly more basic than water [11], or by chemically treating

the electrode surface to make it less active [12,13]. However, the best way to inhibit metal

dissolution is to select an electrolyte which, by reaction with the metal cation, leads to the

formation of an insoluble metallic salt, providing a thin passivating layer. The formation of

a passivating layer on the metal surface and its role in corrosion protection will be

described in detail later. Various electrolyte salts were proposed by several groups for

iron and steel [14,15] and also for extremely oxidizable nonferrous metals like zinc [16,17]

and aluminium [18,19].

The most frequently used polymer in this field is certainly PPy, and the choice of pyrrole

as monomer to achieve electropolymerization was not fortuitous. Indeed, the monomer is

the only one which is soluble in neutral or weakly acidic aqueous media, its oxidation

potential is relatively low and, besides, it is recognized as an environmentally friendly

compound. These properties, favorable for electropolymerization on oxidizable metals,

are not found with aniline and thiophene. The first monomer requires strongly acidic

aqueous media, very aggressive towards oxidizable metals, and the second one, which has

a very high oxidation potential, does not polymerize in aqueous media (except in the

presence of surfactants [20,21] or complexants like cyclodextrin [22]. This is the main

reason why PANI [23], and much later PPy and PT [24–25], were mostly used as

suspensions of powders dispersed in organic solvents or blended with other polymers.

Several reviews have been written on this topic [26–27]. That by Tallman et al. in 2002

provides an excellent survey of all the reports up to 2001 concerning PPy, PANI, and PT,

and their application to the protection of ferrous and nonferrous metals [27,28]. In

addition, they show that many results appear contradictory, a fact they attribute to the

variety of experimental conditions. In summarizing this work, they concluded that further

investigations are needed for a better understanding of protection mechanisms. Besides, a

distinction has to be made between PANI and other polymers (PPy and PT). Although PPy
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and PANI can be oxidized by O2 it is worth noting that this latter polymer exhibits some

specific effects due to the protonic equilibrium between both oxidized forms, i.e.

emeraldine salt (ES, green, conducting ) and emeraldine base (EB, blue, nonconducting).

The EB can be converted to ES by ‘doping’ with a ‘strong’ acid (with pKa < 5.5) and vice

versa for dedoping from ES to EB (using a base) [28–29]. This conversion does not exist

with PPy, where a simple PPy(Ox)/PPy(Red) redox reaction is involved. We shall see

along this chapter that PANI complex behavior has yielded to a proposed mechanism of

protection specific to PANI, but also to some conflicting information.

After this brief historical summary illustrating the way conducting polymers have been

progressively used to protect metals against corrosion, we shall examine the most sig-

nificant recent results which provide new insights into the theories of protection by these

materials. Finally, we shall move on to nanostructured conducting-polymer films and

attempt to predict how they can be used for protection applications. However, this last

topic is still in its infancy, and for the time being, the nanostructuration of the layer is used

either to improve the adhesion of the conducting polymer to the surface or to increase its

hydrophobicity, both factors being recognized as decisive for a good protection against

corrosion. In the first case, the idea is to graft on the surface a bifunctional compound,

where one end-group (phosphonic, sulphide, siloxane, or diazonium) will strongly interact

with the metallic surface and the other one, similar to the monomer, will participate to the

polymerization reaction and on the whole, provide a strong improvement of the adhesion

of the coating. The second effect (lotus effect) is related to an increase of the hydropho-

bicity of the coating and is obtained through a microroughening of the surface involving a

superficial nanostructuration of the polymer.

16.2 Protection Mechanisms Induced by Conducting Polymers

The use of organic coatings and paints to protect metals against corrosion is the traditional

way which has been and continues to be widely applied. Several recommendations have

been formulated for obtaining efficient coatings of ferrous and nonferrous metals. In general,

an effective coating consists of several successive layers of different thicknesses: a primer

which ensures adhesion to the metal (about 1 micron thick) and has inhibitor properties,

followed by a thick polymer layer (about 20–30 mm) containing pigments and anticorrosion

agents. Generally these layers are cured in order to achieve good cross-linking between the

polymer chains and, finally, a thin top-coat with cosmetic ingredients is applied. A survey of

this topic may be found in [30,31] and references therein. One of the key factors determining

the performance of a paint coating is the barrier effect and the presence of inhibitors. Indeed,

corrosion occurs through an electrochemical process consisting of two coupled anodic and

cathodic half-cell electrode reactions taking place on different surface sites [32]. The metal

M is oxidized, according to M!Mnþ þ ne�, while O2 is reduced, according to either O2þ
2 H2Oþ 4 e�! 4 OH� (in neutral or basic environment, pH > 7) or O2þ 4 Hþ þ 4e�! 2

H2O in acidic medium (pH< 7). Obviously, any means of decreasing the rate of either one or

both reactions will contribute to increasing the performance of the coating. The first reaction,

corresponding to the dissolution of M, can be considerably reduced if either the potential of

the metal is shifted into the passivation domain, corresponding to the formation of a thin
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metal-oxide film, or if a sacrificial coating (zinc deposited on steel, for example) or zinc

powder mixed with the polymer is added in order to provide cathodic protection of the

underlying metal. Any other insoluble and insulating compound firmly attached to the metal

surface, resulting from a chemical or electrochemical treatment of the metal, will also

contribute to its passivation.

A second means of slowing the rate of corrosion is to hinder the diffusion of O2 and H2O

towards the metal surface and, therefore, good protection will be achieved through an

efficient barrier effect of the coating, i.e. slow permeation of O2 and H2O. This effect

increases with the thickness of the coating.

In general, both effects are combined to achieve good protection. However, good it may

be a paint coating will never constitute an impermeable barrier to water and dioxygen, and it

is imperative to slow the faradaic process of both electrochemical reactions. Up to now, the

best way to achieve very good protection remains the use of various inhibitors in the coating

(mainly chromate salts) associated with chemical conversion of the surface by chromic acid.

A good survey of this topic can be found in [33,34] and the related references.

Unfortunately, chromate-based techniques, which provide outstanding passivation of

metals like iron, zinc, and aluminium, are now prohibited by new environmental regula-

tions. The need to find an alternative to chromates has given rise to much research, mainly

centered on the replacement of Cr(VI) compounds by less toxic ones such as molybdates,

cerium, and zirconium derivatives. Silica-based hybrid coatings obtained by the sol-gel

process [35] constitute a promising alternative which has led to several good anticorrosive

properties, as reported in recent reviews [36,37]. The use of electroactive conducting

polymers (ECP) affords a new and original concept for the protection of metals. Although

the topic is still debated, the way ECPs work to protect a metal against corrosion is very

different from that usually accepted for insulating organic and hybrid coatings. Indeed,

four mechanisms may be invoked to explain the protection properties of conducting

polymers: (i) the displacement of the electrochemical interface from metal–solution to

the ECP-surface–solution; (ii) the ennobling of the metal by the polymer in its oxidized

state; (iii) the self-healing properties provided by counter-ions with inhibitor properties;

(iv) a barrier effect (nonspecific), which will depend on an additional cross-linking of the

polymer. All these points will be addressed in detail in the following.

16.2.1 Displacement of the Electrochemical Interface

The displacement of the electrochemical interface can be likened to the situation where an

oxidizable metal is coated with a noble one (nickel or chromium) in order to prevent

corrosion by completely isolating the underlying metal, which thus escapes from the

aggressive environment. This amounts to saying that the electrochemical interface is no

longer the oxidizable metal-solution, but the noble-metal–solution interface. However, the

coating will only be efficient if the noble-metal layer is free from any defect, such as pin-

holes or scratches, whose presence would be disastrous, because of strong localized

corrosion resulting from galvanic coupling between noble and oxidizable metals.

When an oxidizable metal is coated by a conducting-polymer film in its oxidized state

the situation might seem to be similar to that described above. Indeed, the initial electro-

chemical interface moves from metal–solution to polymer–solution and, as long as the
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polymer remains in its oxidized conductive state, we can infer that the electrical potential

drop at the metal–polymer interface is small and thus the driving force for metal oxidation

disappears. The underlying metal is no longer in contact with the aggressive environment.

Illustration of this effect in the case of a two-step process for aniline electropolymeriza-

tion on mild steel and zinc from an aqueous electrolyte was reported by Lacroix et al.38

In acidic medium (the usual conditions for the electrodeposition of PANI) the direct

electropolymerization of aniline on zinc or steel fails, because large amounts of metal

dissolve before the aniline polymerizes. This can be avoided if the surface is first treated by

depositing a thin polypyrrole film in neutral salicylate medium. This PPy layer behaves as

a thin noble-metal layer and can be used for the electrodeposition of a PANI film of

controllable thickness in an acidic medium. Using this pretreatment, no or very little metal

dissolution occurs in this second step. The films exhibit very stable electroactivity in acidic

electrolytes, similar to that of PANI deposited on platinum, which indicates that the

underlying oxidizable metal is fully protected (Figure 16.1).

The overall system has a bilayer structure, indicating that the electrochemical interface

during aniline electrodeposition is the polypyrrole–solution interface. This confirms

the concept of the displacement of the electroactive interface from its usual location

(metal–solution) to the polymer–solution interface. The protection properties of such

metal/PPy/PANI bilayers, as well as composites made of PANI and PPy, were confirmed

by Iroh et al. on both aluminium alloys (AA 2024-T3 substrates) and low-carbon steel in

sodium chloride solutions [39–40]. They concluded that these bilayer coatings lowered the

porosity, improved the processibility and provided better protection than single

coatings. More recently, Hasanov and Bilgic [41] also showed that steel substrates coated

by PPy-PANI bilayers and immersed in aqueous sulfuric acid were better protected against

corrosion than with single coatings, and that the steel/PPy/PANI bilayer coating was more

0 0.5

j/m
A

 c
m

–2

E / V

5

a

b

Figure 16.1 Electrochemical cycling in 2 M p-toluene sulfonic solution of a mild-steel
electrode coated by a PPy/PANI bilayer: (a) first cycle; (b) after cycling for 2 h. The bilayer
system exhibits the same stability under potentiodynamic cycling as a platinum electrode
coated by a PANI film in acidic medium. (Reprinted with permission from Journal of
Electroanalytical Chemistry, Aniline electropolymerization on mild steel and zinc in a two-
step process by J.-C. Lacroix, J.L. Camalet, P.C. Lacaze et al., 481, 1, 76–81. Copyright (2000)
Elsevier Ltd)
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efficient than steel/PANI/PPy. It appears then that the first layer, which ensures the

adherence of the second polymer, is a key to obtaining high protection.

Another illustration of the displacement of the electrochemical interface can be found in

a recent study reported by Michalik and Rohwerder [42]. They were able to locate the

oxygen reduction process on a metal–polymer system using an isotopic marker (18O2). The

reduction of heavy oxygen will create 18OH� anions which can be recognized by mass

spectroscopy. Sputter profiles performed by ToF-SIMS (time of flight-secondary ion mass

spectroscopy) clearly demonstrated the presence of a significant number of heavy oxygen

molecules only at the polymer surface. This indicates that the oxygen reduction process

has been shifted from the metal–polymer interface to the top of the conductive coating.

However, in these experiments, the conductive polymer is quickly reduced by corrosion in

defects (introduced on purpose) and, when the coating is fully reduced, oxygen reduction

takes place at the metal–polymer interface.

It can thus be stated that if such electrochemical interface displacement were permanent

in a defect-free coating, and if no scratches were made during the lifetime of the coating, a

steady state would be obtained in which the conductive polymer protects the underlying

metal permanently, since no or minimal electrical potential drop arises at the metal–

polymer interface.

However, the situation is not so simple as we might think. First, the polymer matrix is

porous and, therefore, O2 and H2O can reach the metal surface through the pores,

allowing corrosion reactions to take place in confined areas (through the pores the

substrate would corrode even faster than on a bare electrode, because a local element

would be formed, with metal exposed by the pores acting as an anode unless local

passivation occurs). Second, the redox potential of the polymer is generally above that

of the metal and thus Pnþ is also capable of oxidizing M to Mnþ, with a concomitant

reduction of the polymer to a P state, in which the coating is not conducting any more, a

situation where the electrochemical interface cannot be displaced, but where there is still

a barrier effect (nonspecific). We will see in the next part that fast reduction of the

polymer is needed to reach a high level of protection when small scratches are made in

the coatings.

Furthermore, the kinetics of the reduction of O2þH2O largely depends on the potential of

the metal, which is fixed by the redox potential of the polymer Pnþ/P and thus by its time-

dependent doping level. Indeed, as long as the polymer remains conductive, the potential of

the metal–polymer electrode is above that of the redox couple of a bare metal electrode,

whereas, when the polymer is reduced, the potential of the metal–polymer electrode drops to

a lower value. This explains why open-circuit potential (OCP) vs. time curves have been

considered as good criteria for testing protection efficiencies qualitatively. The longer the

potential remains at a high value, the longer the protection. This simple test has nevertheless

to be taken with caution. Indeed, it only reveals the time needed for Pnþ reduction in a

particular situation (pH, environment, electrolyte, film thickness) and for a particular coat-

ing, but does not give any clues about the corrosion current, which arises when the polymer is

still in an oxidized/conductive state, nor its value when the polymer has reached a reduced/

nonconductive state. Such tests should be compared only for films of similar thicknesses and

with equivalent doping levels at the beginning of the test.

Finally, O2 reduction on the polymer is crucial since it can help to maintain the polymer

in an oxidized state as long as the O2/H2O oxidation potential is above that of the polymer

636 Nanostructured Conductive Polymers



(note that poly-3,4-dioxyethylenethiophene, PPy and PANI are known to be stable in air in

their oxidized state, whereas polythiophenes are stable in air in their neutral state).

For instance, with a PPy film deposited on a zinc electrode in aqueous salicylate

solution, the reduction potential of the doped polymer is around�0.9 V/SCE [43], whereas

the thermodynamic reduction potential of O2 varies considerably with the pH, and can shift

from 1.2 V/NHE (at pH 0, when the reduction involves four electrons) to 0.4 V in basic

medium at pH 12 [44].

Clearly, O2 can be reduced according to two reactions:

ðn=4ÞO2 þ nHþ þ PPy! n=2H2Oþ PPynþ (16:1)

O2 þ 4Hþ þ 4e� ! 2H2O (16:2)

or

ðn=4ÞO2 þ n=2H2Oþ PPy! nOH� þ PPynþ (16:10)

O2 þ 2H2Oþ 4e� ! 4OH� (16:20)

Reactions (16.1) and (16.10) correspond to the chemical oxidation of the neutral PPy form

by O2 (in acidic and neutral media, respectively) and will occur if the redox potential of

O2/H2O is more positive than that of the polymer, which is always the case for PPy.

Reactions (16.2) and (16.20) correspond to the electrochemical reduction of O2 on the

metal-like surface of the polymer (when it is in its conducting state) or at the metal–

polymer interface (when the polymer is reduced). In a neutral medium, reaction (16.20)
will occur and, therefore, OH� ions will be released.

The fact that the reduction of O2 can take place at the polymer surface is also of great

importance because this implies that the OH� species, responsible for disbondment and

delamination [38,39,41,42], has no effect on the adherence of the polymer. Unfortunately,

as said previously, a conducting-polymer film is not fully impermeable, and some O2 and

H2O will pass through the pores and be reduced at the metal–polymer interface with a

release of OH� ions and local delamination at the detriment of protection against corro-

sion. Delamination and disbondment of the coating upon reduction will be discussed later

in this chapter, but it is useful to state that this is an important factor in the failure of the

coating.

In conclusion, the displacement of the electrochemical interface can slow down corro-

sion for a time, but not indefinitely, and the ideal and permanent steady-state picture

described above is rarely achieved.

16.2.2 Ennobling the Metal Surface

The ennobling of the metal surface is based on the assumption that the conducting

polymer, in its oxidized state, will set the metal at a potential within its passive range

where the dissolution rate is slow. This generally involves the formation of a thin insulat-

ing metallic oxide layer, more or less porous, the effect of which is to protect the metal

from a rapid dissolution, and make it behave like a noble metal. To understand this effect it

must be recalled that three distinct areas related to active, passive, and transpassive

Electroactive Conducting Polymers for the Protection of Metals 637



potential domains are observed on the typical anodic polarization curve of an oxidizable

metal. Therefore, as depicted in an Evans diagram and depending on the oxidant in contact

with the metal (Hþ, O2, or oxidized conducting polymer), the corrosion potential may be

set at more or less anodic potentials, corresponding to active or passive dissolution

(Figure 16.2) [45].

Note that the width of the passivation area (Et – Ef) and the current densities needed to

reach this area depend on several parameters (metal, pH of the solution, nature of the anions

in the vicinity of the metal). This last point is crucial since it is probably in the origin of some

of the contradictory results reported in the literature. As an extreme case, let us just state that

some anions, such as thiosalicylate, have tremendous passivation properties on zinc [46].

Thus, if a zinc-coated system is scratched in the presence of such an anion, passivation and

ennobling of the scratch will occur easily and a very low current density will be needed to

reach the passivation area. Unfortunately, a scratch on a zinc-coated system is rarely in

contact with such anions and corrosion is possible. On the contrary, some environments give

a very narrow passivation range and are associated with very high current densities in the

active areas. Therefore, if there is a defect in a zinc-coated system, a very high current

density will be needed to reach passivation. In this latter case, probably the coating could not

provide the required electrical charge and self-healing passivation will not happen.

Nevertheless, when a conducting polymer in its oxidized state is coated on the metal,

there is galvanic coupling between the metal and the polymer. The corrosion current has a

kinetic origin and corresponds to a mixed potential resulting from the reduction of the
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Figure 16.2 Evans diagram of an oxidizable metal with a passivation range. In the active
region (I) the metal dissolves rapidly up to Ef called the Flade potential or potential of passiva-
tion. This Ef potential corresponds to the formation of a thin, insoluble, and insulating metallic
oxide film which leads to a resistive barrier involving a low corrosion current (icor,2, passive
area, II). When the potential is higher than Et, the oxide layer breaks down or dissolves, and
metal oxidation is reactivated (transpassive area, III). When the medium in contact with the
metal is a weak oxidant (i.e. Hþ), the associated reduction process is represented by curve 1,
and the corrosion current (icor,1) is high. Conversely, with a stronger oxidant (O2, curve 2) the
corrosion current (icor,2) falls in the passive range and is low. (Adapted from Manuel de
peintures et vernis, edited by P. C. Lacaze and A. Revillon, Corrosion des métaux peints.
Analyse des phénomènes et moyens de protection by M. Keddam and P. C. Lacaze, Chpt 13,
Paris. Copyright (2007) Editions Hermann)
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polymer and the oxidation of the metal. Of course, the most favorable situation for a low

corrosion current is when the reduction of the polymer ‘falls’ in the passive area of the

metal. As depicted in Figure 16.2, the magnitude of the corrosion current is then fixed by

that of the passivation current.

This effect, which has been much debated since the pioneering work of DeBerry [8], is

now widely accepted in the case of ferrous substrates coated by PANI in acidic media.

Evidence for the protection of exposed bare steel areas was shown for the first time by

Elsenbaumer et al. [47], who proved through XPS and Auger analysis that this effect was

due to the formation of passivating iron oxides (g-Fe2O3 and Fe3O4) induced by the

galvanically coupled polyaniline in its oxidized state. These observations were confirmed

by other groups [48–49,] and a general scheme to explain the formation of iron oxides in

the case of PANI coatings (Figure 16.3) was proposed by Wessling [50]. According to this

scheme, a redox reaction occurs between Fe and (PANI)ox (PANI oxidized state or PANI

emeraldine salt) leading to (PANI)red (PANI neutral state or PANI leuco base) and to Fe2þ.

In the presence of O2 and H2O it is assumed that the neutral form of PANI is reoxidized to

(PANI)ox, or PANI emeraldine salt (ES), while Fe2þ is oxidized to Fe3þ and transformed

into Fe2O3 in the presence of OH� resulting from the reduction of O2 þ H2O. A more

detailed interpretation of this ennobling effect was recently reported by Williams and

McMurray [34] in the case of several metals (Fe, Al, Zn, and Mg) covered by coatings

containing PANI/ES (ES of p-toluenesulfonic acid) dispersed in a polyvinylbutyral (PVB)

binder and exposed to humid air. From potentiometric measurements performed with the

scanning Kelvin probe (SKP) [51,52], they concluded that the efficiency of the ennobling

effect was determined by the acid–base stability of the interface between PANI/ES and

oxide covered metal. Indeed, they found that the open-circuit potential vs. time (Eoc) of the

substrate considerably varied with the relative acidity of the corresponding oxides with

regard to ES, the pKa of which is around 5.5 [31]. Thus, with metal oxides (Fe and Al) more

acidic than ES, PANI/ES remains in its doped state and, therefore, the Eoc (corresponding

to the corrosion potential) is held in the passive region for a long time, providing a good

ennobling effect. On the other hand, with less acidic oxides (Zn and Mg), ES is deproto-

nated and transformed into the nonconductive and electroinactive EB, shifting the Eoc to

2 Fe 2 Fe++ 2 Fe+++ Fe2O3 + 3 H2O

0.5 O2 + H2O 2OH–

O2 + 2H2O

(PANi)ox + 4H+ (PANi)Red

4e–

third step

firststep

second step

2e–

4OH–

4e–

Figure 16.3 Mechanism of iron protection against corrosion through a PANI coating.
(Reprinted with permission from Synthetic Metals, Scientific and Commercial Breakthrough
for Organic Metals by B. Wessing, 85, 1–3, 1313–1318. Copyright (1997) Elsevier Ltd)

Electroactive Conducting Polymers for the Protection of Metals 639



negative values, characteristic of the corrosion of the bare metal. In addition, they showed

that the oxide layer thickness could be increased when the amount of PANI-pTS dispersed

in the coating was increased, confirming the fact that the formation of the metal oxide

resulted for a great part from the reduction of the PANI/ES, and also that the protection was

improved as the thickness of the oxide increased. Very recently, the same group clearly

showed that PANI/EB coatings did not induce oxide growth on Al, confirming in that case

the absence of an ennobling effect [37].

These results provide new enlightenment on PANI ennobling, and could explain that

some conflicting information reported in the literature on PANI ennobling, temporary or

sustained, are probably linked to the conditions under which experiments are performed

and in particular, how the reoxidation to PANI ES by oxygen is achieved. As noted by

Williams and McMurray [34], the low concentration of dissolved oxygen in aerated water

(2.7 10�4 mol dm�3 at 20�C) may be insufficient to maintain cyclic reoxidation of the

PANI ES indefinitely under immersion conditions. However, under dry atmospheric

conditions, with much higher availability of oxygen, many authors have observed a

long-term ennobling, especially with iron and zinc surfaces [53].

However, as previously described, this ennobling mechanism is only based upon steady-

state considerations, and it does not adequately take into account electrochemical kinetics,

which, depending on the experimental conditions (polymer, substrate, aeration of the

environment . . . [41]), makes the protection efficiency vary considerably.

Rammelt et al. [54], in the case of polymethylthiophene (PMT) deposited on iron or

steel surfaces, proposed a kinetic interpretation of the process through new experiments

and, consequently, defined the conditions under which the ennobling mechanism works

and provides protection against corrosion. They used an electrochemical corrosion cell

similar to that of Elsenbaumer et al. except that the PMT was deposited on a noble metal

(platinum) and not directly on the oxidizable metal (steel) (see Figure 16.4). The steel

electrode was coated by an insulating epoxy polymer layer in contact with the electrolytic

solution through a small pin hole. This arrangement avoids the presence of a possible

additional passivating layer on the metal, which might mask the true ennobling effect, and

which could be due to the deposition of an insulating layer resulting from the formation of

an insoluble salt between iron ions and doping anions. Moreover, this configuration allows

separation of the two processes occurring on the iron surface and in the polymer film.

In this experiment the PMT/Pt electrode is prepared by electrochemical oxidation of

methyl-thiophene on platinum in organic medium. Then, the modified electrode is immersed

in a LiClO4 solution saturated with O2. The potential of the PMT/Pt electrode is 0.5V/SCE

and is found to correspond to the oxidized state of the polymer. When the steel/epoxy-hole

electrode is galvanically coupled to the PMT/Pt electrode, its potential remains steady at 0.5 V,

but it instantaneously decreases from 0.5 V to�0.5 V when disconnected from the PMT/Pt

electrode, as depicted in Figure 16.5, and this can be repeated indefinitely. The fact that the

potential drop is quasi-instantaneous means that the steel electrode has not been shifted to

within the passive range, but is still in the active region and, therefore, under these

conditions, the steel is not protected. It is important here to note that when the PMT/Pt

electrode and the steel/epoxy-hole are connected the potential is positioned at þ0.5 V/

SCE, well above that of the metal oxidation potential. Surprisingly, oxidation of metal

occurs vigorously despite this high potential, for which passivation is expected. In fact, the

anodic potentiodynamic curve of steel carried out in LiClO4 shows that no tendency to
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passivation is found, i.e. no passivation areas are observed in the electrolytic medium used

to perform this experiment, a result which also confirms that the conditions are inadequate

for an efficient protection of steel with PMT. Nevertheless, from Tafel plots, the corrosion

current was found to decrease by about two orders of magnitude (4.10�4 A cm�2 for bare

steel and approximately 7.10�6 A cm�2 for the PMT-coated steel).

2 3 4

epoxy

steel1

potentiostat

Figure 16.4 Electrochemical corrosion cell used for testing the ennobling effect of a conduct-
ing polymer. The mild steel sample (1) is coated by a thin epoxy layer and is in contact with a
0.1 M LiClO4 solution (aerated or deaerated) through a small hole. Polymethylthiophene (PMT)
is deposited on a Pt electrode (2); a saturated calomel electrode (3) and a Pt counter-electrode
(4) are used with either (1) or (2) as the working electrode. Electrodes (1) and (2) are galvanically
connected and can be disconnected from the electrical circuit for specific measurements.
(Reprinted with permission from Electrochimica Acta, Corrosion protection by ultrathin films
of conducting polymers by U. Rammelt, P.T. Nguyen and W. Plieth, 48, 9, 1257–1262.
Copyright (2003) Elsevier Ltd)

10

P
ot

en
tia

l (
m

V
)

0

800

600

400

200

0

–200

–400

–500

–800

20

d
d d

d

r r r r

t/min

30 40 50 60 70 80 90 100 110 120

Figure 16.5 Open-circuit potential (OCP) of the steel/epoxy-hole electrode vs. time in
aerated 0.1 M LiClO4 solution. r and d indicate the times at which the steel electrode is
connected and disconnected, respectively, from the PMT/Pt electrode. (Reprinted with permis-
sion from Electrochimica Acta, Corrosion protection by ultrathin films of conducting polymers
by U. Rammelt, P.T. Nguyen and W. Plieth, 48, 9, 1257–1262. Copyright (2003) Elsevier Ltd)
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The situation is quite different in the case of PANI-coated steel (or stainless steel) in

acidic medium (H2SO4). Experiments carried out by McDiarmid and Ahmad with steel

and stainless steel (SS) samples coated with emeraldine base (EB) and immersed in H2SO4

are very significant [55]. Indeed, the open-circuit potential (OCP) vs. time curves differ

drastically from those obtained with PMT: the potential of steel is set at very positive

values corresponding to its passive state, and its decrease under OCP conditions is slow.

Thus, with protonated EB-coated SS-410 the authors observed that in aerated 2 M H2SO4

solution the Voc potential remained well above that of bare SS for about 50 days without

potential breakdown. Similarly, a PANI SS-430 sample coated under the same conditions

and immersed in a solution containing aggressive chloride ions (0.1 M H2SO4 þ 0.1 M

NaClþ 0.15 M Na2SO4) did not exhibit pitting corrosion for periods of more than 30 days.

Furthermore, when a scratch was made through the coating, the Voc fell for a short while

but rose again, a fact which confirms that the PANI in its oxidized state (PANI/ES) had

repassivated the exposed steel area, producing self-healing of the defect. At first sight,

such different behaviors observed with PMT and PANI coatings are surprising. However,

it must be recalled that PANI in its reduced form (PANI/leuco base) can be reoxidized by

O2 [35,65,66], but not PMT [64]. Very likely, PANI/ES, which is more conductive than

PMT, can provide a higher current density capable of passivating the defect and passing

over the Flade potential. This result could not be obtained with PMT prepared according to

reference [64]. PMT was prepared by electrolysis in CH2Cl2 and then immersed in an

aqueous chloride solution, whereas PANI was chemically coated on steel and then proto-

nated in aqueous solution. In the first case, 480 mC were used to synthesize the PMT film

in its oxidized state with an approximate thickness of 1 mm. Therefore, if a doping yield of

around 0.2 is assumed, the available charge for oxidation of iron was about 100 mC.

Moreover, as indicated in their paper, the resistance of the oxidized PMT film was only 50O,

while that of the hole was about 400 kO in an N2-saturated solution and about 20 kO in an

aerated solution. If a difference of potential of 0.5 V between PMT and iron is assumed, it

may be deduced that the mean current for 1 s should be less than 25 mA. Consequently, the

density on the iron pin-hole was less than 8 mA cm�2, which is probably not enough to pass

over the Flade potential (a value of 90 mA cm�2 was reported for steel-1018 in 2 M H2SO4

by Ahmad and McDiarmid [65]). It is worth noting that when the PANI is directly

electrodeposited on the steel sample the interfacial resistance between the polymer and

the metal is negligible and therefore the current density provided by the dedoping of the

polymer is great enough to overcome the Flade potential and to passivate the metal. This

could explain the good protection observed by several groups [56,57,58,59].

Polypyrrole (PPy) has also been widely investigated for the protection of metals. In

contrast to PANI, the deposition of PPy on metals is generally carried out through

electropolymerization of pyrrole in aqueous media. PPy is also easily oxidized by O2

[56] and this property makes it behave like PANI and, therefore, the ennobling mechanism

is expected to occur with iron and steel. Recently, Michalik and Rohwerder [51] clearly

showed that, by using an electrochemical set-up similar to that of Rammelt et al. [64], PPy

could protect small pin-holes from corrosion and was able to maintain the metal in the

passive state for a few hours, but rapidly failed in a chloride-containing solution. The other

parameter that should be considered is the size of the defect, which was also found to be

critical for protection of the metal. In the presence of a large defect, the current density

provided by the dedoping of PPy was assumed not to be high enough to passivate iron and,
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therefore, the ennobling effect vanished. Furthermore, the O2 reduction initially located at

the PPy–solution interface, when PPy is in its oxidized state, shifts to the polymer–substrate

interface after dedoping. Consequently, OH� ions are produced at the polymer–metal

interface and delamination occurs. They also note that in this latter case delamination is

more rapid than with conventional coatings, a result which could be explained by the greater

porosity of the PPy film in its reduced state.

Similar experiments using various electrolytes and, in particular, known passivating

anions have also been reported. Such experiments are useful for rationalizing the so-called

ennobling effects.

The ennobling effect of iron by ECPs was also studied by Nguyen et al. [57–58], in the

case of single and composite conducting-polymer films electrodeposited from pyrrole or

mixed pyrrole/1,5-diaminonaphthalene (Py-DAN) solutions in the presence of 2 M KNO3.

Film deposition (thickness fixed at around 2 mm) was obtained by cycling the potential

between 0.24 V/SCE and various upper potentials 0.84, 0.94, and 1.14 V/SCE). It is worth

noting that, in this procedure, the start potential (0.24 V/SCE) corresponds to the Flade

potential, i.e. the beginning of the passivation range and, therefore, electropolymerization

of Py occurs on the passivated iron. Thus, when the sample is immersed in a corroding

solution, the oxidized polymer does not need a high current density to maintain the metal in

its passivity range, since it is already passivated.

Interestingly, the OCP vs. time curves obtained when the samples were immersed in a

sulfate solution (0.1 M K2SO4 at pH 4, less aggressive than the usual chloride solution)

exhibited relaxation times of 1, 60, and about 3 hours with PPy films scanned up to 0.84,

0.94, and 1.14 V/SCE, respectively. Although no interpretation was given, it is probable

that the time during which protection occurs is related to the stored charge in the polymer

(greater at 0.94 V than at 0.84 V), and the fact that protection failed rapidly when the PPy

was oxidized up to 1.14 V/SCE might be due to an overoxidation of the polymer. Its lower

conductivity could mean that it can no longer provide the current density required to

maintain the metal in the passivation range.

In the case of a composite film consisting of a poly-1,5-diaminonaphthalene (PDAN)/

PPy bilayer they found that: (i) adhesion was dramatically improved (due to the fact that

PDAN is deposited first) and (ii) the protection properties were considerably increased.

The OCP vs. time curves exhibited a breakdown after around 50 days instead of hours as in

the previous case. In situ Raman analysis of the outer PPy layer in the composite film

showed an intensity enhancement of the band at 1610 cm�1 (characteristic of PPy in the

doped state) with respect to the single PPy coating. This implies a larger amount of doped

PPy than in the single PPy coating and, in our opinion, this could partly explain the

protection improvement for a longer time. Moreover, since in each case the potential

reached after breakdown was that corresponding to the iron depassivation state; this

confirms that protection was due to an anodic ennobling mechanism.

In another paper [68], more details concerning the kinetics of the ennobling mechanism

were given by the same group, through the use of an iron ring-disc electrode set-up. Doped

PPy was electrodeposited on the ring (under the same conditions as previously) and the disc

was bare iron. Immediately after immersion in a K2SO4 solution the disc potential was set to

0.15 V/NHE and, just after connection to the PPy-coated ring, it abruptly dropped to�0.3 V,

as expected for bare iron in contact with a K2SO4 solution. A current peak was observed and,

after that, for less than 2 min, the disc potential increased rapidly to 0.35 V and at the same
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time the current dropped from 0.4 mA (0.8 mA cm�2) to 20 nA (40 mA cm�2) (inset in

Figure 16.6b). The initial polarization at 0.15 V was attributed to a partial passivation of iron

during PPy deposition on the ring, and the coulombic charge passed during this transient

current was about 32 mC cm�2, in good agreement with the charge needed to passivate iron

in a K2SO4 solution. Then, the current between the disc and the ring (iD-R) increased slowly

for about 1 hour to 0.3 mA and was marked by small fluctuations, associated with local

pitting and self-healing, while the disc potential (ED) slowly decreased. After that, the iD-R

increased more rapidly and the fluctuations were more pronounced, while ED continued to

decrease to negative potentials characteristic of the active range of iron. They also showed

that, once the iron was in its active state, its passivation could not be achieved again, a fact

they attributed to the presence of a resistive layer between the metal and the polymer, which

impeded the delivery of a current density high enough for passivation.

A significant improvement of the ennobling effect was also observed when the PPy film

on the ring was replaced by a composite film (PDAN/PANI) [59]. However, as previously,

the ohmic drop between the bare metal and the coated area resulting from the slow

corrosion impeded the repassivation of the exposed metal, and resulted in the disappear-

ance of the ennobling effect.

With other metals, in particular with aluminium and its alloys, the ennobling mechanism

is not clear-cut. Recent work by Yan et al. [60] carried out with PPy doped with

electroinactive 1,3-benzene-disulfonic acid and electroactive sodium 4,5-dihydroxy-1,3-

benzene-disulfonate and using a two-compartment cell similar to that of Rammelt et al.

[64] seems to prove that the anodic protection model cannot be applied to the aluminum

surface. Although the recharging of PPy by O2 was demonstrated, they found that a small

area of exposed aluminium (AA 2024-T3) simulating a defect in a coating and immersed in

dilute Harrison’s solution (0.35 wt% (NH4)2SO4 þ 0.05 wt% NaCl in water) did not
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Figure 16.6 Galvanic coupling between iron disc (0.25 mm diameter) and PPy-coated iron
ring (5 mm outer diameter) immersed in 0.1 M K2SO4 solution (pH 4). The gap between the disc
and the ring is 75 mm. (Reprinted with permission from Journal of Electroanalytical Chemistry,
Mechanism for protection of iron corrosion by an intrinsically electronic conducting polymer by
T.D. Nguyen, T.A. Nguyen, M.C. Pham et al., 572, 2, 225–234. Copyright (2004) Elsevier Ltd)
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exhibit any passivity when galvanically coupled to oxidized PPy (electrodeposited on

ITO). From the galvanodynamic polarization curves of aluminium obtained in the previous

solution under air, O2 or argon, and from the current density (1 mA cm�2) observed when

aluminium is coupled to the PPy-coated electrode, it was deduced that aluminium was set

by the PPy in the active potential region and, therefore, could not be passivated under these

conditions. Although no explanation was given, a possible cause of failing could be similar

to the one previously given in the case of the PMT-coated iron electrode experiment, i.e. a

too high internal resistance of the circuit.

However, other experiments performed by Seegmiller et al. [61] tend to prove that

AA2024-T3 could be protected by coating with PANI. Indeed, with a polymethylmetha-

crylate/PANI blend (PMMA/PANI) doped with camphorsulfonic acid (CSA) and applied

to this alloy, they showed through various techniques and, in particular, with scanning

electrochemical microscopy (SECM) [62,63] that passivation in an artificial scratch was

achieved, but not with PMMA alone.

In conclusion, the ennobling effect would be expected to occur with metals characterized

by large passive potential ranges (iron, steel, and particularly stainless steel), and coated with

conducting polymers which can be easily reoxidized by air (PANI, PPy). Although protec-

tion has been shown with polythiophene compounds [25,26] PMT does not fulfil the

requirements for metal ennobling because it cannot be oxidized by air. Poly-3,4-dioxyethy-

lenethiophene (PEDOT), which is more easily oxidizable and whose doped state is stable in

air has recently been cited as a good iron corrosion inhibitor [64], could work in part

according to the ennobling concept. It also appears that, to maintain the ennobling effect,

the current delivered by the polymer must be high enough to pass over the Flade potential

and, therefore, any chemical reaction leading to a resistive layer between the metal and the

coating will be detrimental [69]. Moreover, it is worth noting that the anions in contact with

the scratch will partially determine the Flade potential of the metal, the passivation area

potential width and the current density needed to reach this area. It is thus obvious that a

coating will not be able to protect the underlying metal in any conceivable electrolytic

environment except if new strategies for controlling the electrochemical environment

around the metal in the scratch are developed, as will be seen with self-healing.

Finally, much alike the displacement of the electrochemical interface, it can be stated

that if small enough scratches occur during the lifetime of the coating in a favorable

electrochemical environment, a steady state could be obtained in which the conductive

polymer will permanently protect the underlying metal against corrosion. Small scratches

will be repaired when the electrolytic medium around the defect provides a wide passiva-

tion range and if a small current density is required to reach it. A steady-state situation can

be reached if the conducting polymer can be reoxidized by O2. Unfortunately, this ideal

and permanent steady-state picture described above is not easy to obtain and can be

disrupted by several phenomena, such as delamination starting from the scratch (increase

of the scratch surface) upon conductive-polymer reduction or slow reoxidation of the ECP.

16.2.3 Self-healing Effect with Doping Anions as Corrosion Inhibitors

It was shown previously that, when there is a small scratch on a metal coated by a

conducting polymer, there is galvanic coupling between the metal and the polymer. This
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galvanic coupling involves, on the one hand, the reduction of the polymer associated with

release of the doping anions and, on the other hand, the oxidation of the metal.

Furthermore, the reduction of O2 either at the surface of the polymer, with concomitant

reoxidation of the polymer, or at the surface of the scratch, also involves the formation of

OH� ions. Two effects can be predicted depending on the metal: either the potential of the

metal will initiate the formation of metal oxides in the scratch (metal ennobling in the case

of iron, aluminium, and copper), or the doping anions can act as anodic or cathodic

inhibitors [65]. The idea that an inhibitor can be released when a small defect arises in

the coating and that it can locally react with the bare metal and self-heal the defect is

particularly attractive. This goal is easily achieved with a conducting polymer doped by

anionic inhibitors. Indeed, the doping anions are not leached and are only released when

corrosion starts, a fact which explains why conducting polymers were considered to be

‘smart coatings’ by Kending et al. [66] (Figure 16.7) after several groups proved that such

coatings provided improved protection against corrosion [67–68].

Phosphonic acid derivatives (in particular, amino-tris-methylenephosphonic acid), well

known for their anticorrosion properties, were used as doping anions in PANI formulations

and were shown to out-perform other PANI formulations with conventional doping anions

(i.e. p-toluene sulfonic acids and derivatives) [69].

Obviously, the efficiency of self-healing will depend on the mobility of the anion and on

its aptitude to be released by the polymer. This latter property, related to the general

process of doping-dedoping of the conducting polymers, was described by Chang and

Miller [70] for application to biological drug release and more recently by Weidlich et al.

[71], who studied the influence of size, mobility, and valence of ions on their release from

or incorporation into conducting polymers.

Recently, with a view to a better understanding of the protection of iron by conducting

polymers, the kinetics of the cathodic delamination of PPy doped with molybdate (MoO4
2�)

and phosphopolymolybdates (PMo12O40
3�) were considered by Paliwoda-Porebska et al.

[72,73]. From a suspension of doped PPy nanoparticles (diameters ranging between 80 and

Figure 16.7 Self-healing mechanism for a metal (M) coated by a conducting polymer (Pnþ)
doped with a corrosion inhibitor (A�). Galvanic coupling between the polymer (Pnþ) and the
metal (scratch on the coating) releases A�, which either interacts with Mnþ and leads to an
insoluble salt with inhibiting properties or is adsorbed onto M and provides anodic inhibition.
(Reprinted with permission from Progress in Organic Coatings, ‘Smart’ corrosion inhibiting
coatings by M. Kendig, M. Hon and L. Warren, 47, 3–4, 183–189. Copyright (2003) Elsevier Ltd)
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130 nm) mixed in a nonconducting polymer matrix, a composite PPy film, whose thickness

was close to that of the particles, was deposited on iron. The films were cured at 100 �C for 5

min., then top-coated by a polyacrylic resin, in order to mimic a situation close to that of an

organic coating submitted to an aggressive environment. A defect was made and placed in

contact with a drop of 0.1 M KCl solution; the delamination experiments were performed

with the scanning Kelvin probe technique (SKP) (Figure 16.8).

Surprisingly, in contrast to PPy doped with PMo12O40
3� (PPy-PMo), for which

significant self-healing occurred, there was no passivation of steel in the defect (potential

remained at �0.5V) and no decrease in the delamination rate in the case of the PPy film

doped with MoO4
2� (PPy-Mo). In the first case the potential in the defect increased from

�0.5 V to�0.2 V (latter value characteristic of iron in the presence of molybdate) while in

the second case it remained at�0.5 V (potential in the presence of chloride). Compared to

a PPy film doped with a noninhibitor doping anion (S2O8
2�), for which the potential in the

defect remained at about�0.5 V, the authors found that the delamination rate with PPy-Mo

was the same as with PPy-S2O8
2�, while it was significantly lower with PPy-PMo.

These results are unexpected, since it was previously found that molybdate salts were

released when submitted to a usual electrochemical reduction and, moreover, their

inhibitor properties towards iron were confirmed. XPS analysis of the defect after dela-

mination showed that, in contrast to PPy-PMo, no molybdate could be detected with the

PPy-Mo film, confirming that under these conditions no molybdate is released with this

doping salt and thus self-healing was absent.

The fact that PMo12O40
3� was released and not MoO4

2� is rather strange, and the

interpretation given by the authors is not fully convincing. Indeed, they assumed that under

aerated conditions a large amount of OH� was released and would produce a marked

PPy

Fe

10 mm

SKP tip

Defect with
0.1 M KCI

Micro-reference
electrode

2 mm

Top-coat

Figure 16.8 Representation of the coated iron sample (PPy þ top-coat) and its defect in
contact with KCl solution. Delamination is followed by SKP measurements. (Reprinted with
permission from Corrosion Science, On the development of polypyrrole coatings with self-
healing properties for iron corrosion protection by G. Paliwoda-Porebska, M. Stratmann,
M. Rohwerder et al., 47, 12, 3216–3233. Copyright (2005) Elsevier Ltd)
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increase in the pH in the vicinity of the defect. Overoxidation of the PPy would result and

cause a structural change responsible for the trapping of MoO4
2� in the PPy-Mo film. On

the other hand, in the case of PPy-PMo, the PMo12O40
3� salt is decomposed by OH� into

MoO4
2� and PO4

3�, and a kind of buffering effect occurs which prevents the overoxida-

tion of PPy and, therefore, does not impede the release of the two anions (PO4
3� and

MoO4
2�) towards the defect.

Interestingly, at the same time and independently of the previous work, corrosion

protection of PPy films (1–1.2 mm thick) electrodeposited on iron and doped with

MoO4
2� was also studied by Rammelt et al. [74]. They demonstrated the release of

MoO4
2� during the reduction of PPy and also the passivating effect of this anion in aerated

aqueous 0.1 M NaCl solution.

The OCP vs. time curve of a coated PPy-Mo steel electrode clearly shows the passiva-

tion of iron, whose potential remains at about 0.35 V/SCE (potential corresponding to the

redox process in the PPy film) for about eight hours. Then, the OCP curve reaches a second

plateau at �0.2 V/SCE for 7–8 hours, which corresponds to the potential of mild steel

immersed in sodium molybdate solution. When a small defect is made, the self-healing

properties of this anion are also established, in contrast to a doping anion without inhibitor

properties, such as PF6
�. Indeed, the OCP remains at about �0.1 V (potential correspond-

ing to the previous second plateau) for several hours. However, when the PPy is doped with

PF6
�, after only a few minutes the OCP falls to �0.5 V (potential corresponding to the

active range of iron dissolution) demonstrating in this case the lack of protection by this

anion, for probably the same reasons as those which we have indicated in the case of a

PMT-coated mild-steel electrode [64].

These latter experiments illustrate all the complexity of the process and justify a

thorough examination of the electrochemical conditions before any final decision

is reached. In particular, it is worth noting that in this latter case the whole polymer film

is immersed in the KCl solution, while in the previous work the liquid drop was in lateral

contact with the metal and the polymer. Indeed, this arrangement could be the cause of this

discrepancy between the two studies. In the previous experiment the MoO4
� doped film is

in contact with the electrolyte only through its section and not through all its volume, and

this could explain that the anion release remains very small and insufficient to produce

self-healing. The question remains open, and the very recent work of Rohwerder and

Michalik [75] casts a new interesting light on the self-healing effect. Their work, based on

delamination and SKP experiments, used a set-up similar to that described in [64], but PPy

(also covered by a top-coat) was deposited on gold instead of iron.

The PPy was doped with p-toluene sulfonate (tosylate) or chloride and its delamination

was tested with two chloride salt solutions injected in the defect (potassium chloride or

tetrabutylammonium chloride). The aim of this work was to correlate the delamination rate

with reduction of the polymer, corresponding either to the release of the doping anions or

to the incorporation of cations. The measurements were carried out in air or in an oxygen-

free atmosphere with the gold electrode polarized at a potential which simulates iron

corrosion (�0.66 V vs. Ag/AgCl) (Figure 16.9).

The delamination curves differ markedly depending on the nature of the cation present in

the electrolyte. Thus, under nitrogen atmosphere, where only the reduction of the polymer

can occur, the delamination rate is very low with tetrabutylammonium in the defect, but it

increases markedly when tetrabutylammonium is replaced by a smaller cation like
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potassium. From these results they deduced that tosylate is slowly released and therefore

involves a slow reduction of the polymer which cannot be accelerated when the chloride

solution contains a bulky cation like tetrabutylammonium. Conversely, when tetrabutylam-

monium is replaced by potassium, whose mobility in the polymer is greater, reduction of the

polymer increases rapidly, leading again to delamination. This seems also to prove that the

de-adhesion of PPy occurs when its reduction is in progress, independently of any corrosion

process. The reduction currents are roughly proportional to the film thickness, i.e. to the

whole available amount of anion around the scratch, in the case of atmospheric corrosion, or

in all the film when it is totally immersed. In presence of oxygen, the delamination moving

front is very different from the previous one. Surprisingly, the delamination rate remains

approximately the same for thick films (1.1 mm thickness) as under nitrogen, but it strongly

decreases with thinner films (0.4 to 0.1 mm). Simultaneously, the potential in the delaminated

area moves to more positive values (between�0.3 and�0.2 V instead of�0.45 V), and the

galvanic current jumps significantly. The shift of the potential was attributed to a higher

ohmic drop, and the galvanic current increase to simultaneous oxygen reduction at the gold

electrode. They suggested that the slow delamination in the presence of oxygen for thinner

films was due to ion transport along the delaminated interface, in contrast to thick films

where it occurs within the polymer.

From their findings they concluded that for tosylate-doped thick PPy films, transport of

small cations is very fast and is responsible for PPy reduction and delamination. This

cationic transport in the film follows a percolation mechanism and, according to their

view, good protection requires optimization of the percolation length, i.e. not too high a

polymer conductivity, which implies an extended percolation system, but a percolation

SKP tipAg/AgCI

KCI

Counter
electrode

Working
electrode

Top - coat

PPy

Au

A

Figure 16.9 Electrochemical set-up used to follow the delamination of electrochemically
deposited PPy on a thin gold layer evaporated on glass. The gold edge is about 200 nm thick
and constitutes the working electrode in contact with the electrolyte drop. The SKP chamber is in
a humid atmosphere (air or N2). (Reprinted with permission from Electrochimica Acta,
Conducting polymers for corrosion protection: What makes the difference between failure and
success? By M. Rohwerder and A. Michalik, 53, 3, 1300–1313. Copyright (2007) Elsevier Ltd)
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network which only maintains a satisfactory electrochemical activity. However, the

system used by the authors is far from a real one. The delamination observed on gold

happens when the PPy is reduced, but this is not necessarily the case with other metals.

Indeed, as will be described below, various solutions have been proposed to modify the

metal surface in order to improve the adhesion of conducting polymers and to make

delamination negligible, even when the polymer is in its reduced state.

Nevertheless, their conclusions about percolation mechanisms deserve to be considered,

since this could be one of the factors which contribute to improving the protection

properties of composite coatings incorporating conducting polymers, and for which

extremely good results have been recently reported. It has to be noted that such a

conclusion is in contradiction with those of Sections 16.2.2 and 16.2.3, in which a high

conductivity of the polymer was required to provide the high discharge current density

needed for the protection mechanism.

The self-healing effect, described in this section, is in our opinion an extension of the

ennobling mechanism in which the release of anions, concomitant to polymer reduction, is

used in order to control to some extent the electrolytic medium around the scratch and thus

facilitate its passivation. Studies in this direction are still scarce and further work is needed

to explore this concept. Some of the work described in Section 16.2.2 probably concerns

self-healing properties, but this concept was not highlighted by the authors. It should be

reanalysed in the light of recent work more focused on self-healing effects.

16.2.4 Barrier Effect of the Polymer

For a paint coating, the barrier effect constitutes one of the main features needed for good

protection against corrosion. A strong barrier effect will indeed slow down O2 and water

diffusion through the coating and, consequently, considerably reduce corrosion at the

interface [41,54]. However, diffusion through the coating of aggressive anions such as

chloride is also a cause of corrosion, which also must be accounted for in the barrier effect.

Independently of whether the polymer is or is not conducting, the diffusion rates of O2 and

H2O depend mainly on the porosity of the polymer. Conversely, Cl� diffusion occurs

through ion exchange in the polymer and could be critical in the case of doped conducting

polymers. Therefore, depending on the nature of the doping ion, this could be an important

cause of corrosion [76]. In the following, we show how diffusion effects may be reduced

for improving the protection.

16.2.4.1 Barrier Effect Related To Porosity

It is well known that the less porous the polymer, the better is the barrier effect, and the

better the metal is protected against corrosion [41,42]. Unfortunately, native conducting

polymers prepared by electropolymerization of a monomer in aqueous media and depos-

ited directly onto the metal are very porous [77]. Moreover, polymer synthesis in aqueous

media leads to native films containing large amounts of water, which are detrimental

[41,42]. In general, the films are dried in air, but, even after that, the water content remains

high. Clearly, submitting the material to thermal treatment, in order to remove all the water

inside the polymer and make it more compact, should improve the barrier effect.
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Another effect, which has often been disregarded, concerns the way the electropoly-

merization of the monomer is carried out, a point which could also explain the differing

results reported for the same material, and which is also related to the porosity. In the

following, these two points will be illustrated through two electropolymerization exam-

ples: pyrrole on zinc in the presence of salicylate salts, and pyrrole on iron in the presence

of oxalic acid.

Decrease in Film Porosity Through Heat Treatment

This was observed with PPy films electrodeposited on zinc from an aqueous pyrrole solution

in the presence of a mixture of sodium diisopropylsalicylate (DISac) and salicylate (Sac)

[78]. Indeed, we found that the OCP vs. time curve of a native PPy film broke down

immediately (shift of the potential after 10 min. from about 0 to �1 V) when the electrode

was immersed in 3.5% chloride solution. A small improvement was observed when the same

film was treated at 180 �C under N2 for one hour before being immersed in the same chloride

solution (breakdown in the OCP curve after half an hour). In fact, the barrier effect remained

poor. Surprisingly, we found that it was dramatically improved when the thermal treatment

was carried out in air. The initial OCP was at 0.2 V and remained around 0 V before dropping

to�1 V (potential of zinc in salicylate medium) after more than 40 hours. Interestingly, the

same treatment of a PPy film, obtained in the presence of Sac alone, gave the same effect, but

to a lesser extent, with an initial OCP at�0.4 V and a breakdown of the OCP after only about

12 hours (Figure 16.10).

In both cases, this improvement of the barrier effect was attributed to high cross-linking

of the PPy chains by O2, similar to the cross-linking reactions occurring in air in the case of

paints with a high oil content [38,39]. Self-healing was also observed, revealed by the

small breakdowns in the OCP curve followed by a slow rise of the potential to its initial

value. Besides, it is worth noting that the difference observed between the PPy films

synthesized from salicylate mixture and those from the salicylate alone are correlated with

an increase in the hydrophobicity of the film (PPy film synthesized in the presence of

NaSac alone has a contact angle of 100� which shifts to 125� with DISacH). The hydro-

phobic character of a coating is in general a favorable property for protection [41,42], and

thus could explain the improved protection observed with DiSacH.

In conclusion, native films electrosynthesized in aqueous media are strongly hydrated,

and are highly porous. Dehydration is essential to improve the barrier effect.

Decrease in Film Porosity Through Different Modes of Electrodeposition

In recent work related to the electrodeposition of PPy from an aqueous pyrrole-oxalic acid

solution, the influence of the iron surface pretreatment on the corrosion properties was

reported by Van Shaftinghen, Deslouis et al. [79]. The performances of PPy-coated iron

samples, obtained through three different electropolymerization techniques were tested: (i)

electropolymerization at constant current (1 mA cm�2) (denoted galstat), (ii) potentiostatic

electropolymerization at 1V vs. Ag/AgCl in oxalic acid for 600 s followed by addition of

pyrrole into the solution (denoted one-step), (iii) potentiostatic polarization in a two-step

process identical to the previous one, except that a preliminary polarization at 0 V vs. Ag/

AgCl for 600 s was carried out in the electrolyte alone (denoted two-step) (Figure 16.11).

From the anodic curves of iron in oxalic acid alone, a first zone of potential ranging
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between –0.25 andþ0.25 V with a negligible current density was identified as correspond-

ing to the iron oxalate formation, while a second zone, also of low current density, between

0.75 and 1.25 V, was attributed to the formation of an oxide. After addition of pyrrole, and

without any apparent modification of the first part of the polarization curve, it appears that

pyrrole electropolymerizes in the second zone of potential, confirming that PPy deposits

on an iron oxide layer (Figure 16.12). Interestingly, very different protection effects were

reported for the three procedures. From OCP curves obtained in 3.5% NaCl solution, the

best results were obtained in the case of the ‘one-step’ procedure, with a protection time of

about 11 hours, whereas with the ‘two-step’ and the ‘galstat’ procedures the protection

times dropped to about four hours and 20 min, respectively.

These differences are very significant and for the most part seem to be related to the

structure of the interlayer formed between the metal and the PPy during the electroche-

mical process. From SEM (scanning electron microscopy) pictures obtained during the

pretreatment of iron, it appears that in the case of the ‘galstat’ process (observation at a

time corresponding to the passivation of iron, Figure 16.11a) the surface consists of small

oxalate crystals, whereas, in the case of the ‘one-step’ process the surface was amorphous,

more compact and characteristic of iron oxides [80]. In the case of the ‘two-step’ process

the passivating layer exhibited an intermediate structure corresponding to a mixture of

amorphous oxides and crystalline oxalate. Qualitatively, and although this was not claimed

by the authors, it can be assumed that the porosity of these interlayers increases in

the order: ‘one-step’, ‘two-step’ and ‘galstat’ procedures, and that barrier effects and,
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Figure 16.10 OCP curves of coated PPy zinc electrodes cured in air for 1 h at 180 �C and
immersed in 3.5% NaCl solution. PPy films (�2 mm thick) were synthesized in 2 M NaSacþ 0.5
M Py at pH 5 and 1.9 M NaSac þ 0.1 M DISacH þ 0.5 M Py at pH 5.4. (Reprinted with
permission from Chemistry of Materials, Ultrafast electrosynthesis of high hydrophobic poly-
pyrrole coatings on a Zinc electrode: Applications to the protection against Corrosion by
E. Hermelin, J. Petitjean, P.C. Lacaze et al., 20, 13, 4447–4456. Copyright (2008) Elsevier Ltd)
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therefore, protection performance decrease in the same order. Electrochemical impedance

spectroscopy (EIS) experiments seem to confirm this point of view; indeed, the ‘one-step’

procedure led to the highest impedance of the passive layer, and this could be related to a

better barrier effect. The poorest protection, provided by the ‘galstat’ procedure, is

probably due to a poor compactness of the interlayer, but also to a greater porosity of

the PPy layer. These structural changes in the porosity of the material constitute an

Figure 16.11 Three electropolymerization procedures used for the deposition of PPy films on
iron (0.9 C cm�2 corresponding to about 1.5–2 mm thickness): (a) electropolymerization at
constant current (1mA cm�2) of a 0.05 M oxalic acid þ 0.05 M pyrrole solution (galstat);
(b) one-step and two-step procedures (see text for explanation). (Reprinted with permission
from Electrochimica Acta, Influence of the surface pre-treatment prior to the film synthesis on
the corrosion protection of iron with polypyrrole films by T. Van Schaftinghen, C. Deslouis,
A. Hubin and H. Terryn, 51, 8–9, 1695–1703. Copyright (2006) Elsevier Ltd)
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additional proof that a strong barrier effect is needed for protection, independently of all

other effects, in particular assuming that the adhesion of PPy remains about the same when

the morphology of the passive interlayer is changing.

16.2.4.2 Ionic Cross-Exchange

The ion-exchange properties of doped conducting polymers have been widely investigated

in the case of PANI. These properties are highly dependent on pH, and involve a protonic

equilibrium between EB and ES forms. The ion-exchange mechanism is different with EB

and ES. EB can sequester both proton and anionic species, forming the protonated PANI-

emeraldine salt, while ES undergoes simple anion exchange like a polyelectrolyte. These

ion-exchange properties have been used for practical applications such as the recovery of

Cr(VI) in aqueous solutions [81] or for ion exchange of various anions [82]. In the case of

PPy and polythiophene derivatives, protonation is not as efficient as in the case of PANI and,

therefore, the ion-exchange mechanisms are only related to doping and dedoping processes.

Hien et al. [88] showed that PPy electrodeposited on iron in the presence of tetraoxalate

provided anodic protection of the metal (ennobling effect) which was effective as long as

the aggressive anions (Cl�) did not reach the oxidized metal. This effect remained poor

when the polymer was doped only with tetraoxalate, but could be considerably improved

when large anions such as polystyrene sodium sulfonate (PSS) or sodium dodecylsulfonate

(SDS) were included in the polymer as dopants, and were trapped in the polymer matrix.

However, since direct electropolymerization in the presence of these anions led to PPy
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Figure 16.12 Anodic polarization curves of iron in 0.05 M oxalic acid (Ox.Ac) and in 0.05 M
oxalic acid þ 0.05 M pyrrole (Ox.Ac.þPy). Polarization rate 5 mV sec�1. (Reprinted with
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films with poor adherence, a two-step process was used. A first electropolymerization of

pyrrole was carried out in the presence of sodium tetraoxalate in order to get a good

adherence of PPy to iron, and also to provide iron passivity and the self-healing effect.

Then, on this modified electrode, a second PPy layer was electrodeposited from a pyrrole

solution containing either PSS or SDS. The whole bilayer was found to be extremely

adherent to iron, a property which constitutes the first requirement for good protection

against corrosion. Comparison of OCP curves obtained with such coated iron electrodes

immersed in 3.5% NaCl clearly showed a marked improvement of the protection when

PPy was doped with SDS. Indeed, the time at which the potential shifted from the passive

to active iron state was about 500 hours with films doped by SDS, whereas with PSS and

tetraoxalate, the same event occurred at times of about 50 and 40 hours, respectively

(Figure 16.13).

The time of 500 hours was obtained for an optimized concentration of 0.025 M SDS

corresponding to the formation of spherical micelles in the solution. A higher concentra-

tion (0.04 M) was detrimental because of a change in the organization of pyrrole in the

solution. However, the surface energy of the coating, which was not taken in consideration

in this paper, might also be significant for the barrier effect [41,42], and it is probable that

the replacement of PSS by DS would lower the surface energy of the coating. Such an

effect was observed in the case of PPy electrodeposition on zinc when salicylate was

replaced by diisopropylsalicylate, for which a more hydrophobic surface was obtained and

also an improved barrier effect [90].

In conclusion, independently of the usual effects encountered with organic coatings

(hydration, cross-linking and compactness, hydrophobicity), specific effects due to the

presence of doping anions must be taken in consideration. This mainly concerns ion
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exchange between the doping anion and the ions present in the environment, in particular

the very aggressive chloride anions, whose diffusion into the coating can be slowed down

if bulky doping anions are inserted in the conducting polymer. A thin passivating layer,

generally produced by the electrodeposition process, will also contribute to increasing the

barrier effect, and therefore improve the protection properties.

16.3 Conducting-Polymer Coating Techniques for Usual Oxidizable
Metals: Performances of Conducting-Polymer-Based Micron-Thick
Films for Protection against Corrosion

Recently, many new investigations have been developed for the replacement of inorganic

inhibitors currently used for the protection of active metals [83–84]. Efficient systems

including conducting polymers have been proposed and the improvements observed

compared to experiments of the eighties are extremely promising; the protection properties

can already be considered as competitive with the best usual systems, in particular with

prohibited, but highly performing pigmented CrVI-based coatings [39]. Many means of

exploiting the specific properties of conducting polymers to achieve an organic coating

have been described. They have been included as primers directly deposited onto the metal

as a film (by an electrochemical or chemical process) followed by application of a top coat.

They were also used in blends with other nonconducting polymers or as an additive to

modify the protection properties of conventional coatings. Moreover, in contrast to the first

studies, which were principally devoted to PANI, recently a new trend has arisen with

many studies devoted to PPy and PT derivatives, for which very promising results have

been obtained. In the following we shall describe the most relevant results obtained by

means of the two techniques.

16.3.1 Coatings Consisting of a Conducting Primer Deposited by

Electropolymerization

The technique offers many advantages compared to the chemical-based formulation

process. Undoubtedly, the possibility of obtaining a polymer film of controlled thickness

in an aqueous medium by the simple electrochemical oxidation of a monomer is of great

practical interest. Indeed, the process may be easily automated and thus its transfer to

various industrial coating applications can be envisaged. Another advantage of the tech-

nique is that it provides an excellent electrical contact between the metal and the polymer,

the first requirement for good redox behavior of the conducting polymer and ennobling and

self-healing. However, as has been previously indicated, the electrodeposition of a con-

ducting-polymer film on an active metal is not straightforward and requires that the metal

be prepassivated in order to allow oxidation of the monomer without the metal being

dissolved. This point is indeed crucial, which explains why so much effort has been

expended in finding in each case the best metal-monomer system capable of overcoming

this difficulty, which, in fact, could be considered as an advantage over casting from ECP
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formulations (in contrast to the latter technique, if partial delamination occurs, the metal

surface is already passivated when it comes in contact with air or with an electrolytic

medium and, therefore, self-healing is facilitated).

Finally, electrodeposition can be achieved either through a two-step process (pre-treatment

of the electrode, then electropolymerization) or through a single electropolymerization step of

the monomer in presence of a suitable electrolyte. The first way, particularly used in the past,

has now been replaced by the direct one-step electropolymerization technique, which is

preferred for practical and cost considerations.

The adherence of the ECP to the metal, in particular when dedoping has occurred, is also

extremely important, and critical for good protection, but, unfortunately, is not always

specified. A thin passive interlayer firmly anchored to the metal and to the polymer,

generally resulting from a precipitation reaction between the metal ion and the doping

anion, may improve the adhesion of the material. Of course, this implies a suitable choice

of the electrolyte, which will depend both on the monomer and on the metal. Thus, in the

following, a distinction will be made between ferrous and nonferrous metals, but also

between the most usual conducting polymers (PPy, PANI, PT, and derivatives).

16.3.1.1 Ferrous Metals

PPy Coatings

Undoubtedly, electrodeposition of conducting polymers on iron is the process most

studied. The first PPy coating of iron in aqueous media was carried out by Schirmeisen

and Beck [85] in the presence of nitrate salts, then, by Lacaze et al. [12,13] who improved

the process and achieved good protection after the iron surface had been pretreated by

dilute nitric acid in order to improve the adhesion [86,87]. Just as in the nitrate process, this

procedure provided a passivation of iron, but also involved an increase of the roughness of

the surface resulting from a slight attack on the surface by the acid, the effect of which was

to improve the mechanical adherence [88].

After that, the use of oxalate salts was adopted, and in spite of a slight dissolution of the

metal during the electropolymerization, very adherent (11.5 MPa adherence) and homo-

geneous films were obtained by Beck and Michaelis [14,15]. Some time later, the study

was taken up again by Su and Iroh who studied the effects of various electrochemical

process parameters on the synthesis and the properties of PPy electrodeposited on iron

[89–90]. They confirmed that in acidic medium the pyrrole electrochemical polymeriza-

tion takes place on the passivated electrode coated with crystalline iron(II) oxalate, and

that PPy is deposited after the desorption of oxalate. As mentioned previously, the work of

Shaftinghen, Deslouis et al. [91] showed that the protection properties of the material were

dependent on the pyrrole electropolymerization conditions.

Other electrolytes have been tested. Saccharin sodium hydrate was recently proposed by

Bazzaoui et al. [91], as well as saccharin added to oxalic acid as supporting electrolyte

[92]. In this latter case an improvement with respect to the oxalic acid electrolyte was

attributed to a reinforcement of the barrier effect of the passive layer. Less usual ways have

been explored with ionic liquids as media for electropolymerization. Formation of highly

conducting PPy on iron in 1-butyl-3-methylimidazolium hexafluorophosphate was

reported [93]; however, it does not seem promising because such solvents are expensive

and also because adhesion to the metal is poor.
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PANI Coatings

Since the pioneering work of Wessling, who was the first to propose a commercial product

based on PANI formulations for the protection of iron (Ormecon International, Zipperling

Kessler) [94], the electrochemical technique has also been used for the deposition of PANI

films on iron. After the work of DeBerry, several electrolytes were systematically tested.

Sazou and Georgolios [95] found oxalic acid to be the most suitable, but the performance

was poor and, without special pretreatment of the surface, the films were very porous and

did not resist for long an aggressive chloride solution. An alternative was found with the

prior deposition of a thin acid-resistant conducting-polymer film such as PPy [46,96], or by

electropolymerizing mixtures of monomers such as 1,5-diaminonaphthalene (DAN) and

aniline [70], and pyrrole and aniline [47–50], for which it appeared that bilayer films were

formed with, in general, PANI being the outer layer of the film. However, in spite of these

promising results, it is worth noting that PANI coating from formulations remains more

popular than the electrochemical technique.

Polythiophene and Derivatives

In contrast to other polymers (PPy and PANI), thiophene cannot be electropolymerized in

pure aqueous media, on account of its insolubility and also because the cation-radical is

extremely reactive towards nucleophilic species (i.e. water). Moreover, its oxidation poten-

tial is the highest of the common heterocycles (�1.8 V/SCE in LiClO4–acetonitrile) which

means that electropolymerization on active metals has been carried out with bis-thiophene,

whose oxidation potential is much lower (�0.7 V), rather than with thiophene. This explains

why polythiophene (PT) was first electrodeposited on iron using bis-thiophene in mixed

aqueous–organic media [97], and with thiophene in organic media [98,99]. Later, in order to

get rid of organic solvents, Bazzaoui, Aeiyach, and Lacaze [100] developed a new method

for the electrosynthesis of PT on platinum and iron, which was based on the use of a neutral

micellar solution in water. By using SDS as the surfactant mixed with a small amount of

butanol in aqueous LiClO4 solution, bis-thiophene was oxidized on iron at low potential

(0.7 V) and PT could be easily electrodeposited at constant current. Protection properties

were later reported by Kousik et al. [118] for thick (�20 mm) PT films electrodeposited on

iron from a solution of thiophene in acetonitrile. They concluded from EIS experiments and

after extended immersion in chloride solutions that significant protection was provided by

these coatings. The principle of iron pretreatment with the prior adsorption of a bifunctional

compound (2-(3-thienyl) ethylphosphonic acid) followed by electropolymerization of

3-methylthiophene (MT) was successfully applied by Rammelt et al. [101]. They showed

that a PMT film could be synthesized galvanostatically in CH2Cl2 on the pretreated steel

surface and was covalently bonded by the thienyl end of the adsorbed layer (Figure 16.14).

When the steel/adhesive/PMT samples were top-coated by an alkyd layer (40 mm thick)

very good protection was observed in delamination tests in chloride solution and under

cathodic polarization. The delamination tests failed when the alkyd layer was deposited

directly either on bare steel or on steel coated only with PMT.

A similar procedure, already used with PANI on iron and zinc [46], was also followed by

Tüken et al. [102]. However, in this case, the thin adhesive layer consisted of PPy,

previously electrodeposited from a pyrrole–oxalic acid solution. Then, thiophene was

electropolymerized from a thiophene–LiClO4 solution in acetonitrile. It was found that
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these PPy/PT bilayer coatings had very low porosity and exhibited an excellent barrier

effect. Once again, this seems to prove that strong adhesion of the coating is needed for a

good protection.

16.3.1.2 Nonferrous Metals

For practical and economic grounds, three main metals, aluminium, zinc, and copper have

been the most studied. Aluminium and its alloys (AA-2024 T3, AA 7075) are widely used

in the aircraft industry and, in contrast to iron, they are naturally protected by a thin

insulating oxide layer. However, it is worth noting that aluminium alloys contain other

metals, such as copper and zinc, and this might explain the electrochemical discrepancies

sometimes observed between pure aluminium and alloys. Zinc is principally used in the

automobile and building industries, sometimes alloyed with other metals (Ni, Cu). It is

deposited as a thin layer about 10 mm thick on large steel sheets in order to provide cathodic

protection of iron (more than 10 years guarantee against corrosion claimed by the

manufacturers is partly due to the presence of zinc on steel). Copper is also a critical

component of modern industry and is used not only for wiring, but also in plumbing and

heating work. Although relatively stable in the natural atmosphere, nevertheless the three

metals are subject to corrosion and have to be protected by suitable paints, as with ferrous

metals. The replacement of chromating procedures by more eco-friendly treatments is also

required and, for this reason, the use of conducting polymers was also suggested.
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Figure 16.14 Schematic representation of the PMT film bonded to a first adhesive monolayer
of a bifunctional compound. According to this process, the bifunctional compound is first
attached to iron through the PO(OH)2 group, then, electropolymerization of MT is performed
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Aluminium and Alloys

Most direct electropolymerization reactions of heterocyclic monomers were performed

with pyrrole, while PANI and PT coatings were generally applied from pigmented solu-

tions. Electropolymerization on aluminum differs considerably from that on iron or steel.

The alumina film acts as an insulating barrier, inhibits electron transfer, and makes

electropolymerization difficult. First significant results with PPy electrodeposition were

obtained by Beck et al. [18,19] by using oxalic acid, which is well known to produce a

porous aluminium oxide [103], essential for successful deposition through the pores. Naoi

et al. [104] showed that various sodium sulfonate surfactants, such as n-dodecylbenzene-

sulfonate (SDBS), butylnaphthalenesulfonate (BNS), and n-dodecylsulfate (SDS),

allowed to deposit simultaneously porous Al2O3 and PPy with a high current efficiency.

They assumed that PPy growth was due to the presence of electronically conducting paths

in the Al2O3 layer. A great improvement for direct PPy electrodeposition on aluminium

alloys was reported by Tallman et al. [105,106] who used Tiron as an electron-transfer

mediator. In this latter case the deposition potential was shifted by 0.5 V to lower

potentials, the current efficiency was nearly 100%, the films were very homogeneous,

and the adherence was considerably improved compared to solvent-cast films (adherence

of �6 MPa with Tiron, �2 MPa with usual formulations). The use of catechol as a

mediator mixed with tosylate was also found to be suitable for PPy electrodeposition on

aluminium. The protection properties of polyurethane (PU) top-coated PPy-Al samples,

submitted to long-term immersion and ProhesionTM exposure, were tested by EIS. A good

barrier effect was reported after several months exposure [125]. More recently, Bazzaoui

et al. [107] described the successful use of saccharin sodium hydrate to deposit adherent

PPy films on aluminium. They showed a significant barrier effect with thick PPy films

(11 mm) immersed in 0.1 M HCl. However, in contrast to the previous procedure, a high

overvoltage was needed and, therefore, the PPy was probably overoxidized.

Electrodeposition of PANI derivatives was achieved by Shah and Iroh [108] in the case

of Al alloy (2024) and N-ethylaniline in aqueous oxalic acid solution. The coating was

electrodeposited by cyclic voltammetry by application of an unusually large potential

range (–1V to þ3V/SCE). Corrosion current was measured in chloride solutions from

Tafel plots and was found to be significantly lower (about one order of magnitude) than

that of bare Al-2024. Multifunctional coatings (PPy/PANI) were also achieved on alumi-

nium by coelectropolymerization of aniline and pyrrole (in a feed ratio of 3:7) in oxalic

acid solution, but protection performances were not given [109,110].

Zinc and Other Nonferrous Metals

Plated zinc steel sheets are currently used in the automobile industry, and, as for other

metals, chromating processes have been excluded in painting procedures, justifying the

search for other solutions, in particular the electrodeposition of conducting polymers. As a

large amount of zinc-plated steel sheet is already produced by an electroplating process, it

is obvious that the electrodeposition of a conducting polymer on zinc constitutes a simple

procedure particularly well adapted to an industrial process. However, it must be noted that

several properties of zinc render its use in electrochemistry difficult: (i) its electronega-

tivity is higher than that of iron and, therefore, it oxidizes at very low potentials (–0.98 V/

SCE), (ii) it is not protected by a thin insulating layer like aluminium, and (iii) its passivity
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range is restricted, is not as broad as for iron and occurs at a high pH, unfavorable for the

application of conducting polymers. These preliminary considerations mean that the

ennobling effect is not expected with conducting polymers and, therefore, protection

against corrosion can be achieved only through self-healing and barrier effects. Of all

the available conducting polymers, and for the same reasons as previously indicated, PPy

was found to be the best adapted. However, with zinc as a substrate, the main difficulty was

to find a suitable doping salt which would allow rapid deposition of the polymer and

impede dissolution of the metal. Sodium salicylate fulfils these requirements perfectly

[111,112], and ultrafast deposition rates compatible with industrial coating procedures

were achieved. Very high current densities could be used with 100% current efficiency,

and adherent PPy films (1 mm in 3 s) were obtained. Salicylate is essential; electropoly-

merization took place on a thin zinc salicylate layer (15 nm thick) and the pyrrole

electrolysis process was quite similar to that performed on a platinum electrode.

However, no significant reduction in the deposition potential was noted compared to

other salts, like sodium nitrate, and, thus, a possible catalytic effect, as in the case of

Tiron [124], was not proved. In addition, it is worth noting that this supporting electrolyte

could work with most metals (iron, copper, aluminium . . .). As indicated previously,

protection properties were dramatically improved by using mixtures of sodium salicylate

and sodium diisopropylsalicylate and also after heat treatment in air [90]. Cross-linking

between PPy chains and an increase in the hydrophobicity improved the barrier effect, and

a self-healing effect was provided by salicylate anions, which are known also for their

corrosion inhibition properties [113]. From a practical point of view it was found that a 1 mm

thick PPy film was equivalent to a 1 mm zinc layer deposited on iron. Recently, Martins

et al. [114] used sodium tartrate as a doping salt to deposit PPy on zinc at constant current.

Several zinc-plated steel samples coated with thick PPy films (15–20 mm) were tested with

salt spray. Very good protection was obtained for times as long as 600 hours in the case of

PPy coatings deposited at 15 or 20 mA cm�2 with ultrasonic stirring. This latter is

particularly effective in improving both the protection and the mechanical properties of

the film. However, the faradaic yield was relatively poor (50% of the faradaic charge is lost

in secondary processes related probably to partial dissolution of the metal), and this might

constitute a serious drawback for an industrial process. The OCP curves revealed no self-

healing and, therefore, the protection properties may be attributed to a strong barrier effect,

resulting also from the use of rather thick PPy films.

Copper

Electrodeposition of conducting polymers on copper has been investigated by several

groups, and various salts have been tested to achieve the electrochemical polymerization

of pyrrole from aqueous solutions in a one-step process. No serious difficulty was found,

and electrolytes used previously on iron, such as oxalic acid [115,116], salicylates

[117,118], and tartrate [119] were found suitable for PPy electrodeposition on copper

and its alloys; aqueous phosphate solutions were also found to provide highly adherent

and homogenous films [120]. In all cases, PPy electrodeposition occurred after the

preliminary passivation of copper through a mixed copper salt, copper oxide, or copper

hydroxide layer. A two-step process, where an oxalate-doped PPy underlayer (PPy-

Oxalate) is first deposited, followed by a dodecylbenzenesulfonate-doped PPy layer
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(PPy-DBS), was reported by Wang et al. [121] and protected copper very effectively in

chloride solutions.

Other Nonferrous Metals

Corrosion is of less concern than with aluminium, zinc, or copper, and work devoted to

titanium [122], nickel [123], and lead [124] is related to other applications and will not be

treated in this chapter.

16.3.2 Coatings Made from Conducting-Polymer Formulations

The main difficulties related to electropolymerization processes have been ruled out, and

theoretically, no metal specificity is involved in the procedure which could restrict the

application, except the case of PANI whose acidity properties can conflict with different

metal oxides, as previously stated in Section 16.2. The main problem lies in the fact that all

the conducting polymers are generally insoluble and, therefore, mixing them with paint

will involve either the fabrication of particle dispersions or functionalization of the

polymer in order to make it soluble in an organic solvent. Initially centred on PANI

formulations, the process has been progressively extended to other conducting polymers

like PPy, PT, and their derivatives.

16.3.2.1 PANI Formulations

Much work has been devoted to the use of PANI formulations for the protection of metals

against corrosion. Two main methods of application have been described. In one case, the

PANI formulation is applied to the metal as a primer, and then top-coated by a conven-

tional polymer layer. In the second case, the PANI is diluted in a polymer matrix; it may be

a blend of PANI and another polymer, or it may be included in the coating.

PANI as a Primer

According to this technique, a commercial product made of PANI dispersions (VersiconTM,

Allied, and then CorrpassivTM, Ormecon Chemie, Ammersbek, Germany) was proposed by

Wessling, at the beginning of the nineties [23,125]. Mild-steel samples coated with these

PANI solutions and overcoated with an epoxy paint exhibited corrosion rates in aqueous

3.5% NaCl solutions or in 0.1 M HCl 100 times lower than samples coated with epoxy paint

alone [56]. It was claimed that these PANI dispersions outperformed all other similar

products, such as PANDA, developed in the same time by Monsanto [126]. The

CorrpassivTM product (about 2% PANI in the liquid coating) could be applied on iron,

steel, zinc, and aluminium. The ennobling mechanism was clearly established in the case of

iron and steel, and it was claimed that these formulations performed better than zinc-rich

epoxy paints, even at significantly lower coating thickness (20 mm instead of 60–80 mm).

Success of these ‘organic-metallic’ paints was assumed to be due to the nanosize of the PANI

particles, and to their specific formulation, different from true solutions. Other approaches,

consisting in applying a neutral N-methyl pyrrolidone-PANI ‘solution’ to steel, subsequently

doped by immersion in a solvent containing the dopant, have been proposed by several

groups[127,128,129]. Cecchetto et al. described a silane pretreatment of aluminium samples

(AA5182) in neutral environment for improving corrosion-resistance performances of
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emeraldine-base coatings [130]. Both laboratory and beach site testing indicated an effective

protection significantly better than epoxy or polyurethane top-coat alone. In contrast to these

latter results, it must be mentioned that Araujo et al. [131] obtained opposite results. Testing

mild-steel and galvanized-steel samples coated by a pure undoped PANI layer (about 15 mm

thick) and top-coated by a thick epoxy layer (70–80 mm), they found that performances, in

terms of underfilm corrosion and adhesion loss, were indeed markedly lower than those of

other reference coating systems. These apparent contradictions, which have been often cited

in the literature, are not surprising, because the adhesion of undoped polymers to metals is

known to be generally poor, and good adhesion to the substrate is the first condition for good

protection against corrosion.

In parallel with the previous technique based on PANI formulations containing doping

salts without inhibiting properties, which only allow the ennobling of the metal by the

oxidized PANI, it has been shown previously (Section 16.2.4) that efficient protection can

be obtained also when the PANI is doped by inhibiting anions. In that case, as previously

indicated, the PANI is considered as a source of inhibiting species which are released when

it is reduced, and which could be used for the self-healing of a small scratch in the coating

[75–81,84,85]. Phosphonates and, in particular, amino trimethylene phosphonic acid

(ATMP), camphorsulfonic acid, and also Prussian blue and hexacyanoferrate anions

(used for the protection of stainless steel against pitting corrosion) [132] were the main

doping anions which were tested to provide passivation through a self-healing effect.

PANI Pigmented Paints

More recently, a new tendency consisting of the application of conventional paint coatings

containing PANI additives has been developed. Thus, the protection properties of iron with

a coating (100–200 mm thick) of polymethylmethacrylate (PMMA), epoxy, or water-

soluble epoxy (WSE), each blended with PANI or poly-o-ethoxyaniline (PEtOANi),

have been reported by Huh et al. [133]. Various acids (camphorsulfonic acid, dodecyl-

benzene sulfonic acid, HNO3, HBF4 . . . ) were used as the dopants of PANI and PEtOANi.

It was found that the blended coatings performed better than the unblended coatings when

submitted to long-term immersion in 3% chloride solution. Corrosion protection of mild-

steel samples coated with a styrene–butyl acrylate copolymer (�80 mm thick) containing

various amounts (from 0.1 to 20 wt%) of HCl-doped PANI were tested by Samui et al.

[134]. Interestingly, paints containing less HCl/PANI performed better than those

containing more. This was shown to be due to more noble characteristics and to a very

low water-vapor permeability of the more lightly loaded paints. In constrast, adhesion

strength of the HCl/PANI paint was found to increase from 4 to 6 MPa with the amount of

HCl/PANI, but on the whole it remained fairly good during the corrosion tests. Similar

studies were reported by Seegmiller et al. [72] for AA 2024-T3 coated with a blend of

camphorsulfonate-doped PANI and PMMA, and also by Sathiyanarayanan et al. [135] in

the case of carbon steel coated by a PANI pigmented vinyl resin paint. Very recently,

emeraldine base (0.3 wt%) mixed with Zn3(PO4)2 (10%) and with an epoxy resin was

reported by Armelin et al. [136] to perform better than the same resin containing PANI

salt, a result in apparent contradiction of those of Araujo et al. and Williams and

McMurray previously cited. In fact, the coatings were prepared according to two distinct

procedures and, besides, the presence of Zn3(PO4)2 in the coating, which is well known for

its inhibiting properties, will obviously contribute to improve the protection properties of
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this complex coating and could act as a Lewis acid for transforming EB into ES. Very

recently, soya oil alkyd coatings pigmented by composite nanostructured PANI and

polynaphthylamine (PNA) were reported by Riaz et al. [137]. From corrosion rates,

open-circuit potential measurements and SEM studies, far superior corrosion resistance

was found compared to the PANI/alkyd system.

The same blending technique was applied to PANI doped with anions involving

inhibiting properties. Thus, the corrosion performance of a PANI-pigmented epoxy resin

coated on steel (40 mm thick) was reported by Azim et al. [138]. PANI was chemically

synthesized and doped with amino trimethylene phosphonic acid (ATMP-PANI); ATMP-

PANI pigment particles were obtained (mean size 4 mm) and were dispersed in an epoxy

resin (30 wt%). Interestingly, when such a coated steel sample is immersed in 3% chloride

solution, the OCP initially shifts to negative potentials; afterwards, it slowly shifts towards

less negative potentials (�0.22 V) and remains stable after about 40 days immersion. This

potential variation was attributed to the formation of a passive layer on iron due to the

release of the phosphonic acid.

Paints with PANI and Inorganic Pigments

Recently, new research has been developed with paints blended with inorganic pigments

coated or mixed with PANI. Kalendova et al. [139] synthesized mixed metal oxides (spinel

and perovskite structures), silicate and graphite, subsequently coated with PANI phosphate

and included as additives in epoxy-resin-based paints. The concentration of pigment in

paints was 15 vol% and about 20 wt% of PANI was present in the surface-modified

pigments. Tests in the presence of corroding substances (SO2 and NaCl) did not exhibit an

improvement in the case of mixed metal oxides coated with PANI, but very efficient

protection was found for PANI-coated graphite. A similar strategy was applied to carbon

steel by Meroufel et al. [140]. HCl-doped polyaniline (HCl/PANI) powder (2.1 wt%) was

incorporated into a powdered zinc-rich epoxy primer (ZRP). ZRP pigments are known to

provide cathodic protection, and the coating of ZRP pigments with PANI-Cl was assumed

to enhance electronic conduction inside the coating through a percolation mechanism. It

was found that the OCP remained cathodic and constant for up to 100 days immersion in

3% chloride solution. From EIS and Raman spectroscopy results it was concluded that only

a fraction of zinc particles in contact with PANI-Cl were passivated, whereas the rest

remained active. In contrast to ZRP coatings, zinc corrosion products (white corrosion)

were not observed at the surface of the PANI-ZRP coating, confirming the good

performance of these coatings. This improved protection was assumed to be due to an

enhancement of the barrier properties.

16.3.2.2 PPy and PT Formulations

Many publications have appeared during recent years and some results seem very

promising.

PPy Formulations

Very interesting results were obtained by Gelling et al. [141] with poly-3-octyl pyrrole

(POPy) and poly-3-octadecyl pyrrole (PODPy) solubilized in an organic solvent and cast

on Al 2024 T3 (2–3 mm thick), then top-coated by a �20 mm-thick polyurethane (PU)
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layer. The protection properties of the various PPy-PU bilayers were compared to usual

coatings where the PPy layer was replaced by a 20-mm-thick chromated epoxy primer. In

long-term immersion tests with dilute Harrison’s solution they found that after about 600

days of immersion, four of six controls (chromated-epoxy primer/polyurethane top coat)

were damaged (blistering), while for the six POPy/polyurethane top-coat samples there

was no damage; this result is probably related to the ennobling mechanism.

Very recently, another strategy was developed by Tallman et al. [142]. They synthesized

PPy-modified alumina nanoparticles and used them as coating filler for the protection of AA

2024-T3. Aluminium hydroxide monohydrate nanoparticles (AMN) dispersed in water

(average size 15 nm) were chemically coated by the simultaneous polymerization of pyrrole

and 1,2-dihydroxybenzene (DHB), providing modified alumina nanoparticles (PDMAN).

The PDMAN were dispersed in a branched polyester–urethane (BPEU) yielding a gel which

was coated on aluminium as a film about 10–15 mm thick, then top-coated by BPEU. The

protective behavior found was assumed to be due to an increase in the barrier effect; very

good adhesion also provided by the presence of DHB contributed to improving the protection.

PT Formulations

The use of polythiophene derivatives as paint additives is new and until now few results

have been reported. Very recently, application of a polythiophene derivative as an antic-

orrosion additive for paints was reported by Ocampo et al. [143]. The protection properties

of selected primers specially recommended for marine steel (F111) were compared to the

same primers modified by addition of 0.2 wt% of regio-regular poly(3-decylthiophene).

From long-term immersion in 3.5% NaCl solutions, it was found that a two-component

epoxy–amine resin-coated steel (films about 100–200 mm thick) exhibited degradation

after three days immersion, whereas the same coatings with polythiophene as additive

were not damaged until 30 days immersion. Interestingly, with PEDOT mixed with epoxy

paints the best protection was obtained with the paint formulation containing PEDOT in

the highest doping state [144]. This result is particularly significant, since PEDOT is well

known to be stable in its oxidized state, and, therefore, it might mean that the protection not

only works through a barrier effect, but also through an ennobling mechanism correspond-

ing to the passivation of steel1.

16.4 Nanostructured Conducting-Polymer Coatings and
Anticorrosion Protection

New research trends have emerged in the last few years in which nano- or microstructuring

of coatings (or some parts of coatings) is used to overcome some of the problems described

above and to improve their anticorrosion properties.

1 PEDOT was obtained by electrochemical polymerization of EDOT in LiClO4–CH3CN on a stainless steel electrode. It was
collected and ground, then added to the paint formulation. Steel samples were coated with the paint formulation (film about 100
mm thick) and submitted to accelerated corrosion test cycles (up to 700) of about one hour each and consisting in successive
immersion in NaCl solution, wringing, heat drying, and cooling at room temperature.
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As shown previously, anticorrosion properties are the result of a complex steady-state

situation in which several phenomena are in action: (i) displacement of the electrochemical

interface, (ii) ennobling and self-healing effects, (iii) barrier effect offering nonspecific

protection.

Protection mechanisms (i) and (iii) are ineffective when a defect appears in a coating,

and mechanism (ii) will fail for large defects, even though it may induce excellent

protection for small ones. Furthermore, delamination of the coating upon reduction of

the conductive polymer as well as the progressive incorporation of water and electrolyte

within the coating can be responsible for failure.

In any cases, it is clear that adhesion of the ECP on the metal is an essential requirement

for anticorrosion properties. It is also clear that O2 and electrolyte diffusion inside a

coating has to be avoided. It is against these two main causes of failure that micro- and

nanostructuring of coatings can bring new improvements.

16.4.1 Improving ECP Adhesion to Oxidizable Metals

One of the major problems is the usually weak and short-term adhesion between the ECP

layers and substrates of a completely different nature. The most desirable situation by far is

the covalent bonding of the ECP chains. Such control of the substrate/ECP interface is not

reached when ECPs are chemically or electrochemically deposited on surfaces through

oxidation of a monomer. While ECPs such as PPy and PANI are usually strongly adherent

on oxidizable metals when in their oxidized state, they are generally poorly adherent in

their reduced state. Indeed, the interface between the two materials is ill defined and not

controlled. More importantly, no covalent bonds between the two materials are generated,

and adhesion is mainly due to electrostatic interactions and weak chemical interactions.

When a small scratch in the coating occurs, reduction of the polymer, which is supposed to

induce self-healing, also causes delamination around the scratch. As a consequence, the

scratch size increases and the ideal steady state described above is disrupted; further

reduction of the polymer is needed to repair this new area in which there is direct contact

between the bare metal and the environment. Ultimately this will lead to a complete failure

of the coating and to corrosion extending from the initial scratch to large areas of the metal.

An advantage of incorporating ECPs into a binder such as epoxy or polyurethane is the

good adhesion that such binders provide, and the actual performance of coatings based on

formulation may be due to the fact that the adhesion is better than that obtained by

electropolymerization. However, this strategy leads to less contact between metal and

ECP and, in view of the protection mechanisms described in Section 16.2, this may be to

the detriment of the anticorrosion properties.

Several strategies have been used to improve adhesion of ECP upon oxidizable metal.

Bilayer coatings, composed of two types of ECP deposited electrochemically, are among

these strategies and several groups have reported that they provide better protection by

enhancing the adherence of the first layer to the metal. Many examples have already been

described in Section 16.2 of this chapter. However, the interface between the metal and the

first layer remains ill defined with no covalent bonds between the metal and the polymer.

An ultrathin layer (few nanometers) of material covalently bonded both to the metal

surface and to the ECP should constitute an outstanding adhesion primer. This could be
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achieved by using bifunctional coupling agents capable of chemically reacting with the metal

and with the polymer. Such coupling reagents comprise two functional groups, one like

siloxane, thiol, or phosphonate, which will strongly react with metal hydroxides or oxides and

the other, an unsaturated group or a monomer moiety, which will react with the polymer.

Several attempts have been made using organosiloxanes as adhesion primer layers on top

of which the ECP could be deposited. In this case, the silanol functions covalently bind to

pendant OH groups on still ill-defined surfaces of the metal and various oxidation products

[145–146]. An excellent survey devoted to the use of silane coupling agents for anticorrosion

was provided by Van Ooij et al. [147–148]. However, it has to be noted that organic silanes

are not easy to handle on an industrial scale; such surface treatments take time and this might

constitute a severe drawback for anticorrosion coatings. This may be the reason why the

combined use of silane and conductive polymers has been studied more for applications such

as solid electrolyte capacitors, nano- or micropatterning and electroluminescent devices.

The same applies to thiol-based pretreatments, which show some potential for specific

applications, but also require quite a long time to reach complete coverage of the metal

surface through the formation of a well-defined monolayer [149,150].

Another interesting and promising research direction is based on the electroreduction of

diazonium salts on oxidizable metals. This reaction first developed on carbon substrate

[151–152] was extended to several metals (iron, mild steel, Ni, Co, Al . . .) [153–154] and

makes it possible to graft thin layers of organic compounds on solid surfaces. The layers

generated are usually just a few nanometers thick and are assumed to be covalently

attached to the metal. They consist of small oligoaromatic chains (generally based on

oligophenylene moieties). Such layers have been studied for anticorrosion properties. Of

course, without a top-coat, their effects remain modest, but, nevertheless, the barrier effect

is important. These layers have been used as primary layers for the surface polymerization

of various monomers leading to nonconducting polymers [155–156]. However, this

method has, to the best of our knowledge, rarely been used for the electrochemical

deposition of a second material. The main reason is that the grafted layers resulting from

the reduction of diazonium salts are poorly conducting and, once deposited, any electro-

chemical processes is difficult to trigger on these modified surfaces.

Recently, this difficulty was overcome when the starting diazonium was the aniline

dimer (4-aminodiphenylamine or ADPA) [157]. In that case the grafted layer is electro-

active and aniline oxidation remains possible in aqueous sulfuric acid and leads to a

strongly adherent PANI film on the modified surface. The first experiments were per-

formed on carbon and extension to an oxidizable metal has not yet been reported.

However, as it has been proven that the covalent grafting of diazonium salts was also

successful with iron and other oxidizable metals [178–182], we think that the same

procedure might be applied in the case of iron. A strong increase of the adhesion should

be expected, and therefore an improvement of the protection properties.

16.4.2 Nanostructured Surfaces Displaying Superhydrophobic Properties

We have seen that failure of the coating can also be the result of water or electrolyte

incorporation in the coatings. This can be considerably reduced when the surface repels

water. Hydrophobic anions have therefore been incorporated into ECP coatings and have
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proven to increase corrosion protection. For instance, polypyrrole film containing a

perfluorinated dopant exhibited hydrophobicity, while ClO4
�-doped polypyrrole was

hydrophilic [158]. Similar effects were obtained when diisopropylsalicylate was used

instead of salicylate in PPy coatings deposited on zinc [90].

Water and electrolyte incorporation within the coating is due to the surface wettability.

This is an important property for most solid materials and is defined by both the surface

energy and surface morphology. Superhydrophobicity is a fairly recent term used to

describe the extreme water repellency of a rough hydrophobic surface. A surface with a

large water contact angle (�150�) is described as superhydrophobic [159]. The large

contact angle is the result of the combination of a rough microstructure and a rough

nanostructure [160,161]. The biological surfaces to which this term was originally applied

were often found to have roughness on several scales, typically with features of several

micrometers with nanometer-scale roughness as well (Figure 16.15).

The ability to control the morphology of the surface on the micron and nanometer scales

is the key to achieving nonwetting surfaces [162]. This decoupling of wetting from simple

surface energy opens up many possibilities for engineering surfaces and suggests very

important opportunities in the area of corrosion inhibition.

Direct fabrication of superhydrophobic coatings on metal surfaces has indeed brought

new research trends to the corrosion problem. Two main approaches have been developed

20 µm

200 µm

Figure 16.15 Superhydrophobic surfaces in biology: the lichen Lecanora conizaeoides
showing high roughness with inset showing water drop 155 – 4�. (Reprinted with permission
from Journal of Plant Physiology, A lichen protected by a super-hydrophobic and breathable
structure by N.J. Shirtcliffe, F. B. Pyatt, M.I. Newton and G. McHale, 163, 1193–1197.
Copyright (2006) Elsevier Ltd)
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to generate superhydrophobic surfaces [190,163]. One is to increase directly the surface

roughness of low-surface-energy materials; the other is to fabricate a suitable surface

roughness with certain materials and then to modify the as-prepared surface by grafting

hydrophobic molecules onto it.

In order to realize practical applications, methods for the elaboration of superhydro-

phobic coatings should be as cheap and easy as possible. Electrochemical methods are thus

widely used to form rough structures [164]. The concept of templateless growth of

conducting polymer nanowires is of interest for anticorrosion, however, to our knowledge,

no example has been reported for oxidizable surfaces. Liu et al. reported that polyaniline

nanowires were grown from the surface of a platinum electrode by redox polymerization,

using a programmed constant-current method designed to control the nucleation and

growth rates [194] (Figure 16.16). On the one hand, they showed that uniform and oriented

nanowires were formed only when the current density was progressively reduced and, on

the other, that the separation of nucleation and growth events was required for obtaining

oriented polymer nanowires.

Another strategy for synthesizing conducting-polymer nanofiber arrays based on a two-

phase system has also been reported by Li et al. [165]. This system ensures a very low

concentration of monomer, for instance pyrrole, in the polymerization process

(Figure 16.17).

Figure 16.16 Schematic drawing of the steps for growing oriented polymer nanowires:
(a) reactions in the electrochemical cell, (b) growth after nucleation. (Reprinted with permis-
sion from Chemistry: A European Journal, Templateless assembly of molecularly aligned
conductive polymer nanowires: a new approach for oriented nanostructures by J. Liu, Y. Lin,
L. Liang et al., 9, 604–611. Copyright (2003) Wiley-VCH)
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With successive cyclic voltammetric (CV) electropolymerizations, the length of the

polypyrrole nanofibers could be controlled from several hundred nanometers to several

micrometers (Figure 16.18).

Xu et al. reported a simple electrochemical process to fabricate superhydrophobic conduct-

ing polypyrrole films [188]. Interestingly, they demonstrated that reversible switchable
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Figure 16.17 Schematic illustration of two-phase electropolymerization: (a) Pyrrole diffuses
from the organic phase into the aqueous phase slowly (indirect diffusion). Then polypyrrole is
deposited by the diffusion of pyrrole to the electrode (direct diffusion). (b) Aligned polypyrrole
nanofibers are produced by successive CV electropolymerizations. (Reprinted with permission
from Journal of Materials Chemistry, Polypyrrole nanofiber arrays synthetized by a biphasic
electrochemical strategy by M. Li, Z. Wei and L. Jiang, 18, 2276–2280. Copyright (2008)
Royal Society of Chemistry)

Figure 16.18 SEM image of the superhydrophobic aligned polypyrrole nanofiber film after 30
CV scanning cycles using L-camphorsulfonic acid as dopant. Right inset: digital camera image
of a water drop on the nanofiber film; the contact angle is about 165�. (Reprinted with
permission from Journal of Materials Chemistry, Polypyrrole nanofiber arrays synthetized by
a biphasic electrochemical strategy by M. Li, Z. Wei and L. Jiang, 18, 2276–2280. Copyright
(2008) Royal Society of Chemistry)
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surface wettability between superhydrophobic (doped or oxidized state) and superhydrophi-

licity (dedoped or neutral state) was obtained upon changing the applied potential.

Superhydrophobicity of a surface is also a means to struggle against biofouling

corresponding to the undesirable adherence of micro-organisms, plants, algae, and animals

on submerged surfaces. The antibiofouling properties of superhydrophobic coatings have

been investigated [166]. Bioadhesion is a complicated phenomenon that involves different

types of interactions between organisms and the surface. Protein adhesion to a super-

hydrophobic surface can be inhibited to a great extent due to the water repellency of this

surface, which prevents protein solution penetration [167]. It is well known that biofouling

will induce biocorrosion [168]. Thus, superhydrophobic surfaces which are able to with-

stand salt and protein solutions in a wide range of concentrations may open up a new

avenue for applications, especially to marine engineering materials.

In summary, one-step or other simple techniques are greatly needed for the fabrication

of superhydrophobic surfaces on a large scale and with good homogeneity, and may prove

very useful for improving ECP anticorrosion properties. Furthermore, stimuli-responsive

superhydrophobic surfaces will provide interesting functional materials beyond those

found in nature. This field is in its infancy and new research efforts are required to evaluate

the full potential of these approaches to the design of chromium-free organic coatings for

protecting metals against corrosion.

16.5 Conclusions

The use of electronic conducting polymers for protection against corrosion is a topic which

has considerably progressed in the last years. From the analysis of the published work it is

obvious that much effort has been made to understand the protection mechanisms but, also,

many new metal systems have been tested and, at this time, we consider that some results

are very promising and already compare well with the prohibited chromating processes.

A simple conducting-polymer film cannot alone provide full protection to a metal, and

this means that to be efficient it must be top-coated by another polymer film. Under these

conditions, and when a small defect occurs in the coating (small scratch which puts the

metal in direct contact with the environment) two specific ways of protection may be

expected, each corresponding to a kind of self-healing: the ‘ennobling’ and ‘self-passiva-

tion’ effects. The first is obtained by metals characterized by a wide passivation potential

range, corresponding to the formation of an oxide (aluminium, iron, or steel), which

inhibits metal dissolution. Self-healing will occur through the reduction of the ECP

resulting from galvanic coupling with the metal, which moves the potential of the metal

into the passivation range, where the corrosion current is very low. Two conditions are,

however, required for this effect to be observed. Firstly, the polymer must be oxidizable in

air (PPy, PANI, PEDOT), in order to maintain a steady state. Secondly, the galvanic

current density provided by reduction of the oxidized polymer must be higher than that

corresponding to the Flade potential (transition between the active and the passive zones of

the metal). This latter point is extremely important and has been rarely taken in considera-

tion. We think, as was outlined in our discussion, that this might be at the origin of many

discrepancies reported in the literature.
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The second self-healing effect, related to ECP doped with anions with inhibiting

properties, is more general. It depends only on the formation of a thin adsorbed insoluble

salt layer in the defect, and results from the precipitation of metal ions with the doping

anion. In our opinion, this effect is similar to the ennobling effect, the difference being in

the nature of the passivation of the metal, and in the fact that the kinetics of the reduction of

the polymer is not as important as in the ennobling case.

The adherence is probably one of the most crucial properties for long-term protection.

Disbonding of the coating generally occurs through the simultaneous reduction of the ECP

and the production of OH� species at the metal–polymer interface (resulting from

the displacement of the electrochemical interface which moves from the polymer–envir-

onment to the metal–polymer). The adherence may be dramatically improved by an

appropriate pretreatment of the metal to provide tight bonding with the polymer

Other nonspecific effects, such as the compactness of the polymer and probably the more

or less hydrophobic character of the polymer, may also play an important role for good

protection to be achieved. The compactness of the polymer, which will determine its

porosity and its barrier effect, may be improved by thermal treatments, a general procedure

used in the paint industry to improve the cross-linking between unsaturated polymer chains.

The affinity of the polymer for water (detrimental towards protection), depending on the

porosity, may be also modulated by incorporating more (or less) hydrophobic doping anions

into the polymer. This should slow the diffusion of water through the coating and, therefore,

improve the protection. Elaboration of superhydrophobic surfaces on a large scale is a new

challenge which could also provide the solution to some specific cases of corrosion.

Finally, the choice between the electropolymerization technique and that of ECP for-

mulations is not straightforward and will depend on the difficulties and the relative

advantages encountered with a specific metal–polymer association. The electrochemical

technique seems better adapted than the cast formulation technique when very thin polymer

layers are required and if the system will not be exposed to a very aggressive environment.
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17.1 Introduction

Many conducting polymers, such as polyaniline [1–3], polypyrrole [4–6], polythiophene [7,8],

poly(p-phenylene) [9] and so on, have been synthesized, since the exciting discovery of

the dramatic increase in conductivity of polyacetylene after doping was achieved

30 years ago [10]. Clearly, the appearance of conducting polymers opened a significant

way to prepare a new type of material. The conducting polymers have received a great

deal of interest and are particularly appealing because they exhibit electrical, electronic,

magnetic, and optical properties similar to metals or semiconductors while retaining

their flexibility, and ease of processing, and moreover, have good redox reversibility and

the electrochromic properties. These properties are favorable to their applications in the

electronic, physical, chemical, biochemical, and environmental protection fields.

Research on conducting polymers is also closely related to the rapid development in

nanofibers, nanowires, nanotubes [11–20] and molecular electronics [21]. The nanostruc-

tured conducting polymers have aroused considerable attention in their unique properties

[22–25] and potential applications [26–32].
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The specific surface area of a nanostructured conducting polymer is much larger than

that of the bulk. Martin’s research group [13] has shown that the conductivity of the

nanostructured conducting polymer, such as polypyrrole, is higher than that of the bulk

sample of the same polymer because the former polymer is aligned and ordered. These

properties are very advantageous to electrocatalysis. Therefore, the electrocatalytic prop-

erties should be observed in nanostructured redox polymers. The reversible redox of a

conducting polymer is a basic condition for the electrocatalytic reaction of species, in

which the conducting polymer acts as a redox mediator to play an important role in charge

transfer. The catalytic activity of a conducting polymer is dependent on its redox activity,

which is related to the pH values, applied potentials, and its surface area. Beyond the

usable ranges of pH and potential, the conducting polymer loses its electrochemical

activity and suffers from an irreversible degradation. Therefore, enhancing the usable

ranges of pH, potential, and surface area are very important for conducting polymers used

as electrocatalytic materials and are also a challenge to scientists.

In this chapter, we discuss electrocatalysis caused by nanostructured conducting polymers

prepared using only electrochemical methods. The electrochemical synthetic techniques of a

large variety of conducting-polymer nanocomposites incorporated with nanoparticles of

metals [33–38] or metal oxides [39–43] have been previously reviewed [44–46]. Their

catalytic activity was mainly caused by nanoparticles of metals or metal oxides themselves,

while conducting polymers played an important role in improving dispersion and enhancing

stability of nanoparticles of metals and metal oxides. Therefore, the synthetic techniques of

these conducting-polymer nanocomposites are kept outside the scope of this chapter, but

their electrocatalytic properties are discussed here.

17.2 Electrochemical Synthetic Techniques of Nanostructured
Conducting Polymers

The electrochemical synthetic techniques of nanostructured conducting polymers are

mainly carried out using galvanostat, potentiostat, and cyclic voltammetry (CV). The

advantages of electrochemical over chemical preparation are that the sizes of the nano-

particles are easily controlled by the applied potential, current density, scan rate, and the

number of cycles, and especially that the nanostructured conducting polymer deposited on

the electrode material can be directly used to investigate its electrochemical properties and

in situ spectroelectrochemical characteristics.

17.2.1 Synthesis by Cyclic Voltammetry

In order to immobilize enzymes in conducting polymers to fabricate biosensors, the

electrochemical synthesis of polypyrrole films was studied under different conditions. It

was found that the size and morphology of polypyrrole films synthesized using cyclic

voltammetry were affected by the concentration of the supporting electrolyte at a scan

potential range between 0.0 and 1.0 V (vs. SCE), and at a scan rate of 48 mV s�1 [47]. The

diameters of particles prepared in a solution containing 0.10 M pyrrole and 0.10 M NaCl

682 Nanostructured Conductive Polymers



with pH 2.0 are in the range 20–50 nm, which are tightly arranged on the platinum foil.

However, the diameters of polypyrrole particles, obtained in the same solution, but

containing 1.0 M NaCl, are in the range 70–400 nm, which is much larger than those

prepared in a solution containing 0.10 M NaCl. This difference is attributed to the con-

centration of the supporting electrolyte. It is known that the oxidation of the conducting

polymer is accompanied by the transfer of anions from the solution to the polymer matrix,

and vice versa for reduction. The rate of anion exchange between the conducting polymer

and the solution increases with increasing electrolyte concentration during repeated

potential cycling, because of an increase in the reaction rate. The increase in the rate of

anion exchange is disadvantageous for the formation of the polypyrrole nuclei. Therefore,

as electrolysis continues, the polymerization of pyrrole takes place preferably on the

polypyrrole nuclei due to autocatalytic polymerization [48,49], which results in

the formation of polypyrrole particles with larger diameters due to the rapid growth of

the polypyrrole nuclei in the concentrated electrolyte.

Gao et al. reported the synthesis of aligned coaxial nanowire of carbon nanotubes with

polypyrrole or polyaniline using a cyclic voltammetric technique [50]. DC conductivity of

the polyaniline-coated nanotube film was measured to be 10 S cm�1, which is higher than

that of polyaniline film electrochemically deposited on a gold plate under the same

conditions. This is possibly due to the ‘doping’ effect associated with carbon nanotubes.

Choi and Park synthesized nanosized polyaniline wires and nanorings on a gold

electrode using molecular templates [51]. The polymerization was carried out using cyclic

voltammetry between –0.10 and 0.90 V (vs. Ag/AgCl in saturated KCl), in a solution

containing 20 mM aniline and 1.0 M sulfuric acid. The nanoring shown in Figure 17.1 is

about 85 nm in diameter with a ring radius of about 535 nm, leading to about 3.4 mm in total

length. The electrolytic time was controlled by scans. The strategy for this technique is that

the gold electrode is modified with a self-assembled monolayer of well-separated thiolated

cyclodextrins prior to placing in the above electrolyte. Thiolated aniline monomer is

Figure 17.1 SEM picture of polyaniline nanoring grown potentiodynamically. (Reprinted with
permission from Advanced Materials, Electrochemical growth of nanosized conducting poly-
mer wires on gold using molecular templates by S.J. Choi and S.M. Park, 12, 20, 1547–1549.
Copyright (2000) Wiley-VCH)
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anchored to the surface within the cyclodextrin cavity and forms an initiation point for

polyaniline wire growth.

Vasilieva et al. synthesized redox polymers poly[M(Schiff)] (M¼Ni, Pd;

Schiff¼ tetradentate Schiff bases) with nanowire diameters in the range 20–200 nm

using cyclic voltammetry [52]. They demonstrated that nanostructures based on redox

polymers have conductivities that are more than an order of magnitude greater than bulk

samples of the same polymers.

The fabrication of polypyrrole wires via electropolymerization within poly(methyl

methacrylate) nanochannels on an indium tin oxide (ITO) substrate was reported by

Chen et al. [53]. The electrochemical synthesis of polypyrrole was performed by a cyclic

voltammetry method in aqueous 0.1 M NaClO4 containing 0.1 M pyrrole monomer. The

potential was scanned 10 times between –0.7 andþ0.6 V vs. Pt at a scan rate of 100 mV s�1.

The nanochannels act as templates for electropolymerization of polypyrrole nanowires.

Liu’s research group reported a simple method to synthesize polypyrrole or poly

(N-methylpyrrole)/carbon-nanotube composite films using an ionic surfactant as the

electrolyte [54]. The single- or multi-walled CNTs were first dispersed in an aqueous

solution containing SDS (sodium dodecyl sulfate), then pyrrole or N-methylpyrrole was

added to the above mixture; finally the electrochemical polymerization of pyrrole or

N-methylpyrrole was carried out using repeated potential cycling between –0.2 and

þ0.8 V (vs. SCE). The typical electrolyte was an aqueous solution of 0.1 M SDS,

25 mM monomer, and 0.17 g l�1 CNTs. The SEM image of polypyrrole showed that a

uniform film was deposited at the surface of the Au electrode. There were many one-

dimensional nanostructures that stood almost vertically on the deposited film. These

nanostructures were of roughly uniform size with diameters in the range of several

hundreds of nanometers and heights of up to several micrometers. Surfactant SDS not

only served as electrolyte and dopant, but dispersed and stabilized the CNTs in the aqueous

solution.

In general, the synthesis of nanostructured conducting polymers using the cyclic

voltammetry technique was carried out in a single potential window. However, Si et al.

used cyclic voltammetry in different potential windows to synthesize functional polythio-

phene nanoparticles on an Au (111) surface [55]. The electrolyte solution consisted of

2 mM (4-benzeno-15-crown-5 ether)-thiophene-3-methylene-amine (BTA), 30 mM

HClO4, and 0.1 M NaClO4. Self-assembly of BTA monomers on Au(111) surfaces pro-

moted ordered polymerization to form polymer nanoparticles or clusters by which the size

of the polymer nanoparticles could be controlled electrochemically. In the first potential

range, the potential window was set a range of –0.1 to þ0.9 V (vs. SCE). The purpose of

this was probably to produce radical cations. The potential scan was then extended

anodically to 1.45 V to form the polymer. The BTA-based polymer films displayed

selective sensitivity to potassium ions with a linear dependence on ion concentration

over four orders of magnitude.

Polyaniline nanowires with different sizes were synthesized by cyclic voltammetry

at different scan rates, in the presence of ferrocenesulfonic acid [24]. The scan potential

was controlled at a range between –0.10 and þ0.92 V (vs. SCE). Figure 17.2 shows SEM

images of polyaniline films obtained by four cycles at scan rates of: (a) 6, (b) 12, and

(c) 30 mV s�1, and by six cycles at (d) 60 mVs�1. The SEM images in Figure 17.2 reveal

the fact that all films are constructed of interwoven nanofibers with different diameters and
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lengths. The nanofibers in Figure 17.2a have an average diameter of about 130 nm, with

lengths varying from 300 nm to 2.6 mm, and the structure is the loosest among the plots in

Figure 17.2. As the scan rate increases, the diameter and the length of the nanofibers

become smaller and smaller, and the nanostructures become more and more compact. At a

scan rate of 60 mV s�1, the nanofibers in Figure 17.2d have an average diameter of about

80 nm with lengths varying from 270 nm to 1.1 mm. It is obvious that the size of polyaniline

nanofibers can be controlled by the potential scan rate. There are two steps involved in the

electrochemical polymerization of aniline. They are, first, the formation of the polyaniline

nuclei and, second, their growth. In general, aniline in an acidic solution can be oxidized,

beginning at 0.70 V (vs. SCE), to form polyaniline. For the synthesis of polyaniline using

cyclic voltammetry, a slower scan rate is favorable to slow the formation of polyaniline

nuclei. This is because, at the slower scan rate, the retention time becomes longer in the

aniline oxidation region of 0.70 to 0.92 V under the experimental conditions, which leads

to rapid growth of polyaniline nuclei. As a result, the rate of film growth increases due to

the longer time allowing more film growth. Therefore, only a few polyaniline nanofibers

with large diameters are found in Figure 17.2a. As the electrolysis proceeds slowly at a

scan rate of 6 mVs�1, polyaniline continuously forms on the polyaniline nuclei since

polyaniline can catalyze the oxidation of aniline [48,49]. In this case, the polymerization

of aniline still takes place preferably on the polyaniline nuclei rather than at the naked

platinum surface. This is why polyaniline nanofibers in Figure 17.2a are the largest in

diameter and the longest in length. Increasing the scan rate from 6 to 12, 30, and 60 mV s�1

(a)

(c) (d)

(b)

1 µm

1 µm 1 µm

1 µm

Figure 17.2 SEM images of polyaniline films obtained at different scan rates: (a) 6; (b) 12;
(c) 30; (d) 60 mV s�1, scale bar is 1 mm. (Reprinted with permission from Journal of Physical
Chemistry B, Spectral Characteristics of Polyaniline Nanostructures Synthesized by Using
Cyclic Voltammetry at Different Scan Rates by Shaolin Mu et al., 112, 37, 11558–11563.
Copyright (2008) American Chemical Society)
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is favorable for quicker formation of the polyaniline nuclei, but slower growth. As a result,

the amount of polyaniline nuclei deposited on the platinum surface increases with

increasing scan rate. Therefore, the images in Figures 17.2a–d show that the surface

structure of polyaniline becomes more and more compact and that the nanofiber sizes

get smaller and smaller in diameter and shorter and shorter in length as the scan rate

increases. Ferrocenesulfonic acid has a large size with positive charge. On the forward

scan, the oxidation of aniline results in the formation of polyaniline; meanwhile, ferroce-

nesulfonic acid with positive charge in the polyaniline film is repelled into the solution due

to electrostatic interaction. Regular doping and dedoping processes are favorable for the

formation of smaller nanofibers. Therefore, ferrocenesulfonic acid acts as a molecular

template for the synthesis of polyaniline nanofibers. Ordered changes in the spectra of

X-ray diffraction and ESR with the nanofiber sizes of polyaniline are observed. The

crystallinity of polyaniline increases with decreasing diameter of polyaniline nanofibers;

the ESR spectra reveals the fact that the decrease in the intensity of the ESR signal is

accompanied by increases in the value of the peak-to-peak line width DHpp as the diameter

of polyaniline nanofiber decreases, which is shown in Figure 17.3.

17.2.2 Synthesis by Potentiostat

As discussed previously, the size of polypyrrole particles synthesized using cyclic voltam-

metry is affected by the concentration of the supporting electrolyte [47], and also by the

electrochemical technique used. Images of polypyrrole film, synthesized at a constant

potential of 0.70 V (vs. SCE) and in a solution containing 0.10 M pyrrole and 1.0 M NaCl,

show a compact structure composed of nanotubes with diameters of 50–90 nm and lengths

varying from 70–160 nm, which are regularly arrayed at the electrode surface. The sizes of

these tubes are much smaller than those synthesized using cyclic voltammetry in the same

3460 3480 3500 3520
Magnetic field /G
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Figure 17.3 ESR spectra of nanostructured polyaniline samples (each of 10 mg) prepared at
different potential scan rates: (1) 6, (2) 12, and (3) 60 mV s�1. (Reprinted with permission from
Journal of Physical Chemistry B, Spectral Characteristics of Polyaniline Nanostructures
Synthesized by Using Cyclic Voltammetry at Different Scan Rates by Shaolin Mu et al., 112,
37, 11558–11563. Copyright (2008) American Chemical Society)
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solution [47]. This is because the periodic doping and dedoping processes of the conducting

polymer occur during repeated potential cycling, whereas the doping process only occurs

during constant potential electrolysis. Therefore, it is expected that the concentration and

size of anion dopants will have larger effect on the morphology of the conducting polymer

and the size of polymer particles synthesized using cyclic voltammetry, compared to the

constant potential technique.

Kan’s research group reported the synthesis of polyaniline spherical nanoparticles in the

presence of a magnetic field [56–58]. The electrolytic solution consisted of 0.2 M aniline

and 1.2 M HCl. The electrochemical polymerization of aniline was carried out at a constant

potential of 0.7 V (vs. SCE) and an applied magnetic field of 780 mT. Images of the

polyaniline films indicated that polyaniline nanoparticles synthesized in the presence of

the magnetic field were uniformly dispersed on the electrode surface and had an average

diameter of about 95 nm (Figure 17.4a); however, polyaniline film synthesized in the

absence of magnetic field showed an irregular flake structure with large sizes

(Figure 17.4b). It is clear that the applied magnetic field strongly affected the morphology

of the polyaniline film and the size of the particles. This is attributable to the orientation

effect of a magnetic field on aniline polymerization, since aniline in strongly acidic

solution exists in the protonated form with a positive charge. However, the spherical

nanoparticles were also produced in a solution containing 0.2 M aniline, 1.0 M HCl, and

0.2 M CeCl2 or other chlorides, such as NiCl2, CuCl2, and ZnCl2 [59]. The electrochemical

polymerization of aniline in this solution was carried out at a constant potential of 0.8 V

(vs. SCE) in the absence of a magnetic field. The average diameter of most of polyaniline

particles obtained in this manner was in the range 50–200 nm. The formation mechanism

of polyaniline nanoparticles in this system was suggested by the authors to be as follows

[59]: the polyaniline chains are first formed on the ITO electrode surface in the early stages

of electropolymerization, then Co2þ, Ni2þ, Cu2þ, or Zn2þ in the solution are coordinated

with the lone-pair electrons of N atoms in the polyaniline chains. The coordination effect

makes polyaniline chains transform into a complex molecule with a polar group, which is

similar to a surfactant. According to shaping theory, when the size of a molecule with polar

Figure 17.4 Effect of magnetic field on the morphology of polyaniline films, in the presence
(a) and in the absence (b) of a magnetic field at 780 mT, respectively. (Reprinted with permis-
sion from Materials Chemistry and Physics, Studies on synthesis and properties of uniform and
ordered polyaniline nanoparticles in the magnetic field by J. Kan, Y. Jiang and Y. Zhang, 102,
2-3, 260–265. Copyright (2007) Elsevier Ltd)
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group approaches the proportions of spherical particle morphology, it tends to aggregate

spherical particles [60].

Kan’s research group also investigated the effect of alcohols on the electrochemical

polymerization of aniline at a constant potential of 0.8 V (vs. SCE) [61]. They found that

the presence of alcohols favors formation of nanofibers. This is attributed to hydrogen

bonding between alcohols and polyaniline chains, which results in the polymer chains

being pushed apart [62].

Polypyrrole nanotubes synthesized at a constant potential using the pores of nanoporous

polycarbonate (PC) particle track-etched membranes as a template [63,64] and polypyrrole

nanowires synthesized at a constant potential of 0.9 V (vs. SCE) using nanochannels of

proton-modified natural zeolite clinoptilolite [65] have been reported. Their electroche-

mical properties were improved compared to the conventional polypyrrole.

Polyaniline nanotubes were synthesized using nanoporous polycarbonate particle track-

etched membranes as templates at a constant potential of 0.8 V (vs. Ag/AgCl) [66]. The

electrolytic solution consisted of 0.3 M aniline and 1 M HCl and the polymerization time

was defined. It was found that the nanostructured polyaniline showed an enhancement of

the electronic conductivity compared to analogous polymer bulk conductivity. Tagowska

et al. investigated the effect of anions on conformation and oxidation states of polyaniline

nanotubes by Raman spectroscopy, in which polyaniline nanotubes were synthesized at a

constant potential of 0.8 V (vs. Ag/AgCl) using polycarbonate filtration membranes with

pore diameters of 100 nm as a template [67]. Figure 17.5 shows the typical SEM picture of

polyaniline nanotubules synthesized in 1 M HCl solution. Raman spectra demonstrated a

significant result that the kind of anions influenced not only the morphology of the

polyaniline nanotubules, but also their oxidation and conformation states. In the presence

of ClO4
� anions, they obtained polyaniline nanotubules in a semioxidized polaronic state

and a planar conformation, while in the presence of Cl� anions polyaniline nanotubules

were formed in a fully oxidized state (bipolaronic form) and the chains were twisted. This

indicates that polyaniline nanotubules synthesized in the presence of ClO4
� were not

200 nm
Mag = 2,500 KX LEO 1530–CBW PAN

Figure 17.5 SEM of typical polyaniline nanotubules. (Reprinted with permission from
Synthetic Metals, Polyaniline nanotubules—anion effect on conformation and oxidation state
of polyaniline studied by Raman spectroscopy by Magdalena Tagowska, Barbara Palys and
Krystyna Jackowska, 142, 1-3, 223–229. Copyright (2004) Elsevier Ltd)

688 Nanostructured Conductive Polymers



easily overoxidized compared to those formed in the presence of Cl�, even though the

polymerization of aniline in the two different solutions was carried out at the same

potential. This indicates that the electrochemical properties of polyaniline synthesized in

the presence of ClO4
� anions are better than those of polyaniline synthesized in the

presence of Cl� ions because there was less tendency for overoxidation.

Shi’s research group reported the electrochemical synthesis of polypyrrole nanowires

with diameters of 120–500 nm and lengths of several micrometers [68]. The polymeriza-

tion of pyrrole was performed in a solution containing pyrrole and 1-pyrenesulfonic acid

(PSA), in which PSA acts as both surfactant and dopant. The potential was fixed at 1.1 V

(vs. SCE). Electrochemical investigation demonstrated that polypyrrole wires have much

stronger electrochemical activity than the conventional flat polypyrrole film because of

their higher specific surface area. They suggested that the polypyrrole wires were possibly

formed through a micelle-guided growth process. The structures of the micelles might

change from spherical to rod- and lamellar-shaped as the concentration of the surfactant

was increased, which would influence on the morphology of the polypyrrole wires.

Therefore, the micelles adsorbed on the electrode surface would act as the templates.

Zhang et al. reported the template-free electrochemical synthesis of a superhydrophilic

polypyrrole nanofiber network at a constant potential of 0.85 V (vs. Ag/AgCl) [69]. The

electrolyte solution consisted of pyrrole, LiClO4, and phosphate. A 300-nm thick gold film

deposited on silicon wafer with an intermediate layer of Ti was used as the working

electrode. As shown in Figure 17.6, a homogeneous polypyrrole nanofiber network was

synthesized at a large scale without the assistance of any ‘hard’ or ‘soft’ template. The

diameters of the nanofibers were in a range 50–220 nm, and could be simply controlled by

the reaction time, from 2 min (Figure 17.6c) to 1 h (Figure 17.6d). The authors proposed

the mechanism of nanofiber formation to be as follows [69]. It is known that pyrrole can

form various oligomers and further randomly aggregate or self-assemble, strongly depen-

dent on the nature of its interaction with the anion present and/or the surface of the electrode.

Therefore, the presence of hydrogen bonding between phosphate and pyrrole oligomers is

essential to producing the 1-D nanofiber structure, and the electrostatic interactions between

dopant ions and pyrrole oligomers leads to an irregular nanostructure [69]. This is a simple,

environmentally friendly and one-step approach to fabricate a polypyrrole film with a unique

nanostructure.

Xiao et al. investigated the electrochemical synthetic mechanism of conducting-polymer

nanotubes in a porous alumina template using poly(3,4-ethylenedioxythiophene) (PEDOT)

as a model compound [70]. The electrochemical polymerization of EDOT was performed

potentiostatically at various potentials from 1.0 to 1.8 V (vs. Ag/AgCl) in a solution

containing EDOT, LiClO4, and acetonitrile. They found that the tubular portion of the

nanotube structure increased as the applied potential increased from 1.4 to 1.8 V at a fixed

concentration of EDOT, while the tubular portion decreased with increasing monomer

concentration from 10 to 100 mM at a fixed potential of 1.6 V.

The synthesis of polypyrrole–heparin nanotubes was performed at a constant potential

of 0.8 V (vs. SCE), using a nanoporous membrane as a template [71]. Heparin, which is a

bioactive polyelectrolyte, was used as the doping anion. The use of a bioactive doping

compound, which provides interesting biological properties in the composite sample,

allows the fabrication of functionalized surfaces able to promote direct electronic com-

munication between biological species and substrates. This result also confirmed that the
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morphology of conducting polymers is strongly affected by the nature of the anions used as

dopants during the electrosynthesis.

17.2.3 Synthesis by Galvanostat

Liang et al. reported the direct electrochemical synthesis of large arrays of uniform and

oriented nanowires of polyaniline with diameters much smaller than 100 nm, on a variety

of substrates, without using a supporting template [72]. They designed a three-step

electrochemical deposition procedure with different current densities. In the first step, a

large current density was used to create the nucleation sites on the substrate. The initial

stage was followed by continued polymerization at reduced current density in a two-step

procedure. A typical procedure involved electrochemical deposition in an aniline-containing

electrolyte solution, by using the substrate as the working electrode. This process involved

0.08 mA cm�2 for 0.5 h, followed by 0.04 mA cm�2 for 3 h, which was then followed

by another 3 h at 0.02 mA cm�2. Reducing the current density produced uniform and

oriented nanowires. They suggest that the nanowires are formed by the following mechan-

ism: (i) nucleation on the substrate at a high current, and (ii) continued nucleation and growth

at the low current density.

Figure 17.6 FESEM images of polypyrrole nanofiber network: (a) Low magnification image
and (b) edge view of the polypyrrole nanofiber network. High magnification images of poly-
pyrrole nanofiber network formed at (c) 120 s and (d) 1 h. (Reprinted with permission from
Macromolecules, Template-Free Electrochemical Synthesis of Superhydrophilic Polypyrrole
Nanofiber Network by J.F. Zhang, C. M. Li, S. J. Bao et al., 41, 19, 7053–7057. Copyright (2008)
American Chemical Society)
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Tseng’s research group reported a template-free, site-specific, and scalable electroche-

mical method for the fabrication of individually addressable polyaniline nanoframework

electrode junctions (PNEJs) in a parallel-oriented array [73]. These polyaniline nanofra-

meworks, which are composed of numerous intercrossing polyaniline nanowires that have

uniform diameters ranging from 40 to 80 nm, can be used for the chemical sensing of HCl

and NH3 gases, and ethanol vapour, and for sensing the pH of aqueous NaCl solutions.

They chose to prepare 10 PNEJs simultaneously by growing 10 polyaniline nanoframe-

works site-specifically from one set of electrodes to other set of electrodes across 2-mm

gaps. The electrochemical process could be divided into three continuous steps. In the first

step, a constant current (50 nA) was applied to introduce the polyaniline nuclei onto the Pt

working junction electrodes. This relatively high current enables a large quantity of the

initial polyaniline nuclei to form on the electrode surface. They serve as seeds for

the growth of the nanoframeworks during the following two steps. After this first step,

the current was reduced to 25 nA. During the second step, the polyaniline nanoframeworks

began to propagate from the working junction electrodes to the other set of junction

electrodes. Finally, the current was further decreased to 12 nA. After 180 min, the 10

PNEJs were obtained simultaneously in a parallel array with each polyaniline nanoframe-

work positioned precisely within the 2-mm gap between its electrodes. It is clear that this

method is very similar to the report by Liang et al. [72].

Ramanathan et al. reported a facile technique for fabrication of individually addressable

polyaniline and polypyrrole nanowire arrays of controlled dimension and high aspect ratio

(100 nm wide by up to 13 mm long), and site-specific positioning, using a single-step

electrodeposition between electrodes in channels [74]. The electropolymerization was

performed in the galvanostatic mode by applying a desired current, while the potential

of the working electrode was monitored continuously with respect to a pseudo reference

electrode. This technique is capable of producing arrays of individually addressable

nanowire sensors, with site-specific positioning, alignment, and chemical compositions.

Based on this technique, they fabricated field-effect transistors based on single nanowires

of conducting polymers (i.e., polyaniline and polypyrrole) [75].

The nanostructured polyaniline was synthesized at a constant current in the presence of

an ionic liquid (1-ethyl,3-methylimidazolium bromide) [76]. The electrolytic solution

consisted of 1 M aniline, 1 M HCl, and 2 M ionic liquid. The ionic liquid acts as a

supporting electrolyte as well as a dopant. Also, polyaniline nanofibers were synthesized

at a constant current using a stainless-steel plate as a working electrode in a solution

containing 0.5 M aniline and 2.0 M H3PO4 [77]. The authors assumed that the nanofibers

may be derived from the gels formed during the electrochemical deposition [77]. They also

found that the dendritic degree of polyaniline nanofibers is related to dopants, and the order

is as follows: PANI-H3PO4 > PANI-H2SO4 > PANI-HNO3. No nanofibers were obtained

using CH3COOH as dopant due to the high solubility of PANI-CH3COOH [77].

Lu’s research group electrochemically synthesized polypyrrole nanotubes using stain-

less steel as a working electrode [78]. The electrochemical polymerization was performed

under a constant current density of 1 mA cm�2 in a solution containing pyrrole, KNO3, and

methyl orange. It is worthy of note that methyl orange is not a surfactant molecule since it

lacks surfactant properties such as effective lowering of the surface tension and a well-

defined critical micelle concentration, while it can form a fibrillar precipitate on the

electrode via electric flocculation in a neutral aqueous solution prior to the polymerization
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of pyrrole. Thus, the fibrillar precipitate of methyl orange acts as a template for the

subsequent growth of polypyrrole nanotubes. It is interesting that polypyrrole nanotubes

synthesized in this manner showed a high conductivity and an ability to alter photoche-

mically the electrical behavior.

For all the above electrochemical synthetic techniques, the electrolysis time for the

synthesis of nanostructured conducting polymers must be controlled, depending on the

experimental methods and conditions, as the sizes of the conducting polymers, such as

nanoparticles, nanorods, nanofibers, and nanotubes, will continuously grow with time.

17.3 Electrocatalysis at Nanostructured Conducting-Polymer
Electrodes

An electrocatalytic reaction almost always involves a nonelectroactive species (Z) in the

following chemical reaction, which regenerates starting material [79]:

Oþ neÐ R (17:1)

Rþ ZÐ Oþ Y (17:2)

If species Z is present in large excess compared to O, then (17.2) is a pseudo-first-order

reaction. To compare conveniently catalytic activity between the nanostructured conduct-

ing polymer and the bulk polymer, the key thing is that the amounts of the conducting

polymer deposited on the electrode should be equal. The characteristics of the electro-

catalytic reaction are related to the electrochemical techniques used. These characteristics

are an increase in current density for potentiostat; a shift in peak potentials for oxidation

and reduction toward less positive potentials and more positive potentials, respectively, for

galvanostat; and an increase in the oxidation or reduction peak current, or a shift of the

peak potentials of oxidation and reduction toward less positive potentials and more

positive potentials, respectively, or both for cyclic voltammetry.

17.3.1 Electrocatalysis by Pure Nanostructured Conducting Polymers

Some conducting polymers themselves have catalytic ability [80–84] because they can be

oxidized and reduced reversibly, which provides an advantageous condition for enhancing

the charge-transfer rate. However, a necessary condition for electrocatalysis is that the

redox potential of the species to be oxidized or reduced by the conducting polymer is

within the potential range in which the conducting polymer itself is electroactive. In

general, the electric activity of the conducting polymer is dependent on pH. In fact, each

conducting polymer has own useable potential and pH range, which should be considered

before choosing the conducting polymer as a catalyst in the electrocatalytic field. For an

electrocatalytic reaction caused by a conducting polymer, the catalytic activity of the

nanostructured conducting polymer must be greater than that of the corresponding bulk

polymer because of the smaller specific surface area in the latter case. For convenience,

synthesis methods, electrocatalytic methods, and electrocatalytic characteristics of pure

nanostructured conducting polymers are listed in Table 17.1.
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Nitrite is more difficult to reduce. However, it was found that nitrite could be reduced at

the polyaniline (PAN) carbon nanotube composite-modified electrode, which was fabri-

cated by galvanostatic electropolymerization of aniline on a multiwalled carbon nanotube

(MWNTs)-modified gold electrode. This electrode exhibited enhanced electrocatalytic

behavior for the reduction of nitrite and facilitated the detection of nitrite at an applied

potential 0.0 V (vs. SCE) [85]. Evidence for the catalytic behavior was that no obvious

response was observed at a bare gold electrode, indicating that nitrite is difficult to reduce at a

bare gold electrode at 0.0 V. The carbon nanotubes used here did not take part in the

electrochemical reaction, but played an important role in enhancing the surface area of

the electrode. The above experimental result was confirmed by Luo et al. [86]. They used

the polyaniline/polystyrene (PS) nanocomposite electrode to study the reduction of nitrite.

The electrode was prepared on an electrochemically pretreated glassy carbon (GC)

electrode, which had been previously modified with multilayer of PS nanoparticles with

a diameter of 100 nm. Polyaniline was electropolymerized and grown through the inter-

stitial spaces between the PS nanoparticles, which formed a nanocomposite film of

polyaniline and PS nanoparticles on the electrode surface. The experimental result demon-

strated that the catalytic response of the polyaniline/PS nanocoposite film to nitrite was

more than 10-fold greater than that of an equivalent bulk-polyaniline film. On the basis of

the electrocatalytic reduction of nitrite on the nanostructured polyaniline, both were used

to detect the concentration of nitrite.

It is known that cytochrome c often exhibits direct quasi-reversible voltammetric

responses at metal oxide [87] and nonmetal electrodes [88], but shows almost no voltam-

metric redox peaks at bare metal electrodes [89] because of its very slow electron-transfer

rate. However, Dong’s research group observed the direct electrochemistry of cytochrome

Table 17.1 Synthesis methods and electrocatalytic characteristics of nanostructured
conducting polymers

Polymer Synthesis method
and electrode
material

Catalyzed
species

Electrolysis
method

Characteristics Ref.

PAN Galvanostat,
PAN/MWNTs/Au,
PAN/PS/GC

Nitrite
reduction

Potentiostat Increase in the
reduction
current

[85,86]

3-D POA Galvanostat with a
three-step
procedure, 3-D
POA/Pt

Cytochrome
c redox

CV Negative shift
of the formal
potential

[90]

PAN/polycatechol CV with two steps,
polycatechol/
PAN/Pt

Oxidation of
ascorbic
acid

CV Negative shift
of the oxidation
peak potential

[91]

PANOA CV with different
scan cycles,
PANOA/Pt

Catechol
oxidation

CV Negative shift
of the oxidation
peak potential
and an increase
in the peak
current

[92]
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c at the 3-D poly(orthanilic acid) (POA) nanonetwork-coated platinum electrode [90]. The

significant evidence for this is that a pair of well-defined redox waves with formal

potential (E00) of –0.032 V (vs. Ag/AgCl) was achieved at a scan rate of 20 mVs�1. The

interaction between cytochrome c and poly(orthanilic acid) makes the formal potential

shift negatively compared to that of cytochrome c in solution ( E00 ¼ 0.017 V,�¼ 20 mV s�1).

This is caused by electrocatalytic redox due to the nanonetwork conducting polymer.

It was found that polyaniline nanofibers coated with polycatechol (60–90 nm) have

good electrochemical activity over a wide pH range and can catalyze the oxidation of

ascorbic acid in a 0.1 M citrate buffer solution of pH 5.6 [91]. An oxidation peak of

ascorbic acid appears at 0.05 V (vs. SCE). The catalytic characteristics are that its

oxidation peak potential is lower than that at the bare platinum electrode and that polymer

nanofibers with the diameters of 60–90 nm have a higher catalytic activity (current

density) than those with diameters of 140–210 nm.

Copolymer poly(aniline-co-o-aminophenol) (PANOA) nanostructured fibers with aver-

age diameters in the range 70–107 nm exhibited electrocatalytic oxidation to catechol in a

Na2SO4 solution with pH 5.0 [92]. Figure 17.7A shows a cyclic voltammogram for the

electrochemical oxidation of catechol on the bare platinum electrode. An anodic peak

appears at 0.55 V (vs. SCE) that is attributed to the oxidation of catechol. This platinum

electrode was used to synthesize the copolymer films for experiments on the oxidation of

ascorbic acid. Curves 1–4 in Figure 17.7B are the cyclic voltammograms of the electro-

chemical oxidation of catechol on copolymer films with different sizes of fibers that were

synthesized by using repeated potential cycling for 8, 10, 14, and 18 cycles at a

scan rate of 60 mV s�1, respectively, in a solution containing aniline, o-aminophenol,

ferrocenesulfonic acid, and sulfuric acid. Their corresponding average diameters were
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Figure 17.7 (A) Cyclic voltammogram of catechol on a platinum electrode. (B) Effect of
poly(aniline-co-o-aminophenol) fiber diameter on the electrochemical oxidation of catechol,
at a scan rate of 60 mV s�1. Average fiber diameter: (1) 70 nm, (2) 90 nm, (3) 100 nm,
(4) 107 nm, in a solution consisting of 5 mM catechol and 0.3 M Na2SO4 with pH 5.0.
(Reprinted with permission from Electrochimica Acta, Poly(aniline-co-o-aminophenol) nanos-
tructured network: Electrochemical controllable synthesis and electrocatalysis by Shaolin Mu,
51, 17, 3434–3440. Copyright (2006) Elsevier Ltd)
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70, 90, 100, and 107 nm, respectively. The potentials of anodic peaks on curves 1–4 are

0.423, 0.434, 0.442, and 0.485 V, respectively, which are attributed to the oxidation of

catechol on the copolymer electrodes. All these peak potentials are less positive than that

of the catechol oxidation on the bare platinum electrode (Figure 17.7A). This is strong

evidence for electrocatalytic oxidation. Additional evidence is that the oxidation current of

catechol on the copolymer electrode is higher than that on the bare platinum electrode

under exactly the same conditions, for example the anodic peak current of catechol on the

bare platinum electrode is 0.28 mA in Figure 17.7A, and that of catechol on the copolymer

electrode is 0.75 mA on curve 1 and 1.5 mA on curve 3 in Figure 17.7B. The currents of the

anodic peaks on curves 1 and 3 in Figure 17.7B are caused by both the oxidation of

the copolymer itself and the oxidation of catechol. However, the anodic peak currents

of the two copolymers are 0.22 and 0.80 mA (CVs omitted here) in the same solution, but

without catechol. Therefore, the net oxidation currents of catechol in curves 1 and 3 in

Figure 17.7B are 0.53 and 0.70 mA, respectively. It is obvious that the net oxidation

current of catechol on the copolymer electrode is much higher than that on the bare

platinum electrode, even if their anodic peak potentials in Figure 17.7B are lower than

that on the bare platinum electrode in Figure 17.7A. Figure 17.7B also shows that the

oxidation potential of catechol increases with increasing diameter of the copolymer fibers,

for example the anodic peak potential on curve 1 is lower than that on curve 2. This result is

expected because of the smaller average diameters of the fibers in the former case.

17.3.2 Electrocatalysis at the Electrodes of Conducting-Polymer

Nanocomposites

Inorganic nanoparticles of different natures and sizes can be combined with conducting

polymers to form conducting-polymer nanocomposites using both chemical and electro-

chemical routes. A large variety of metal nanoparticles have been chosen for the prepara-

tion of conducting-polymer nanocomposites [44]. However, only metals having catalytic

activity, such as Pt, Au, etc. are focused on in this section. The applications of conducting-

polymer nanocomposites in the electrocatalytic field and their catalytic characteristics are

listed in Table 17.2.

17.3.2.1 Electrocatalysis of Oxygen Reduction

The electrocatalysis of oxygen reduction is a very interesting research area due to its great

importance in fuel cells and sensors. Among all the electrodes reported [93,94], the noble

metals, in particular platinum and its alloys, are considered to be the best electrocatalysts

for oxygen reduction. However, the disadvantages of high cost, the very sluggish kinetics

of oxygen reduction, poisoning by impurities, and biofoiling in biological systems limit

their practical applications in energy conversion and biosensors. Nanoparticles of Pt or

other noble metals with high surface-area-to-volume ratios exhibit promising reactivity

toward the reduction of oxygen and the oxidation of hydrogen or methanol. In this case, the

dispersion of nanoparticles during preparation and the stability of nanoparticles in high

ionic strength environments become very important. The conducting polymer/metal or
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metal oxide nanocomposites play an important role in improving the dispersion and

stability of the nanoparticles.

An electrode constructed of phosphomolybdate (PMo12O40
3�) or (PW12O40)-decorated

Pt nanoparticles (immobilized within ultrathin polyaniline film) was used to investigate

oxygen reduction [34,95]. The electrolyte was 0.5 M H2SO4 saturated with oxygen. The

cyclic voltammogram shows that the reduction of oxygen at a PMo12-protected Pt (with

polyaniline film) electrode appeared at 0.51 V (vs. Ag/AgCl). This peak potential value is

comparable to those reported previously for oxygen reduction at polycrystalline Pt or

platinized tungsten oxide electrodes [96]. Therefore, the phosphomolybdate-decorated Pt

nanoparticles showed promising reactivity toward the electroreduction of oxygen.

Li and Shi reported the preparation of two-dimensional gold nanostructures via electro-

chemical deposition of gold nanoparticles onto an indium tin oxide (ITO) glass substrate

modified with thin polypyrrole (PPy) film [33]. By controlling the electrodeposition condi-

tions, gold nanoparticles with dendritic rod-, sheet-, flower- (consisting of staggered

nanosheets), and pinecone-like structures were generated. Among them, the flower-like

gold nanoparticles showed high catalytic activity for the electrochemical reduction of oxy-

gen, and its activity (reduction current density) was measured to be approximately 25 times

that of gold pinecones and 104 times that of gold nanosheets in terms of gold weight, and 20.3

times that of gold wire in terms of film area. The electrolyte was an aqueous solution of 0.01

M LiClO4 and 0.1 M HClO4 with saturated oxygen. The pinecone-like naonoparticles can

form a compact film with nano-/microscale structures like a lotus-leaf.

Zhou et al. reported template-synthesized cobalt porphyrin/polypyrrole (TPPS-Co/PPy)

nanocomposite and its electrocatalysis of oxygen reduction in a phosphate buffer solution

(PBS) [97]. With the assistance of ultrasonication and different preparation procedures, the

nanocomposite can be electrochemically synthesized with uniform 2-D and 3-D nanos-

tructures. Lines (a) and (b) of Figure 17.8 show the cyclic voltammograms of a cobalt

Table 17.2 Electrocatalytic characteristics of conducting polymer nanocomposites

Polymer
nanocomposites

Catalyzed species Catalysis
method

Characteristics Ref.

PAN/PMo12/Pt Oxygen
reduction

CV High reactivity toward oxygen
reduction

[95,96]

PPy/Au/ITO Oxygen
reduction

CV Increase in reduction current
density

[33]

TPPS/Co/PPy
TPPS/Co/PAN

Oxygen
reduction

CV Positive shift of the reduction
peak potential and an increase in
peak current

[98,35]

POA/Pt/GC Oxidation of
hydrogen and
methanol

CV Increase in the anodic peak
current density and negative shift
of the onset potential

[100,101]

PAN/Au with
NSA

Oxidation of
ascorbic acid

CV Negative shift of the anodic peak
potential and increase in the
oxidation current

[102]

Metal particles used here are nanometer sized.
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porphyrin/polypyrrole nanocomposite-modified gold electrode in O2- and N2-saturated

PBS (0.01 M, pH¼ 7.4), respectively. It can be observed that there is a new and

pronounced cathodic process over a wide range of potentials in the O2-saturated PBS. In

addition, compared with the bare Au electrode in the O2-saturated PBS (Figure 17.8C), the

peak potential (or the onset potential) of the oxygen reduction shifts positively and the

peak current increases greatly. These results are clear indications of the occurrence of

considerable electrolysis at the nanocomposite-modified electrode for the oxygen reduc-

tion. In order to exclude the effect of polypyrrole itself, the electrocatalytic activity of pure

polypyrrole was checked by cyclic voltammograms in the O2- and N2-saturated PBS,

respectively. The results showed that there was no obvious electrocatalysis caused by pure

polypyrrole in the neutral medium (not shown here). On the basis of all these experimental

results, it can be concluded that the TPPS-Co/PPy nanocomposite is a good electrocatalyst

for oxygen reduction in a neutral medium. The authors presented a catalytic mechanism of

this nanocomposite [97]: TPPS-Co in the nanocomposite acts as the electroactive center

for the oxygen reduction, and the high density of three-dimensional nanorods provides a

high concentration of the electroactive centers for the oxygen reduction. Additionally, the

interaction between the p-electron conjugated system of TPPS-Co and that of polypyrrole
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Figure 17.8 Cyclic voltammograms of: (a) the TPPS-Co/PPy nanocomposite-coated electrode
in the O2-saturated PBS (solid line); (b) the TPPS-Co/PPy nanocomposite-coated electrode in
the N2-saturated PBS, and (c) the bare Au electrode in the O2-saturated PBS; scan rate is
50 mV s�1. (Reprinted with permission from Journal of Physical Chemistry C., Template-
Synthesized Cobalt Porphyrin/Polypyrrole Nanocomposite and Its Electrocatalysis for
Oxygen Reduction in Neutral Medium by Qin Zhou, Chang Ming Li, Jun Li et al., 111, 30,
11216–11222. Copyright (2007) American Chemical Society)
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enhances electron-transfer through the nanocomposite, which can allow rapid electron

transfer from the electrode to the active metal centers.

A TPPS-Co/polyaniline nanocomposite-modified glassy carbon electrode also showed

significant electrocatalytic activity for the oxygen reduction in acidic solution with the

number of electrons close to four [35]. In 1 M HCl, the activity of the nanocomposite-

modified GC electrode is comparable to that of a Pt disk electrode in terms of both the

number of electrons involved and the electrode potential. These features make the nano-

composite attractive for some applications, especially as an oxygen reduction electrode in

HCl solutions.

17.3.2.2 Electrocatalysis of the Oxidation of Hydrogen and Methanol

Electrochemical oxidation of methanol is important for application in direct methanol fuel

cells. Among metal catalysts, platinum is generally used as an electrocatalyst for such an

oxidation. However, it suffers from poisoning by CO, formed as a by-product, and other

adsorbed species. A promising way to enhance electrocatalytic activity of Pt and reduce its

poisoning effect is to fabricate conducting polymer/Pt composite electrodes.

Dispersing metallic particles inside conducting polymers gives the possibility of elec-

trocatalytic electrodes. Indeed, the polymer provides the possibility of higher surface areas

and is conducting in the potential range where the organic molecule is oxidized.

A platinum-modified polyaniline electrode was fabricated via the electrochemical deposi-

tion of platinum particles in the polyaniline film, which was achieved by electrolysis at a

constant potential using an acidic hexachloroplatinate solution [98]. This electrode was

used to investigate the oxidation of hydrogen and methanol, and was found to have a higher

electrocatalytic activity than the bulk platinum electrode. Moreover, the poisoning effect

was drastically decreased, as proved by in situ EMIRS spectrum studies, which showed no

significant COads signal. The kinetic results showed that the methanol electro-oxidation

was first order with respect to methanol and that the main oxidation product was

formaldehyde.

Based on the stepwise oxidation (three-step method with constant potential) of

o-anisidine, nanofibrillar porous poly(o-anisidine) (POA) film was formed on a glassy

carbon electrode [99]. Then loading of Pt nanoparticles into a nanofibrillar POA matrix

was performed by a two-step process: first, doping or sorption of [PtCl6]2� ions by simply

dipping into a Pt complex solution for 1 to 2 min and allowing the polymer film to dry for

15–20 min; next, reduction of Pt(IV) metal ions to Pt(0) metallic nanoparticles was carried

out under a constant potential, which resulted in Pt particles (10–20 nm) distributed

throughout in the polymer matrix. A POA/Pt composite formed in this way was used to

investigate the electrocatalysis of methanol oxidation [99]. The results indicated that this

electrode had higher electrocatalytic activity because of its very high surface area

(17 times higher than bulk Pt) and less poisoning effects than bulk Pt. The peak current

density of electrochemical oxidation of methanol was found to be approximately 8.6 times

higher than that of bulk Pt. In addition, the chronoamperometry result revealed that POA/Pt

composite catalyst prepared by this stepwise procedure showed 1.5 times higher catalytic

activity than POA/Pt composite catalyst prepared by the potential cycling method. The

enhanced rate of electrocatalytic activity may be due to finely dispersed Pt nanoparticles in a

POA nanofibrillar matrix and attributed to POA encapsulation of Pt nanoparticles.
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Zhao et al. reported the preparation of a nanostructured polypyrrole/carbon composite

electrode via Pt particles with 3–4 nm diameter deposited on a polypyrrole/carbon com-

posite with naphthalene sulfonic acid (NSA) as dopant, which was used as the anode of

fuel cells for hydrogen or methanol oxidation [100]. Cyclic voltammograms of hydrogen

and methanol oxidation showed that this electrode exhibited better catalytic activity than

those on plain carbon. This result might be due to higher electrochemically available

surface area, electronic conductivity, and easier charge transfer at polymer/carbon particle

interfaces allowing high dispersion and utilization of deposited Pt nanoparticles [100].

17.3.2.3 Electrocatalysis of the Oxidation of Ascorbic Acid

Granot et al. found that composite materials consisting of polyaniline/poly(4-styrene-

sulfonate) (PAN/PSS) or polyaniline/Au nanoparticles capped with 2-mercaptoethane

sulfonic acid (PAN/Au-NPs) are able to catalyze the oxidation of ascorbic acid [101].

Figure 17.9 shows the electrochemical oxidation of ascorbic acid by PAN/Au-NPs, PAN/

PSS, and bare Au electrodes. The electrocatalyzed oxidation of ascorbic acid by PAN/Au-

NPs is about twice as efficient as with the PAN/PSS system (the two electrodes include the

same content of PAN, �1.9� 10�8 mol cm�2). For comparison, they studied also the

oxidation of ascorbic acid by a bare Au electrode. The anodic peak current was observed

at more positive potentials than with the PAN-modified electrodes, implying that the

polymer matrixes act as catalysts for the oxidation of ascorbic acid. Figure 17.10 shows

the anodic current at 0.1 V (vs. SCE ) developed by the two PAN-modified electrodes and

the bare Au electrode. The overpontential required for the oxidation of ascorbic acid was

controlled by the modifier associated with the electrode, and the lowest overpotential was

observed with the PAN/Au-NP-modified film. This is due to enhanced charge transport

through the PAN/Au-NP system.
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Figure 17.9 Cyclic voltammograms of electrochemical oxidation of ascorbic acid:
(A) a planar film composed of PAN/Au-NPs; (B) a planar film composed of PAN/PSS; (C) a
bare Au electrode, in different concentrations of ascorbic acid: (a) 0 mM, (b) 5 mM, (c) 10 mM,
(d) 20 mM, (e) 30 mM, and (f) 40 mM. The data were recorded in 0.1 M phosphate buffer, pH
7.5. Oxygen was removed from the background solution by bubbling Ar. Potential scan rate,
5 mV s�1. (Reprinted with permission from Chemistry of Materials, Enhanced
Bioelectrocatalysis Using Au-Nanoparticle/Polyaniline Hybrid Systems in Thin Films and
Microstructured Rods Assembled on Electrodes by E. Granot, E. Katz, B. Basnar and
I. Willner, 17, 18, 4600–4609. Copyright (2005) American Chemical Society)
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17.4 Conclusion

Nanostructured conducting polymers have attracted a great deal of interest in their synth-

esis and applications during the past few years. Many techniques have been used to prepare

variant nanostructures of the conducting polymer and synthesize nanostructured conduct-

ing polymers. The successful synthesis of nanostructures in this field provides a conve-

nient way to study the properties, applications, and formation mechanisms of

nanostructured conducting polymers. On the basis of the present reports, it seems that

the synthetic techniques show great potential and the formation mechanism of conducting-

polymer nanostructures is getting clearer and clearer. Although, there are several different

techniques, the feature that all the synthetic techniques have in common is that a fast

polymerization rate is needed at the beginning of the reaction in both chemical and

electrochemical methods. The purpose of this is to produce a large quantity of polymer

nuclei, which enable nanostructures to form; the nuclei growth is then controlled by

polymerization time or by reducing the polymerization rate. The latter is especially

suitable for electrochemical synthesis because of the continuous growth of polymer nuclei

with electrolysis time. However, the electrolysis time is also controlled even if the

polymerization rate is reduced. The sizes of nanostructures synthesized using the electro-

chemical method are more readily controlled than when using the chemical method

because the electrochemical parameters are easily changed and controlled. Although the

synthesis of conducting-polymer nanostructures has been achieved successfully, several

challenges still remain in the field of molecular electronics, including the synthesis of

ordered and oriented arrangements of nanowires and the enhanced conductivity of nano-

wires. This is because the random structures and misalignment of the conducting polymers
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Figure 17.10 Calibration plots corresponding to the electrochemical oxidation of ascorbic acid
derived from the cyclic voltammograms at 0.1 V (vs. SCE): (a) the PAN/Au-NP system; (b) the
PAN/PSS system; (c) the bare Au electrode. (Reprinted with permission from Chemistry of
Materials, Enhanced Bioelectrocatalysis Using Au-Nanoparticle/Polyaniline Hybrid Systems in
Thin Films and Microstructured Rods Assembled on Electrodes by E. Granot, E. Katz, B. Basnar
and I. Willner, 17, 18, 4600–4609. Copyright (2005) American Chemical Society)
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are not ideal for high efficiency and faster kinetics of the electrode reaction; the ordered

and oriented arrangement of nanowires is a basic condition for molecular devices; and the

low conductivity will produce an appreciable iRs drop when current passes through the

nanowire circuit. In comparison with reports on the synthesis of conducting-polymer

nanostructures, electrocatalysis by pure nanostructured conducting polymers is scarce. It

is expected that electrocatalysis by pure nanostructured conducting polymers will develop

rapidly in the foreseeable future.
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18.1 Introduction

Conductive polymers (CPs) are an emerging technology in the field of biomaterials. While

CPs retain a predominantly investigative role in the field of medical implants, they have

shown potential across a wide range of applications, including neural interfaces, biosen-

sors, nerve grafts, and drug-delivery devices.

CPs have been extensively explored for addressing the limitations of conventional

neuroprosthetic implant devices which employ metallic electrodes to interface with neural

tissue. In this application CPs have the potential to provide a conductive interface with

properties more suited to soft-tissue integration. Unlike conventional conductive materials

CPs are relatively soft, with a textured surface conducive to cell attachment. The high

surface area relative to the geometric base area means these materials also have good

charge-transfer properties, with low impedance and negligible bilayer capacitance, a

substantial limitation of existing neural-stimulation electrode technologies. These types

of properties have resulted in much investigation of conductive polymers for a range of

other medical applications, including biosensors, nerve regeneration templates, and for

drug-delivery applications.
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18.2 Biomedical Applications for Conductive Polymers

18.2.1 Electrode Coatings

The most common biomedical applications for which CPs have been explored are implan-

table bioelectrodes for stimulating or recording from tissues. Typical neuroprosthetic

implant electrodes are fabricated from platinum, gold, or alloys of these metals and iridium

oxide. Despite recent advances in surface modification to increase the available surface

area of conventional electrodes, their minimal interaction with neural tissue limits their

ability to provide optimal stimulation of and recording from neural cells [1]. The provision

of a conductive-polymer coating has the potential to surmount these limitations by

providing a softer interface with a high surface area for delivering higher charge densities

with lower thresholds.

Bioelectrodes are used extensively in the area of biological-machine systems integration

(BMSI), particularly in relation to neural interfacing. The primary purpose of the BMSI is

to provide neural interfaces for both sensory (recording) and actuation (neurostimulation)

purposes. The majority of recent advances in BMSI for manipulation and locomotion are

in the domain of neural and rehabilitation engineering, the motivation being to improve the

quality of life of the severely paralyzed or those suffering from profound losses to various

sense organs.

The cochlear implant, bionic eye, and deep brain stimulators are examples of stimulat-

ing devices. In the case of the latter device, direct electrical stimulation of cortical and deep

brain structures has been carried out for many years to control epileptic seizures and

symptoms associated with degenerative neurological disorders such as Parkinson’s dis-

ease. Replacing a loss of motor control through functional electrical stimulation (FES) of

nerve fibers and muscle is another example. While these prostheses are used to electrically

evoke responses in specific neural tissue through controlled stimulation paradigms, in

many cases they are also required to perform recording functions that output information

relating to characteristics of the neural-tissue interface – typically the interfacial impe-

dance. Existing neural recording devices are typically more research-based, with intensive

investigation underway in the areas of brain–computer interfacing and nerve interfacing

for prosthetic control purposes.

The cochlear implant is a commercially available device that has for several decades

restored hearing percepts to patients suffering from sensorineural deafness. This device

communicates with neural tissue via a flexible electrode array inserted in the cochlea.

While the electrodes are fabricated from platinum and provide an effective long-term

stimulation platform, it is hypothesized that CP electrodes could reduce implant power

consumption and improve signal fidelity by increasing the electroactive surface area. This

would benefit patients by allowing more complex signal modulation resulting in an

improved dynamic range. The psychophysical outcome of such technology would be

clearer hearing percepts of sounds, which are currently poor due to high background

noise, such as music and speech in crowded environments [2]. Additionally, the modifica-

tion of CPs to incorporate biofunctional molecules might be used to both reduce tissue

damage resulting from implantation and rescue or aid in the survival of diseased neural

cells [1,3].
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The vision prosthesis, also known as the bionic eye, is a stimulating device which is

currently under development. Several groups around the world [4–6] are designing

implants to restore perception of sight to blind patients by bypassing the degenerative

photoreceptor tissue and electrically stimulating the remaining functional cells. Such

devices are designed to aid patients blinded by degenerative diseases of the retina such

as age-related macular degeneration (AMD) and retinitis pigmentosa (RP) [4,6,7]. In both

these diseases the photoreceptor layer regresses, but a number of cell types within the

retina, such as the retinal ganglion cells (RGCs) remain functional and can be electrically

stimulated by electrodes placed in close apposition to the target cells [8,9]. One of the

major technological barriers in developing such a device is the construction of the high-

density electrode array [1]. CPs can potentially offer one alternative to allow small

electrodes to be constructed with appropriate characteristics for long-term charge

delivery [1].

In stimulating electrode applications the current density supplied by the electrode and

the current threshold required for cell activation are integral in determining the quality of

the delivered signal. As the size of the electrodes is reduced to increase the number of

discrete stimulation points (or resolution), the current density inversely increases. For

conventional platinum electrodes this is a major limitation, as the typical charge-carrying

capacity of this metal is 6 mC cm�2 [10] and the safe charge injection limit is 250 mC cm�2,

above which hydrolysis of the platinum can result in the evolution of toxic chemical

species that can cause adverse tissue reactions [11]. Conventional CPs have been reported

as carrying charge densities of up to approx. 200 mC cm�2 [12,13]. It has been proposed

that CP coatings can provide significantly higher charge-carrying surface areas available

per geometric electrode area.

CPs have also found application in neural recording and sensing of many organ systems

in the body, with particular emphasis in brain (cortical) interfacing to provide so-called

brain–computer interfaces (BCIs). Other applications include improving biosignal detec-

tion in diagnostics and mapping approaches for corrective surgery. Studies have shown

that the distance between the recording electrodes and neural tissue has a significant

influence on the signal-to-noise ratio (SNR) [14,15]. The application of a CP coating

provides closer apposition between the recording electrode and neural tissue, resulting in

improved signal detection with less noise. An improved SNR can potentially be used to

distinguish previously unattainable signals, leading to better diagnostics and improved

surgical outcomes through more accurate localization and mapping [16].

18.2.2 Alternate Applications

18.2.2.1 Biosensors

A biosensor is a device having a biological sensing element either intimately connected to

or integrated within a transducer. The aim is to produce a digital electronic signal, which is

proportional to the concentration of a specific biochemical or enzyme. CP conductivity is

sensitive to chemical agents, and this allows them to be structured for use as biosensors,

with the conductivity being proportional to the detected biochemical. The ability to alter

the CP molecular structure and morphology makes them a superior choice for biosensors
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which are easily tailored to enhance the sensitivity and selectivity of a device to specific

biochemicals [17].

Amperometric biosensors based on CPs with incorporated enzymes such as glucose

oxidase (GOx), alcohol dehydrogenase, glutamate oxidase, and peroxidase [18–21] have

found application in both the biomedical and food industries. The most common CP-based

biosensor is used in the detection of glucose for diabetic patients. In this CP-based

biosensor, GOx is immobilized on the surface of either polypyrrole (PPy) or poly(3,4-

ethylene dioxythiophene) (PEDOT). As shown in Figure 18.1, the GOx enzyme catalyses

the conversion of glucose to D-gluconolactone and the electron release from the oxidation

reaction alters the current passing through the CP in proportion to the concentration of

converted glucose in solution [17].

18.2.2.2 Nerve Grafts

Nerve grafts or conduits guide the repair of injured neural tissue. Neural repair in the

central nervous system, as in the case of spinal injury, as well as peripheral nerve damage

associated with trauma, often result in uncontrolled growth of neural tissue. The result is

that no effective conduction path is obtained and both movement and sensory response can

be lost in the body portion distal to the injury.

CPs have potential application in nerve-graft technology, where an electroactive path is

desirable for guiding tissue growth to bridge the gap in a damaged neural conduction path.

CPs can be patterned to form channels along which neural cells extend and the preferential

adherence of cells to CPs may limit uncontrolled growth which could lead to cross-talk and

poor reconstruction of the damaged nerve. Currently CPs are not frequently used because

most are nonbiodegradable, but recent developments of novel composite CPs consisting of

degradable block copolymers indicate these materials will potentially provide superior

scaffolds for nerve repair [22,23].

18.2.2.3 Drug Delivery

The ability to nanostructure CPs allows biological signaling factors to be incorporated into

these materials, through a variety of routes [3,13,24]. Electrochemical reduction of

oxidatively doped CPs can conceivably allow the release of microscopic doses of

Figure 18.1 Schematic of conducting polymer PEDOT functionalized with GOx, operating as
a biosensor for detecting glucose levels
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biological inclusions to controllably supply tissues with appropriate biological cues

[19,25]. Biological release profiles can also be controlled through either polymer compo-

sition and structure or through the application of electrical potentials, which releases

charged biomolecules via ionic flux [26].

Such bioactive CPs can be designed for targeted cell responses. This functionality has

been predominantly exploited in the field of neuroprostheses to promote neural cell growth

towards microelectrodes and is hypothesized to aid in the survival and rescue of degen-

erative cells [3,27,28]. The provision of cell adherence proteins and growth factors within

CPs have significantly improved in vivo cell interactions with electrodes [3,14], but wider

applications of bioactive CPs have not been thoroughly investigated. It is hypothesized

that bioactive CPs could find application in the prevention of infection and reduction of

inflammation through the provision of antibiotics, anti-inflammatories, and other appro-

priate drug formulations.

18.3 Polymer Design Considerations

18.3.1 Conduction Mechanism

Conductivity in electroactive polymers arises from the presence of conjugated double

bonds along the backbone of an otherwise insulative structure. In conjugation, the bonds

between the carbon atoms are alternatively single and double. Every bond in the backbone

contains a localized ‘sigma’ (s) bond which forms a strong chemical bond and every

double bond also contains a less strongly localized ‘pi’ (p) bond [29]. This alternate bond

arrangement produces a low energy state and introduces a conduction band [30].

The polymer is transformed into a conductor by doping it with either an electron donator

or an electron acceptor. The main criteria for a conducting-polymer dopant is that it must

oxidize or reduce the polymer without lowering its stability [30,31]. In oxidative doping an

electron is removed from the p-system of the backbone producing a free radical and a

spinless positive charge. The radical and cation are coupled to each other via local

resonance and the combination is called a polaron. Upon further oxidation the free radical

of the polaron is removed, creating a new spinless defect called a bipolaron [32].

Eventually, with continued doping, continuous bipolaron bands can be formed along the

conducting polymer backbone, as shown on the left side of Figure 18.2.

On application of a potential across a conducting-polymer film, the main mechanism of

conduction is the movement of charge carriers between localized sites or between bipo-

laron states. Ion movements in or out of the film are dependent on dopant charge and
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Figure 18.2 Bipolaron conduction of charge across polypyrrole chains
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motility, but can be ideally represented by the reaction in Figure 18.2 [27]. Although

bipolarons are known to be the main source of charge carriers, the precise mechanism of

charge transport through conducting polymers is not fully understood [30]. It is important

to consider that most conducting polymers are highly disordered, consisting of both

amorphous and crystalline regions. Charge transport is known to occur not only along

the polymer chains, but also between chains and the complex boundaries established by the

multiple phases.

18.3.2 Conventional Components

The performance of a CP in any given application is highly dependent on the monomer, the

dopant and the solvent from which the CP is evolved or cast, all of which may have

significant impact on the properties of the resulting polymer. The first widely recognized

CP was polyacetylene (PA), which when doped with iodine was found to have a

10-million-fold increase in its conductivity [33]. This polymer has not been extensively

studied for biomedical applications due its low thermal and chemical stability in air [34].

Today, one of the most commonly used CPs in the biomedical literature is polypyrrole

(PPy) which was first described as early as 1968 [35]. The monomer units from which

these polymers are derived are integral in determining their physicochemical properties

and the cyclic polyenes depicted in Figure 18.3 are the most prevalent CPs reported for

biomedical use. PPy, polythiophene (PTh), and polyaniline (PANI) have emerged as the

predominant class of CPs that exhibit thermal stability, high conductivity, and ease of

synthesis.

Neural electrodes are often used for chronic implant applications that demand chemical

and electrical stability of materials. Yamato et al. found that PPy has limited electrical

response under cyclic voltammetry because of structural defects along the CP backbone
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Figure 18.3 Chemical structures of common conductive polymers for biomedical
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[36]. Derivatives of PTh such as poly(ethylene dioxythiophene) (PEDOT) (Figure 18.3C),

have been increasingly investigated for their superior electrochemical stability and ability

to be tailored for altered functionality [36–39].

Xiao et al. investigated PEDOT derivatives poly(hydroxymethylated-3,4-ethylenediox-

ylthiophene) (PEDOT-MeOH) and PEDOT doped with sulfonatoalkoxy ethylene diox-

ythiophene (SEDOT) to improve water solubility of EDOT and consequently increase

incorporation of biologic agents into the CP [37,38]. Films of polythiophene with different

alkyl side chains were successfully synthesized by Li et al., who found that hydrophobicity

of the films could be adjusted by introducing alkyl side chains with different lengths [39].

Hydrophobic polythiophene films with long alkyl side chains experienced higher protein

adsorption and neural cell proliferation.

While investigation of PANI has been limited, Bidez et al. [40] and Kamalesh et al. [41]

have demonstrated that films evolved from anilines do have potential application as biomater-

ials.Theemeraldinesalt ofPANI,EPANIwas found tobeboth conductiveand support cardiac

myoblast growth and proliferation [40]. Li et al. produced electrospun nanofibres incorporat-

ing PANI and gelatin [42] which were conductive and supported attachment and proliferation

of cardiac myoblasts equivalent to that observed on tissue culture plastic.

The dopant ion required for polymer conductivity is one of the most important compo-

nents of a CP. Its structure, number of available balancing charges and interaction with the

polymer backbone are key to the overall performance of the material. In biomedical

applications the dopant also needs to be nontoxic or restrained by the polymer matrix.

A number of dopant types have been investigated for use in biomedical applications,

including small anions, polymeric anions, buffer salts, and biologically active anions.

Table 18.1 summarizes various dopant types and solvents that have been reported in the

Table 18.1 Sample of the variety of polymer, dopant and solvent combinations investigated
for conducting polymers in biomedical applications

Polymer Dopant (MW) Solvent Ref.

PPy Polystyrene sulfonate (PSS, �100 kDa) H2O [12,15,43]
PPy p-Toluene sulfonate (pTS, 194 Da) H2O [44–46]
PPy Benzene sulfonate (BS, 180 Da) H2O [45]
PPy Silk-like protein fragments (SLPF,

�110 kDa)
H2O [47]

PPy Hyularonic acid (HA, 2100 kDa) H2O [48]
PEDOT PSS H2O/acetonitrile

(AN)
[12,49]

PEDOT pTS H2O/AN [12]
PEDOT Lithium perchlorate (LiClO4, 106 Da) H2O [50,51]
PEDOT Sulfonatoalkoxy-EDOT (S-EDOT, 315 Da) H2O [37]
PEDOT DCDPGYIGSR (1 kDa) H2O/AN [13,14,52]
PEDOT DEDEYFQRYLI (1.6 kDa) H2O /AN [13,24]
MeOH-PEDOT PSS H2O [38]
PANI Undoped n-Methyl-

pyrrolidone
[40]

Emeraldine
PANI

Hydrochloric acid (HCl, 36 Da) n-Methyl-
pyrrolidone

[40]

Nanostructured Conductive Polymers as Biomaterials 713



literature. Generally, these dopants have relatively low toxicity [1] and other criteria, such

as their impact on physical and electrical properties, drive their selection as dopants.

The most common solvent used in electropolymerization of CPs is water. This is mainly

due to the desire for more biocompatible materials without residual chemical solvents that

might have toxic effects on the biological environment. In some cases the monomer is not

sufficiently soluble in water, as in the case of PEDOT, and here acetonitrile (AN) is

employed to provide increased solubility. Harsh solvents are avoided when biofunctional

additives are used in the electrolyte solution, as discussed in Section 18.3.3. Strong

solvents are likely to degrade biomolecules, reducing their functionality in vivo, and

requiring higher concentrations to be used during polymerization to account for this loss.

18.3.3 Biofunctional Additives

The next generation of implantable devices are likely to require biomaterials that are more

interactive with tissues, being designed to interact with specific target biomolecules of

relevance to the specific application. Although conventional PPy and PTh films have

shown adequate biocompatibility for many biomedical applications, their lack of biofunc-

tional activity results in poor cell interactions and limits their potential as an implantable

material.

Specific biological tissue interactions can only be driven by appropriate functional

biomolecules, which can be incorporated into CPs through a variety of routes.

Biological functionality has been imparted to CPs through doping, entrapment, physical

adsorption and covalent bonding, as shown in the schematic in Figure 18.4. Some

biological signaling factors which have been used in CP applications have included silk-

like protein fragments (SLPF), hyaluronic acid (HA), various laminin peptides, enzymes,

polymeric amino acids, growth factors, and whole cells [12,13,47,48,53,54]. The main

challenges in creating a bioactive CP are first in maintaining the concentration and

Figure 18.4 Schematic of conventional biological modification routes of CPs, shown for
poly(3,4-ethylene dioxythiophene). The green molecule represents the biofunctional additive
and the negatively charged purple molecule is the dopant anion (See colour Plate 10)
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function of the biological components throughout fabrication, and second in retaining

biofunctionality for the required duration.

There are advantages and disadvantages to all methods of incorporating biologicals into

CPs. The concentration of biological entity required to functionalize a CP is usually much

higher than that required if the entity is supplied directly to the biological environment.

The method of polymer modification influences the amount of biomolecule required

during fabrication to ensure biofunctionality. Strong solvents used during electrochemical

polymerization or post-process chemical modification may degrade biologicals, and

higher concentrations need to be supplied to account for degradation. When biofunctional

molecules are used to dope a CP, high concentrations need to be supplied in the electrolyte

solution to ensure enough anions are available for polymerization to proceed. It has also

been shown that biomolecules in the electrolyte solution limit the efficiency of electro-

deposition and may degrade the mechanical and electrical performance of the polymer

[13,24,48].

Both biomolecule doping and entrapment are likely to maintain CP biofunctionality for

a longer period than if the biological molecules are adsorbed to the polymer surface post-

processing. Adsorption relies on ionic interactions at a material surface which dynamically

alters when placed in a biological environment. The presence of molecules with stronger

affinities for either the target molecule or the CP will result in displacement of the

biomolecule from the CP surface.

While covalent bonding of biomolecules to the CP surface presents the opportunity to

provide signalling factors at optimal concentration and orientation, current processing

methods are time-consuming with low efficiency of bonding [55]. There is also evidence

that significant surface morphology changes can result from chemical processing that

might affect CP electrical and mechanical performance [53,55]. Ideally, biosynthetic CPs

need to be based on a flexible design that permits interaction with varied cell types by a

simple exchange of the incorporated biomolecules. Novel techniques for the incorporation

of biofunctional additives are required to optimize their performance in CPs.

18.4 Fabrication of Nanostructured Conductive Polymers

CPs can be fabricated through a variety of routes which are classified as either predomi-

nantly electrochemical or chemical. While electrochemical synthesis has been more

widely used for preparing nanoscale CP thin films for biomedical applications, chemical

polymerization can produce large quantities of CP thick films or colloidal dispersions at

low cost. Despite these advantages, chemical techniques have found relatively little

application in biomedical applications. The advantages and disadvantages of electrode-

position and chemical synthesis are summarized in Table 18.2.

The main advantage of electrodeposition is its simplicity and reproducibility. CP thin

films of controlled thickness and morphology can be electropolymerized on conductive

surfaces, conventionally platinum, gold, or indium tin oxide (ITO), by varying the applied

number of charges passed through the electrolyte solution. However, not all CPs can be

formed electrochemically. For efficient electropolymerization, the chosen monomer must

be able to readily oxidize into its radical cation at the potential applied to the electrolyte.
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Furthermore, electrodeposition provides limited control over the resulting polymer mole-

cular weight (MW) and backbone features such as conformation (the regular 180� rotation

of adjacent monomers), regio-regularity, and cross-linking [56]. Chemical defects such

as hydroxyl and carbonyl groups or hydrogenation may also occur if the CP is over-

oxidized [57].

For CPs with asymmetrical monomers, several backbone coupling variants, depicted in

Figure 18.5, can occur. The term region-regularity refers to the amount of defect-free

2–50coupling within the backbone. This �–� coupling (alternately referred to as 2–50

coupling) provides the ideal torsional angle between monomers (and thereby low energy

Table 18.2 Comparison of Conventional Polymerization Techniques

Polymerization
Technique

Advantages Disadvantages

Electrodeposition Short polymerization time (�15 min)
Ease of set up
Uniform thin film (20 nm–100 mm) on
conducting surface (control of film
thickness)
Ability to entrap/dope biological
entities into polymer matrix

Limited number of processible
monomers
Inability to coat nonconducting
surface
Minimal control over the
molecular weight (MW) and the
structural features

Chemical Synthesis Flexibility of polymerization scheme
Coatings of nonconducting surfaces

Control over the MW and the
structural features
Post-processibility
Mass-producibility

Complexity of fabrication process
Powdery end product (requires
post-processing)
Intricacy of incorporating
complex bulky dopant
Use of oxidants

Figure 18.5 Structural assembly of CP backbone using the asymmetrical monomer PPy:
A. Coupling variants include a–a, b–b and a–b; and B. When all bonds are a–a regio-regularity
is achieved
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planar conformation and low steric hindrance). This produces a polymer backbone with an

increased degree of p-conjugation and delocalisation. Accordingly, when defective �–�
and �–� couplings occur during polymerization, properties of CP are degraded [36]. Since

electrodeposition provides minimal control over the structural features of the resulting

CPs, controlling the properties of electrodeposited films through variation of the fabrica-

tion conditions is difficult. This inability to regulate properties and the difficulties asso-

ciated with upscaling this type of reaction system, limits the ability to commercialize

electrodeposited CPs. Further details of electrodeposition are discussed in Section 18.4.1.

Chemical synthesis is a an alternative fabrication technique that may prove to be more

versatile by providing several polymerization routes for CPs. Chemical synthesis has the

benefit of permitting CP fabrication on any deposition surface while providing greater

control over the backbone structure, and is likely to be more economical when producing

large quantities of polymers compared to electrodeposition. While these advantages

make chemical synthesis promising for fabricating CPs for commercial purposes, its

intricate fabrication process make it unattractive for biomedical applications, as

explained in Section 18.4.2. Recently, a number of CPs with modified backbone struc-

tures have been investigated. These and other modification techniques of CPs are

described in Section 18.4.3.

18.4.1 Electrodeposition

Electrochemical deposition of a CP is generally carried out in a single compartment, three-

electrode (working, counter, and reference electrodes) cell with a solution of a monomer

and an electrolyte (dopant) dissolved in an appropriate solvent. A schematic of a typical

electrochemical deposition rig is shown in Figure 18.6. Upon galvanostatic (constant

current), potentiostatic (constant potential), or potentiodynamic (pulsed current or pulsed

Figure 18.6 Schematic of three-electrode cell used for electrodeposition
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potential) oxidation of the monomer, free-standing, homogeneous polymer thin film is

formed on the working electrode (anode) surface.

In typical electrochemical oxidation, the monomer is oxidized to its radical cation and

the coupling of two radicals form a dimer. The oxidation potential of the dimer is lower

than that of the monomer and, therefore, consequent reoxidation of the dimer induces a

further coupling with a monomeric radical until an insoluble oligomer is formed and

precipitates onto the anode [58]. Several studies have suggested that subsequent polymer

growth involves nucleation and three-dimensional growth processes and the electrode

material has a direct effect on this nucleation-initiated growth [59]. Platinum electrodes are

particularly beneficial as they can provide a high density of initial nucleation sites which

help produce compact CPs with high conductivities [59,60].

Previous studies have shown that experimental conditions during electrodeposition,

including solvent/electrolyte system, deposition charge, and time, pH level, and tempera-

ture will influence the morphology, conductivity, and mechanical properties of the final

polymer film [61]. Conducting polymers can be synthesized in both aqueous and organic

solvents. The most commonly used solvent in biomedical applications, water, is an oxygen

nucleophile. While beneficial in a biological system, it is not an ideal solvent for polymer

formation. When water is reduced, the oxygen forms hydroxide which reacts with radical

intermediates and disrupts chain growth. A aprotic, non-nucleophilic solvent is likely to be

more advantageous to forming polymers with good conductivity.

However, dopant solubility and pH level must be considered, as these are also dependant

on the choice of solvent. As mentioned previously, conventional sodium sulfonate dopants

and anionic biomolecules are easily dissolved in water. Aqueous sodium sulfonate elec-

trolytes have a pH range (pH 7–9) close to the body pH level and this would help to

minimize pH-induced cytotoxicity when implanted in the body. Temperature can affect

the solubility of dopant and even the viscosity of electrolyte. Generally, low temperature

helps to produce smoother, more conductive films, but the reduced dopant solubility and

the increased viscosity can be problematic [62].

18.4.2 Chemical Synthesis

The mechanism of the chemical oxidation process has not yet been explained and most

researchers assume that it is analogous to that of electrochemical oxidation. Two major

techniques of chemical synthesis are oxidative coupling and metal-catalyzed cross-

coupling. In oxidative coupling, the monomer solution of a CP is dissolved in an organic

solution, such as chloroform, and added drop-wise to a flask filled with an organic solution

of mild Lewis-acid catalysts under inert gas. Typical catalysts used are FeCl3, Fe2(SO4)3,

or CuCl2. The monomer solution mixture is then stirred for several hours to polymerize.

The schematic in Figure 18.7A and associated chemical equation in Figure 18.7B, depicts

the oxidative coupling of PPy dissolved in chloroform and catalyzed in the presence of

FeCl3.

Properties of CPs synthesized via oxidative coupling strongly depend on the reaction

conditions, including the type and amount of constituents, polymerization time and

temperature. To obtain films with high conductivity, an excessive amount of the oxidant

species is added to the mixture in order to compensate for the oxidant molecules that are
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consumed by acid by-products. In Figure 18.7B, HCl is the byproduct of the polymeriza-

tion which causes the complexation of FeCl3 to FeCl4. A low polymerization temperature

is desirable as this slows the oxidation rate of monomer and helps to fabricate region-

regular chains by providing a small amount of cations to react with the growing chain at

any given time [63].

While oxidative coupling has produced CPs with moderate regio-regularity of up to

90% for poly(3-alkylthiophene) (P3AT) [63], metal-catalyzed cross-coupling is superior

with regio-regularity of greater than 95% reported for the same CP [64]. As a result of

improved regio-regularity, metal-catalyzed CPs are more conductive. Metal-catalyzed

cross-coupling has been widely studied for CPs in electronic applications and coupling

variations employed thus far are summarized in Table 18.3. While the high conductivity of

cross-coupled CPs may be attractive for some bioapplications, the use of toxic catalysts in
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Figure 18.7 Chemical synthesis of CP by oxidative coupling: (A) apparatus and (B) example of
conventional reaction for fabrication of polypyrrole (PPy)

Table 18.3 Metal-catalyzed cross-coupling reactions for CPs

R-A þ R-B ! CPs

A B Catalysts CPs Ref

MgBr Br, I Pd or Ni *PT, PPP, PF [65] [66]
Alkyne Br, I Pd and Cu PPE [67,68]
ZnX Br, I Pd or Ni PT [69]
SnR3 OTf Pd PT, PPP, PF [70]
B(OH)2 Br, I Pd PT, PPP, PF [71]

*R¼ conducting polymer monomer unit; PT¼poly(thiophene)s; PPP¼poly(p-phenylene)s; PF¼Poly(fluorine)s;
PPE¼ poly(phenylene ethynylene)s.
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the process would increase the cytotoxicity of the resulting CP and therefore the cross-

coupling technique has rarely been implemented for biomedical applications.

18.4.3 Alternate Processing Techniques

Most studies in last two decades focused on improving the electrical properties of CPs by

optimizing reaction conditions. While a rigid conjugated backbone provides good CP

conductivity, its strong interchain electron transfer results in intractable, insoluble poly-

mers which are not thermally processible. The lack of processibility, along with the lack of

bioactive functional groups on the chain, has limited the commercial exploitation of

conventional CPs for biomedical applications. In an effort to overcome these difficulties,

both covalent and noncovalent modification techniques have been studied. The fabrication

of composite materials intended to take advantage of the properties of both constituent

materials is another common route of exploration. Additionally, the processing of CPs by

novel methods such as supercritical fluids or the manufacture of novel CP structures, such

as nanotubes, have gained interest in recent years.

18.4.3.1 Copolymer Composites

Properties of copolymers and composites are derived from the combination of the char-

acteristics of parent constituents. Accordingly, copolymerization and fabrication of com-

posites of CPs with biofunctional nonconducting polymers have been studied to combine

the electrical properties of the former with the processibility, bioactivity, and biostability

of the latter.

Several conducting copolymers have been synthesized by copolymerizing a CP with

either a conventional organic (nonconducting) polymer or another CP. Copolymerizations

of two different heterocyclics, for example pyrrole and analine [72], or two variants of the

same heterocyclic such as thiophene and 3-alkylthiophene [73], have been investigated.

This type of copolymerization is used to stabilize the polymer backbone by providing

variations in the torsion angle between adjacent aromatic rings and has been studied as a

method to increase processibility. To improve solubility CPs, water-soluble conducting

PPy graft copolymers have been prepared by using a poly-(sodium styrenesulfonate)

(PSS)-linked-pyrrole monomer as a polymerization precursor. The resulting polymer

was soluble in both water and the polar solvent DMSO [74].

Biodegradable polymer components have been employed to impart degradation

characteristics to CPs produced as block copolymers [23,75]. Rivers et al. produced

copolymers of conductive pyrrole-thiophene oligomers and biodegradable ester-aliphatic

chain [75]. Initial biocompatibility tests showed that the copolymer was degradable by

enzymes in the body and had toxicity similar to poly (lactic-co-glycolic) acid (PLGA),

supporting cell attachment and proliferation. However, the conductivity of iodine-doped

polymer was only around 10�4 S cm�1 [76]. Huang et al. fabricated a block copolymer

of polylactide (PLA) with an aniline pentameter, producing a potential nerve repair

scaffold with conductivity around 5 � 10�6 S cm�1 [23]. The use of longer conjugated

segments and different doping techniques have been suggested to improve copolymer

conductivities [76].
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Conjugation of CP oligomers with protein sequences have been theorized to

provide an optimal bioactive CP, providing the advantages of both components.

Klok et al. have studied the combination of thiophene variants, tetra(3-hexylthio-

phene), with silk inspired peptide sequences to produce block copolymers with a

self-assembled nanostructure [77,78]. These studies anticipated that the peptide or

protein sequence would improve solubility, biocompatibility, and provide control

over the structure formation of CP through protein folding. The use of the thiophene

oligomers were propounded to prevent enzymatic degradation of the polymer while

retaining an electrically conductive material. However, the specific properties of

these novel polymers are unknown as studies thus far have been concentrated on

the structural modeling of the copolymer. Despite minimal results, these biosynthetic

CPs have the potential to provide new avenues of investigation for producing the

desired combination of electrical and biological properties.

18.4.3.2 Hydrogel Composites

The role of hydrogels in CP composites can be divided into two categories: (i) a

matrix for CP particle deposition and (ii) a template for confining the structure of

CPs. The properties of these CP composites strongly depend on the concentration

and structure of the CP within the hydrogel. A number of CP-filled hydrogel

matrices have been used to obtain an electrically conducting composite with high

mechanical and biological stability. A PPy/PSS–alginate composite was fabricated by

electrodepositing PPy/PSS on alginate-coated Au electrodes [79]. The lowest impe-

dance (7 kO) of the resulting composite at 1 kHz was two orders lower than that of

the pure PPy film (�100 kO). While no mechanical properties or the PPy content of

the composite were reported, the alginate hydrogel increased the surface area of the

PPy and produced a composite with low impedance.

Similarly, PPy was electrodeposited on an UV-polymerized poly(2-hydroxyethyl

methacrylate) (pHEMA) matrix [80–82]. The addition of PPy in the pHEMA hydro-

gel reduced the electrical resistivity of pHEMA from 350 O to 52 O. The overall

impedance of the composite was constantly low at less than 100 O across the

frequency range of 1 mHz–60 kHz. Again, no mechanical properties or the CP

content of the composite were reported.

CP composites of both poly(vinyl alcohol) (PVA) [83–88] and poly(ethylene glycol)

(PEG) [87,89,90] have been fabricated by both chemical and electrochemical polymeriza-

tion of either monomer solution loaded or dispersed into hydrogel networks. Li et al.

reported that tetraethylammonium perchlorate (TEAP) doped PPy-PVA composite was

more hydrophilic than PPy/TEAP film and showed less fibrinogen adsorption on the

surface than the CP control film. The PPY-PVA composite maintained intrinsic conduc-

tivity of PPy/TEAP film (7 S cm�1) and the porous structure of the composite promoted

neural cell attachment and spreading in the model clonal line, PC12 [86].

PPY-PVA and PPY-PEG composites were fabricated by vapor polymerization of

pyrrole onto FeCl3-loaded hydrogel matrices [87]. FeCl3-loaded PVA and PEG matrices

were freeze-dried to form microstructures. The resulting composites have fine foam-like

lattice structure with low weight density. The tensile strength and conductivity of 20 wt%

PPy-PVA were 2.0 – 0.2 MPa and �0.1 S cm�1, respectively.
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18.4.3.3 Carbon Nanotube Composites

The unique combination of high mechanical stability, electrical conductivity, and surface

area make carbon nanotubes (CNTs) a popular material for a wide range of biomedical

applications, from microbial fuel cells to biochemical sensors [91–94]. Accordingly, CP

composites have been investigated to synergize both mechanical and electrical properties

of CNTs.

PPy or PEDOT/CNT composites are conventionally synthesized by electrodeposition

from a monomer/CNT electrolyte solution [93–100]. In general, the presence of CNTs has

increased the conductivity of CPs and improved their sensitivity when applied to biosen-

sors. Wu et al. [101] reported that the electrical conductivity of 3 wt% multiwalled carbon

nanotube (MWNT)/PPy composites was 150% higher than that of bulk PPy film. While

Long et al. [98] reported two orders of magnitude increase in conductivity for MWNT-PPy

composites. However, CNTs, especially single-walled nanotubes (SWNTs), have been

reported as potentially cytotoxic [102,103]. Sayes et al. reported that addition of carboxyl

or sulfonyl phenyl chains to the sidewall of SWNTs reduced their cytotoxic effect [104].

Further studies to evaluate the intrinsic cellular toxicity of CNTs and the mechanical

stability of the resulting composites are required for practical bioapplications.

18.4.3.4 Supercritical Fluid Modifications

Supercritical fluids (SCFs), in particular supercritical carbon dioxide (Sc-CO2), have been

attracting great interest as processing solvents for use in biomaterial fabrication. SCFs are

considered advantageous, due to their high diffusion coefficient and solubility, low surface

tension and viscosity, and negligible toxicity. The supercritical status of CO2 is achieved

when both temperature (TC, CO2¼ 31.1 �C) and pressure (PC, CO2¼ 72.9 bar) are above the

critical values [105]. At this critical point, shown in Figure 18.8, the liquid- and gas-phase

boundary disappears and becomes a single supercritical phase. Hence, supercritical fluids

exploit the advantageous properties of both liquid (high solubility) and gas (high diffusiv-

ity and low viscosity).

Sc-CO2 can either be used as a ‘green’ solvent [106] for chemical polymerization of CP

or as a penetrant for impregnating chemical entities into the CP matrix. Armes et al.

Pressure

Pc = 72.9 bar

Tc = 31.1°C
Temperature

Solid Liquid

Gas

SCF

Figure 18.8 Schematic pressure vs. temperature phase diagram for supercritical CO2

722 Nanostructured Conductive Polymers



reported that both the pyrrole monomer and Fe(CF3SO3)3 oxidant are soluble in Sc-CO2,

allowing the chemical fabrication of PPy films without harsh solvents [107]. Similarly,

several CP composites have been fabricated by simple two-step processing using Sc-CO2

as a solvent [108–111]. In the first step, porous matrices of polyethylene (PE) [108],

polystyrene (PS) [109], or polyurethane (PU) [110,111] were loaded with Sc-CO2-solubi-

lized oxidant (FeCl3, Fe(CF3SO3)3, Fe(CF3CO2)3, or I2). Then the pyrrole vapor was

applied to the oxidant-loaded matrix to form PPy within the matrix by chemical polymer-

ization. Kurosawa et al. [109] and Shenoy et al. [110] have reported that the amount of PPy

formed was directly related to the amount of oxidant impregnated in the substrate. Shenoy

et al. further demonstrated that the use of ethanol helped to solubilize oxidant in

Fe(CF3SO3)3 in Sc-CO2 [110].

Generally, CO2 is used only as a solvent for nonpolar molecules with low molecular

weights [112]. Thus, most polar molecules and many polymers cannot be dissolved in pure

CO2 under standard conditions (<100 �C, <350 bar), which limits the applicability of

Sc-CO2 to CPs. The development of alternate SCFs and CP structures will be required to

produce optimal biomaterials with this technology.

18.4.3.5 Novel CP Structures

A number of novel methods for nanostructuring CPs have been investigated to produce

materials with specific properties and functionalities for biomedical systems. The synth-

esis methods for nanostructured CPs can be generally divided into two main categories,

template and nontemplate approaches.

In a template synthesis, CP is polymerized within the pores or channels of a nanoporous

template to obtain the controlled structure and morphology upon removal of the template.

Templates can be either a masking of a confined area that CP can grow in or a structured

surface that CP is deposited upon. Masking type templates, namely nanoporous anodic

aluminium oxide (AAO also commonly known as Al2O3, alumina, or anodiscTM)

[113–118], hydrogels [119,120] and latex particles [121–130], have been used to prepare

nanoscale fibrils, particles, and tubules of CPs.

Kim et al. [118] electrodeposited 40-mm long, 100- or 200-nm thick PPy, PANI, and

PEDOT nanowires on an Au surface using AAO templates with cylindrical nanopores. The

diameters of the resulting nanowires were dictated by the pore sizes of the template used,

with 100 nm pores resulting in 100 nm CP wires. The polymerization was initiated along

the wall of the AAO template as the anionic template attracted cationic CP [131].

Consequently, instead of nanowires, nanotubes with wall thicknesses of 10–30 nm were

formed initially. Then, as polymerization time increased, the nanotubes were filled to yield

nanowires.

A major challenge in developing templated CPs is in the removal of templates to obtain

free-standing CP films. Kim et al. [132] removed the alumina template used to produce CP

nanowires by application of hydrofluoric acid or alternatively sodium hydroxide, follow-

ing polymerization. The use of strong acidic or basic solutions were shown to decrease the

CP conductivity from 30 S cm�1 prior to alumina dissolution, to 7 S cm�1 for the HF

treatment and 1� 10�2 S cm�1 for the NaOH treatment. The dedoping effect of NaOH

solution, through the ion exchange between the intercalated anion and OH�, accounts for

the sharp loss of conductivity [132].
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As an alternate approach, Abidian et al. [119] electrodeposited 50–100-nm thick,

100–600 nm diameter PEDOT nanotubes by using electrospun poly(L-lactic acid)

(PLLA) nanofibers as a template. The PLLA nanofibers were spun onto the microfab-

ricated neural electrode and either PEDOT or PPy was electrodeposited on the Au

conducting sites around the electrospun PLLA. After the polymerization, the PLLA

template was removed by soaking the probe tip in dichloromethane, forming nanotubes

on the neural probe. The resulting PEDOT and PPy nanotubes showed very low

impedances at 1 kHz, of 4 kO and 80 kO, respectively, when compared to uncoated

Au sites (800 kO). Additionally, the charge-transfer capacity of electrode sites modified

with PEDOT nanotubes increased by approx. three orders of magnitude due to the

increased surface area. In their more recent work, poly(lactic-co-glycolic acid)

(PLGA) nanofibers were used as a template instead of PLLA nanofibers.

Biodegradable PLGA offered an additional controlled drug-release function while

maintaining the function as a template.

Colloidal composite microparticles have been prepared by polymerizing N-methyl

pyrrole on structured poly(N-isopropylacrylamide) (PNIPAAm) microgel particles . The

maximum amount of CP that can maintain colloidal status of the formed composite was

4.5 vol% relative to the microgel volume, and the conductivity of the composite was on the

order of 10�5–10�6 S cm�1 [133]. Similar colloidal dispersions of CP composites have

been fabricated by coating sterically stabilized polystyrene (PS) [121–127] or silica

[128,129] latex nanoparticles with a thin layer of CP. PS and silica latex cores were then

dissolved respectively in tetrahydrofuran (THF) and HF to form hollow CP nanoparticles

resembling the shapes of ‘‘broken egg-shell’’ [122].

Tran et al. [134,135] reported a template-free fabrication method of CP nanofibers using

CP oligomers. Addition of small amounts (1–20 wt% of the monomer) of oligomers (e.g.

bipyrrole) into the conventional chemical oxidation reagents (e.g. monomer (pyrrole) and

oxidant (FeCl3)) yielded the formation of 20 nm PPy nanofibers instead of conventional

granular agglomerates after the conventional chemical oxidation procedure (Figure 18.7).

The resulting PPy nanofibers were water dispersible and readily cast into films for

biosensing applications. Additionally, no special purification/removal steps were required

to obtain CP nanofibers.

18.5 Polymer Characterization

CPs designed for biomedical applications generally require good electrical conductivity,

physicochemical and mechanical stability, and biocompatibility to effectively interact

with biological system. A wide range of analytical techniques to characterize the feasi-

bility of conducting polymers as biomaterials are summarized here.

18.5.1 Surface Properties

It is well known that the surface properties, such as roughness, porosity, wettability,

chemical composition, and morphology, are critical to the in vivo performance of a

biomaterial. Thus, surface characteristics of CPs have been studied using various methods.

724 Nanostructured Conductive Polymers



Surface chemistry and morphology of CPs have been investigated using high-vacuum

methods such as scanning electron microscopy (SEM) with energy-dispersive X-ray

analysis (EDX), X-ray photoelectron spectroscopy (XPS), auger electron spectroscopy

(AES), and matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy

(MALDI-TOF-MS).

SEM provides nanoscale details, including shape, structure, roughness, and porosity of

CP surfaces and can also be used to measure the thickness of CP films. Additionally, with

EDX functionality SEM can be used to identify the elemental composition of a CP surface.

Similarly, XPS (x,y spatial resolution �1 mm) and AES (resolution �5 nm) can provide

quantitative data on the chemical composition of a material surface. Accordingly, XPS and

AES have been widely used to identify the doping level/species of CP films, while

MALDI-TOF-MS have been used for qualitative identification of biomolecules incorpo-

rated in CP matrices.

Other techniques, such as atomic force microscopy (AFM), and dynamic contact angle

measurement (DCA) have been performed to measure the surface roughness and hydro-

philicity of the sample, respectively.

18.5.2 Mechanical Properties

Since cell interaction is affected by the mechanical properties of the surrounding entity,

mechanical properties, including stiffness and elastic modulus of biomedical CPs must be

considered. Due to insolubility of most CPs, it is very hard to prepare a free-standing CP

sample for conventional tensile testing, thus reports on microtensile test data are scarce.

Lang and Dual showed films formed from commercially available PEDOT/PSS dispersion

(also known as Baytron) had an ultimate tensile strength of 1–2.7 GPa and yield strength of

25–55 MPa [136]. Nanoindentation is, and may be, the only mechanical testing method

available for quantitatively testing the stiffness of electrodeposited nonsoluble CPs, which

must be fabricated on a substrate. However, there have been a few reports on measuring the

mechanical properties of CP by indention. Yang and Martin used nanoindentation to show

a correlation between softer films and low impedances [51]. However, various systematic

errors associated with imperfect tip geometry and adhesion of the film to the tip makes this

technique problematic.

Secure adhesion of the CP film on a substrate is another important mechanical property

for long-term function of a bioimplant device. Pull-off tests (ASTM standard procedure

D-4541-95) and other ASTM adhesion and hardness assays may provide valuable infor-

mation on the adherence of CP films to metal substrates [1,137].

18.5.3 Electrical Properties

Electrochemical stability is an essential requirement for CPs designed for any long-term

bioelectric applications. Cyclic voltammetry (CV) is used to measure the electrochemical

characteristics of a CP sample, including the reduction/oxidation potentials and reversi-

bility. By performing CV over multiple cycles the long-term electrochemical stability of a

sample can be assessed. This technique has been shown to be particularly important in the
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design of CPs. Variation of the monomer and dopant type of a CP can significantly affect

the long-term electrochemical performance of the material. CPs based on PPy are, in

general, less stable than those based on PEDOT, with Yamato observing a loss in electro-

chemical stability of 95% for PPy doped with PSS, compared to 11% for identically doped

PEDOT [36]. CV has also shown that variation of dopant type or size can impact on the CP

stability. PPy doped with the small pTS anion results in an electrochemically instable film

when compared to PPy doped with the larger anionic polymeric PSS chain [12].

Quantitative conductivity of a CP sample is typically measured by a four-point probe

technique. CPs for biomedical applications have typically yielded conductivities of

between 1 and 200 S cm�1 [44–46,49,50,138]. However, four-point probe measurements

can be problematic, as the CP film must be removed from the substrate prior to testing.

There have been a number of different methods used for film removal, including double-

sided tape, razor blades, and backing the film with polydimethylsiloxane (PDMS) [61].

Fonner et al. found the double-sided tape technique to be most effective, as the CP film was

removed from the substrate undamaged and the presence of the tape did not affect the

conductivity measurement [61].

Finally, electrochemical impedance spectroscopy (EIS) can be used to quantify the

impedance characteristics of a CP. The vast majority of literature has shown that CP

coating of conventional electrode materials can reduce the interface impedance by several

orders of magnitude [12,52,79,139]. This has widely been attributed to the increase in

surface area available for charge transfer when CPs are employed. Importantly, EIS is also

used to model the electrode interface. CPs reportedly alter the capacitive behavior of

conventional electrode materials to produce a predominantly resistive interface with

significantly smaller phase angles at low frequencies [12,51,139,140].

The assessment of a variety of electrical properties can provide important information

regarding the potential performance of CPs for biomaterial applications. The properties of

electrochemistry, conductivity, and impedance are not mutually exclusive and all must be

quantified to design an optimal CP.

18.5.4 Biological Performance

The in vitro biocompatibility of CPs has been generally investigated by cell viability,

proliferation and cytotoxicity assays of various cell types, including rat pheochromocy-

toma cells (PC12), rat Schwann cells, cardiac myoblasts, astrocytes, and various neural

tissue explants [13,27,43,47]. Studies on a wide variety of CPs have indicated good in vitro

cell responses, with minimal cytotoxicity and, in several cases, preferential adherence of

cells to the CP surface, compared to conventional implant materials. However, the

majority in vitro studies examine the passive or nonelectrochemically activated state of

CPs. Due to the application-specific nature of biocompatibility, passive CP assessment,

although a useful preliminary study, is an imperfect characterization of CP biological

performance for most implant applications.

Electrical stimulation has been shown to increase the growth of neurites from neural

tissue both on conventional culture substrates and in the presence of CPs [141].

Electrically stimulated CPs have been assessed in vitro, with both clonal cell lines and

explant tissue demonstrating increased survival and growth on activated CPs when
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compared to passive CP controls [27,141,142]. Kotwal and Schmidt have hypothesized

that increased neurite outgrowth is due to electrically mediated protein absorption onto the

CP surface [142]. Optimizing this mechanism may provide insight into the design of CPs

for ideal cell adherence and growth.

In vivo characterization is more suited to the assessment of CP biological performance,

with studies tailored for the intended implant application. In vivo CP studies have been

largely limited to electrode recording applications, where CPs have been shown to

temporarily improve signal quality [52]. This is due primarily to neural interactions,

discussed further in Section 18.6. Future biological characterization of CPs must focus

on in vivo, long-term studies in anatomically appropriate sites with on-going assessment of

electrical performance.

18.6 Interfacing with Neural Tissue

The main focus of CP technology in the biomedical field is the alteration of bioelectrodes

for neuroprosthetic applications. CPs have been found to significantly improve the inter-

actions of neural tissue with conventional electrodes through the creation of a more

conducive environment for cell adherence and growth [3,12,14,40,48,143]. When placed

in a biological environment the smooth metallic or glassy surface of conventional elec-

trode constructs does not interact significantly with the surrounding tissue. The result is

that the neural interface contains a small fluid gap through which the electrical stimulation

or recording must be transduced [1], depicted in Figure 18.9A. High impedance with large

bilayer capacitance is evident at this interface and as a consequence the electrical stimula-

tion parameters must be sufficiently large such that the stimulation reaches the target

neural cells with a high enough current to cause depolarization of the cell’s transmembrane

potential to a threshold value. The introduction of a CP coating, depicted in Figure 18.9B,

aims to remove the fluid gap and create an intimate connection between the electrode and

target neural tissue, effectively reducing the current required to reach the desired cell

depolarisation threshold.

Maintenance of contact with neural cells is integral to the performance of the implant

device and the use of biosynthetic CP coatings will potentially improve the long-term

efficacy of such devices. Limited research is available on the long-term interactions of CPs

with neural tissue. Two studies by the Martin research group at Michigan University have

examined the chronic performance of nanostructured PEDOT on neural recording electro-

des [52,144]. The microelectrode arrays coated with surfactant-templated PEDOT and

Figure 18.9 Schematic of neural interaction and passage of electrical stimulation for: (left)
conventional metal electrodes and (right) CP-coated electrodes with neural ingrowth
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PEDOT nanotubes were implanted in rat cortex for periods of six and seven weeks,

respectively. In both studies the SNR of the PEDOT-coated electrodes was significantly

improved compared to the bare electrode control in the initial period following implanta-

tion. However, the benefit provided by the nanostructured PEDOT substantially decreased

over the subsequent weeks such that no significant difference was observed between the

PEDOT coated and control electrodes by day 15. This decline in CP performance was

attributed to the wound-healing response which caused separation between the microelec-

trode and neural tissue in both studies [52,144]. It is hypothesized that a combination of

neurotrophins and anti-inflammatories will be required to control the wound-healing

response and promote neural in-growth to the electrode sites before fibrous encapsulation

and scar tissue displace the electrodes [52]. While Abidian et al. [145] have incorporated

the anti-inflammatory drug dexamethasone into copolymer nanotubes of PLGA/PEDOT

and demonstrated release profiles in vitro, their chronic in vivo performance has not been

reported. Despite the need for more research in this area, novel nanostructures of drug-

loaded CPs show promise for revolutionizing the functionality of electrode interfaces and

implant devices.

In neuroprosthetic applications it is important to note that the interfacial neural tissue is

not likely to be healthy. Electrical current is applied to cells where the native input has been

compromised through injury or disease, with the artificial stimulation bypassing the

damaged tissue. Both injury and disease cause cascade degeneration along the neural

path, and, as such, the remaining functional tissue being stimulated is typically in a state of

regressing functionality. It has been shown that the application of external electric charge

can aid in the rescue and delay the onset of transneuronal degeneration in the remaining

functional cells [3,142,146]. However, a desirable neural interface would promote cell

regeneration and maintain the interface for the implant and conceivably patient lifetimes.

Nanostructured bioactive CPs aim to improve cell rescue and limit continued degenera-

tion through the creation of an interface with optimal mechanical and morphological

properties, improved electrical transduction, allowing the use of smaller, safer charge

injections, combined with a controlled supply of appropriate biological signaling factors.

Numerous studies have outlined the efficacy of supplying damaged neural tissue with a

combination of both electrical stimulus and neurotrophins [27,142,146,147], but very

limited in vivo data is available on the supply of neurotrophins via CPs. A pioneering

study by Richardson et al. on guinea-pig cochleae indicated that electrical stimulation in

combination with controlled release of neurotrophin, NT-3, from PPy can rescue damaged

neural cells if they are in the direct path of current passage, but the surrounding cells

continue to degenerate [3]. Additionally, it was found that rescued cells continued to

degenerate once the supply of neurotrophin was exhausted, a period of two weeks. A major

challenge in the future development of CPs will be the on-going provision of neurotrophins

through controlled release.

18.7 Conclusions

Conducting polymers are an exciting alternative to conventional metal biomaterials for use

in a range of implant applications with a requirement for electroactivity. The development
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of commercially applicable CPs for the biomedical field will rely on novel methods of CP

fabrication and the careful choice of components to minimize impact on the resulting

polymer properties. Both the method of fabrication and components of a CP contribute to

material physicochemical and biological properties, and ultimately determine CP safety

and performance in a biological environment.

A major challenge in the development of bioactive CPs is in creating a material that can

provide biological cues for both the regeneration and long-term maintenance of tissue, as

well as being physically robust and electrically stable. Nanostructuring conducting poly-

mers via incorporation of biological signals or via fabrication of CNT and hydrogel

composites offer novel solutions to some of the issues that arise through use of conducting

polymers alone. These approaches for developing polymers with optimal electrical,

mechanical, and biological performance will potentially lead to the development of

advanced materials with application across numerous fields in the biomedical industry.
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19.1 Introduction

Nanofillers, carbon nanotubes (CNTs), especially single-walled carbon nanotubes

(SWNTs), have attracted a great deal of interest due to their low density, large aspect

ratio, superior mechanical properties, and unique electrical and thermal conductivities

[1–4]. They can find potential applications in many fields, such as chemical sensing, gas

storage, field emission, scanning microscopy, catalysis, and composite materials.

Nanofillers were first discovered by Japanese Scientist S. Iijima in 1991 as helical

microtubules of graphitic carbon [1]. Dr Richard E. Smalley of Rice University, USA was

awarded the 1996 Nobel Prize in Chemistry for his codiscovery of buckyballs (C60) and has

made significant contributions in carbon nanotube synthesis and potential applications [2,3].

Carbon nanotube fillers include three main categories: single-wall, multiwall, and

double-wall. Figure 19.1 shows transmission electron microscope (TEM) images of each

category.
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Nanofillers have superb thermal and electrical properties. All nanotubes are expected to

be very good thermal conductors along the tube axis, exhibiting a property known as

‘ballistic conduction,’ but good insulators laterally to the tube axis. It has been reported

that single-wall carbon nanotubes exhibit thermal conductivity (TC) values as high as

2000–6000 W mK�1 [4] under ideal circumstances. The temperature stability of carbon

nanotubes is estimated to be up to 2800 �C in a vacuum, and about 750 �C in air. By

comparison, metals have TC values of several hundred W mK�1, and water and oil have

TC values of only 0.6 W mK�1 and 0.2 W mK�1, respectively. Table 19.1 lists the thermal

conductivities of various materials, including nanofillers (nanotubes), metals, and oils.

Because of the symmetry and unique electronic structure of graphene, the structure of a

nanotube strongly affects its electrical properties. For a given (n,m) nanotube, if n – m¼ 3q

(where q is an integer), then the nanotube is metallic, otherwise the nanotube is a

semiconductor. Thus, all armchair (n ¼ m) nanotubes are metallic, and nanotubes (5,0),

(6,4), (9,1), etc. are semiconducting. In theory, metallic nanotubes can have an electrical

current density more than 1000 times greater than metals such as silver and copper [5].

Scientists have reported four-probe measurements on single nanotubes made by litho-

graphic deposition of tungsten leads across the tubes and found that each multishell

nanotube has unique conductivity properties [6]. Both metallic and nonmetallic behaviors

are observed, as well as abrupt jumps in conductivity as the temperature is varied. The

differences between the electrical properties of different nanotubes are far greater than

expected. The results suggest that differences in geometry play a profound part in

determining the electronic behavior.

A: Single Wall Carbon Nanotube B: Multi Wall Carbon Nanotube

C: Double Wall Carbon Nanotube

10 nm

Figure 19.1 TEM images of different nanotube categories
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Since carbon nanotube fillers have extremely superior thermal and electrical proper-

ties, many efforts have been made to produce large quantities of carbon nanotubes and

investigate their potential commercial application opportunities. There are many

US-based high-tech corporations that are capable of producing large quantities of

good-quality carbon nanotubes, including Hyperion Catalysis, Carbolex, CNI (now

Unidym), Helix Material Solutions, MER, Nanolab, South West Nanotechnology etc.

Table 19.2 shows a detailed description of some nanotubes suppliers, production rate,

cost, and type.

Recently, Professor Xie Youchang of Peking University, China discovered a method

to synthesize single-wall carbon nanotubes through CH4 [7]. High-purity single-wall

carbon nanotubes were synthesized by catalytic decomposition of carbon-containing

gases with Fe, Co, Ni, Mo, and W catalysts in the presence of a small amount of water

vapor, which can prohibit the generation of amorphous carbon and multiwall carbon

nanotubes on the surface of the catalysts and promote the generation of single-wall

carbon nanotubes. Since CH4 is the main component of natural gas and the cost is

moderately priced, it is quite certain that the price of SWNTs should decrease signifi-

cantly in the near future.

Figure 19.2 shows a typical TEM image of SWNTs made by Professor Xie. The purity

of SWNTs is more than 80% with some thin-wall (double-wall) CNTs. The concentration

of amorphous carbon is<5% and ash is <2%. The price for these CNTs is around $20 per

gram. In the future, the price may be even lower if the process and facility can be further

improved. A more reasonable price for carbon nanotubes will make it possible to pursue

projects in which large quantities of nanotubes are needed.

Very recently, a US-based high-tech corporation, SouthWest NanoTechnologies

(SWeNT�), announced that in the near future, they could produce new SWNTs at less than

$1 per gram in ton quantities that will be the most conductive material they’ve ever made [8].

Typical commercial greases consist of a polyalphaolefin base oil and a metal-soap

thickener, such as lithium, calcium, or aluminium. The thickener is needed to ensure the

grease has stable pseudo-plasticity. Literature reports indicate that polyalphaolefin oils

Table 19.1 Thermal conductivity of various materials

Material TC value (W/mK)

Single-wall carbon nanotube (SWNT) 2000–6000 (ideal)
Multiwall carbon nanotube (MWNT) Around 2000 (ideal)
Copper 394
Silver 418
Aluminum 238
Stainless steel 13
Water 0.60
*BP166 oil (polyalphaolefin) 0.18
*Royco 500 oil (polyol ester) 0.17
*Royco 808 oil (polyol ester) 0.18

*BP is a registered trademark of British Petroleum Inc.; Royco is a registered trademark of
Anderol Inc.; Royco 500 and 808 are formulated lubricants containing polymer (polyol)
esters as the base stock. They are fortified with performance additives.
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containing various concentrations of CNT show a dramatic increase in viscosity with

increasing concentration of CNT [9–11]. The results suggest that, given appreciable

concentrations, CNT could be used exclusively as a thickening agent to create carbon

nanotube grease, or CNT grease.

Table 19.2 The price of various nanofiller (carbon nanotube) (2008 data)

Company Production Cost
(per gram)

Type

Beijing Boda $20 SWNT
Carbolex �35 g/day

[up to 250g/week]
$60–100 SWNT

Catalytic
Materials

1.2 kg/day $40–60 MWNT

Cheap Tubes $10–300 MWNT, SWNT,
functional tube

Helix Material Inc $28–210 MWNT, SWNT, DWNT
Hyperion

Catalysis
$100–200 High-quality MWNT

MER — $8–400 MWNT, SWNT, DWNT
Nanocyl 10 kg/day (end 2004) $6–485 MWNT, SWNT, DWNT
NanoLab 20–100 g/day $200–2000 High-purity SWNT, DWNT

120 g/day $64–85 (c) SWNT
Nanoamor 30–50 kg/day $3–500 MWNT, SWNT, DWNT
Rosseter Holding 100–200 g/day $20–25 MWNT
SWeNTTM competitive amount < $1 as-

produced
Various types of SWNT

(tons) in next couple of
months

High conductivity

Unidym $50-900 SWNT, high-purity SWNT,
DWNT, high-purify
DWNT, F-SWNT

Figure 19.2 Typical TEM images of SWNTs made by Professor Xie of Peking University.
(Reproduced with kind permission from Youchang Xie, University of Peking)
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It has been reported that incorporating magnetically sensitive metal oxide nanoparticles or

magnetically sensitive metal-coated carbon nanotubes into heat-transfer nanofluids results in

an enhancement of the thermal conductivities of the nanofluids [12–15]. This enhancement

is due to the magnetic particles forming connected networks, which tend to get partially

oriented in the direction of the magnetic field, resulting in more physical contacts. It will be

interesting to investigate the effects of these magnetically sensitive metal oxide nanoparti-

cles or metal-coated carbon nanotubes in the grease structure.

The rheology of particle suspensions has been studied to great extents, and many

theoretical and empirical models exist, describing the viscous response of the suspension.

Groundbreaking work conducted by Einstein in 1906 and 1911 describing the interaction

of dilute suspensions of rigid spherical particles initiated interest in studying the viscous

response of particle suspensions of nearly all concentrations and morphologies. In all

cases, it is seen that the presence of particles in a medium increases the viscosity of the

medium due to the dissipation of extra energy, caused by the modification of the velocity

distribution of the medium as it moves around the particle [16]. Obviously, it makes sense

to compare the CNT suspensions to suspensions containing axisymmetrical particles of

large aspect ratios. Brenner et al. and Rahnama et al. have conducted significant research,

studying the effect of particle aspect ratio on the viscosity of suspensions [17–19]. In each

case, it was noted that the orientation of these axisymmetrical particles had a dramatic

effect on the velocity field of the medium around the particle. Dramatic shear thinning was

seen, due to particle alignment in the direction of shear flow. This work also explained the

dramatic increase in viscosity with increasing particle concentration. In dilute suspensions,

the particle is free to rotate in three dimensions. As the particle is crowded by an increasing

number of neighboring particles, its motion is limited to two or even one dimension which

increases the stress required to initiate particle flow and alignment.

The study of the rheological behavior of CNT suspensions is a relatively emergent field.

Work has been done describing the relationship between the intrinsic shear viscosity and

the mean CNT length in water and super-acid-based SWNT suspensions [20,21]. Other

research on the rheological behavior of moderate concentrations, up to 10 wt%, of

MWNTs in polyalphaolefin oils has been conducted [22]. Yang and Grulke have deter-

mined the effects of particle concentration, dispersant concentration, and dispersion

energy on the viscosity of the nanofluid, while Hobbie and Fry determined the rheological

properties of nanofluids with concentrations ranging from semidilute to concentrated.

Recent work has compared the viscoelastic characteristics of the MWNT suspensions to

that of axisymmetrical long fibers [23]. This work explains that particle orientation and

distribution of the CNT is controlled by hydrodynamic forces and also explains the shear

thinning behavior of the CNT suspension.

In this chapter, we will report efforts to successfully make homogeneous and stable

nanogreases based on carbon nanotubes and polyalphaolefin oils (DURASYN� 166).

Some physical properties of these greases (electrical conductivity, thermal conductivity,

dropping point, oil leakage percentage, viscosity, copper corrosion, penetration length, etc.)

will be characterized. Also, the rheological impact of polyalphaolefin (PAO) oil-based

carbon nanotube (CNT) grease will be investigated. In addition, time-dependent magnetic

experiments conducted through greases containing magnetically sensitive metal oxide

nanoparticles or metal-coated carbon nanotubes are detailed. Finally, the electrical conduc-

tivities of various fillers (nanotubes) in solid phase are measured and discussed.
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19.2 Experimental

19.2.1 Materials and Equipment

Carbon nanotubes (single-wall and multiwall) were purchased from Helix Material

(Richardson, Texas), Carbolex (Broomall, PA), and Carbon Nanotechnologies

Incorporation (CNI, Houston, Texas, now Unidym Inc). The carbon nanotubes were used

as received without any further purification or functionalization. Therefore, there are some

impurities such as carbon black and metal in the samples.

DURASYN� 166 is a commercial polyalphaolefin oil product purchased from

Chemcentral (Chicago, IL). Magnetically sensitive Fe2O3 nanoparticles with an aver-

age diameter of 5–25 nm was purchased from Sigma Aldrich. A three-roll mill (Ross

Engineering Inc, New York) was used to make the stable and homogeneous greases.

Grease containing Fe2O3 nanoparticles was made by mixing the Fe2O3 particles and

carbon nanotubes together in the polyalphaolefin oils under continuous stirring and

heating, then the slurry samples were poured into three-roll mill. The milling process

was repeated 5–8 times until the slurry samples became homogeneous greases. It is

expected that Fe2O3 was scattered well within the grease structure. Due to limited

sample size of nickel-coated single-wall carbon nanotubes, these greases had to be

hand mixed. The magnetic field was provided by a pair of spaced Ba-ferrite magnet

plates (4� 6� 1 inch dimensions), placing the sample in the middle of the gap between

the magnets.

The acid number (AN) per ASTM D664 was determined for the oil-based fluids

(polyalphaolefin and polyol ester). The relative amounts of acidic constituents present

in products can be determined by titrating with bases. The acid number is a measure of

the amount of acidic substance. (The acid number, n, is the quantity of base expressed in

milligrams of potassium hydroxide per gram of sample required to titrate a sample to a

specified end point). This test is considered to be a comparison test for the purpose of

identifying chemical activity that may have occurred due to the addition of

nanomaterials.

Viscosity of the oil-based fluids was determined at different temperatures per ASTM

D445 by a Brookfield LV viscometer. Usually temperatures of 40 �C and 100 �C are

chosen as the range to indicate the change of viscosity.

Detection of copper corrosion from lubricating grease was measured by ASTM

D4048-02 Standard Test Method. This test method measures the tendency of lubricating

grease to corrode copper under specific static conditions. It may be of some value in

predicting possible chemical attack on lubricated parts, such as bearings that contain

copper or copper alloys. Such corrosion, for example, can cause premature bearing

failures.

Pour point, the lowest temperature at which movement of the test specimen is observed

under prescribed conditions of test, was determined per ASTM D97 for the polyalphaole-

phin-based nanogreases. Pour point as used here is an indicator of potential physical change.

Lubricating greases [24] consist of lubricating oil in which a thickener is dispersed as a

microscopic second phase. One of the more important physical aspects of the greases is the

stability of the grease structure as provided by the oil thickener interaction. Two tests that
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measure this aspect of grease rheology were chosen for the grease samples in this program:

dropping point and oil separation. Dropping point was determined using ASTM D2265,

and oil separation was measured using Federal Test Method (FTM) 321.3. These tests were

performed at two conditions: 24 hours at 100�C, and 24 hours at 177 �C. The dropping

point is defined as the temperature at which a drop of oil or grease falls out of the bottom of

the sample test cup. This test is useful in helping to characterize the grease’s top tempera-

ture of sustained operation, and the various categories of commercial greases (as identified

by their thickener type) will have well-known typical dropping points. The relationship

between the grease’s oil and its thickener is also characterized by oil separation.

Grease consistency [25] was measured by the ASTM D217 unworked and worked (60

strokes) penetration method. For a limited amount of samples, the corresponding ASTM

D1403 half-scale penetration method was used. Shear stability was determined using

ASTM D217 worked 100 000 stroke penetration. In this method, the grease was worked

for 60 strokes and the penetration was measured. Then the grease was worked for 99 880

strokes. Once the grease had cooled to ambient temperature, it was worked another 60

stokes, then measured for its final penetration. The difference between the worked 100 000

strokes (w/100 000) value and the worked 60 strokes (w/60) value is considered a measure

of the shear stability of the greases.

Thermal conductivity data [26] was obtained using the Hot DiskTM thermal constants

analyzer, using the following parameters: measurement depth 6 mm, room temperature

25 �C, power 0.025 W, measurement time 16 s, sensor radius 2.001 mm, TCR 0.0471 K�1,

disk type kapton, temperature drift rec yes. The diagram is shown in Figure 19.3.

The electrical conductivity data of grease was obtained by volume resistivity test cells

made by Electro-Tech Systems, Inc. (ETS) [27]. The cell dimensions automatically

calculate the volume resistivity of the material being tested by multiplying the measured

resistance by either 10 (large cell) or 100 (small cell). The stainless-steel container acts

as both an electrostatic shield and provides containment of material overflow. The test

cell is made from PVC and uses stainless-steel electrodes. Figure 19.4 shows a diagram

of the test cell.

The electrical conductivities of various fillers (nanotubes) in the solid phase were

measured by a Keithley 2002 digital multimeter and an Agilent 34401 DMM.

Figure 19.3 Hot DiskTM thermal constants analyzer: (a) sensor; (b) equipment diagram.
(Reproduced with kind permission from NLGI. Copyright (2010) NLGI)
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The SWCNT samples were deposited on the interdigitated electrodes (IDE) to form a thin

coating. The IDE is made by a P-type boron-doped silicon (100) wafer with a resistivity of

0.006–0.01O cmand thicknessof500–25mm.Alayerof0.5mmsilicondioxidewas thermally

grown on top of the Si substrates. A layer of 200 nm platinum on top of 20 nm titanium was

deposited on the SiO2 layer onto the designed finger patterns. These patterns consisted of 4, 8,

12, and 50 mm finger gaps with 10 mm finger width [28]. The IDE used for the conductivity

measurement is listed in Figure 19.5 with finger width: 10 mm, and gap width: 12 mm.

A Bohlin CVO controlled stress rheometer was used to study the rheological behavior of

each sample. A parallel plate system was used to conduct the measurements. The system

allowed for a relatively large gap, which easily allows the measurement of carbon

nanotube grease with aggregated particulate. A gap of 250 mm was experimentally

determined and allowed for a large range of applied shear stress, ease of sample loading,

and a lack of jamming caused by the aggregates. Figure 19.6 shows a Bohlin CVO

rheometer, as used in the experiments.

During the ramped shear stress tests, the range of applied shear stress was not held

constant. In order to see the characteristic response of each grease sample, altering the

stress range was required due to the differing viscosities of the samples. The criteria to

select the stress range for each sample was that it allowed pure viscous flow and showed

the sample’s response to a relatively large range of shear stress.

Figure 19.4 Volume resistivity test cells: (a) assembled; (b) in parts. (Reproduced with kind
permission from NLGI. Copyright (2010) NLGI)

Figure 19.5 Interdigitated electrode (IDE) chip for measuring samples. (Reproduced with kind
permission from NLGI. Copyright (2010) NLGI)
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A creep test was performed to examine the viscoelastic properties of the CNT-grease. A

shear stress of 5 Pa was used for 5.0 and 7.0 wt% nanotube loading, while 40 and 100 Pa

was used for 10.0 wt% and 12.0 wt% nanotube loading. These stresses were considered to

be below that of instantaneous pure viscous flow for each sample. Each creep test was

sequenced for 1000 s, followed by a 100 s creep-recovery analysis.

The yield stress of each CNT grease was determined via an increasing shear stress ramp.

The yield stress in these experiments shall be defined as the stress at which the sample’s

instantaneous viscosity rapidly decreases from an increasing or constant value. This will

determine the shear stress required for the onset of pure viscous flow. Again, the range of

shear stress was chosen to compliment each individual sample.

19.2.2 Preparation of Nanocomposite (Nanotube Grease)

Table 19.3 lists the polymeric material (oils) that were used to make the nanocomposite

(greases). Polyalphaolefin oils with different viscosities were mainly used. Selected

polymeric oils, such as polyol ester and naphthalene, were used when necessary.

Figure 19.7 shows a carbon nanotube composite (grease) made from the polymer

DURASYN� 166 oil [29,30]. The nanocomposite (grease) is black, opaque, and homo-

geneous. The compositions of the four nanotube greases that are used in this chapter are

listed in Table 19.4. Two of the samples were made by dispersing approximately 10–12

wt% SWNTs in the oil, and the other two samples are made by dispersing approximately

Figure 19.6 Bohlin CVO-controlled stress rheometer. (Reproduced with kind permission
from NLGI. Copyright (2010) NLGI)
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19–20 wt% MWNTs in the oil. The volume concentration of each sample is calculated

using Equation 19.1 below.

Cvolume¼
Cweight

�particle=�basefluid
þ 1� �particle=�basefluid

� �
Cweight

(19:1)

where: �Particle ¼ 1.40g cm�3 and �basefluid ¼ 0.86g cm�3.

At this level of volume concentration, it is very likely that nanofillers (nanotubes) form

some sort of network (at least locally) because of their large aspect ratio and nanosize. The

Table 19.3 Base polymer (oils) used to make nanocomposite (greases)

Product Name Supplier Product Description Density, g/ml Typical Vis,
40 �C, cSt

Durasyn 166 BP 6 cSt PAO 0.837 @ 15.6 �C 31
SHF403 ExxonMobil 40 cSt PAO 0.849 @ 15.6 �C 391
Esterex NP4101 ExxonMobil Neopolyol ester 0.928 @ 15.6 �C 58.3
KR-015 King Industries Alkylated naphthalene 0.884 @ 25 �C 114

Figure 19.7 Picture of the nanocomposite (grease) made from the nanofiller (carbon nano-
tubes) and polymer (DURASYN� 166 oil). (Reproduced with kind permission from NLGI.
Copyright (2010) NLGI)

Table 19.4 Composition of selected four types of carbon nanotube composites (greases)

Sample Number 9-1 9-2 9-3 9-4

PAO, 6 cSt (wt%) 35.36 32.00
PAO, 40 cSt (wt%) 53.04 44.75 48.00 40.50
Esterex NP4104 (wt%) 44.75 40.50
SWNT (wt%) 11.60 10.50
MWNT (wt%) 20.00 19.00
Carbon nanotube thickener (wt%) 11.60 10.50 20.00 19.00
Carbon nanotube thickener (vol%) 7.05 6.98 13.30 12.58

746 Nanostructured Conductive Polymers



networks add to the increased thermal and electrical conductivities that are observed from

experimental data. The network explanation also agrees with results such as high dropping

points and good temperature resistance.

Lubricating greases consist of lubricating oil in which a thickener (for example,

nanotubes) is dispersed as a microscopic second phase. One of the very important physical

aspects of greases is the stability of the grease structure provided by the oil–thickener

interactions. Two types of tests were chosen for the grease samples in this study: the

dropping point and oil separation. Various categories of greases (as identified by their

thickener types) have well-known typical dropping points. This test is useful for char-

acterizing the upper temperature limit for a grease to sustain operation. The relationship

between grease oil and its thickener is also characterized by the oil separation. The

dropping points of the four greases were shown to be above 271 �C, and the oil separation

held relatively constant over the three test temperatures spanning 100 to 177 �C. The

results indicate that the nanotube greases are high-temperature resistant. Also, the four

greases were passive to copper at both 100 �C and 177 �C. This is significant since it has

been previously determined that some graphites in greases typically become aggressive

towards copper at high temperatures, such as 177 �C.

The grease consistency and stiffness were determined by the penetration length mea-

surements. The thickening power of the SWNTs and MWNTs in polyalphaolefin oils is

shown in Figure 19.8a. It clearly shows that the SWNTs provide about twice as much

thickening power as the MWNTs. Also, the worked penetration length decreases with

increasing carbon nanotube concentration for both SWNTs and MWNTs. The lower

penetration length at high carbon nanotube concentrations means that the grease becomes

stiffer with higher carbon-nanotube loading. Figure 19.8b shows the worked penetration as

a function of the carbon nanotube concentration using different base-oil systems. It is

obvious that, within experimental error, there is no synergism between the different oil

systems (polyalphaolefin and polyol ester).

It is interesting to point out that stable CNT greases can still be made without an

appropriate chemical surfactant. The dropping point still remains high (>271 �C).
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Figure 19.8 (a) Thickening power of carbon nanotubes in PAO oils. (b) Effect of base oil on
thickening power of carbon nanotubes. (Reproduced with kind permission from NLGI.
Copyright (2010) NLGI)
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Different types of surfactants (containing various types and concentrations of alcohols

and water) don’t change the dropping point of the grease. This phenomenon may be

associated with the high-temperature reflux (>120 �C) of the nanotubes and oils in the

grease-making process. Eventually, alcohols and water will evaporate and leave the

grease. However, it remains unknown why homogeneous grease can be made without a

chemical surfactant. In the lubricant fluids, nanotubes would immediately precipitate in

the oil if there were no chemical surfactants. The relatively high concentration of

nanotubes (>10 wt%) probably produces Van der Waals forces between the nanotubes

and the oils and forms some kind of three-dimensional network, which makes them

attach well.

19.3 Results and Discussion

19.3.1 Thermal and Electrical Properties of Nanocomposites (Nanotube Greases)

Table 19.5 shows the characterization of the four nanocomposites (greases). The thermal

conductivity seems saturated and stays around 0.25–0.27 W mK�1. Compared to the

values of 0.17–0.18 W mK�1 for the base polymeric oils (polyalphaolefin and/or polyol

ester), the effective thermal conductivities of the nanocomposites (nanogreases) have

increased by about 60–70%. Also, it is possible to theoretically predict the effective

thermal conductivity ke of greases using the Fricke equation (Equation 19.2) or the

Table 19.5 Characterization of selected four types of nanocomposites (carbon nanotube
greases)

Sample Number 9-1 9-2 9-3 9-4

Experimental Thermal Conductivity (TC, W mK-1) 0.26 0.27 0.25 0.27
Theoretical TC (by Fricke equation) 0.98 0.97 0.41 0.40
Theoretical TC (by Hamilton-Crosser equation) 0.33 0.33 0.52 0.50
Electrical Resistivity (Ocm) 3000 3500 2000 4000
Viscosity @ 40 �C (cSt) 142.00 142.00 151.00 151.00
Penetration, 1/4 scale, ASTM D1403:
Unworked (mm) 286 270 278 292
Worked/60 (mm) 285 269 279 292
Worked/100 000 (mm) 290 297 308 ND
Dropping Point (�C, ASTM D2265) >271 >271 >271 >271
Oil Separation (wt%, FTM 321.3):
24 hr, 100 �C 3.56 0.79 4.22 ND
24 hr, 150 �C 5.06 2.81 4.37 ND
24 hr, 177 �C 5.93 4.42 5.23 ND
Copper Corrosion, ASTM D4048:
24 hr, 100 �C 1B 1B 1B 1B
24 hr, 177 �C 1B 1B 1B 1B

Note: ND: not determined.
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Hamilton–Crosserequation(Equation19.3),knowingthebase fluid thermalconductivitykm

and the carbon nanotube thermal conductivity kp :Fricke equation [31,32]

ke ¼ km þ
1

3
vp

X
i¼a;b;c

kp � km

km þ dpiðkp � kmÞ
km (19:2)

where the depolarization factor dpiðði ¼ a; b; cÞ is defined by

dpi ¼
abc

2

ð1
0

1

ði2 þ wÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 þ wÞðb2 þ wÞðc2 þ wÞ

p dw

which satisfies

dpa þ dpb þ dpc ¼1

Hamilton–Crosser equation [33]

ke ¼ km þ 3C�1vp

kp � km

ð3C�1 � 1Þkm þ kp � vpðkp � kmÞ
km (19:3)

where the sphericity C is the ratio of the surface area of a sphere to that of a particle having

the same volume. Parameters used in the calculations are km¼ 0:17 W mK�1, kp¼ 2000 W

mK�1, a ¼ 1750 nm, b ¼ 0.7 nm and c ¼ 0.7 nm.

The calculated TC is also listed in Table 19.5. The less than calculated thermal

conductivity value demonstrates the existence of thermal contact resistance and lack of

efficient nanotube–nanotube physical contacts in the greases [34,35].

There are several factors that are very crucial to the thermal performance of the

nanocomposites (nanogreases), including the stability of the suspension, the size distribu-

tion of the nanotubes/particles, the agglomerations of the nanotubes/particles, and the

interface between the nanotubes/particles and oil in the suspension [36].

Figure 19.9 shows the thermal conductivity vs. nanofiller (nanotube) weight concentra-

tion in the polymeric oil (polyalphaolefin oil). It is clearly seen that thermal conductivity

increases with increasing nanotube concentration. The curve tends to saturate at high

concentrations (>10 wt%).

Electrical conductivities of the four nanocomposites (greases) were measured by

volume resistivity test cells. All the samples showed volume resistance of around

2000–4000O cm. Usually, any materials with less than 10 000 O cm are considered to

be electrical conductors. The results indicate that these nanocomposites (nanogreases)

are electrically conductive, compared to the insulating polymeric base oils (polyalphao-

lefin and/or polyol ester) and commercial greases (lithium, calcium, aluminum, and

polyurea). However, the conductivity values of the nanocomposites (nanogreases) are

not very high. With the development of new nanofiller (carbon nanotube) manufacture

techniques, the electrical conductivities of pristine carbon nanotubes are expected to

enhance dramatically [8], which could have a significant impact on the electrical

conductivity of the nanocomposite (grease). Also, aligning nanofillers (nanotubes) or

adding additives such as Ag could significantly increase the electrical conductivity of the

grease [37].
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Another interesting phenomenon is that the homogeneous nanocomposites (greases) can

be made when water is added. Actually, adding water to grease is a physical mixing

process during which water is packed into the grease. Table 19.6 lists the thermal

conductivities of the grease, water, and water/grease mixtures. It is clearly seen that the

effective thermal conductivities have been significantly increased when water is added,

due to the higher thermal conductivity of water (0.60 W mK�1). The measured thermal

conductivity data are very close to the calculated values for an ideal mixture, indicating

that water is packed very well within the grease structures.

It seems that no currently established theory or model can well explain the above

interesting results as presented for the carbon nanotube greases. Additional efforts are

needed to better understand the fundamental science in this new emerging and promising

field of nanotechnology.

19.3.2 Rheological Investigation of Nanocomposite (Nanotube Grease)

19.3.2.1 Stress Ramp Test

Figure 19.10 illustrates the viscosity as a function of shear stress of the 5, 7, and 10 wt%

CNT greases, and the data for the 12 wt% CNT grease is shown in Figure 19.11. As can be

Table 19.6 Thermal conductivities of grease, water, and water/grease
mixtures

Sample Number Measured
TC (W/mK)

Calculated TC by
ideal mixture (W/mK)

Sample 9-2 grease 0.27
Water 0.60
20 wt% water/80 wt% grease 0.30 0.33
33 wt% water/67 wt% grease 0.33 0.37
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Figure 19.9 Thermalconductivityvs.nanofiller (nanotube)weightconcentration in thepolymeric
oil (polyalphaolefin oil). (Reproduced with kind permission from NLGI. Copyright (2010) NLGI)
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seen in Figures19.10and 19.11,each CNT grease sample exhibits shear thinning behavior over

the entire shear stress range. It also shows that the response of each CNT grease closely follows

the power law (or Ostwald) rheological model, as expressed in Equation 19.4 [16].

� ¼ k�n�1 (19:4)

where: � ¼ viscosity; k ¼ consistency coefficient; � ¼ shear rate; n ¼ power law

index.
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Figure 19.10 Stress ramp test for three CNT greases. The 5.0 wt% SWNT CNT grease was
subjected to a stress range of 80–300 Pa, while the 7.0 wt% SWNT CNT grease was subjected to
a stress range of 50–500 Pa, and the 10 wt% SWNT CNT grease was subjected to a stress range
of 300–800 Pa. (Reproduced with kind permission from NLGI. Copyright (2010) NLGI)
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Figure 19.11 Stress ramp test for CNT-grease containing 12.0 wt% SWNT. The grease was
subjected to a stress range of 700–850 Pa. (Reproduced with kind permission from NLGI.
Copyright (2010) NLGI)
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Table 19.7 shows the consistency coefficient and power law index for each CNT grease.

The power law index allows one to obtain the degree of shear thinning that the sample

exhibits. The closer n is to zero, the higher the severity of shear thinning. As seen in Table

19.7, the consistency and shear thinning behavior increases with increasing concentration.

The interactions between the nanoparticles have a profound effect on the viscosity of

the system. At low concentrations, each individual nanoparticle is free to rotate in three

different planes, which allows the surrounding medium to easily move around the nano-

particles under a shear stress. In more concentrated systems, like the CNT greases, the

nanoparticles aggregate, due to intermolecular attractive forces (Van der Waal forces).

This aggregation limits the suspended nanoparticle’s motion to a single plane, about its

axis of symmetry, and forms a mechanical lock. Similar interactions have been seen in

fiber suspensions [38]. Therefore, increasing particle concentration leads to increasing

aggregate size and increases the energy required for the medium to move around the

aggregate, which increases the resulting viscosity of the system [39]. This particle inter-

action explains the significant (exponential) viscosity increase with increasing nanotube

loading.

Figure 19.12 shows the dramatic increase in viscosity for increasing concentrations of

SWNT. The results also indicate that CNT dispersion in oil is similar to polymer dispersion
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Figure 19.12 Viscosity vs. SWNT concentration at a fixed shear rate of 10 1 s�1. (Reproduced
with kind permission from NLGI. Copyright (2010) NLGI)

Table 19.7 Consistency coefficient and power law index
for each CNT-grease sample

Sample Consistency (k) Index (n)

5.0 wt% SWNT 9.59 0.44
7.0 wt% SWNT 27.0 0.34
10.0 wt% SWNT 219 0.16
12.0 wt% SWNT 656 0.03
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in oils, which suggests the presence of polymer-like entanglements within the suspension.

The large aspect ratio of the CNT causes dynamic motion, coils, and entanglements [40–42].

As can be seen in Figure 19.9, small increases in shear stress resulted in dramatic

decreases in viscosity. The dramatic shear thinning behavior of the CNT grease suggests

the formation of a structural network consisting of entangled nanotubes. This shear thinning

phenomenon also suggests the disassembly of the aggregated nanotubes. With increasing

shear stress, the energy introduced into the system is significant enough to overcome the

intermolecular and mechanical forces holding the aggregates together. This increasing

energy breaks the aggregated particles into smaller aggregates and causes the orientations

of the nanotubes to be directed in the direction of shear flow. Due to the large aspect ratio of

the CNTs, their orientation in the direction of shear drastically reduces the viscosity of the

suspension. Work conducted by Yang, et al. showed the same shear thinning response in

relatively low concentrations of MWNT in polyalphaolefin oil [10,11].

19.3.2.2 Yield Stress Test

Figure19.13showstheyieldstressof theCNTgrease: (A)5.0wt%SWNT,(B)7.0wt%SWNT,

(C) 10.0 wt% SWNT, and (D) 12 wt% SWNT, while Table 19.8 lists the peak yield stress for

each sample. The peak yield stress in these experiments is defined as the stress at which the

sample’s instantaneous viscosity rapidly decreases from an increasing or constant value.

The results from the yield stress tests further support the assumption of a network

structure in the grease. As can be seen in Figure 19.13, a sharp increase in viscosity is

seen with low stresses. This likely corresponds to nanotube aggregation in the grease

structure upon the onset of motion. The aggregation continues to lead the increase of

viscosity, until enough shear stress is present to break up these aggregates and the viscosity
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Figure 19.13 Yield test for CNT-grease: (A) 5.0 wt% SWNT, (B) 7.0 wt% SWNT, (C) 10.0 wt%
SWNT, and (D) 12 wt% SWNT. (Reproduced with kind permission from NLGI. Copyright
(2010) NLGI)
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starts to decrease. This shear stress value is defined as the peak yield stress. The fact that

the viscosity gradually decreases suggests that the large aggregates are not totally

dismembered immediately, but rather the numbers of particle entanglements are continu-

ally reduced as shear stress increases [43].

Similarly to the shear stress ramp tests, the yield stress tests produced results which

suggest particle–particle interactions in the grease structure. The yield results are also

similar to that of polymer suspensions [38].

19.3.3 Nanocomposites (Nanotube Greases) with Magnetically Sensitive

Nanoparticles

Figure 19.14 shows several materials: (A) Fe2O3 nanoparticles, (B) nanocomposite

(grease) made from 10 wt% SWNT and 10 wt% Fe2O3, and (C) nanocomposite (grease)

made from 10 wt% SWNT. Although the color of Fe2O3 nanoparticles is brown, the color

of nanocomposite (grease) made from 10 wt% SWNT and 10 wt% Fe2O3 remains black. It

indicates that Fe2O3 particles disperse well in the grease structure; otherwise, the brownish

color would appear.

Figure 19.14 Picture of several materials: (A) Fe2O3 nanoparticles; (B) grease made from 10
wt% SWNTs and 10 wt% Fe2O3; and (C) grease made from 10 wt% SWNTs. (Reproduced with
kind permission from NLGI. Copyright (2010) NLGI)

Table 19.8 Experimental yield stress

Sample Yield Stress (Pa)

5.0 wt% SWNT 4.6
7.0 wt% SWNT 10.2
10.0 wt% SWNT 98.5
12.0 wt% SWNT 152.0
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Figure 19.15 shows the thermal conductivity vs. time for nanocomposite (grease) with

10 wt% SWNT and different Fe2O3 loading concentrations under magnetic field (0.62 kG).

Unlike the heattransfer nanofluids containing SWNT and Fe2O3 particles, which show

significant enhancement of TC initially [12–15], it is clearly seen that the four curves are

all straight within the experimental error, indicating that TC values are independent of

time.

A possible explanation for the above results is the existence of three-dimensional

networks formed by Van der Waals forces in the nanocomposite (carbon nanotube grease)

structure. The network structures increase the thermal and electrical conductivities; con-

sistent with high dropping points and good temperature resistance. Since the CNTs are

already tangled and have reasonably good contacts with each other, they are not going to

move much in the presence of an applied magnetic field. Therefore, even under a strong

external magnetic field, there is no obvious TC enhancement observed within 40 minutes,

or even longer [34].

Since the viscosity of the nanocomposite (grease) is high, the magnetic force may not be

enough to move the CNTs right away, which is another possibility for not observing TC

enhancement. In order to exclude this possibility, we have measured grease samples with

10 wt% SWNT and 20wt% Fe2O3 for 24 hours. The TC data did not change.

Figure 19.15 also shows that with increasing Fe2O3 loading concentration from 0 to 10

wt%, the TC value increases from 0.26 W mK�1 to 0.30 W mK�1 (an increase of around

15%). This may be due to the accumulation of Fe2O3 particles themselves. It is well known

that Fe2O3 also has a high TC value (hundreds of W mK�1). Higher concentrations of

Fe2O3 increases the chance of particles contacting each other, hence the enhanced TC is

observed. It is still unknown why the TC value is saturated at high Fe2O3 particle

concentrations. In Figure 19.15, the difference in TC value for 10 wt% and 20 wt%

Fe2O3 concentrations is negligible.

Figure 19.16 shows the results of thermal conductivity measurements taken in various

magnetic fields for nanocomposite (grease) with 10 wt% SWNT and different Fe2O3
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Figure 19.15 Thermal conductivity vs. time for nanocomposite (grease) with 10 wt% SWNT
and different Fe2O3 loading concentrations under a magnetic field (0.62 kG): (A) 0 wt%; (B) 5
wt%; (C) 10 wt%; and (D) 20 wt%. (Reproduced with kind permission from NLGI. Copyright
(2010) NLGI)
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loading concentrations. For all three samples, the TC values remain identical under the

different magnetic fields (0.68 kG, 0.47 kG, and 0.17 kG). Of course, the TC increases with

increasing Fe2O3 concentration in every specified magnetic field.

The quantitative data correlating the distance between the two magnets, the magnetic

field, the TC average value with 10 wt% SWNT, and the different Fe2O3 loading

concentrations (1 wt%, 5 wt%, 10 wt%, and 20 wt%) are listed in Table 19.9.

Also, the quantitative data correlating the distance between the two magnets, the

magnetic field, the TC average value with 20 wt% MWNT and different the Fe2O3 loading

concentrations (1 wt%, 5 wt%, and 10 wt%) are listed in Table 19.10. The two tables show

the same trend.

After completely evaluating and testing greases containing carbon nanotubes and

magnetically sensitive Fe2O3, it will be very interesting to study nanocomposites (greases)

containing just singlewall nanotubes with a magnetically sensitive nickel layer coating.

However, several initial attempts failed and it seems very difficult for Ni-coated nanotubes
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Figure 19.16 Thermal conductivity vs. different magnetic field strengths for grease with 10
wt% SWNTs and different Fe2O3 loading concentrations: (A) 5 wt%; (B) 10 wt%; and
(C) 20 wt%. (Reproduced with kind permission from NLGI. Copyright (2010) NLGI)

Table 19.9 TC values in different magnetic fields with 10 wt% single wall
nanotube and different weight percentage Fe2O3

Distance between
two magnets (mm)

Magnetic
Field (kG)

TC average value with different Fe2O3

concentrations (W mK�1)

1 wt% 5 wt% 10 wt% 20 wt%

46 0.68 0.26 0.28 0.29 0.30
85 0.47 N/A 0.28 0.30 0.30

182 0.17 N/A 0.28 0.29 0.30
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to form a grease in Durasyn 166 oil, even with the total Ni-coated SWNT concentration

taken up to roughly 16.5 wt%. The results show that the Ni-coated SWNTs did not have the

same thickening effect as previously seen with as pristine SWNTs. In the latter case, the

grease could be formed at 7–8 wt% nanotubes. A possible explanation is that Ni coating

changes the nanotube surface energy and configuration. Therefore, pristine nanotubes

were mixed with Ni coated nanotubes in order to make suitable quality grease.

Previously grease containing only pristine nanotubes could be mixed using a hotplate

with a magnetic stir bar. The nanocomposite (nanogrease) containing Ni-coated SWNTs

and pristine nanotubes had to be manually stirred and mixed, due to the Ni-coated

nanotubes attraction to the magnetic stir bar. The average thermal conductivity (TC) for

this grease was found to be 0.27 W mK�1, which is close to the TC value for grease

containing only 10 wt% pristine SWNTs. The similarity in TC between the sample

containing only 10 wt% pristine SWNT and this new sample containing a combined

total weight percent of Ni-coated SWNTs and pristine SWNTs of roughly 21 wt% can

be explained by the following. Firstly, the volume-to-weight ratios of Ni-coated SWNTs

and pristine SWNTs vary greatly. The Ni-coated nanotubes have a much lower volume-to-

weight ratio, and therefore, there is a very large drop in the total number of individual

nanotubes in the Ni-Coated SWNTs in comparison to as-produced SWNTs at the same

total weight. Secondly, Ni has a much lower TC than CNTs, and therefore, the transfer of

heat from one nanotube to the next could be severely hindered by this coating. Lastly, in

order to produce the Ni coating on the CNTs, the surface must first be modified, which

could lead to partially damaged or broken CNTs, which, again, would lower the heat

transfer rate.

Various magnetic fields were also used with the Ni-coated SWNT grease to see if the

magnetic field had any effect on the thermal conductivity. This time, the sample was

placed into magnetic field strengths of 0.64 kG, 0.90 kG, and 1.12 kG, for nearly 11 hours,

while conducting scheduled TC measurements, which showed no noticeable change in the

TC, as shown in Figure 19.17 below.

The sample was then placed in a magnetic field with a strength of 1.76 kG for 24 hours,

with the same results, as shown in Figure 19.18.

Even after being exposed to a magnetic field (1.46 kG) for more than 72 hours, there was

no apparent TC change in the sample. The combined results for all of the thermal

conductivity measurements of the grease containing the Ni-coated carbon nanotubes can

be found in Table 19.11.

Table 19.10 TC values in different magnetic fields with 20 wt% multiwall
nanotube and different weight percentage Fe2O3

Distance between
two magnets (mm)

Magnetic
field (kG)

TC average value with different Fe2O3

concentrations (W/m.K.)

1 wt% 5 wt% 10 wt% 20 wt%

46 0.68 N/A N/A 0.28 N/A
85 0.47 0.26 0.27 0.28 N/A

182 0.17 N/A N/A 0.27 N/A
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Figure 19.17 The thermal conductivity results for Ni-coated SWNT nanogrease in multiple
magnetic fields for 11 hours: (a) 0.64 kG; (b) 0.90 kG; and (c) 1.12 kG. (Reproduced with kind
permission from NLGI. Copyright (2010) NLGI)
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Figure 19.18 Thermal conductivity results for Ni-coated SWNT nanogrease in a 1.76 kG
magnetic field for 24 hours. (Reproduced with kind permission from NLGI. Copyright (2010)
NLGI)
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As shown in Table 19.11, there were insignificant changes in the TC due to the

magnetic field.

19.3.4 Electrical Conductivities of Various Nanofillers (Nanotubes)

In order to better understand and improve the conductivities of nanocomposites (nanotube

greases), the electrical conductivities of various fillers (nanotubes) in the solid phase were

measured.

Table 19.12 lists five nanofillers (nanotubes) with different functional groups and

chemical structures. In order to get uniform sample coating on each sensor, appropriate

solvent and concentrations were chosen as follows. Considering the solvent polarities, in

which water is 9 and DMF is 6.4, nanofillers (nanotubes) are easy to aggregate in water and

DMF, having the highest polarity among the organic solvents. Therefore, we used DMF for

all samples. Pristine SWCNTs are not distributed as well as others, even when ultrasoni-

cated for 15 min. Pristine nanotubes are hydrophobic and not functionalized. The func-

tional groups on the SWCNTs help their dispersion the DMF solvent.

Table 19.13 lists the conductivity (resistivity) data of the above five samples with and

without voltage applied. We could draw the following conclusions based on the conduc-

tivity (resistivity) results. The conductivities of functionalized nanotubes (fluorinated

SWNTs and sulfonated SWNTs) are decreased significantly. The alignment effect was

observed in sulfonated SWNTs because the material contains the charge inside the

Table 19.11 Average thermal conductivity of the Ni-
coated SWNT nanogrease in multiple magnetic fields

Magnetic Field
Strength(kG)

Time(hrs) Average Thermal
Conductivity(W/mK)

— — 0.27
0.64 11 0.26
0.90 11 0.27
1.12 11 0.26
1.76 24 0.26
1.46 72 0.27

Table 19.12 Types of nanofillers, concentrations and solvents

Type of Nanofiller Concentration Solvent Type

1. Pristine SWNT 0.0324% DMF
2. Fluorinated SWNT 0.0364% DMF
3. COOH SWNT (school of mines) 0.0363% DMF
4. COOH SWNT (outside campus) 0.0365% DMF
5. Sulfonated SWNT 0.0366% DMF
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molecule. It seems that COOH SWNTs show good conductivity, probably due to partial

oxidization by acid [44].

It seems that the pristine nanotube results are somewhat controversial. The alignment

effect is observed with the pristine nanotubes, however, it shouldn’t be observed. We are

collecting more samples, such as purified nanotubes, Ni-coated nanotubes, strong-acid-

treated nanotubes, which will be tested at NASA Ames Research Center. It is expected that

with more samples, we will better understand the relationship between conductivity and

structure.

Table 19.13 Conductivity (resistivity) data of the above five samples with
and without voltage applied

Sensor chip Coating sample Agilent
34401 DMM

Keithley
2002 DMM

GSFP-05_S2 Pristine SWNT 256 kO 270 kO
GSFP-05_S4 Pristine SWNT* 29.9 O 29.9 O
GSFP-08_S2 Fluorinated SWNT 41.2 kO 40.5 kO
GSFP-08_S4 Fluorinated SWNT* 39.1 kO 39.2 kO
GSFP-09_S2 COOH SWNT(S3) 12.0 O 12.0 O
GSFP-09_S4 COOH SWNT(S3)* 16.1 O 16.2 O
GSFP-15_S2 COOH SWNT(S4) 18.5 O 18.2 O
GSFP-15_S4 COOH SWNT(S4)* 17.8 O 17.8 O
GSFP-14_S2 Sulfonated SWNT 5.34 kO 5.29 kO
GSFP-14_S4 Sulfonated SWNT* 25.6 O 25.7 O

An electric field of 3V across the fingers with a gap size of 12mm was applied while the SWCNT
samples were being coated on the IDE. Instrument used for the resistance measurement:
Keithley2002 digital multimeter and Agilent 34401 DMM.

Figure 19.19 Pictures of five nanofiller (nanotube) solutions with different functional groups
and chemical structures. (Reproduced with kind permission from NLGI. Copyright (2010)
NLGI)
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19.4 Conclusion

In summary, homogeneous and stable nanocomposites (nanogreases) based on nanofillers

(carbon nanotubes) and polymers (polyalphaolefin oils, DURASYN� 166) have been

produced. Characterization results indicate that these types of nanocomposites (greases)

have high dropping temperatures (>271 �C) and very low oil-leaking percentages, even at

high temperatures. Also these nanocomposites are not aggressive to copper at temperatures

up to 177 �C. In this way, nanotube fillers distinguish themselves from more common

graphitic materials that for many years have been commonly used as solid grease additives.

Rheological research has shown that the nanocomposites (nanogreases) exhibit pseudo-

plastic behavior, which has a typical power law response and a definable yield stress. It

provides convincing evidence that a metastable network structure is formed inside the

nanocomposite with high nanofiller (nanotube) concentrations.

The use of nanofillers (carbon nanotubes) as a thickening agent in polyalphaolefin oils to

create nanocomposites (nanogreases) has significant merit. Given the abnormally high thermal

and electrical conductivities of carbon nanotubes, it is conceivable that nanocomposites could

exhibit excellent thermal and electrical conductivities. The rheological response of these

nanocomposites is important for two reasons: to determine if the composite will have sufficient

lubricating properties; and to provide critical information on the structure and particle–particle

interactions of nanotube suspensions. The knowledge gained concerning the structure of

nanotube suspensions will allow their manipulation to achieve better physical properties.

Time-dependent magnetic experiments were performed using nanocomposites (greases)

with different concentrations of Fe2O3 nanoparticles or Ni-coated carbon nanotubes. The

results demonstrated that, even under the influence of a strong applied magnetic field and the

addition of magnetically sensitive materials, the TC value remains constant. A possible

explanation for these results is that the nanofillers (carbon nanotubes) become associated

with each other through Van der Waals forces in the composite structure to form three-

dimensional networks, which make magnetic alignment of the nanotubes extremely difficult

or impossible.

The results of electrical conductivities indicate that the conductivities of functionalized

fillers (fluorinated SWNTs and sulfonated SWNT)s decrease significantly. The alignment

effect has been observed in sulfonated SWNT filler because the material contains the

charge inside the molecule.

Although there are many unknown or uncertain factors related to the fundamental nature

of nanocomposites (nanotube greases), the increased electrical and thermal conductivities

by addition of nanofillers strongly indicate that these nanotube greases could replace the

current commercial greases (lithium, calcium, aluminum, and polyurea) and have a

promising future in commercial applications.
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Magnetic force microscopy (MFM) 397–8

Magnetic materials

analytic techniques 509

giant magnetoresistant effect 520–22

greases 754–9

magnetic properties 512–15

particle/matrix interactions 510–12

physical properties 504–5

physical structure 509–10

preparation

electropolymerization 507–8

solution-based oxidation 506–7

two-step deposition 508

UV irradiation 508–9

Magnetite 507–8

Magnetization 505

MCM-41 353–4

Mechanical characterization 725

Medical devices, see Biomedical applications

Membranes 72, 200

Metal-oxide nanoparticles 481, 575–6, 754–9

Metallic nanoparticle composites 290

applications 322–4

electrodeposition 297–8

size 297–306

size distribution 306–8

spatial distribution 308–10

hydrogenation reactions 323

one-pot synthesis 290–4

oxidation reactions 322–3

in polyaniline nanofibers 34

pre-synthesized 294–7

reduction in pre-polymerized environments 312–20

reduction reactions 323

sensor applications 574–5

see also Magnetic nanoparticles

Metals

ferrous 657–9

surface ennoblement 637–45

testing 640–2

see also Metallic nanoparticle composites

Methanol 322, 590, 698–9

Micelles 26, 45–7, 475–6

reverse 493

Microcontainers see Containers

Microfluidic devices 68, 608–9, 609

Micromolding in capillaries (MIMIC) 414–15

Micromuscles 607

Micropumps 608–9

Miller, Joel 12–13

Molecular weight, carrier mobility and

118–19

Molybdenum trioxide 274–7, 572–3

Monomers, asymmetrical 716

Mott temperature 518

Mott variable-range hopping 445

Multi-walled nanotubes (MWNT) 213

polyaniline composites 227

synthesis 214–15

vibrational properties 224–25

Myoblasts 189, 289–90

Nanocomposite, definition 504

Nanocontainers see Containers

Nanodots 56

Nanofibers

in actuators 611
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applications

electronic 197–200

sensors 194–7

carbon nanotubes 175

charge transport 447–8

coaxial 174–5, 178–9

hydrophobic coatings 669

polyaniline see Polyaniline, nanofibers

polydiacetylene 186

polyfluorine 185

poly(p-phenylene vinylenes) 183–6

polypyrrole 175–9, 357–8

polythiophene 179–83

production, electrospinning see Electrospinning

in sensors 570–1

Nanofillers 737–8

prices 740

Nanoimprint lithography 413–14

Nanojunctions 568–9

Nanoneedles 52

Nanoparticles

conducting-polymer 579–82

magnetic 398–9

magnetic see Magnetic nanoparticles

polyaniline 28

polyhedral 57

nanoribbons 52–4

Nanorods 26, 40

Nanoropes 222

Nanosphere lithography (NSL) 485–6

Nanospheres 56–7

Nanostructured composites 342–4

anticorrosives 665–71

biological applications 715–18

polyacetylene 363

in sensors 565–6

as templates 43–4

see also Intercalation; Metallic nanoparticles

Nanostructured templates, polyaniline nanofibers

22–4

Nanotubes

applications 191–2

carbon, see Carbon nanotubes

conductive polymer 472–4

as containers 478–80

polyaniline 20, 63–4, 174–5

hard template preparation 43–4

soft template preparation 44–6

template-free preparation 48–51

polypyrrole 178–9

for sensors 566–7

single-walled, see Single-walled nanotubes

Nanowires 199, 411–12, 566–7

in actuators 611–12

charge transport 443–4, 446–9

DNA templates 431–2

electrospinning 438–41

fabrication

direct electron-beam patterning 413

hydrodynamically focused channels 436

nanoimprint lithography 413–14

nanomechanical scratching 423–6

scanning probe lithography 418–26

soft lithography 414–17

template-free interelectrode 442–3

field-effect transistors (FET) 453–5

grafted from monolayer 436–7

iron and nickel 43

lithographic templates 432–6

polyaniline 683, 684–5

poly(3-hexylthiophene) 430–1

polypyrrole 684

polypyrrole (PPy) 414, 415

sensors 570–1

template-guided growth 426–36

Near-edge X-ray absorption fine structure (NEXAFS),

see X-ray absorption near-edge structure

Near-field scanning optical microscopy (NSOM) 124–7

Nebulized spray pyrolysis (NSP) 216

Nerve grafts 710

Net-like nanostructures 59

Neural electrodes 712–13

interfacing 727–8

Neural recording 709

Neuronal cells 189–90

Nickel 590, 757

Nitrate 590

Nitrite 574–5, 583, 590, 693

Nitrogen dioxide 590–1

Nonferrous metals 659–62

Nonlinear optical response 5

Nucleation 146–7, 458

n-Octadecanethiol 383

Oil microdroplets 484

Oils, see Greases

Oligomer-assisted synthesis, polyaniline

nanofibers 24–5

Oligomers (polyaniline) 172, 172–4

One-dimensional solids 8

Onsager-Braun model 540–1

Optoelectronic devices 455–9

Orange juices 68

Organic field-effect transistors (OFET) 5–6

Organosiloxanes 666–7, 667

Oxidation 632–3

actuators 605–6

aniline 49

carbon nanotubes 218

metallic nanoparticle composites 322–3
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Oxidative coupling 718–20

Oxotitanyl phthalocyanine (TiOPc) 127

Oxovanadium phosphate 273

Oxygen bubbles 475, 484–5

Oxygen reduction 636–7, 695–8

P3HT, see Poly(3-hexylthiophene)

Paints 664–5

see also Anticorrosives

Palladium nanoparticles 303

PANI, see Polyaniline

PANOA 694–5

PBTDT 102, 103

PDAN 643

PEDOT, see Poly(3,4-ethylenedioxythiophene)

Penetration length tests 747

1-Pentanol 569, 591, 614

PEOT 143, 382–3

Periodic mesoporous organosilica (PMO) 364

Perovskites 280

PFB 545–5

pH sensors 591

Phase-imaging atomic force microscopy

(PI-AFM) 112–16

Phenyl-C61-butyric acid methyl ester (PCBM) 542–3

Phenylene 5

N-Phenyl-1,4-phenylenediamine (PPDA) 278

Phosphate 591

Phosphomolybdate 696

Photo-assisted synthesis 32, 33, 291, 508–9

Photoexcitation 6, 347–8, 535

biphasic polymer blend interfaces 546–9

charge-transfer state recombination 544–5

donor:acceptor materials 542–4

electric field-assisted 541–2

high-lying singlet states 541

Onsager-Braun model 540–1

see also Excitons

Photoluminescence 547–9

poly(p-phenylene vinylene) nanofibers 183–4

Photovoltaics 455–9

Platinum nanoparticles 69–70, 299–302, 698–9

Polarons 11

Polyacetylene 2, 13, 712

carbon nanotube composites 232

composites 361–3

isomerism 8–9

material properties 10

morphology 9

nanostructured 363–4

spectroscopic analysis 361–4

trans isomer 9–10

see also Poly(phenylacetylene)

Poly(2,5-bis(3-alkylthiophen-2-yl)dithieno

[3,2-b;20,30-d]thiophene) (PBTDT) 102, 103

Polyalphaolefins 741, 742–3

Polyamide-6, nanofibers 178

Polyaniline (PANi) 5

physical properties 60–3

actuators 72, 620

anticorrosive coatings 632–3, 642, 658, 660

as primer 662–3

applications 19, 65–74

atomic force spectroscopy 402–3

brain-like structures 57–8

carbon nanotube composites 224, 225–7, 239–40,

241, 242

catalysis using 69–70, 693

coaxial fibers 174–5

coping characteristics 11

cyclic and spiral structures 54

data storage devices 71–2

early history 7

electrospinning 168–75

emeraldine base 19–20, 110, 345

emeraldine salt 19, 110, 345, 713

feather-like nanostructures 59

field-effect transistors 70

flower-like structures 58–9

hydrogen uranil phosphate 277–8

inhomogeneity 124–5

intercalation 262–3, 264, 274–6, 277–8, 350–3

graphite oxide 282–3

vanadium pentoxide 267–8

Langmuir-Blodgett films 382–3

membranes 72

metallic nanoparticle composites 316–20

microspheres 470, 471, 481

mixtures 168–9

molybdenum trioxide 274–6

nanofibers 41–2, 169–75, 354–5

chemical polymerization 22–37

conductivity 61–2

dilute polymerization 32–3

electrochemical synthesis 37–41, 37–42

electrospinning 21–2

gelatin 187–8

hard-template polymerization 22–4

hydrophobic surface method 35–6

mechanochemical synthesis 34

nanostructured template 22–4

non-agitated solution synthesis 27–9

oligomer and polymer-assisted 24–5

phase interface synthesis 29–31

photo-assisted 33

poly(methyl methacrylate) (PMMA) 174

radiolytic synthesis 33–4

sensors 194–5

soft templates 24–7

sonochemical synthesis 34
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spin coating 22

template-free synthesis 27–37

nanolines 56

nanoneedles 52

nanoparticle composites 575–6, 580–1, 687

see also Metallic nanoparticle composites

nanoribbons 52–4

nanorods 40

nanosheets 55–6

nanospheres 56

nanotubes 42–51

physical properties 63–4

template-free preparation 48–51

nanowires 422, 431–2, 570, 683, 684–5

swelling 137–8

net-like nanostructures 59

oligomers 172

oxovanadium phosphate 273

paints 663–4

perovskite composites 280

polyethylene oxide 170, 171

polyhedral particles 57

polystyrene composite 171

polystyrene sulfanoate composite 169

processing 64–5

sensors 572–3, 575

applications 582–92

spectroscopic analysis 349–55

star-like nanostructures 59

swelling 130, 137–8

thin films 572–3

tin(IV) phosphonate composite 279

titanite composites 280–1

tower-shaped nanostructures 59–60

urchin-like structures 57

vanadium pentoxide 268–70, 272

water-dispersible 64–5

zirconium phosphate composite 278–9

Poly(aniline-co-o-aminophenol) (PANOA)

694–5

Poly[bis(methoxyethoxy)-phosphazene]

(MEEP) 282–3

Poly[(5,50-(3,30-di-n-octyl-2,20-bithiophene))-

alt-(2,7-fluoren-9-one)] (PDOBTF) 102, 103

Polybithiophenes (PBT) 106, 121–2, 136–7

carbon nanotube composites 229–30

Polycatechol 694

Polydiacetylene 13, 363–4

nanofibers 186

Poly(9,90-dialkylfluorenes) 124–6

Poly(3,30 0 0;-dialkylquaterthiophene) (PQT)

102, 103

inhomogeneity 117

Poly-1,5-diaminonapthalenes (PDAN) 643

Poly(3,30 0 0-didodecylquaterthiophene) (PQT) 414

Polydimethylsiloxane (PDMS) 414–15

Poly(9,90-dioctylfluorenes) 186

Poly(9,9-di-n-octyl-2,7-fluorene) (PFO) 414

Poly(9,9-dioctylfluorene-alt-benzothiadiazole)

(F8BT) 545–5

solar cells 550–5

exciton ionization 546–7

Poly(9,9-dioctylfluorene-co-bis-N-N 0-
(4,butylphenyl)-bis-N-N0-phenyl-1,4-

Pheylene-diamine) (PFB) 545–5, 546–8

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(bithiophene)]

(F8T2) 430, 457, 458

Poly(4,40 0dioctyl-2,20:50,20 0-terthiophene)

(PDOTT) 102, 103, 121

Polydispersity index (PI) 118–19

Poly(3-dodecylthiophene) (P3DDT) 111

nanofibers 180–1

Poly("-caprolactone) 183

Polyethoxythiophene (PEOT) 143, 382–3

Polyethylaniline 282

Polyethylene glycol 25

Polyethylene oxide

intercalation 281

lithium perchlorate doped 195

as matrix 181

molybdenum trioxide intercalation 276

polyaniline 170

polypyrrole nanofibers 176–7

polythiophene composite 180–1

vanadium pentoxide 271

Poly(3,4-ethylenedioxythiophene) (PEDOT) 4, 143,

382–3, 713

actuators 609–10, 614–15, 621–2

anticorrosives 645

biological applications 713

carbon nanotube composites 229, 722

nanofibers 179–80, 190–1

nanotubes 192–4, 492–4, 689

nanowires 447, 454

poly(styrene sulfanoate) doped (PEDOT-PSS) 4, 12

inhomogeneity 110

sensors 572, 584–92

spectroscopic analysis 359–61

vanadium pentoxide intercalcation 266–7

Polyfluorenes

carbon nanotube composites 231

electrospinning 186

solar cells 545–6

Polyhedral particles 57

Poly(3-hexylthiophene) (P3HT) 360

inhomogeneity 110–11, 113, 114–17, 120–1

nanofibers 183

nanowires 413, 430–31

oriented films 114–15

solar cells 532, 543–4
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Poly(L-lactide) (PLLA) 473, 480

Poly(L-lactide-co-"-caprolactone) 189

Poly(lactide-co-glycolide) (PLGA) 192–3, 193,

473, 480

Polymer-assisted synthesis 24–5

Poly-[3-(methacrylamino)propyl]trimethyl

ammonium chloride (PMAPTAC) 576–7

Poly(2-methoxy-5-(2-0ethylhexoyl)-1,4-phenylene

vinylene) (MEH-PPV) 102, 103, 104, 118, 126

nanofibers 185

Poly(methyl methacrylate) (PMMA) 385

polyaniline 174

polyaniline nanofibers 174

polyphenylene composite 185

polypyrrole 179

sensors 584

Poly(20-methoxy-5-(20-ethyl-hexyloxy)-1,

4-vinylene) (MEH-PPV) 396

Polymethylthiophene (PMT), anticorrosive

coatings 640–1

Poly(3-methylthiophene) (P3MT) 135

swelling 131

Poly(o-ethoxyaniline) (POEA) 380

atomic force spectroscopy 402

Poly(3-octylthiophyl) (P3OT) 360

Poly[oxymethylene-(oxyethylene)] 272

Poly(phenylacetylene) 10

Poly(phenylene vinylenes) (PPV) 5, 126

applications 183

carbon nanotube composites 230–1

electrospinning 183–6

inhomogeneity 124

nanofibers 183–6, 185

nanowires 431–2

Polypropylaniline (PPA) 281

Poly(pyridyl vinylene) (PPyV) 124

Polypyrrole (PPy) 11, 712

actuators 600, 601–2, 604, 607, 617–18, 621

chain alignment 610–12

modelling 604–7

anticorrosives 632, 635–6, 642–3, 657, 657–9,

660, 665

biomedical applications 491–2

electrospinning 175–9

fluoroborate doped 142

hydrogels 621

intercalation, graphite oxide 282–3

magnetic composites 506, 506–7

magnetic nanoparticle composites 507–8, 516–20

giant magnetoresistant 521

metallic nanoparticle composites 319

microcontainers 491–2

nanofibers 175–9, 357–8, 570–1

nanowires 414, 415, 422, 431–2, 437–8, 447,

449–50, 567–8, 684, 689

oxygen reduction 636–7

polystyrene sulfanoate doped 138, 139

sensors 584–92

spectroscopic analysis 356–8

spheres 470–1

swelling 129–31, 141

vanadium pentoxide composites 270–1

Polystyrene

nanospheres 470–1

polyaniline 171

polyaniline core-shell particles 581

Polystyrene sulfanoate 4, 138, 139, 141, 577

nanofibers 179–80

polyaniline 169

Poly(styrene-b-dimethylsiloxane) (PS-PDMS)

417–18

Poly(sulfur-nitride) 4

Polythiophene (PThs) 149, 179–83, 712

anticorrosive coatings 658, 665

electrode modification 137

photoexcitation 542–4

spectroscopic analysis 358–60

see also Poly(3,4-ethylenedioxythiophene);

poly(3-hexylthiophene); Polybithiophene

Polyurethane (PU) 396, 666–7

Polyvinyl alcohol (PVA) 721

Polyvinyl carbazoles (PVK) 234

carbon nanotube composites 230–1,

236–8, 240

Polyvinyl chloride (PVC) 385

Polyvinylpyrrolidone (PVP) 172–4, 480

as PEDOT matrix 180

Porosity

actuators 614

anticorrosives 636, 650–6

heat treatment 651

electrodeposition modes and 651–4

Porous vycor glass (PVG) 350

Porphyrin 38, 696–7

Potassium biiodate 37

Potential-step electrodeposition 298, 305, 651

Potentiostatic synthesis 39, 686–90

Pour point 742

PQT 102, 103, 117

Primers 662–3

Propan-2-ol 591

Propellor blades 608

Prussian blue 576–7

PThs, see Polythiophene

PVK, see Polyvinyl carbazoles

Pyrene 489

Pyrrole monomer 12

iron oxychloride and 262–3

Quantum dots 449
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Radiolytic synthesis 33–4

Raman spectroscopy 210–11, 222–3, 346

nanotubes with noncovalently bonded

polymers 248–9

Reduction 636

actuators 605–6

catalysis 695–8

metallic nanoparticle composites 323

Remanent magnetization 505

Resistivity 445

Rheology 741, 743, 750–4

Rhodamine B 490

Rifampicin 469

Rutiles 279–80

Saturation magnetization 505

Scanning conductance microscopy (SCM) 171

Scanning electrochemical microscopy (SECM) 141–4

Scanning electron microscopy (SEM) 724–5

Scanning probe lithography 418–26

Scanning probe microscopy (SPM) 402

Scanning thermal microscopy (SThM) 384–7

Scanning tunneling microscopy (STM) 109–12

Electrochemical, see Electrochemical scanning

tunnelling microscopy

Seed templates, polyaniline nanofibers 22–3

Self-assembled monolayers (SAM) 383, 573–4

nanowire fabrication and 436–7

Semiconductors, inorganic, see Inorganic

semiconductors

Sensors

applications 584–92, 593

carbon nanotubes (CNT) 577–9

ChemFET 568–70

core-shell particles 581–2

CP nanoparticles 580–2

DNA 67–8

electrospun nanofiber 194–7

metal-oxide nanoparticle 575–7

metallic nanoparticle 574–5

nanofibers and nanowires 570–1

nanoporous templates 582–4

nanowires 449–53, 566–8

neurotransmitters 574–5

for nitrite 574–5, 582–3

polyaniline 65–9

response characterisation 593

thin film 572–4

see also Chemical field-effect transistor

Serotonin 591

Sevoflurane 591

Shaping theory 687–8

Shear stress 743, 750–3

polyaniline nucleation and 28

SHF403 oil 746

Shirakawa, Hideki 7

Silica 480

Silk-like protein fragments (SLPF) 714

Silver nanoparticles 172–4, 291, 303

Single-walled carbon nanotubes (SWNT) 22, 180,

213, 739

as dopant 244

electrical force microscopy (EFM) 396–7

in greases, see Greases

polyaniline composites 225, 239–41, 241, 242

polypyrrole composites 577–8

polythiophene composites 359

polyvinyl carbazole composites 239

pretreatment 218–19

sensors 577–8

synthesis 214

vibrational properties 222

Sodium alginate 24

Sodium chloride 591

Sodium dodecylsulfate (SDS) 25

Sodium hypochlorite 37

Sodium salicylate 661

Soft lithography 414–18

Soft template fabrication 414–18

containers 482–5

polyaniline nanofibers 24–7

Solar cells 6, 531–2

charge generation 545–5

charge transfer 534–7

charge transport 537–8

copolymer 533–4

efficiency 532, 544–5

exciton ionization at copolymer

heterojunctions 546–7

inhomogeneity 100

inorganic nanoparticle 534

loss mechanisms 550–2

photoinduced charge transfer 538–9

poly(3-hexylthiophene) 532

polyaniline 72

see also Charge-transfer complexes

Solitons 9, 10

Solvents 120, 718

Sonication 21–2, 34, 291

Sonochemical synthesis 34

SouthWest NanoTechnologies 739

Spectroscopic analysis 345–6

poly(3,4-ethylenedioxythiophene)

(PEDOT) 359–61

polyacetylene 361–4

polyaniline 349–55

nanofibers 60–1

polythiophene 358–60

X-ray 346–9

Spherical nanocontainers 468–72
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Spin coating 22

polyaniline nanofibers 22

Spiral microstructures 4

Star-like nanosttructures 59

Stepwise deposition, polyaniline nanofibers 40

Stress testing 743–5, 750–4

Structural inhomogeneity, see Inhomogeneity

Supercritical fluids 722–3

Superhydrophobicity 667–71

Supersaturation 456

Surface potential (SP) 394–5

Surface-enhanced Raman scattering (SERS) 211

Surfactants 219–20, 228, 483

greases 747–8

polyaniline nanofiber synthesis 25–7

polyaniline nanotube synthesis 44–7

see also Micelles

Swelling 600

electrochemical atomic force microscopy

assays 129–40

electrochemical scanning tunnelling microscopy

assays 140–1

mechanisms 133

Templates, see Hard template fabrication; soft

template fabrication

Tetracyanoquinomethane-tetrathiafulvene

(TTF-TCNQ) 8

5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrin 38

Tetrathiafulvalene-tetracyanoquinodimethane

(TTF-TNCQ) complex, see TTF-TNCQ

Thermal conductivity 743

carbon nanotubes 738–9

greases 748–9, 755–6, 758

Thermal dip-pen nanolithography 421–2

Thin films

atomic force microscopy 380–4

atomic force microscopy (AFM) 379–80

formation and inhomogeneity 145–6

Langmuir-Blodgett 380, 382–3, 572–4

polyaniline 41–2

Thiophene monomer 5, 10

Thiosalicylate 638

Third harmonic generation (THG) 127

Tin dioxide 576

Tin(IV) phosphonate 279

Tissue engineering 187–8, 189

Titanium dioxide 280–1, 575–6

polythiophene composites 358–9

Toluene 591

Tower-shaped nanostructures 59–60

Transient absorption spectroscopy 550–2

Transistors, see Field-effect transistors

1,2,4-Trichlorobenzene (TCB) 120

Triethylamine (TEA) 67, 571, 578, 591–2

sensors 197

Triflate ion 617–18

Trilayer actuators 609

Trimethylamine 578, 592

Tunneling atomic force microscopy (TUNA) 107

Ultrasonication 21–2, 34, 291

Ultraviolet-visible-near infrared (UV-vis-NIR)

spectroscopy 345–6

Urchin-like structures 57

Uric acid 592

Vanadium pentoxide 263–73

polyaniline composites 267–70

polyethylene oxide composites 271

polyethylenedioxythiophene (PEDOT)

composites 266–7

polypyrrole composites 270–1

preparation 265

structure 264–5

ternary composites 272–3

Vanillin 592

Vermiculite 356

Vibrational properties, conducting nanotube/polymer

bilayers 233

Vinyl carbazole 237–8

Vinylene 5

Viscosity, see Rheology

Vision prosthesis 709

Volatile organic compounds (VOC) 573–4

Water 750

see also Hydrogels

White wines 592

X-ray absorption near-edge structure (XANES)

348, 360

X-ray spectroscopy 346–9

Xerogels 277

vanadium pentoxide 264–74

Yield stress 753–4

Zeolite 343, 350

Ziegler-Natta polymerization 7–8, 10,

232–3

Zigzag nanotubes 212

Zinc 660–1

Zirconium phosphate 278–9
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nanoPAN

Dispersed With

DMF and chitosan

DNA probe Target DNA

25 °C, 2 h 0.5 V, 500 s

–0.2 V, 500 s

HAuCl4

G
C

E

G
C

E

G
C

E

G
C

E

G
C

E

Plate 1 Schematic diagram of the immobilization and hybridization of DNA on Au/nanoPAN/
GCE. (Reprinted with permission from Analytica Chimica Acta, Enhanced Sensitivity for
deoxyribonucleic acid electrochemical impedance sensor: Gold nanoparticle/polyaniline
nanotube membranes by Y. Feng, T. Yang, W. Zhang, C. Jiang and K. Jiao, 616, 2, 144–151.
Copyright (2008) Elsevier Ltd) (See Figure 2.31)
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Plate 2 Schematic illustration of the controlled release of dexamethasone: (A) dexametha-
sone-loaded electrospun PLGA, (B) hydrolytic degradation of PLGA fibers leading to release of
the drug, and (C) electrochemical deposition of PEDOT around the dexamethasone-loaded
electrospun PLGA fiber slows down the release of dexamethasone (D). (E) PEDOT nanotubes in
a neutral electrical condition. (F) External electrical stimulation controls the release of dex-
amethasone from the PEDOT nanotubes due to contraction or expansion of the PEDOT. By
applying a positive voltage, electrons are injected into the chains and positive charges in the
polymer chains are compensated. To maintain overall charge neutrality, counter-ions are
expelled towards the solution and the nanotubes contract. This shrinkage causes the drugs to
come out of the ends of tubes. (G) Cumulative mass release of dexamethasone from: PLGA
nanoscale fibers (black squares), PEDOT-coated PLGA nanoscale fibers (red circles) without
electrical stimulation, and PEDOT-coated PLGA nanoscale fibers with electrical stimulation of
1 V applied at the five specific times indicated by the circled data points (blue triangles). (H) UV
absorption of dexamethasone-loaded PEDOT nanotubes after 16 h (black), 87 h (red), 160 h
(blue), and 730 h (green). The UV spectra of dexamethasone have peaks at a wavelength of 237 nm.
Data are shown with a –standard deviation (n ¼ 15 for each case). (Reprinted with permission
from Advanced Materials, Conducting-Polymer Nanotubes for Controlled Drug Release by M.
R. Abidian, D.-H. Kim and D. C. Martin, 18, 4, 405–409. Copyright (2006) Wiley-VCH) (See
Figure 4.19)



(a) (b)

(e)

(c) (d)

Plate 3 AFM images (10 � 10 mm) of POEA-EB (pH 10.0) for immersion times of (a) 1s, (b) 3s,
(c) 5s, (d) 180s, and (e) average DAM for POEA-EB. (Reprinted with permission from Journal of
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Plate 4 Measured time-dependent current through an individual CPNW sensor upon expo-
sure to NH3 gas. The nanowire device being tested was about 335 nm in diameter. (Reprinted
with permission from Nano Letters, Polymeric Nanowire Chemical Sensor by H. Liu et al., 4, 4,
671–675. Copyright (2004) American Chemical Society) (See Figure 10.44)
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Plate 5 IDS vs. VDS characteristics of a regio-regular P3HT nanofiber FET, with an effective
channel length of 10 mm and diameter of 180 nm, showing accumulation mode operation
when a different negative gate bias is applied. Inset: The forward and reverse sweeps exhibit
negligible hysteresis of the device. (Reprinted with permission from Applied Physics Letters,
Single electrospun regioregular poly(3-hexylthiophene) nanofiber field-effect transistor by
H. Liu, C. H. Reccius and H. G. Craighead, 87, 25. Copyright (2005) American Institute of
Physics) (See Figure 10.51)
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Plate 6 I–V characteristics of a top-contacted F8T2 nanowire acquired in the dark (blue line)
and under 405 nm illumination (red line). Reversible switching in I–V data measured under
manually chopped 405 nm illumination is also shown (green line). Inset: optical microscopy
image of a typical top-contacted F8T2 nanowire device. Scale bar: 10 mm. (Reprinted with
permission from Advanced Materials, A Single Polymer Nanowire Photodetector by
G. A. O’Brien, A. J. Quinn, D. A. Tanner and G. Redmond, 18, 18, 2379–2383. Copyright
(2006) Wiley-VCH) (See Figure 10.56)
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Plate 7 Schematic illustration of the formation of LBL-synthesized containers and drug release
after pH changes (PG, polyglutamate; PEI, polyethyleneimine; PAA, poly(acrylic acid); LBL,
layer-by-layer): (a) Formation of oil-loaded polyglutamate containers in an ultrasonic field;
(b) LBL assembly of a PEI/PAA shell; (c), (d) swelling and dissolution of the container shell
by changing the pH value of the surrounding circumstance. (Reprinted with permission
from Langmuir, A Novel Drug Carrier: Lipophilic Drug-Loaded Polyglutamate/Polyelectrolyte
Nanocontainers by X. Rong Teng, D.G. Shchukin, and H. Mohwald, 24, 2, 383–389. Copyright
(2008) American Chemical Society) (See Figure 11.1)



Plate 8 A schematic illustration of the encapsulation approaches: (a) loading the content after
the synthesis process and then sealing the open ends of the CPCs by a further polymerization;
(b) entrapping the chemical species by their permeation phenomenon (See Figure 11.12)
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Plate 9 (Reprinted with permission from Journal of Nanoparticle Research, Fabrication and
Characterization of Iron Oxide Nanoparticles Reinforced Polypyrrole Nanocomposites,
by Z. Guo, K. Shin, A. B. Karki et al., 11 (6) 1441–1452. Copyright (2009) Springer Science
þ Business Media (See Figure 12.5)



Plate 10 Schematic of conventional biological modification routes of CPs, shown for
poly(3,4-ethylene dioxythiophene). The green molecule represents the biofunctional additive
and the negatively charged purple molecule is the dopant anion (See Figure 18.4)
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