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PREFACE

The term dendrimer derives from theGreekwords dendron (tree) andmeros (part) and

refers to its regularly and highly branched structure. Many dendritic architectures are

present in Nature: from dendritic cells to ice crystals. In chemistry, the first examples

of iterative synthetic procedure (now recognized as a trademark of dendrimers) was

described by V€ogtle in 1978, while the first thoroughly investigated dendrimers were

reported by Tomalia and Newkome in the mid-1980s and by Fr�echet in the early

1990s. In the beginning, the term arborol (from Latin word means tree) was

sometimes used, but finally the word dendrimer conquered the scene. Still in the

early 1990s other distinguished researchers, such as Astruc, Balzani, Meijer, Moore,

M€ullen, and theMajoral/Caminade group, joined the field and contributed to the early

successes of the dendrimer chemistry. At that time, synthesis of a dendrimerwas a real

challenge both for the synthetic procedure and for the analytical characterization. The

interest in dendrimer chemistry has enormously increased since then, also because it

was immediately clear that new properties emerged from the dendritic structures,

properties, which could not be featured by the individual subunits or from alternative

assembly organizations. The great potential of dendrimers is now well recognized by

the huge growth in the number of papers (from few dozens in 1993 to more than 2000

in 2007, see Figure P.1) and patents, and by the advent of companies selling

dendrimer-based products. This research stimulated developments in other areas of

knowledge, including new characterization techniques.

Like trees, dendrimers usually exhibit aesthetically pleasant structures, but the

interest in a specific dendrimer does not depend, of course, only on its beauty; rather, it

depends on the “fruit” (i.e., the specific function) that the dendrimer is able to produce.

Indeed, they are currently attracting the interest of a great number of scientists because

of their unusual chemical and physical properties and the wide range of potential
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applications in such diverse fields as medicine, biology, chemistry, physics, and

engineering.

Other books on dendrimers have been published during the past 15 years, but very

recent progress in new areas stimulated us to edit the present volume to provide an

overview of the field’s progress and future perspectives.

In this book, leading scientists in this field report their up-to-date contributions

covering a broad range of applications and suggesting future possibilities. The book is

not intended to be a comprehensive text on dendrimer science, but rather it is intended

to guide the newcomers in the complex and multi-faceted fields of dendrimer

synthesis and applications and to provide the experts with the state-of-the-art studies.

We hope that the present book will be useful not only for scientists engaged in the

dendrimer research but also in nanotechnology, materials science, and molecular

biology since much space is devoted to the recent dendrimer applications, ranging

from optoelectronic devices to drug delivery and artificial proteins. The volume is

also aimed at graduate students and postdoctoral fellows interested in exploring the

frontiers of dendrimer chemistry as an inspiration for new research topics. It may also

serve as a basic text or a complementary reading source for graduate and postgraduate

students attending nanoscience and nanotechnology courses. Indeed, although the

book does not include introductory or tutorial sections, most chapters begin with a

discussion of the basic concepts that are relevant for the presented topics.

The book consists of 16 chapters, which are not grouped into sections, but

nevertheless are logically ordered. The first chapters provide an introductory

view—even including perspectives for alternative approaches to the dendrimer

realm—mainly centered on synthetic methods/approaches. The following ones

are more application-oriented, exploring electrochemically based applications,

FIGURE 1 The increasing number of published papers devoted to dendrimer chem-

istry along the years. The 2009 data are limited to November 10, 2009.
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photochemical energy conversion, single-molecule detection, biomedical applica-

tions, and future perspectives.

Our sincere acknowledgments are devoted to the distinguished colleagues and

friends who have contributed the chapters.Wewould also like to express our gratitude

to the Wiley staff members for their help in the various phases of the editorial work.

Color figures are available at ftp://ftp.wiley.com/public/sci_tech_med/designing_

dendrimers.

SEBASTIANO CAMPAGNA

PAOLA CERONI

FAUSTO PUNTORIERO

Messina and Bologna, September 2011
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1
DENDRIMERS AS QUANTIZED
NANO-MODULES IN THE
NANOTECHNOLOGY FIELD

JØRN B. CHRISTENSEN
1
AND DONALD A. TOMALIA

2,3

1Department of Chemistry, University of Copenhagen, DK-2100 Copenhagen, Denmark
2The National Dendrimer & Nanotechnology Center, Department of Chemistry, Central

Michigan University, Mt. Pleasant, MI, 48859 USA
3NanoSynthons LLC, 1200 N. Fancher Ave., Mt. Pleasant, MI, 48858 USA

1.1 INTRODUCTION

According to an insightful opinion expressed by Nobel Laureate, R. Hoffmann [1],

chemistry and physics meet in the solid state where these two disciplines share a

significant mutual interest concerning the structure of matter. That withstanding,

chemists are usually most concerned with the use of atom building blocks and the

manipulation of their electrons to produce more complex molecular structure.

Historically, much of this earlier activity focused on the evolution of first principles

and a “central paradigm” as briefly outlined in Figure 1.1.

These first principles led to the emergence of “elemental periodicity” that

ultimately producedMendeleev’s Periodic Table (1869), and a systematic framework

for unifying and defining the very rich contemporary science of traditional small

molecule and macromolecular chemistry. One of the greatest challenges facing

today’s interdisciplinary field of nanoscience is the absence of a “central paradigm,”

and a nanomaterials classification roadmap for organizing and defining the growing

number of nanostructures and assemblies that are being reported in the literature.

These issues were examined as a critical theme for a recent National Science

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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Foundation (NSF) workshop entitled: “Periodic Patterns, Relationships and Cate-

gories of Well-Defined Nanoscale Building Blocks” [3]. An embryonic consensus of

principles, classifications, and fundamentals emerged from this workshop that has

now evolved into a systematic framework for unifying and defining nanoscience. This

conceptual framework was based on historical principles, which were first used for

traditional chemistry and included: (a) a nanomaterials classification roadmap, (b) a

table ofwell-defined nano-module (element) categories, (c) combinatorial libraries of

nano-compounds/-assemblies, and (d) the observation of nano-periodic property

patterns. This concept was recently published [4]. It focused exclusively on well-

defined monodisperse (0-D/1-D) nanoscale materials and the division of these well-

definedmaterials into hard and soft nanoparticles (i.e., modules) following elemental

compositional and architectural criteria invoked for traditional inorganic and organic

materials (Figure 1.2). These well-defined nano-modules were selected based on

criteria associated with traditional features/behavior of atoms (i.e., atom mimicry)

and were referred to as hard and soft particle nano-element categories. As such, these

nano-element categories mimic atoms by reacting or self-assembling to form

combinatorial libraries of hard–hard, hard–soft, or soft–soft nano-compounds or

nano-assemblies. Finally, due to the conserved nature of the precursor building blocks

(i.e., atoms and/or small molecules) leading to these well-defined nano-element

categories and their nano-compounds/-assemblies, many nano-periodic property

FIGURE 1.1 Dalton’s first table of elemental atoms and their conversion to compound atoms

according to his atom/molecular hypotheses. Key components of traditional chemistry central

dogma based on Dalton’s hypothesis [2].
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patterns have been observed and reported in the literature. These nano-property

trends/periodic property patternsmay be classified as either intrinsic physicochemical

or functional/application type properties. In all cases these unique nano-property

trends/patterns appear to be inextricably related to well controlled critical nanoscale

design parameters (CNDPs), such as size, shape, surface chemistry, flexibility, and

architecture as overviewed in Figure 1.2.

This account will focus only on dendrons/dendrimers that have been previously

reported to exhibit many features associated with traditional elemental atoms (i.e.,

atom mimicry) [5,6]. Inspired by these early examples of dendrimer-based heuristic

atom mimicry, a broader concept was evolved which embraced both hard and soft

particle nano-element categories. Presently, six hard nano-element and six soft

nano-element categories have been proposed. Dendrons/dendrimers constitute one

of the six proposed soft particle, nano-element categories, namely the [S-1];

core–shell type category in this nano-periodic system. As such, dendrimers behave

as soft particle nano-elements to produce well-characterized core–shell (tecto)

dendrimers (i.e., dendrimer–dendrimer type nano-compounds). Similarly, reactions

with fullerenes have been reported to produce stoichiometric dendrimer–fullerene

FIGURE 1.2 Concept overview. Using first principles and step logic that led to the “central

dogma” for traditional chemistry, the criteria of nanoscale atom mimicry was applied to

Category I-type, well-defined nanoparticles. This produced 12 proposed nano-element cate-

gories, whichwere classified into six hard particle and six soft particle nano-element categories.

Chemically bonding or assembling these hard and soft nano-elements leads to hard:hard, soft:

hard, or soft:soft type nano-compound categories, many of which have been reported in the

literature. Based on the discrete, quantized features associatedwith the proposed nano-elements

and their compounds, an abundance of nano-periodic property patterns related to their intrinsic

physicochemical and functional/application properties have been observed and reported in

the literature.
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type nano-compounds [7], whereas, dendrimers bearing either surface or interior

ligation sites reacted with metal salts to produce stoichiometric dendrimer–metal

ligation type nano-compounds [8,9]. Some of these constructs could be further

reduced to yield core–shell; dendrimer–metal nano-cluster type nano-compounds.

These results optimistically portend the extension of this concept to awide variety of

other well-defined soft particle nano-element categories (i.e., proteins, DNA/RNA,

viral capsids, etc.), and hard particle nano-element categories (i.e., metal oxide

nanocrystals, metal chalcogenide nanocrystals, fullerenes, etc.).

1.2 CRITICAL NANOSCALE DESIGN PARAMETERS (CNDPs):

STRUCTURAL CONTROL IN DENDRIMERS

Dendrimers are widely recognized as an important subclass within the fourth

major polymer architecture category referred to as (IV) dendritic polymers [10]

(see Figure 1.3). Hierarchically speaking, dendrimers are collections of 103–104

atoms with relative molar masses of 104–105 Da and hydrodynamic dimensions

ranging from 1 to 30 nm. Among the most important features of dendrimers is that

they can be synthesized with precise structural control over their CNDP’s, which

include nanoscale: (a) sizes, (b) shapes, (c) surface chemistries, (d) flexibilities/

rigidities, and (e) architecture [11]. This is in sharp contrast to statistical poly-

dispersed features which are normally associated with traditional polymer archi-

tectures, namely: (I) linear, (II) cross-linked polymers, and (III) branched types as

shown in Figure 1.3.

FIGURE 1.3 Four major classes of macromolecular architecture. Traditional synthetic

polymers: (I) linear, (II) cross-linked (bridged), and (III) branched. Structure controlled

polymers (IV) dendritic.
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1.2.1 Dendrimer Synthesis: Divergent and Convergent Methods

In contrast to traditional polymers, dendrimers are monodisperse, macromolecular

core–shell structures, consisting of three basic architectural components, namely:

(1) a core, (2) an interior of monomer shells (generations) consisting of repeating

branch-cell units, and (3) terminal functional groups (i.e., the outer shell or periph-

ery). Dendrimer synthesis strategies may be divided into two major approaches and

are referred to as either a divergent or convergent assembly strategies. The required

building blocks and synthetic pathways are as outlined in Figure 1.4.

FIGURE 1.4 Hierarchical assembly scheme illustrating the options for constructing dendri-

mers by either divergent (Tomalia-type) or convergent (Frechet-type) synthetic strategies.
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In general, dendrimers produced by the convergent strategy are nearly free of

defects. This is in contrast to dendrimers obtained by the divergent approach;wherein,

lowdefect levels are observed in the early generationswith substantially higher defect

levels occurring at higher generations (Figure 1.4). A comparison is made between

convergent—Yamamoto-type dendrimers and divergent—Meijer-type dendrimers as

shown in Figures 1.6 and 1.7, respectively.

Within each of thesemajor approaches, theremay bevariations inmethodology for

branch-cell or dendron construction, (i.e., supramolecular assembly [12], click

chemistry [13], etc.). Many of these issues, together with experimental laboratory

procedures, have been extensively reviewed elsewhere [14–19].

1.2.2 Quantized Component Relationships to Produce Core–Shell, Soft

Nano-Matter Dendrimer Structures

The steps required for the divergent assembly of dendrimers may be thought of as

beginning with quantized, core information. This core information that defines

initiator size, shape, multiplicity, and directionality then orchestrates subsequent

iterative monomer shell polymerization events. The resulting monomer shells (i.e.,

generations) consist of mathematically defined numbers of monomers and branch-

cell domains, which are required to produce these discrete nanoscale core–shell

structures. As such, dendrimers may be viewed as nanoscale processing devices;

wherein, their precise sizes and shapes are directed and controlled as illustrated

in Figure 1.5.

Each architectural component manifests a specific function, and at the same time

defines important periodic properties for these nanostructures as they are grown

generation by generation. For example, as illustrated in Figure 1.5 the core may be

thought of as the molecular information center fromwhich size, shape, directionality,

and multiplicity are expressed via covalent connectivity to the outer shells [11].

Within the interior, one finds the branch-cell amplification region, which defines the

type and amount of interior void space that may be enclosed by the terminal groups as

the dendrimer is grown to a surface congested level (Figure 1.9).

Branch-cell multiplicity (Nb) determines the density and degree of amplification as

an exponential function of generation (G) (Figure 1.8). The interior composition and

amount of solvent-filled void space determines the extent and nature of guest–host

(endo-receptor) properties (i.e., for encapsulation of metals, pharma, or small guest

molecules) that is possible with a particular dendrimer family and generation

(Figure 1.24). Finally, the surface may consist of either reactive or passive terminal

groups that may perform a variety of functions. With appropriate function, they serve

as a template polymerization region; wherein, each generation is amplified and

covalently attached to the precursor generation.

Secondly, the surface groups may function as passive or reactive gates controlling

entry or departure of guest molecules from the dendrimer interior. These three

architectural components essentially determine a rich range of nano-physicochemical

properties, and the overall sizes, shapes, reactivity, and flexibility of dendrimers. It is

important to note that dendrimer diameters increase linearly as a function of shells or
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generations added; whereas, the terminal functional groups increase exponentially

(Figure 1.8) as a function of generation. This dilemma enhances “tethered con-

gestion” of the anchored dendrons, as a function of generation, due to the steric

crowding of the end groups. As a consequence, lower generations are generally open,

floppy structures; whereas, higher generations become robust, less deformable

spheroids, ellipsoids, or cylinders [23] depending on the shape and multiplicity of

the core.

1.3 EXPERIMENTALLY PROVEN STRUCTURAL CONTROL OF

CRITICAL NANOSCALE DESIGN PARAMETERS (CNDPs)

In this section, we focus on experimentally proven examples that illustrate structural

control of CNDP’s when synthesizing dendrons/dendrimers. This brief overview

illustrates examples of atom mimicry based on the synthetic ability to control;

(a) sizes, (b) shapes, (c) surface chemistry, (d) flexibility, and (e) architecture at the

nanoscale level. It is apparent, that both the core multiplicity (Nc) and branch-cell

multiplicity (Nb) determine the precise number of terminal groups (Z) and mass

amplification as a function of generation (G). One may view those generation

sequences as quantized polymerization events that adhere to the dendritic aufbau

FIGURE 1.5 Tomalia type (G¼ 4.5); {dendri-poly(amidoamine)-(CO2Me)Z}; (PAMAM)

dendrimers. A 3-D projection of such a dendrimer core–shell architecture for G¼ 4.5 poly

(amidoamine) (PAMAM) dendrimer with principal architectural components (I) core, (II)

interior, and (III) surface [20].

EXPERIMENTALLY PROVEN STRUCTURAL CONTROL OF CRITICAL NANOSCALE 7



mathematics described in Figure 1.9. The assembly of reactive monomers [11,24],

branch cells [11,25,26], or dendrons [12,27] around atomic or molecular cores to

produce dendrimers according to divergent/convergent dendritic branching principles

has beenwell demonstrated (Figure 1.4). This systematic filling of nano-space around

cores with branch cells in generational growth stages (branch-cell shells) produces

discrete, quantized bundles ofmass that aremathematically predictable [5]. Predicted

molecular weights are routinely confirmed by mass spectroscopy [22,28,29]

(Figures 1.6 and 1.7) and other analytical methods [27,30–32]. Predicted numbers

of branch cells, terminal groups (Z), and molecular weights, as a function of

generation, are as described in Figure 1.8. It should be noted, that the molecular

weights approximately double as one progresses from one generation to the next. The

surface groups (Z) and branch cells (BC) amplify mathematically according to a

power function; thus, producing discrete, monodisperse structures with precise

molecular weights. These predicted values are routinely verified for convergent

synthesized dendrimers by mass spectroscopy (Figure 1.6). However, for divergent

synthesized dendrimers,minormass defects are often observed for higher generations

as congestion induced de Gennes dense packing and nano-steric effects begin to

occur [11,33] (Figure 1.7).

1.3.1 Quantized Size-Control of Monodisperity

The bottom-up synthesis of dendrons/dendrimers provides one of themost precise and

tunable strategies known for constructing a systematic continuum of reproducible

soft matter nanoscale structures. Size and structure control observed for dendron/

dendrimer synthesis rival that expected for proteins and DNA/RNA. In fact, den-

drimers are often referred to as artificial proteins [34–36]. Based on the closemimicry

of globular protein size scaling and their monodispersity, they are often used as

protein replacements/substitutes inmany nanomedicinal applications [34,35,37,38].
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FIGURE 1.6 (a) Yamamoto-type [core:p-phenylene]; (G¼ 4); {dendri-poly(phenylazo-

methine)} (DPA) dendrimers, (b) MALDI-TOF of the G4; DPA dendrimer [21]. Copyright

2001 American Chemical Society.
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Dendrimer mass and size uniformity has been exhaustively demonstrated by ESI/

MALDI-TOF mass spectrometry [29], gel electrophoresis [30–32,39], electron

microscopy (TEM) [40], (Figure 1.10), atomic force microscopy (AFM) [41] and

other methodologies, to mention a few [42]. Within a specific dendrimer family, it is

possible to produce a systematic, reproducible continuum of nano-sizes and precise

masses as a function of generations (see Figures 1.8–1.10). It should be noted, that

dendrimer mass approximately doubles, generation to generation, with a remarkable

uniformity of mass distribution over five generations exhibiting polydispersities

ranging from 1.005 to 1.130.

FIGURE 1.8 Mathematical expressions for calculating the theoretical number of surface

groups (Z), branch cells (BC), andmolecular weights (Mw) for [core:1, cystamine]; (G¼ 0–7);

{dendri-poly(amidoamine)-(NH2)Z} (PAMAM) dendrimers as a function of generation. Ap-

proximate hydrodynamic diameters (G¼ 0–7) based on gel electrophoretic comparison for the

corresponding PAMAM dendrimers.

FIGURE 1.9 Molecular simulations for [core:NH3]; (G¼ 0–5); {dendri-poly(amidoamine)-

(NH2)n} (PAMAM) dendrimers and a generational comparison of hydrodynamic diameters.

(See the color version of this figure in Color Plates section.)
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1.3.2 Quantized Shapes of Dendrimers

Several simple parameters may be used to design and control covalent dendrimer

shape. As described in Figures 1.5 and 1.11, the multiplicity and the shape of the core

can be selected to produce a desired shape (i.e., spheroidal, ellipsoidal, cylindrical,

etc.). For example, covalent 1-D cylindrical dendrimers are readily synthesized with

shape control by dendronization or initiating dendron growth from multiple sites

along the backbone of a linear polymer [23,43]. Iterative monomer additions to

produce generational growth will then produce precise amplifications of these

programmed shapes. The rigidity/flexibility of these shapes may be controlled and

tuned by appropriate selection of branch-cell monomer symmetry, compositions, and

arm lengths (flexibility).

Pioneering work by Rudick and Percec [44], demonstrated that quantized shape

design of dendrons as a function of their generation level produced predictable

hierarchical patterns of periodic nano-object shapes that could be defined as solid

angle projections (a0) of the dendron onto a plane (Figure 1.11). The (a0) angle is

defined as the projection of the solid angle of the dendron onto a plane, and can be

FIGURE 1.10 (a–f) Transmission electron micrographs (TEMs) of G¼ 5–10 PAMAM

dendrimers. Sample (f) contains three molecules of G¼ 10 dendrimer for comparison. Bar

length¼ 50 nm [40]. Copyright 1998 American Chemical Society.
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determined in all cases according to (a0)¼ 360/u, where u is the number of dendrons in

a column stratum or supramolecular sphere. Increasing the branching via a change in

sequence or increase in generation number of taper-like dendrons increases the (a0)
and the fraction of the disk occupied in columnar self-assembly. At a certain threshold

only unimolecular disks are formed. Above this threshold, further branching results in

deformation of the disk into a conical segment with diminished (a0). Beyond this

point, increased branching increases (a0) and the fraction of a sphere formed.

Ultimately, a unimolecular sphere should result. A wide variety of periodic and

quasiperiodic lattices can be formed by simply tuning the dendron shape parameters

as described in Figure 1.12 [45].

1.3.3 Quantized Surface Chemistry

More than 1000 different surface reactions have been reported for dendrons/

dendrimers. Essentially, all mechanistic reaction types (i.e., covalent, ionic, radical,

etc.) have been reported. Several examples of these reactions are illustrated in

Figure 1.13.Both subnanoscale, andnanoscale reagents (i.e., proposed nano-elements)

have been used in these surface reactions. The surface valency and stoichiometry are

mathematically quantified by relationships described in Figure 1.8 (i.e., Z¼NcNb
G).

Generally, these valencies and stoichiometric binding ratios are operational for all

generations preceding serious onset of de Gennes-type dense packing congestion.

Surface congested generations (i.e., >G¼ 4 for poly(amidoamine) (PAMAM) den-

drimers) usually exhibit lower than theoretical stoichiometries even with small-sized

reagents. Large-sized reagents (i.e.,>1 nm)may lead to less than ideal stoichiometries

FIGURE 1.11 Hierarchical control of self-assembly via molecular solid angle [46].
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even at low generations due to steric effects. These unique steric effects are referred to

as nanoscale sterically induced stoichiometries (N-SIS) [33].

The use of dendrimers as nanoscale scaffolding for MRI contrast agents was first

reported by Lauterbur, Wiener, Brechbiel, and Tomalia in 1994 [47] and generated

tremendous interest and activity which has been reviewed extensively else-

where [48,49]. It involved conjugating metal-specific (i.e., gadolinium) chelating

groups (i.e., DTPA or DOTA) to the terminal groups of Tomalia-type PAMAM

dendrimers to produce a continuum of very precisely sized nanoparticles with well-

defined nano dimensions (Figure 1.14). These surface saturated, dendrimer–metal

chelates werewell-characterized examples of: [dendrimer (core)-ligatedmetal (shell)

nano-compounds]. The stoichiometries of these nano-compounds were defined

accordingly as: [dendrimer]:[ligated metal]Z, where Z¼NcNb
G. These core:shell

nano-compounds manifested enhancements in relaxivity properties (i.e., R1) as a

function of the dendrimer generation level and the stoichiometry of dendrimer:metal.

Furthermore, the features of these soft particle–hard particle (i.e., [S-1]:[H-1] nano-

compounds) fit the proposed criteria for nano-compounds described else-

where [3,4,66]. These nano-compound possess a core derived from an [S-1] type

dendrimer nano-element and shells derived from well-defined nanoscale collections

of ligated metals (i.e., [H-1] type metal cluster nano-elements). Finally this series of

[core:shell nano-compounds] fulfilled additional criteria that were predicted for these

entities [4] by exhibiting unique emerging nano-periodic property patterns [4] as

evidenced by their unprecedented high relaxivity values (i.e., R1) that increased as a

function of dendrimer generation level. Empirical formulae for members of this core:

shell nano-compound series may be written as follows: [G¼ 1–8]@[M]NcNb
G.

FIGURE 1.13 Options for modifying amine-terminated dendrimer-based nano scaffolding

by utilizing classical subnanoscale and nanoscale reagents.
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1.3.4 Quantized Interior Chemistry

Metal complexations with dendrimers containing nitrogen-type ligation sites have

been known since the phenomenon was first observed in the earliest reported

examples of the dendri-poly(amidoamine) (PAMAM) series [50]. More recently

considerable attention has been focused on the use of certain rigid (i.e., less flexible)

Yamamoto-type (i.e., dendri-poly(phenylazomethine) (DPA) dendrimers as nano-

scale templates for assembling very well-defined metal-based nano-cluster [9] and

metal oxide nanoparticles [8]. In contrast to the more flexible/less rigid nitrogen-

containing PAMAM or PPI type dendrimers, the Yamamoto-type dendrimers [51]

have been shown to complex and assemble a variety of metal salts in a very precise,

shell by shell, sequential manner as shown in Figure 1.15. Empirical formulae

describing members of this core:shell nano-compound series may be written as

follows: [M] NcNb
G� 1 @ [G¼ 4]; where NcNb

G� 1¼ 4, 12, 28, and 60, respectively.

The generational shells 1–4 are saturated from the core outwardly in a sequential

fashion to produce stoichiometric, dendrimer-ligated metal nano-assemblies. These

nano-assemblies exhibited well-defined, mass combining ratios (i.e., dendrimer-

ligated metal salt masses) reminiscent of traditional small molecule compounds. It

is notable that these nano-assemblies consisted of discrete nano-module components

(i.e., dendrimers and ligated metal atom collections), each of which were of nanoscale

dimensions. Later it will be shown that these ligated metal domains may be trans-

formed into precise metal nano-clusters or metal oxide nanocrystals, respectively, that

remain associated as guests within their dendrimer hosts in stoichiometric proportions

to produce unique core:shell nano-compounds.

1.4 HEURISTIC ATOM MIMICRY OF DENDRIMERS:

NANO-LEVEL CORE–SHELL ANALOGS OF ATOMS

A heuristic comparison of the core–shell architectures that are present in dendrimer-

based nanoscale modules and picoscale atoms was made as early as 1990 [5,6,11].

This comparison was used to point out the unique similarities that exist between

aufbau components in atoms (i.e., nucleons and electrons) and those that are involved

in dendrimer constructions (i.e., cores and branch-cell monomers). Remarkable

analogies were also noted between dimensionally different parameters, but recog-

nized components shared by both systems, such as (a) electron shells versusmonomer

shells (generations), (b) electron shell versus monomer shell aufbau filling patterns

(i.e., mathematically defined), (c) electron shell versus monomer shell saturation

levels, (d) atomic weights versus dendrimer molecular weights as a function of shell

level and saturation level, and (e) atomic (elemental) reactivity versus dendrimer

reactivity as a function of shell saturation level. We have referred to these remarkable

similarities between picoscale (atomic elements) and nanoscale dendrimers as atom

mimicry, keeping in mind that picoscale structures are best described by non-

Newtonian physics, whereas, the dendrimer structures are expected to adhere to and

be described by Newtonian physics. Furthermore, it appears that a very interesting
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size continuum exists in the transition from picoscale (atomic) structures to nanoscale

dendrimer structures as illustrated in Figure 1.16.

1.5 CHEMICAL BOND FORMATION/VALENCY AND

STOICHIOMETRIC BINDING RATIOS WITH DENDRIMERS TO

FORM NANO-COMPOUNDS/-ASSEMBLIES

Some of the most compelling experimental examples of dendrimer-based atom

mimicry were documented with AFM. These studies clearly demonstrated the

remarkably rich array of nano-assembly patterns and related stoichiometric binding

FIGURE1.15 Schematic representation of the stepwise complexation of SnCl2 or FeCl3 with

a Yamamoto-type dendrimer [51].
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ratios that were possible by simply spreading dilute solutions of amine terminated,

G¼ 9; poly(amidoamine) (PAMAM) dendrimers on a mica surface with a 30� stream
of argon. As shown in Figure 1.17, one can readily observe single isolated G¼ 9

modules, dimers, trimers, and a wide variety of oligomeric assemblies (i.e., mega-

mers) that clearly exhibit well-defined 2-D combining ratios on the mica surface.

FIGURE 1.16 An example of atom mimicry. A comparison of core–shell structures

representing picoscale atoms and nanoscale dendrimers, as well as the continuum of sizes

that prevails over the 2-D ranges that are controlled by quantum mechanics and Newtonian

physics, respectively.

FIGURE 1.17 Tapping mode AFM images of G¼ 9: PAMAM dendrimer molecules on a

mica surface [52].
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Using first principles and step logic invoked by Dalton (i.e., Philosophy for a

Chemical System, 1808) [2], as stated earlier (Figure 1.1), it was possible to

experimentally demonstrate that certain quantized nano-modules (i.e., dendrimers,

fullerenes, metal nano-clusters, or metal oxide nanocrystals) could be chemically

combined or assembled to produce stoichiometric nano-compounds/-assemblies

possessing well-defined mass combining ratios. Furthermore, both the quantized

nano-modules (i.e., nano-elements) and their resulting nano-compounds were found

to exhibit new emerging properties and interesting new nano-periodic property

patterns [4].

Both soft matter and hard matter categories of these quantized nano-modules (i.e.,

referred to as nano-elements), have been proposed based on selection criteria described

elsewhere [4] (Figure 1.18). Furthermore, these 12 soft and hard nano-elements,

designated [S-n] and [H-n], respectively, have been reported to form a wide range of

soft particle and soft–hard particle type nano-compounds. Both the nano-elements and

their nano-compounds are widely recognized to exhibit new emerging properties and

nano-periodic property patterns [4]. Leading references to these literature examples,

designated by X in the combinatorial nano-compound library (Figure 1.18), are

described in greater detail elsewhere [4]. This account will focus only on four selected

examples of nano-compound formation designated by (�) that involve either reactions
or self-assembly with dendrimers (Figure 1.18). Combining dendrimers (i.e., [S-1]

type) nano-element categories with other dendrimers (i.e., [S-1]:[S-1]n core–shell
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FIGURE 1.18 Proposed hard and soft particle nano-element categories and combinatorial

libraries of possible nano-compounds. Nano-compounds designated by [�] are described in the
following section. Nano-compounds designated by [X] have been reported in the literature and

described elsewhere [4].
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types), with fullerenes (i.e., [S-1]:[H-5]n core–shell type), or with metal nano-clusters

(i.e., [H-1]n:[S-1] core–shell type) produced three unique core–shell nano-compound

category types designated in Figure 1.18.On the other hand, dendrimers have also been

usedas templates toproduceprecisely sized [H-3] type,metal oxidenanocrystalswhich

have exhibited interesting quantum size effects as described in the next section.

1.5.1 Dendrimer–Dendrimer; [S-1]:[S-1]n Core–Shell Type

Nano-Compounds

Saturated shell, nano-compounds (Figure 1.19) are prepared by a two-step approach

that involved: first, self-assembly of an excess of carboxylic acid terminated den-

drimers (i.e., shell reagent) around a limited amount of amine-terminated dendrimer

(i.e., core reagent) in the presence of LiCl. This was followed by covalent amide bond

formation between the core and dendrimer shell reagents using a carbodiimide

reagent [52–54]. The resulting nano-compounds (i.e., saturated core–shell tecto

(dendrimers), referred to as megamers), are prime examples of precise poly-

dendrimer cluster structures. These structures and their stoichiometries may be

mathematically predicted by the Mansfield–Tomalia–Rakesh equation (Figure 1.25)

[6,55] and have been unequivocally verified by experimental mass spectrometry, gel

electrophoresis, and atomic force field microscopy [6,52,53,56].

1.5.2 Dendrimer–Fullerene; [S-1]:[H-5]n Core–Shell Type

Nano-Compounds

Stoichiometric dendrimer core–fullerene shell nano-compounds were readily formed

by allowing a [core: 1,2-diaminoethane]; (G¼ 4); {dendri-poly(amidoamine)-

(NH2)64} (PAMAM) dendrimer to react with an excess of buckminsterfullerene

(C60) [7]. In the presence of an excess of (C60), only 30 (C60) moieties bonded to

the dendrimer surface to produce a well defined, stoichiometric [dendrimer core]:

[fullerene shell nano-compound] (i.e., [S-1]:[H-5]n core–shell type) as shown in

Figure 1.20. These structures were extensively characterized by MALDI-TOF, TGA,

FIGURE 1.19 The saturated-shell-architecture approach to megamer synthesis. All surface

dendrimers are carboxylic acid terminated [54].
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UV-vis, and FTIR. Such nano-compounds exhibited new emerging fullerene-like

solubility and photo-chemical properties by readily generating singlet (1O2) in either

aqueous/organic solvents. However, they offered other unique features such as larger

size and nano-container type properties that would normally be associated with the

dendrimer core interior.

1.5.3 Metal Nano-Cluster–Dendrimer; [H-1]n:[S-1] Core–Shell Type
Nano-Compounds

Using a G¼ 4, phenylazomethine dendrimer as a template, Yamamoto et al. [9]

demonstrated that Pt(IV) chloride salts could be sequentially assembled to produce

four discretely different, yet precise, collections of ligated Pt salts within the interior of

the dendrimer. Subsequent reduction of these ligated Pt(IV) arrays yielded Pt(0) Nan

clusters consisting of very well defined numbers of Pt atoms. The size of these

incarcerated Pt(0) nano-clusters (i.e., byTEM)was in good agreementwith the number

of Pt atoms present in the ligatedmetal precursors. For example, the [H-1]n:[S-1] nano-

compound series designated by [Pt12]@[G4;dendrimer], [Pt28]@[G4;dendrimer], and

[Pt60]@[G4;dendrimer] core–shell type nomenclature were extensively characterized

and determined to exhibit precise stoichiometries as described in Figure 1.21 (Where:

n¼ 12, 28 and 60 respectively). The ability to precisely control these independently

sized Pt(0) nano-cluster cores within the G4; dendrimer shells provided discrete nano-

cages that prevented metal nano-cluster aggregation. Furthermore, it allowed the

evaluation of these four discrete core–shell nano-compounds as catalysts in reactions

involving four (4X) electron reductions of oxygen molecules. These catalytic reduc-

tions are of high interest in the development of optimized fuel cells.Quite remarkably it

was demonstrated that these catalytic reductions are highly dependent on subtle metal

nano-cluster size differences.

As such, a significant nano-periodic property pattern was observed within this

nano-compound series. Itwas found thatwithin this Pt(0) nano-cluster size continuum

(i.e., sizes ranging from 0.5 to 6.0 nm) it was observed that 3 nm Pt(0) nano-cluster

sizes offered optimum catalytic properties [9].

FIGURE 1.20 Core–shell architecture of the PAMAM core:fullerene shell; [S-1]:[H-5]

core–shell type nano-compound; where: (Z¼ terminal –NH2 or–NH–, groups on the PAMAM

dendrimer core component of the core–shell nano-compound) [7].
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1.5.4 Templated Metal Salt Nanocrystal–Dendrimer; [H-3]n:[S-1]
Core–Shell Nano-Compounds as Precursors to Well-Defined Metal Oxide

Nanocrystals (i.e., [TiO2]n, where n ¼ 6, 14, and 30)

Much as described above, Yamamoto et al. [9], also demonstrated use of the rigid

phenylazomethine dendrimers as templates for ligating discrete titanium salt domains

within the dendrimer interior. Based on these precise assemblies, they served as

precursors for producing very well-defined [H-3] type metal oxide nanocrystals (i.e.,

[TiO2]n, where n¼ 6, 14, and 30). The precursor [Ti(acac)Cl3]n@[G4;dendrimer]

metal ligation complexeswere either hydrolyzed or thermolyzed to produce the desired

anatase or rutile forms of TiO2,with concurrent destruction of the dendrimer template.

A unique quantum size effect is observed as one decreases the TiO2 nanoscale sizes

within this series. Such controlled size reductions may be used to raise the conduction

band while lowering the valence bands of the metal oxide nanocrystals as illustrated in

Figure 1.22. These quantum size (Q-size) effects produce a unique “nano-periodic

property pattern,” which is evidenced by a blue shift as the nanoparticle size decreases.

1.6 NANO-PERIODIC CHEMICAL/PHYSICAL

PROPERTY PATTERNS

1.6.1 Periodic Chemical Reactivity/Physical Size Property Patterns

Soft particle, dendrimer-based, [S-1] type nano-elements are uniquemacromolecules

that exhibit completely different physicochemical properties (i.e., nano-periodic

property patterns) compared to traditional polymers. This is largely due to congestion

properties that emerge as a function of generational growth, as shown in Figure 1.23,

FIGURE1.22 Illustration of the quantum size effect (Q-size) on semiconductor bandgaps for

a series of well-defined [TiO2]n nanocrystals. The nanoparticle size can be precisely controlled

in a dendrimer template and is influenced by the number of [TiO2]n assembled in a dendrimer

interior. This is an elegant synthesis strategy for producing well-defined [H-3] type, metal

oxide, nano-element particles [8]. Reprinted by permission from Macmillan Publishers Ltd.,

Nature Nanotechnology 2008.
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to produce unprecedented nano-periodic property patterns that are intrinsic and

uniquely characteristic of dendrimers.

Plots of intrinsic viscosity [Z], density (d), surface area per Z group (AZ), and

refractive index, as a function of generation, clearly show intrinsicmaxima orminima

at generations¼ 3–5 for this Tomalia-type PAMAM dendrimer series. These data

corroborate computer-assisted molecular-simulation predictions [11,57], and exten-

sive photochemical probe experiments reported by Turro et al. [18,58–62].

Dendrimer-based intrinsic viscosities [Z] initially increase in a classical fashion as
a function of molar mass (generation), but dramatically decline beyond a critical

generation due to a congestion-induced shape change. A dendrimer shape change

occurs from an extended, compressible, floppy configuration in the early generations

(i.e., G¼ 0–3) to more rigid globular shapes in the later generations (i.e., G¼ 4–10).

In effect, at critical generations (i.e.,G¼ 3–4 and>) the dendrimer acts more like an

Einstein spheroid. Intrinsic viscosity is a physical property expressed in dL/g, which

in essence is the ratio of volume to mass. As the generation number increases and

transition occurs to a spherical shape, the volume of the spherical dendrimer increases

in cubic fashion while its mass increases exponentially; hence, the value of [Z] must

decrease once a certain generation is reached. This prediction has now been widely

confirmed for many different dendrimer families [11,25,63]. Dendrimer surface

congestion may be appraised mathematically as a function of generation according

to the following simple relationship:

AZ ¼ AD

NZ

a
r2

NcN
G
b

FIGURE 1.23 Comparison of surface area/head group (Z), refractive index, density (d), and

viscosity (Z) as a function of generation:G¼ 1–9 [11]. CopyrightWiley-VCHVerlagGmbH&

Co. KGaA.
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where AZ is the surface area per terminal group Z, AD the dendrimer surface area, and

NZ the number of surface groups Z per generation. This relationship predicts the

surface area per Z group at higher generations (G) and becomes increasingly smaller

as it finally approaches the cross-sectional area or van der Waals dimension of the

surface groups Z at higher generations. Congestion at these higher generations (G) is

referred to as “de Gennes dense-packing” [11]. Ideal dendritic growth without branch

defects is possible only for those generations preceding this dense-packed state. This

critical dendrimer property gives rise to self-limiting dendrimer dimensions, which

are a function of the branch-cell segment length (I), the core multiplicity Nc, the

branch-cell juncture multiplicity Nb, and the steric dimensions of the terminal group

Z. Dendrimer radius r in the above expression is dependent on the branch-cell segment

lengths l; wherein, large l values delay congestion. On the other hand, larger Nc, Nb

values and larger Z dimensions dramatically enhance congestion. These congestion

properties are unique for each dendrimer family; wherein Nc and Nb determine the

generation levels within a family that will exhibit nano-encapsulation properties.

HigherNc andNb values predict that lower generation levels will produce appropriate

surface congestion properties to manifest encapsulation features as shown in

Figure 1.24.

1.6.2 Spheroidal Valency Defined by Nano-Sterics

Clearly these fundamental dendrimer properties illustrate the unique and intrinsic

nano-periodic property patterns manifested by this soft matter, [S-1] type nano-

element category.Many other nano-periodic property patterns have been documented

for the behavior, assembly, and reactions of dendrimers with other dendrimers and

with other well-defined nano-element categories. For example, work on this soft

matter, [S-1] type nano-element category [6,52,55] has demonstrated that mathe-

matically defined, periodic size properties of spheroidal dendrimers can determine

chemical reactivity patterns with other dendrimers. These reactivity patterns, based

on the relative sizes of a targeted dendrimer cores and dendrimer shell components,

strongly influence the assembly of precise dendrimer clusters (i.e., core–shell (tecto)

dendrimers). Mathematical relationships (i.e., the Mansfield–Tomalia–Rakesh

equation) predict dendrimer cluster saturation levels (i.e., magic numbers for

dendrimer shells) as a function of the core dendrimer size relative to the size of

the shell dendrimers that are being used to construct the dendrimer cluster

(Figure 1.25) [55,64]. These periodic property patterns and magic shell relationships

are reminiscent of those observed for the self assembly of [H-1] type metal

nanocrystals; wherein, the predicted number of touching spheroids surrounding a

central core metal atom is 12 as shown below (Figure 1.25), when r1/r2¼ 1.00.

1.6.3 AtomMimicry and Nano-Periodic Property Patterns Observed for

Yamamoto-Type Dendrimers

The importance of controlling the CNDP’s related to flexibility/rigidity was clearly

demonstrated with Yamamoto-type dendrimers. Based on the rigidity features and
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mathematically quantized ligation sites present in Yamamoto-type dendrimers, it was

possible to quantitatively document an amazing sequence of metal–dendrimer shell

filling events. These metal-shell filling events are heuristically reminiscent of

traditional electron-shell filling events observed for elemental atoms. It was shown

in this present case that quantized amounts of metal salts will first ligate closest to the

core at the lowest generation level to produce a saturated generational shell with well-

defined and perfect stoichiometry (i.e., 4�@G¼ 1), based on ligation sites present.

Subsequent addition of metal reagent led to a stepwise filling of the next highest

generational shell until it reached a shell-saturated state (i.e., 8�@G¼ 2) and

higher generation saturation states as shown in Figure 1.26.

1.7 FIRST STEPS TOWARD A “CENTRAL DOGMA”

FOR SYNTHETIC NANO-CHEMISTRY? DENDRIMER-BASED

NANO-CHEMISTRY

As stated earlier (Figure 1.1), the “central dogma” for traditional softmatter chemistry

emerged from the first initiatives of Lavoisier and Dalton in the early nineteenth

FIGURE 1.25 (a) Symmetry properties of core–shell tecto(dendrimer) structures, when:

r1/r2< 1.20. (b) Sterically induced stoichiometry (SIS) defined shell capacities (Nmax), based on

the respective core and shell radii, when: r1/r2< 1.20. (c) Mansfield–Tomalia–Rakesh equation

for calculating the maximum shell filling value (capacity) (Nmax), when: r1/r2> 1.20 [6,55].
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century and was initially focused on the simple combinatorial bonding of atoms to

form small molecules (i.e., monomers, branch-cell monomers), much as illustrated in

Figure 1.28. Synthetic soft matter chemistry throughout the nineteenth and twentieth

century witnessed steady progress toward more complex molecular structure and

architecture, including dendrons and dendrimers. Figure 1.28 illustrates the “aufbau

process” for the bottom-up construction of such well-defined nanoscale structures

(i.e., dendrons/dendrimers), which one might refer to as soft matter nano-

elements [3,4,66]. Essentially all other proposed hard–soft nano-element categories

FIGURE 1.26 AYamamoto-type poly(phenylazomethine) dendrimer series illustrating quan-

tized, sequential dendrimer shell filling with metal salts using; [G¼ 4]; {dendri-poly(pheny-

lazomethine)} (DPA) dendrimers [65]. Copyright Wiley-VCH Verlag Gmbh & Co. KGaA.

FIGURE 1.27 A comparison of stepwise and random ligation processes that are observed for

PtCl4 complexation with a rigid Yamamoto-type poly(phenylazomethine) dendrimer and a

flexible Tomalia-type poly(amidoamine) (PAMAM) dendrimer, respectively [8].
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(Figure 1.18) evolve from an analogous aufbau strategy that allows the control and

conservation of critical hierarchical design parameters from the atom to the nanoscale

level (i.e., CADP ! CMDP ! CNDP).Vivid examples of such aufbau processes for

two hard matter nano-element categories (i.e., [H-1] and [H-2] types) were described

earlier (see Figures 1.21 and 1.22). In each case, metal atoms were precisely

controlled and assembled to produce both [H-1] type metal nano-clusters or [H-3]

type metal oxide nanocrystals by using soft matter [S-1] type nano-element (i.e.,

dendrimer structures) as templates. Nature has already presented very exquisite

evolutionary aufbau strategies for synthesizing proposed soft matter nano-element

categories such as (a) proteins [S-4], (b) viral capsids [S-5], and (c) DNA/RNA [S-6]

(see Figure 1.18).

Clearly a deeper understanding of the critical “aufbau processes” leading to each of

thesewell-defined nano-element categories, and their interconnectionswithin a larger

picture (i.e., a nano-periodic system) should be expected to provide important first

steps toward the evolution of a central dogma for the new emerging area of synthetic

nano-chemistry.
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FIGURE 1.28 Approximate nanoscale dimensions as a function of hierarchical building

blocks (i.e., atoms, monomers, branch cells, dendrimers, and megamers) and presumed

conservation of critical hierarchical design parameters.
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1.8 CONCLUSIONS

In this account, we have presented several examples of atom mimicry that have

been observed for dendrimers (i.e., quantized nano-element-like behavior). It is

apparent that the conservation and control of critical hierarchical design parameters

(i.e., size, shape, surface chemistry, flexibility, and architecture) from the atomic

(�0.001 nm) to the nanoscale level (i.e., 1–100 nm) are intrinsic and well-defined

features (see Figures 1.23–1.25) of dendrimers (Figure 1.28). These structure-

controlled CNDPs are important parameters that define chemical bonding, self-

assembly (Figure 1.12) [45,46], stoichiometries (Figures 1.21, 1.26, and 1.27), nano-

steric effects (Figure 1.25), and architectural patterns that are observed when

combining dendrimers with other well-defined nano-modules. These new emerging

properties and nano-periodic property patterns associated with dendrimers and their

nano-compounds are distinctly different, yet reminiscent of similar features observed

for their hierarchical precursors (i.e., atomic elements and small molecules). Many of

these early observations on dendrimers inspired our more comprehensive proposal to

view and classify all well-defined nanoparticles (i.e., hard and soft matter) that fit

similar atom mimicry criteria [3,4,66]. It is from this perspective and based on first

principles and rationale invoked for traditional chemistry, that we take initial steps

toward a deeper understanding of the implications and possibilities for this new

emerging area of synthetic nano-chemistry. It goes without saying that this new field

FIGURE1.29 Achronological overview of traditional disciplines, structural complexity, and

quantized building blocks relative to traditional and nano-periodic systems.
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will be built on the shoulders of earlier traditional synthesis disciplines as described

in Figure 1.29.

Finally, the spirit of this perspective is not to advocate the disruption/violation of any natural

physicochemical laws, but to encourage new and different thinking steeped in historical first

principles which may evolve into a comprehensive systematic framework for unifying

nanoscience. Much more remains to be done.

Donald A. Tomalia
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2.1 GENERAL SYNTHETIC APPROACHES

There are two basic types of polymers that consist entirely of branched repeat units:

dendrimers and hyperbranched polymers.

Hyperbranched polymers [1] are usually the product of a one-pot polymerization

procedure and therefore exhibit an irregular architecture with incompletely reacted

branch points throughout the structure (Figure 2.1), leading to an extremely broad

molecular weight distribution and a low degree of branching around 0.5 in a

theoretical sense.

Awide variety of hyperbranched polymers such as polyesters [2], polyethers [3],

polyphenylenes [4], poly(ether ketone)s [5], and polyamides [6] have been reported in

the literatures. However, hyperbranched polymers cannot be expected to possess

ultimate properties with respect to solubility, viscosity, encapsulating abilities, and

accessibility of terminal groups based on a precise structure.

Dendrimers [7], on the other hand, are synthesized by two complementary general

approaches, the divergent [8] and convergent [9] method.

The divergent method results from sequential monomer (ABn-building block)

addition beginning from a core and proceeding outward toward the macromolecular

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
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FIGURE 2.1 Synthesis of hyperbranched polymer.

surface. This methodology is illustrated in Figure 2.2. Reaction of the peripheral

functional groups of the corewith the reactive group of theABn-building block gives

a new latent branch point at each coupling site, and results in an increase in

the number of peripheral functional groups. The peripheral functional groups

(protecting group) on each ABn-building block should be inert to focal functional

group, thereby preventing self-condensation of ABn-building block. After the

complete coupling reaction is achieved, these protecting groups can be deprotected

to afford a new layer of reactive end groups capable of coupling with additional

ABn-building block.

A characteristic feature of the divergent method is the exponentially increasing

number of reactions that require for providing each subsequent generation layer.

Therefore, a large excess of reagents is generally required to afford a perfect growth of

dendrimer structure. The divergent method is essentially suited for the large-scale

synthesis of dendrimers because each generation dendrimer could be isolated from the

excess reagents by a simple distillation, precipitation, or ultra filtration due to the large

difference in molecular weight. However, to ensure the integrity of the final product,

every reaction must be very selective and quantitative. In addition, any defective

growth resulting from side or incomplete reaction cannot be easily removed because

of similarity of their structures. As the result, the divergently prepared dendrimers

frequently contain an appreciable number of structural defects.

The convergent method, on the contrary, initiates from the periphery and

growths inward as shown in Figure 2.3. A molecule that eventually becomes the

exterior of the dendrimer, terminal unit, first reacts with the functional group B of

ABn-building block. After completion of the coupling reaction, the single func-

tional group A located at the focal point of dendron can be deprotected or changed

the functionality for the next coupling reaction. Coupling of this deprotected
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FIGURE 2.3 Convergent synthesis of dendrimer.

FIGURE 2.2 Divergent synthesis of dendrimer.
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dendron with additional ABn-building block affords a higher generation dendron.

Finally, these dendrons can be attached to a core possessing multifunctional groups

to form a globular architecture.

A notable advantage of this procedure is the requirement of a small number of

reactions per molecule during coupling and deprotection steps. As the result, the

reactions can be driven to completion with only a slight excess of reagent, in contrast

to the case of divergent method. In addition, product purification after the coupling

step can be performed especially by chromatographic purification because of the little

dissimilarity between the desired dendron and the defect molecules. Thus, the

convergent method can be a defect-free synthetic approach. However, since purifi-

cation by chromatography results in some losses and difficulty in a large-scale

synthesis, the convergent method seems to be difficult to apply industrial use.

In both synthetic methods, a tedious stepwise procedure is required: attaching one

generation to the proceeding one, purifying, followed by changing the functional

groups for the next-stage reaction. Therefore, the development of precise and facile

syntheticmethods for dendrimers is becoming one of the significant aspects of current

work in this field.

2.2 ACCELERATED APPROACHES

In response to these problems, many researchers have developed accelerated

approaches.

Fr�echet and coworkers developed the “double-stage” approach, which implies the

grafting of dendrons to the surface of small dendrimers called “hypercores”

(Figure 2.4) [10]. However, the total number of reactions required for preparing

dendron and hypercore is the same as for the conventional synthesis of the final

dendrimer.

FIGURE 2.4 Double-stage synthesis of dendrimer.
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The rapid synthesis of dendrimer using “hypermonomer” such as a AB4- or AB8-

building block instead of a AB2- or AB3-building block have been reported [11].

This strategy rapidly increases the number of end groups; however, it does not

improve the number of steps needed to obtain one generation because the coupling

and deprotection steps may involve reactions identical to those used with a

traditional dendrimer synthesis.

The “double exponential growth” approach was proposed byMore and coworkers

in 1995 and takes direct advantage of both divergent and convergent techniques

(Figure 2.5) [12]. This procedure requires an ABn-building block with different

protecting groups for focal and peripheral functionalities. The first-generation

protected dendron can be deprotected either at the focal point or at the periphery,

resulting in the dendron possessing activated A group and the hypermonomer

possessing activated B groups, respectively. Thus, coupling of the activated-dendron

and hypermonomer yields a second-generation dendron, which can be deprotected at

either the focal point or the periphery again. Coupling of the resultant activated

second-generation dendrons to the second-generation hypermonomer provides a

fourth-generation dendron. Although this type of strategy could be interesting for the

rapid synthesis of high-generation dendrimers, it is not effective for that of middle-

sized dendrimers. In the case of the synthesis of fourth-generation dendrons, it

requires seven steps while a conventional method requires eight steps.

The other accelerated approach for the dendrimer synthesis is called an

“orthogonal coupling strategy,” which involves the convergent growth with two

different monomers, that is, AB2- and CD2-building blocks (Figure 2.6) [13]. These

building blocksmust be carefully selected such that the focal functional group of each

FIGURE 2.5 Double exponential growth synthesis of dendrimer.
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individual building blockwill react onlywith the periphery of the other building block

(A reacts only with D, and C only with B). Therefore, the total number of reactions is

decreased to half of that for a conventional method. However, this strategy generally

requires complicated reaction systems to perform the quantitative coupling in the

presence of different types of functional groups, especially for dendrimers having the

same repeat unit of the linkage.

2.3 RAPID SYNTHESIS OF DENDRIMERS

There are other several recent reports that appear to be particularly noteworthy in the

area of rapid synthesis of dendrimers.

Rannard andDavis [14] reported a one-pot multiple-addition convergent synthesis

of polycarbonate dendrimers, in which the second-generation dendrimer was ob-

tained by sequential activation of an alcohol unit with 1,1-carbonyl diimidazole

followed by addition of an unprotected AB2 triol (Scheme 2.1).

Majoral and coworkers [15] reported the one-pot synthesis of a fourth-generation

dendrimer via divergent strategy using two different unprotectedAB2-building blocks

(Scheme 2.2). In this method, to obtain phosphorus-containing dendrimers, they

demonstrated that the condensation reaction between phophorhydrazides and alde-

hydes on one side, and the Staudinger reaction between phosphines and azides on the

other side. This sequence of reactions does not require any isolation, since the only by-

products are H2O and N2. Although this method has poor versatility because the

FIGURE 2.6 Orthogonal synthesis of dendrimer.
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SCHEME 2.2 One-pot divergent synthesis of phosphorous dendrimer.

SCHEME 2.1 One-pot convergent synthesis of polycarbonate dendrimer.
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reactions used in this system cannot be applied for another structure, it is really

attractive for industrial large-scale synthesis. In fact, this type of phosphorus

dendrimers is now commercially available.

Eilbracht and Hagg’s group has synthesized amino-functionalized dendritic

architectures in a one-pot manner by hydroformylation-reductive amination

sequences of dendritic polyglycerol with 30–40 amino termini at 75–80�C under

60 atm of CO/H2 pressure [16].

Also a one-pot synthesis of a 243-allyl-terminated dendrimer has been developed

(Scheme 2.3) [17]. Hydrosilylation of a nona-allyl dendritic core using HSi(Me)2Cl

with anAB3-building block possessing one phenolate and three allyl groups, followed

by the repetition of this sequence of reactions twice, gives a 243-allyl-terminated

dendrimer under ambient conditions.

All of the reports mentioned above utilize a one-pot synthetic approach to prepare

dendrimers, in which one must add very precise amount of reagents at every step for

performing the quantitative consumptions of the reactants. Therefore, formation of a

small amount of defect molecules in final products is unavoidable.

On the other hand, Hawker and coworkers [18] have reported on an efficient and

preparatively simple approach for the generation of diverse triazole-based dendrimers

SCHEME 2.3 One-pot allyl-terminated dendrimer synthesis.
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of high purity and excellent yield (Scheme 2.4). In this approach, they utilized the

click-chemistry transformation using copper-catalyzed ligation of azides and al-

kynes. A variety of functional groups are compatible with this process, and the only

major by-products formed in the reaction are NaCl. Although this approach utilizes

the conventional stepwise convergent method, it is remarkable that, in some cases,

filtration or solvent extraction is the only method required for purification in this

highly efficient construction of the triazole units of the dendrimers.

More recently, they have developed a robust, efficient orthogonal synthesis of

poly(thio-ether) dendrimers using thiol-ene click chemistry via divergent ap-

proach [19]. The overall synthetic strategy is shown in Scheme 2.5, starting from

2,4,6-triallyloxy-1,3,5-triazine 5 as a core and 1-thioglycerol 6 as a AB2-building

block. The thiol-ene reaction between 5 and 6 yields the first-generation, hexahy-

droxy dendrimer [G1]-OH6 in quantitative yield under photochemical initiation and

subsequent esterification of [G1]-OH6 with 4-pentenoic anhydride 7 gives the ene-

functional dendrimer [G1]-ene6. The all of the thiol-ene generation growth steps is

compatiblewith water and oxygen and can be performed in the absence of solvent at

room temperature, which allows for an environmental-friendly process. Although

the purification of ene-functional dendrimers after esterification of hydroxy-func-

tional dendrimers with 4-pentenoic anhydride needs chromatographic separations,

the efficient nature of thiol-ene chemistry and the lack of by-products allow all

generation hydroxyl-terminated dendrimers to be purified by simple precipitation

into diethyl ether in 90þ% yields.

One of the most challenging approaches in this region is the formation of

dendrimers by only mixing the building blocks in one pot all at once, without

multiple-addition reaction systems.Hirsch and coworkers [20] have demonstrated the

SCHEME 2.4 Effective synthesis of triazole dendrimers using click chemistry.
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first approach for the complete self-assembly of discrete supramolecular dendrimers

where the repetition reactions are no longer necessary. The building blocks, core, AB2-

building block, and terminal units, prepared in this approach are shown in Scheme 2.6.

They employed the hydrogen bonds, which act between Hamilton receptor and

cyanuric acid derivatives, as the noncovalent linkages of each building block. When

components C 9, AB210, and EC 11 are mixed in a 1:(3� 2n � 3):(3� 2n) ratio,

complete self-assembly of a supramolecular dendrimer of generationn can be expected,

provided that all possible hydrogen bonds are formed (Figure 2.7). Due to the nature of

self-assembly supramolecular system, general analytic method for common dendri-

mers unable to attempt to prove the formation of desired discrete dendrimers.

Nonetheless, they have clarified that discrete supramolecular dendrimers must be

formed and present in the solid state, and proved for the first time the programmed self-

assembly of discrete supramolecular dendrimers from nondendritic building blocks.

2.3.1 Polyamide Dendrimer

Our research group has focused on the synthesis of dendritic polyamide so far

because polyamide is very attractive from the materials point of view. Linear

SCHEME 2.5 Efficient synthesis for thio-ether dendrimers using thiol-ene click chemistry.
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polyamides are commonly available as engineering plastic materials with high

modulus due to semicrystallinity or high glass transition temperatures. However, the

semicrystallinity and the strong tendency to form hydrogen bonding cause low

solubility, high melting point, and limiting the processing. A highly branched

structure such as dendrimers, which is usually amorphous materials with excellent

solubility and low viscosity, might improve the processing of polyamides. Thus, the

introduction of dendritic structure into polyamides will result in new applications as

an engineering plastic.

Although various synthetic methods have been developed to prepare dendrimers

containing amide functions, they have problems such as poor yield and tedious

multisynthetic steps [21]. Kakimoto and coworkers [21d] developed an orthogonal

synthesis to poly(aryl amide) dendrimers (Scheme 2.7). Condensation of the first

AB2-building block, 3,5-diaminobromobenzene, with a carboxylic acid G1-COOH

yielded a dendritic bromide G2-Br. Dendron G2-Br could then be activated by a

palladium-catalyzed insertion of carbon monoxide, enabling the reaction with the

second AB2-building block, 3,5-diaminobenzoic acid, to yield a dendritic carboxylic

SCHEME 2.6 Building blocks for the discrete supramolecular dendrimers.
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acid, G3-COOH. However, isolation of the third- and fourth-generation dendrons

required the use of preparative GPC, resulting in low yields and difficulty in a large-

scale synthetic use.

2.3.1.1 Facile Synthetic Route by Convergent Method Recently, we reported

rapid synthesis of a perfectly branched third-generation polyamide dendrimer by the

convergent method without repetitive protection–deprotection procedures, leading to

a decrease of number of steps to half of that required in conventional dendrimer

formation (Scheme 2.8) [22]. This synthesis utilizes a two-step method that consists

of the activation of carboxylic acids and condensation with an unprotected AB2-

building block having diamine moieties, 3,5-bis(4-aminophenoxy)benzoic acid,

using the activating agent diphenyl(2,3-dihydro-2-thioxo-3-benzoxazolyl)phospho-

nate (DBOP). In this approach, all-generation dendrons and dendrimers are prepared

using slightly excess amount of former generation dendrons to achieve the formation

of perfectly branched structures. AB2-building block 14 reactedwith acetic acid as the
terminal unit in the presence of DBOP and TEA to yield G1 dendron. Both activation

and condensation reactions were conducted in one pot for 1 h at 25�C. The reaction
mixture was diluted with methanol and poured into water, producing G1 dendron in

90% yield. G2 and G3 dendrons also can be prepared by the same coupling method.

Furthermore, all products were purified simply only by reprecipitation technique to

remove the impurities including former generation dendrons and the leaving group of

the reaction in excellent yields.

FIGURE 2.7 Supramolecular assembly of discrete dendrimers.
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Later, the same concept was applied to more versatile and inexpensive activating

agent, thionyl chloride [23]. The use of thionyl chloride as an activating agent makes

the purification process more simple, because the only by-products are gasses such as

SO2 and HCl.

2.3.1.2 Facile Synthetic Route by Divergent Method The divergent approach has

several advantages compared to convergent one such as the simplicity of the

purification process and accessibility in large-scale industrial synthesis; this is

demonstrated by the fact that most commercially available dendrimers are currently

prepared using the divergent method.

However, the two-step methods described above are limited to only the

convergent approach because of the difficulties in the complete activation of end

SCHEME 2.7 Orthogonal synthesis of poly(aryl amide) dendrimer.
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groups at the dendrimer periphery and the quantitative condensation of the

resulting active intermediates with AB2-building blocks without side reactions

such as the hydrolysis of active intermediates, which would result in the formation

of defects, in a divergent approach.

Authors have developed a two-step method for the facile synthesis of amine-

terminated aromatic polyamide dendrimers using 3,5-bis(trifluoroacetamido)benzoyl

chloride 15 as an novel AB2-building block via a divergent approach in which the

condensation and deprotection reactions are carried out rapidly in one pot [24].

The G1 dendrimer was prepared using p-phenylenediamine (PDA) as a core

molecule in one pot (Scheme 2.9). Further, 1.1 equiv. of AB2-building block 15 was

added to each amino group in a solution of PDA in N-methyl-2-pyrrolidinone (NMP)

at 0�C and stirred for 1 h at room temperature to yield the trifluoroacetyl-terminated

SCHEME 2.8 Rapid synthesis of polyamide dendrimer from unprotected AB2.
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G1 dendrimer (CF3-G1D) in situ. After achieving the complete condensation, 5.5

equiv. of hydrazine to 15 was added to form the amine-terminated G1 dendrimer

(NH2-G1D) by a transamidation reaction at 50�C for 2 h. Since the by-products in the

resulting final solution are only trifluoroacetyl hydrazide, 3,5-diaminobenzoic acid,

HCl, and hydrazine, NH2-G1D can be purified simply by precipitation in NaHCO3(aq)

in a quantitative yield.

The overall synthetic route for the 32-amine-terminated G4 polyamide dendrimer

is shown in Scheme 2.10. NH2-G2D, NH2-G3D, and NH2-G4D were synthesized

using a similar protocol in the case of NH2-G1D. The deprotection reaction was

completely achieved at 50�C within 3 h even in NH2-G4D synthesis. The yields of

NH2-G2D,NH2-G3D, andNH2-G4D after precipitation in alkalinewater were 94, 95,

and 95%, respectively.

2.3.1.3 Facile SyntheticRoute toTadpoleDendrimer Recent advances in the area

of dendrimer chemistry have demonstrated that properties of dendrimers can be

significantly improved if dendritic segments are covalently linked to a different linear

polymer block to create a hybrid organic structure. A number of such systems have

been explored since they were first introduced in the previous decade [25]. However,

almost such diblock structures described in the literature contain flexible linear chain

segments such as poly(ethylene oxide) or polystyrene and, therefore, cannot easily

retain shape in a solution or in a solid state. From the standpoint of amolecular design,

the introduction of a rigid rod moiety to the focal point of dendron is interesting for

preparing molecules with a precise characteristic shape that is different from the

dendron-coil block copolymers [26,27].

A monodisperseN-butylated oligo(p-benzamide) was first prepared as described

in Scheme 2.11 [27]. In this method, thionyl chloridewas used as an activation agent

SCHEME 2.9 Synthesis of G1 dendrimer.
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and trifluoroacetamide as the protecting group for the end amine, in which the

number of amide units dramatically propagated only through every deprotection

and condensation.

Trifluoroacetamide-protected trimer 19was synthesized from protected monomer

17 and monomer 16 utilizing a one-pot multiple addition condensation reaction. It is

noteworthy that this approach enables four reactions, two times of activation and two

times of condensation, to be carried out in one pot. Thus, the nonamer 23was obtained
only through five-step processes. In addition, all the products are purified using only

crystallization or precipitation.

The synthesis of dendron-rod molecules were grown by divergent approach from

the secondary amine group of N-butylated nona(p-benzamide) 23 using 3,5-bis

SCHEME 2.10 Overall synthetic route for the 32-amine-terminated G4 polyamide

dendrimer.

50 NOVEL METHODS FOR DENDRIMER SYNTHESIS



(trifluoroacetamido)benzoyl chloride 15 as an AB2-building block that enable to

construct a two-step method as described in the previous section. The reaction of

nonamer 23 with small excess amount of AB2-building block 15 yields the inter-

mediate, trifluoroactamide-terminated G1d-rod (first-generation dendron coupled

with rod block) molecule 24, quantitatively in situ. After hydrolyzing the acid

chloride group of the unreacted-excess AB2-building block, the intermediate 24 was

converted to amine-terminated G1d-rod 25 by transamidation reaction with excess

amount of hydrazine. Since all the by-products in the resulting final solution are

soluble in alkaline water, G1d-rod 25 can be purified simply by precipitation in

NaHCO3(aq) in a quantitative yield (Scheme 2.12).

The larger amine-terminated rod-dendron molecules were synthesized using a

similar protocol, and isolated in excellent yield after precipitation in alkaline water

(Scheme 2.13). Finally, G4d-rod 28was successfully obtained only through four-step
processes from nonamer 23.

This novel structure is particularly attractive for constructing direct applications of

theory relating self-assembly system. By modifying the functionalities at the pe-

riphery and the focal point of this tadpole dendrimer would lead to its promising

applications for producing self-assembled architectures.

SCHEME 2.11 Synthesis of monodisperse N-butylated oligo(p-benzamide)s.
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2.3.2 Aryl Ether Dendrimer

The Fr�echet-type aryl ether dendrimer [28] is one of the most accepted macromo-

lecules in various fields such as biology, although their synthesis is still difficult [7b].

To avoid the most difficult step of the bromination in the Fr�echet process, several
methods were reported so far. Utilization of Mitsunobu reaction and of solid support

system was developed [29]. They are, however, still tedious to prepare the high-

quality dendrimer in a practical scale.

Thionyl chloride is the most attractive reagent for the chlorination of benzyl

alcohols due to the short reaction time, low reaction temperature, and low price [30].

Percec et al. [31] have reported utilization thionyl chloride as a chlorination agent of

benzyl alcohols and demonstrated the benzyl chloride is sufficient for the synthesis of

aryl ether dendrimers. However, they have used 3,5-dihydroxymethylbenzoate as a

protected building block instead of 3,5-dihydroxybenzylalcohol that is convention-

ally used for preparation of aryl ether dendrimers. Therefore, the methyl benzoate

group needed two-step reactions, reduction and chlorination, to prepare benzyl

chloride of each generation dendron.

Authors developed a successful rapid synthesis of a perfectly branched fourth-

generation (G4) Fr�echet-type dendrimer from unprotected AB2-building block 3,5-

dihydroxylbenzylalcohol 29 by a convergent method using thionyl chloride as an

activating agent (Scheme 2.14) [32]. In this method, each generation dendron and

dendrimer can be prepared in one pot, no isolation of intermediate chlorinated

dendrons. Furthermore, the purification of every dendritic molecule requires only

precipitation, recrystallization, and solvent extraction.

First-generation (G1) dendron 30 was prepared by the direct condensation of

benzyl chloride with 29 in the presence of K2CO3 in NMP under nitrogen

atmosphere. Recrystallization from toluene/hexane gave the G1 dendron 30 in

85%. One-pot synthesis of G2 dendron 32 was then prepared from G1 dendron 30

SCHEME 2.12 Synthesis of G1d-rod 25.
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and 29. G1 dendron 30was activated with 1.10 equiv. of thionyl chloride in NMP at

0�C for 10min in NMP to generate the corresponding benzyl chloride 31 in situ.

Followed by condensation with 29 was conducted at 120�C for 5 h. The desired G2

dendron 32 was purified by reprecipitation to remove G1 dendron 30, and obtained

in 80% yield as a white powder. G3 dendron 33, G4 dendron 34, and G4 dendrimer

35 were prepared by the same method and purified by reprecipitation in 82, 73, and

73% yield, respectively. This novel route enables the final G4 dendrimer 35 to be

formed only achieving five processes.

SCHEME 2.13 Synthesis of dendron-rod molecules.
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2.4 SUMMARY

Dendrimers are attractive scaffolds for a variety of high-end applications because of

their well-defined, unique macromolecular structures. However, it is practically

difficult to apply dendrimers in industrial large-scale applications because of the

huge cost of their preparations. Therefore, the development of synthetic method-

ology as introduced in this chapter will open the new aspect of dendrimer chemistry

in industry.
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3.1 INTRODUCTION

On a lonely evening in Baton Rouge, Louisiana in 1982, with my trusty lapboard in

place—reading my journals and listening to the TV drone on in the background, I ran

across an interesting article in theAmerican Scientist [1] by Professor P. B. Tomlinson

of the Harvard Forest at Harvard University, entitled “Tree Architecture”. How can

one pictorially summarize the myriad of “trees” into specific architectural patterns,

considering the structural errors caused by the environment? Although this article had

little or nothing to do with chemistry—it altered my life and, in essence, started the

topic of this chapter. Specifically, it was the last pattern in a figure depicting a family of

different idealized tree architectures—the Leeuwenberg model—that suggested to

me that Mother Nature’s patterns for trees could be transformed to chemical

patterns [2,3] and thus, the creation of 1 ! 3 and later 1 ! (2 þ 1) branching

motifs for a series of monomers from which molecular trees were conceived, at least

for me. Arborols, ne�e dendrimers, were the outcome, if following a perfect pattern; of

course, the structural abuses by the environment on the forest—generated trees

possessing less-than-idealized architectures—led to structural designs related to

today’s hyperbranched polymers at the nanoregime.

In general to the academic chemist, organic target molecules, for example, drugs

and natural products produced in those rain forests, have a specific structure, whereas

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
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to industrial chemists, organic targets related to polymers or random assemblies of

specific monomers result. There are two different approaches to the creation of these

new macromolecules possessing a fractal design. One, in which the branching sites

are located at the termini, is generally comprised of industrially available monomers;

whereas, the other route utilizes a monomer or monomers possessing an internal

branching center as part of its composition. We undertook the later—that is, the

creation of new monomers that can be assembled to make 1 ! 3 branching motifs

and have an inherent nonreversibility leading to an overall structural stability.

An iterative or repeating assembly is the second part of themolecular construction.

If traditional industrial monomers are used, retro-reactions and diverse side reactions

can occur resulting in a rather heterogeneous assembly composed of alternating

patterns. Easily accessible and readily assembled but uniform final families of

products resulted. The vast majority of all reported dendritic studies have been

conducted with only a few families of divergently generated dendrimers, of which

PAMAMs and PPIs dominate the older literature. In view of Mother Nature’s forests,

whywould only one or twoor three tree designs suffice?Thus, in general, convenience

or commercial availability leads to fractal-structured families possessing a uniform

exterior, which can be uniformly or randomly/combinatorially coated with little or no

control of the resultant product.

This chapter addresses the creation of branching monomers that can be assembled

in different ways, thus challenging chemists to devise interesting new patterns to

address specific objectives, targets, or needs. In our initial example [4] appearing

25 years ago, the core, the first branching layer and the surface—although divergently

(inside-to-outside) assembled—were comprised of different branching monomers;

this started to address molecular diversity. It was 6 years later, that Fr�echet and
Hawker reported [5] the convergent (outside-to-inside) approach tomolecular growth

and introduced the use of the term “dendrons” for these wedges.

Since there is a litany of potential monomers or dendrons that can be devised, each

resultant synthetic target should start to address new and potentially utilitarian

composition. Herein, we briefly review families of designer monomers, then propose

other possibilities and, hopefully, challenge others to be adventuresome and create

new predendrons and dendrons to meet tomorrow’s needs. Mother Nature has

demonstrated that there is a multitude of diverse structural patterns for the trees in

her forest; can they be mimicked within the chemist’s domain?

Upon construction of the layers—or generations as they are commonly called—the

number of surface groups on a tetravalent core for a 1 ! 3 branched dendrimer

increases (4, 12, 36, 108, . . .), which is faster than that of a 1 ! 2 branched dendrimer

(4, 8, 16, 32, . . .), leading to increasing steric crowding at the periphery. This

construction makes use of preferred branched monomers or dendrons, allowing for

higher generations with fewer peripheral gaps and defects. Scheme 3.1 shows the

different modes of construction with a tetravalent core moiety. Route A illustrates the

divergent method of construction, building outward from a tetravalent core, generally

using industrial monomers. Transformation of the new termini at each generation

allows for further substitution and dendritic growth. Attaching preformed dendrons of

specific generation sizevia the convergentmethod (RouteB) avoids the lack-of-control
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encountered with the divergent procedure and allows for a more uniform macro-

molecule, especially at higher generations. Route C utilizes branched monomers

(minidendrons) via a divergent process. The synthesis of different 1 ! 3 branched

monomers permits the divergent—and convergent—construction of different dendritic

families maximizing on the strengths of both approaches. The following overview

presents different families of branched monomers and their synthesis as well as

structural modifications.

3.2 1 !! 3C-BRANCHED MONOMERS

3.2.1 TRIS-Based

Tris(hydroxymethyl)aminomethane (TRIS) is commercially available and easily

transformsmost esters in the presence ofK2CO3 inDMSO to the corresponding amide

triol [4] thus enhancing their water-solubility. TRIS can be N-protected (Boc2O) to

give (97%) BocHNC(CH2OH)3 then O-benzylation or O-allylation affording

(63–65%) BocHNC(CH2OBn)3 or BocHNC(CH2OCH2CH¼CH2)3; lastly, deprotec-

tion (TFA) removes the Boc group to generate H2NC(CH2OBn)3 or H2NC-

(CH2OCH2CH¼CH2)3, respectively [6]. The reaction of succinic or glutaric anhy-

dride with TRIS gave HO2C(CH2)nCONHC(CH2OH)3 (n¼ 2 or 3, respectively) [7].

B etuoRA etuoR

Route C

SCHEME 3.1 Generalized protocols for dendrimer construction.
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The predendron O2NC(CH2OH)3 can be silylated (ClSiMe2tert-Bu/DBU/MeCN) to

giveO2NC(CH2OTBDMS)3, whichwas reduced (H2NNH2/Raney-Ni) to giveH2NC-

(CH2OTBDMS)3, then extension in three steps to generate H2NCH2CONHC-

(CH2OTBDMS)3 [8]. TRIS was reacted with SOCl2 in pyridine to give OSNC-

(CH2Cl)3 and ClH3NC(CH2Cl)3, which with warm base gave H2NC(CH2Cl)3 [9].
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Tris[(carbethoxy)ethoxymethyl]aminomethane (Lin’s amine) can be easily pre-

pared [10] in two steps from initially TRIS and acrylonitrile via a Michael-type

addition, followed by ethanolysis. Amidation with a carboxylic acid uses standard

peptide coupling conditions (DCC/1-HOBT/DMF) [10]. The initial formed H2NC-

(CH2OCH2CH2CN)3 has been transformed in high yield to the protected ZHNC-

[CH2O(CH2)3NH2]3 or BocHNC(CH2OCH2CH2CO2H)3 so surface functionaliza-

tion can be easily altered [11]; whereas, treatment with succinic anhydride quanti-

tatively gaveHO2CCH2CH2CONHC(CH2OCH2CH2CN)3 [12]. Furthermodification

was conducted in which esterification (MeOH, Hþ ), followed by reduction (NaBH4,

NiCl2, MeOH), Boc–protection [(Boc)2O], and saponification (NaOH, DME) leads

to the desired HO2CCH2CH2CONHC[CH2O(CH2)3NHBoc]3 in overall excellent

conversion. Further, H2NC(CH2OCH2CH2CN)3 was transformed [13] into

C6H5CH2O2CNHC(CH2OCH2CH2CN)3, then sequentially reduced (BH3–THF),

Boc-protection of the terminal amino groups, debenzylated (10% Pt/C, H2; 92%),

and treated with (Boc)2O/DMAP [14] to generate (91%) the corresponding isocy-

anate O¼C¼NC[CH2O(CH2)3NHBoc]3. The related monomer, for example,

O¼C¼NC[CH2O(CH2)3NHdansyl]3, was prepared [15]. The H2N(CH2OCH2CH2-

CO2Me)3 was converted by treatment with either (Boc)2O [16] or triphosgene [17] to

the corresponding isocyanate, O¼C¼NC(CH2OCH2CH2CO2Me)3.
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Tris(hydroxymethyl)acrylamidomethane [THAM] [18–20] and its protected

acetonide [CH2¼CHCONHC[(CH2O)2CMe2](CH2OH)] [21] have been synthesized

and utilized in the creation of hyperbranched materials [22] or glucose-based

surfactants [22].

3.2.2 Methanetricarboxylate-Based

Trialkyl methanetricarboxylates were readily prepared by treating dialkyl mal-

onate with alkyl chloroformate in basic conditions [23–25]; the sodium salt can be

isolated and subsequently C-alkylated using a primary alkyl halide (R0X) or equiv-
alent leaving group to generate R0C(CO2R)3. Hydrolysis leads to the initial tris-acid,

R0C(CO2H)3, which easily loses carbon dioxide [26] generating the free monoacid,

R0CH2CO2H; whereas, reduction (BH3–THF) gave the corresponding triol R0C-
(CH2OH)3. Subsequent extension of this triol can be accomplished by the following

sequence of simple transformations: ClCH2CO2H, MeOH/Hþ , LAH, TsCl giving
R0C(CH2OCH2CH2OTs)3.Whereas, nucleophilic substitution of the terminal leaving

group of R0C(CH2OCH2CH2OTs)3 is a facile process. Treatment of the intermediate

ester R0C(CH2OCH2CO2Me)3with TRIS (see above) easily creates a new amide bond

and access to R0C[CH2OCH2CONHC(CH2OH)3]3 via initial transesterification, that

is, <R0C[CH2OCH2CO2CH2C(NH2)(CH2OH)2]3>, followed by a facile intramo-

lecular rearrangement to the desired amide product [4].

3.2.3 Nitromethane-Based
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Tris(hydroxypropyl)aminomethane (bishomoTRIS) was synthesized by starting

with MeNO2 with acrylonitrile to give O2NC(CH2CH2CN)3, which was hydrolyzed

to O2NC(CH2CH2CO2H)3 and reduced (BH3–THF; 95%) to the desired predendron

O2NC[(CH2)3OH]3 [27]. Heterogeneous reduction then afforded the colorless H2NC-

[(CH2)3OH]3 [27] that can be either acylated (Ac2O) affording H2NC[(CH2)3OAc]3
or benzylated (C6H5CH2Cl) to create the H2NC[(CH2)3OBn]3 in overall high yield.

The treatment of bishomoTRIS with SOCl2 gave (84%) the corresponding H3N
þC-

[(CH2)3Cl]3 (Cl
� ). The related H2NC[(CH2)3SH]3 was prepared from bishomoTRIS

in four steps [28].

Tris(aminopropyl)aminomethane was prepared by treatment of the above O2NC

(CH2CH2CN)3 with (BH3) to give (�100%) O2NC[(CH2)3NH2]3, which upon

treatment with di-tert-butyl dicarbonate [29,30] gave O2NC[(CH2)3NHBoc]3, fol-

lowed by catalytic reduction (T-1Raney nickel) [31] to affordH2NC[(CH2)3NHBoc]3
in excellent overall yield.

Di-tert-butyl 4-[2-tert-butoxycarbonyl)ethyl]-4-aminoheptanedioate (Behera’s

amine) was prepared [32,33] by treatment of MeNO2 with tert-butyl acrylate in the

presence of base (Michael reaction; [34] Triton-B) to give (ca. 80–95%) O2NC-

(CH2CH2CO2CMe3)3, which was catalytically reduced [35] to quantitatively afford
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H2NC(CH2CH2CO2CMe3)3 [33,36,37]. Although the original procedure used Raney

nickel in EtOH [32], when n-heptane was used for the hydrogenation, the amine was

isolated in 98% yield with an increased melting point [38].

Di-tert-butyl 4-[2-(tert-butoxycarbonyl)ethyl]-4-isocyanatoheptanedioate, OCNC-

(CH2CH2CO2CMe3)3, was formed by treatment of H2NC(CH2CH2CO2CMe3)3
with phosgene or triphosgene [39–43]. The related, divergently generated G2

and G3 dendrons were similarly formed [44]. A convergent procedure [45], which

utilized O2NC(CH2CH2CO2H)3, derived from hydrolysis (HCO2H) of O2NC-

(CH2CH2CO2CMe3)3, followed by H2NC(CH2CH2CO2CMe3)3 using standard ami-

dation (HOBTand DCC) and then reduction using Raney-nickel generated the related

G2 and G3 dendrons. A series of these isocyanates [17,39,42,43] and their use in

combinatorial chemistry [40,46] has been reported in which O2NC[(CH2)3CN]3 [47]

was reduced (BH3–THF) to O2NC[(CH2)3NH2]3, which was Boc-protected giving

O2NC[(CH2)3NHBoc]3, then reduction [Ni(R), H2] to the amine H2NC-

[(CH2)3NHBoc]3 and lastly conversion to the isocyanate O¼C¼NC[(CH2)3NHBoc]3
with triphosgene [48] or DMAP and (Boc)2O [49]; [R¼ 2,6-Pyridine [50];
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1,4-diaminoanthraquinone [51];N,N0-bis(3-aminopropyl)piperazine;3,30- and5,50-(2,20-
dipyridino) [51–55]. Synthesis of the internally functionalized monomers was

achieved via a three-component, single-pot reaction using glutaryl dichloride,

H2NC(CH2CH2CO2CMe3)3, and the bis-diamine to give the homologated amino-

triester, H2NRNHCO(CH2)4CONHC(CH2CH2CO2CMe3)3, where R¼ an appropri-

ate diamine possessing the desired host–guest recognition component.

3.2.4 Pentaerythritol-Based

Although 4-(hydroxymethyl)-2,6,7-trioxabicyclo[2.2.2]acetate (R¼H) has been

constructed (�50%) by treatment of pentaerythritol with HC(OEt)3 [56,57], the

orthoacetate was shown to enhance the monomer’s versatility [58]. Treatment of

HOCH2C(CH2O)3CH with CH2¼CHCOCl gave CH2¼CHCO2CH2C(CH2O)3CH;

whereas, pentaerythritol with HBr in AcOH gave (70%) BrCH2C(CH2OH)3, which

was transformed (60%) to BrCH2C(CH2O)3CH [59]. Treatment of C(CH2OH)4 with

MeC(OMe)3 gave (85%) 1-methyl-4-(hydroxymethyl)-2,6,7-trioxabicyclo[2.2.2]-

acetate (R¼Me) [60], HOCH2C(CH2O)3CMe, or (80%) HOCH2C(CH2O)3CEt

when EtC(OEt)3 was used [61]. The free hydroxy permits selective functionali-

zation at one arm, then deprotection of the orthoester and simple conversion to a

series of useful reagents: ROCH2C(CH2OSCN)3, C6H5CH2OCH2C(CH2SH)3, and

CH2¼CHCH2OCH2C(CH2SH)3 [62]. Treatment of HOCH2C(CH2O)3CMe with

allyl bromide, followed by hydrolysis, gave CH2¼CHCH2OCH2C(CH2OH)3,

which with SOCl2 (pyr) generated CH2¼CHCH2OCH2C(CH2Cl)3, and with LiPPh2
afforded CH2¼CHCH2OCH2C(CH2PPh2)3 [63]. Treatment of HOCH2C(CH2Cl)3,

prepared directly from pentaerythritol with 3.3 equiv. of SOCl2, with

Me3SiC�CCH2Br (KOH) gave HC�CCH2OCH2C(CH2Cl)3, which was converted

to HC�CCH2OCH2C(CH2PPh2)3 [63]. Treatment of C(CH2OCOCH2CH2SH)4
with ethyl acrylate underwent a thio-Michael addition reaction in the presence

of HNEt2 to give the 1 ! 3 monomer, EtO2CCH2CH2SCH2CH2CO2CH2C(CH2-

OCOCH2CH2SH)3, along with other addition products [64].
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The commercially available HOCH2C(CH2Br)3 was initially alkylated via the

Williamson synthesis, then converted (NaSH/S/DMF, Cu/C6H5Me, Zn/HCl/C6H6) to

form the MeOCH2C(CH2SH)3 and lastly treated with HC(OMe)3 to generate the 4-

methyloxymethyl-2,6,7-trithiabicyclo[2.2.2]octane, MeOCH2C(CH2S)3CH [59].

Pentaerythritol with 3.1 equiv. of acrylonitrile in the presence of base and then

using Fischer esterification conditions generated HOCH2C(CH2OCH2CH2CO2Me)3,

which can be O-protected, then reduced to the triol ROCH2C(CH2OCH2CH2-

CH2OH)3 [65,66]. Conversely, pentaerythritol was initially monoprotected with

tert-butylchlorodiphenylsilane (Z¼TBDPS) then transformed into a family of very

useful 1 ! 3 branched monomers, for example, ZO2CHC(CH2OH)3, ZO2CHC-

(CH2OCH2CH¼CH2)3, ZOCHC(CH2OCH2CH2OH)3, ZOCH2C(CH2OCH2CH2N3)3,

HOCH2C(CH2OCH2CH2N3)3, CH2¼CHCH2OCH2C(CH2OCH2CH2NH2)3, CH2¼
CHCH2OCH2C(CH2N3)3, and HO2C(CH2)6OCH2C(CH2N3)3 by a series of simple

conversions [67].TheTBDMSOC2HC(CH2OH)3was transformed toTBDMSOC2HC-

(CH2OCH2C�CH)3 upon treatment (NaH/THF; 82%) with HC�CCH2Br [68].

The commercially available pentaerythritol triallyl ether, HOCH2C(CH2

OCH2CH¼CH2)3, was benzylated (NaH/DMF) with 4-bromobenzyl bromide to give

(91%) BrC6H4CH2OCH2C(CH2OCH2CH¼CH2)3, which was hydroborated (9-

BBN, NaOH/H2O2; 78%) affording BrC6H4CH2OCH2C[CH2O(CH2)3OH]3, then

transformed (HC�CC(OH)Me2/(dppf)PdCl2/CuI/pyrrolidine; 81%, then NaOH/

C6H5Me; 79%) to HC�CC6H4CH2OCH2C[CH2O(CH2)3OH]3 [69]. Pentaerythritol

triallyl ether can be prepared by treatment of pentaerythritol with allyl bromide

(NaOH) in 50% yield and subsequently converted (I2/PPh3/imidazole) to ICH2C-

(CH2OCH2CH¼CH2)3 [70,71]; whereas Jones oxidation of HOCH2C(CH2-

OCH2CH¼CH2)3 formed the desired focal acid group, which was treated

SOCl2, followed by ethylenediamine to give H2NCH2CH2NHOCCH2C(CH2-

OCH2CH¼CH2)3 [72].
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3-(5-Pentenyloxy)-2,2-bis(5-pentenyloxymethyl)propan-1-ol was prepared

(26%) by treatment of pentaerythritol with 5-bromopentene [73] also isolated was

tetrakis(5-pentenyl)pentaerythritol in 41% yield. Reaction of the free hydroxy group

with 5-bromopentanoic acid in the presence of DMAP gave (72%) of the elongated

Br(CH2)4CO2CH2C[CH2O(CH2)3CH¼CH2]3. The above HOCH2C[CH2O(CH2)3CH¼
CH2]3 was readily converted (PPh3, I2, imidazole; 90%) to ICH2C[CH2O-

(CH2)3CH¼CH2]3 [74,75].

The monoprotection of ethylene glycol with dihydropyran gave (84%) HOCH2-

CH2OTHP, which with C(CH2Br)4 in the presence of NaH–diglyme afforded (53%)

BrCH2C(CH2OCH2CH2OTHP)3 then addition of PMBO(CH2CH2O)2H (PMB¼ p-

methoxybenzyl) gave (68%) PMBO(CH2CH2O)2CH2C(CH2OCH2CH2OTHP)3,

which can be easily selectively deprotected (DDQ) generating (68%) dendron HO-

(CH2CH2O)2CH2C(CH2OCH2CH2OTHP)3 [76].

3-Hydroxy-2,2-di(hydroxymethyl)propanethiol [77] was prepared [78] by the

treatment of pentaerythritol with HBr in 49–54% yield; similar products via

RSCH2C(CH2OCH2CH2CN)3 andRSCH2C(CH2OCH2CH2CO2R
0)3, whereR0 ¼Me

or –C6Cl5, were reported.
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2-Hydroxy-1,1,1-tris(aminomethyl)ethane was prepared by the treatment of

HOCH2C(CH2O)3CMe with C6H5CH2Br, followed by hydrolysis gave

C6H5CH2OCH2C(CH2OH)3, which was tosylated, subjected to NaN3, followed by

reduction to give C6H5CH2OCH2C(CH2NH2)3 and lastly, deprotected (H2/Cat) to

give HOCH2C(CH2NH2)3 [60]. A novel triphenyl derivative of 1-hydroxymethyl-

1,3,5-triazaadamantane, which was prepared from HOCH2C(CH2NH2)3 and an

activated benzaldehyde, has been reported [79].

2-Hydroxy-1,1,1-tris(diphenylphosphinomethyl)ethanewas readily alkylated and

extended via, for example, Cl(CH2)6OTs to give Cl(CH2)6OCH2C(CH2PPh2)3 and

related members of this tripodal family were also synthesized: HOCH2C-

(CH2PPh2)1–3 (CH2X)0–2, where X¼ PPh2, SR [80].

The phenyl-extended 2-(4-aminobenzyl)-2-(hydroxymethyl)propan-1,3-diol,

H2NC6H4CH2C(CH2OH)3 [81], has been synthesized from 4-nitrobenzyl bromide

with ethyl malonate, followed by alkylation with ClCH2OCH2C6H5, reduction

(NaBH4; Pd/H2), and protection and deprotection.
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3.2.5 Neopentane-Based

The O2NC[(CH2)3OH]3 was protected (C6H5CH2Cl) to give O2NC-

[(CH2)3OCH2Bn]3, which underwent denitration-cyanoethylation [82] upon treat-

ment with n-Bu3SnH and AIBN in the presence of acrylonitrile generating interme-

diate NCCH2CH2C[(CH2)3OH]3, which was hydrolyzed to HO2CCH2CH2C-

[(CH2)3OH]3 [83,84].

Acetaldehyde with CH2¼CHCN was converted to OHCC(CH2CH2CN)3, which

was reduced and protected giving TBSOCH2C(CH2CH2CN)3; then reduction of the

cyano groups (RaNi, H2NNH2) gave TBSOCH2C[(CH2)3NH2]3, which was ami-

dated, deprotected, and oxidized (Jones) forming HO2CC[(CH2)3NHCOR]3 [85,86].

3.2.6 ArylC-Based
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Treatment of <[FeCp(Z6-p-EtOC6H4Me)][PF6]> [87] with allyl bromide gave

(50%) <[FeCp(Z6-p-triallylmethylphenate), which was decomplexed in MeCN

using a Hg lamp affording the desired p-tris(allyl)methylphenol, HOC6H4C-

(CH2CH¼CH2)3 [88,89]. The HC�CCH2OC6H4C(CH2CH¼CH2)3 was prepared

from HOC6H4C(CH2CH¼CH2)3 with HC�CCH2Br with base [90,91]. The

HOC6H4C(CH2CH¼CH2)3 can be coated with azide moieties by treatment of

the polyolefin with HSiMe2CH2Cl and Karstedt catalyst, followed by NaN3 [92],

then via a click reaction with HC�CCH2OC6H4C(CH2CH¼CH2)3 the next tier

can be generated. The reaction of HOC6H4C(CH2CH¼CH2)3 with HSiMe2CH2Cl

generated HOC6H4C[(CH2)3SiMe2Cl]3 [93] that was extended (K2CO3, DMF)

with p-iodomethylstyrene affording CH2¼CHC6H4CH2OC6H4C[(CH2)3Si-

Me2Cl]3 then subjected to AIBN-induced radical polymerization, followed by

conversion to (CH2¼CH)nC6H4CH2OC6H4C[(CH2)3SiMe2CH2N3]3 [94], which

is set up for the click reaction [95,96]. The nucleophilic displacement of chloride

from the terminal R-SiMe2Cl with the triallylmethylphenoxide was catalyzed

with NaI in DMF [88,89]; whereas HOC6H4C(CH2CH¼CH2)3 with HSi-

Me2CH2Cl was catalyzed to give HOC6H4C[(CH2)3SiMe2CH2Cl]3, which can

be converted (NaI, butanone) to the related HOC6H4C[(CH2)3SiMe2CH2I]3.

Another monomer in this family is the protected EtCO2C6H4C[(CH2)3I]3 [97]

and the related sulfide reagents were also derived from MeSC6H4C-

(CH2CH¼CH2)3 [98].

3.2.7 Tetraphenylmethane-Based

4-[2-(4-Formylphenyl)ethynyl]phenyl-tris[4-[2-(4-pyridinyl)ethynyl]phenyl]-

methane was prepared by the treatment [Pd(PPh3)2Cl2/CuI] of tetrakis(4-iodo-

phenyl)methane with 4-ethynylbenzaldehyde to generate (38%) OHCC6H4C�
CC6H4C(C6H4I)3, which with 4-ethynylpyridine under similar conditions gave

(54%) the desired OHCC6H4C�CC6H4C(C6H4C�CC5H4N)3 [99].
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New fuchsin was diazotized via a Sandmeyer reaction (NaNO2, H2SO4; KI) giving

the tris(4-iodo-3-methylphenyl)methanol, which in the presence of phenol and

concentrated sulfuric acid afforded the tris(40-iodo-30-phenyl)-4-methylphenol [100].

Utilizing the Sonogashira coupling [101], this triiodo intermediate was treated

with phenylacetylene to generate tris(40-phenylethynyl-30-methylphenyl)-4-

methylphenol.

3.3 1 !! 3 SI-BRANCHED MONOMERS
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The Si-Ph bond in PhSi[(CH2)3SiMe2Bn]3 was cleaved with triflic acid to give

TfOSi[(CH2)3SiMe2Bn]3 that can generate either ClSi[(CH2)3SiMe2Bn]3 or (C5H5)Si-

[(CH2)3SiMe2Bn]3 when treated with Et3NHCl or potassium cyclopentadienide,

respectively; the G2 and G3 members were also prepared [102]. The related

C6H5Si[(CH2)3Si[(CH2)3SiMe3]3]3 has been reported and shown to undergo acid-

olysis [103] removing the phenyl group to generate TfOSi[(CH2)3Si[(CH2)3SiMe3]3]3
thus activating the focal position.

A one-step synthesis of poly(siloxysilanes) was reported [104–106] in which

CH2¼CHCH2Si(OSiMe2H)3 in Et2O/MeCN (1:1) was treated with H2PtCl6�nH2O

under nitrogen.

Treatment of MeSi(OSiMe2OSiMe2Ph)3 with bromine gave MeSi(OSiMe2OSi-

Me2Br)3, which was transformed to the corresponding diethylamino derivative,MeSi-

(OSiMe2OSiMe2NEt2)3 [107]. The related HOSiMe2OSi(OSiMe2Ph)3, as the build-

ing block, should give the related 1 ! 3 series. Treatment of EtOSi[OSi-

Me(OSiMe3)2]3 with C6H5Si(OSiMe2H)3 gave C6H5Si[OSiMe2OSi(OSiMe-

(OSiMe3)2)3]3 [108].
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Tris(4-iodophenyl)ethoxysilane, EtOSi(C6H4I)3 [109], was reacted with tert-butyl

(3-ethynylbenzyloxy)dimethylsilane under Sonogashira coupling conditions [Pd

(dba)2, PPh3, R3N] to give EtOSi(C6H4C�CC6H4CH2OTBDMS)3, which with

1,4-diiodobenzene and BuLi, then hydrolysis (TBAF, AcOH) generated (90%)

IC6H4Si(C6H4C�CC6H4CH2OH)3. This triol was transformed (AcSH, DIAD, PPh3;

70%) to the corresponding RCH2SAc, a novel tripod leading to a field-driven

molecular motor [110]. Similarly, HC�CC6H4Si(C6H4C�CC6H4SAc)3 and H-

(C�CC6H4)2Si(C6H4C�CC6H4SAc)3 were constructed [109].

3.4 1 !! 3 ARYL-BRANCHED MONOMERS

A1 ! 3 aryl branching series [111,112] was readily prepared frommethyl gallate

(R¼Me, R0¼H; methyl 3,4,5-trihydroxybenzoate) by either allylation of the free

hydroxyl groups or transformation of the focal estermoiety. 3,4,5-Trihydroxybenzoic

acid was converted in four steps to 3,4,5-tribenzyloxybenzyl chloride [113].

The treatment of methyl gallate with HC�CCH2Br in acetone gave

(K2CO3, 93%) RO2CC6H2(OCH2C�CH)3, which was reduced (LAH, 70%)

to HOCH2C6H2(OCH2C�CH)3 and then transformed (PBr3, 77%) to

BrCH2C6H2(OCH2C�CH)3 [95]; focal elongation was accomplished (92%) by

reaction with hydroquinone in DMF with K2CO3 giving HOC6H4OCH2-

C6H2(OCH2C�CH)3, which can be clicked with diverse azides to give easy
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conversion to macromolecules [95,96]. Tetraethylene glycol was ditosylated

(81%) and subsequently transformed (39%) to the monoazide, which was

treated with methyl 3,4,5-trihydroxybenzoate to give (68%) MeO2CC6H2-

[(OCH2CH2)4N3]3 [114]. This ester was either saponified (100%) to HO2CC6H2-

[(OCH2CH2)4N3]3 or reduced (93%) to MeO2CC6H2[(OCH2CH2)4NH2]3; the

combination of these two monomers gave (83%) the G2 PEGed dendron.

Similarly, methyl 3,4,5-trihydroxybenzoate with triethylene glycol monotosylate

(KI, K2CO3), followed by either protection (THP) of the termini and reduction

to HOH2CC6H2[(OCH2CH2)3OTHP]3 or tosylation to give MeO2CC6H2-

[(OCH2CH2)3OTs]3; combination gave (57%) the G2 dendron [115].

HOCH2C6H2[(OCH2CH2)3OZ]3 were subjected to methacroyl chloride to give

CH2¼CMeCO2CH2C6H2[(OCH2CH2)3OZ]3, then the termini were deprotected

affording CH2¼CMeCO2CH2C6H2[(OCH2CH2)3OH]3. A related series of

monomers was devised starting from ethyl 3,4,5-trihydroxybenzoate by treatment

with Br(CH2)3X, where X¼NHBoc, NHCbz, or OBn [116]. A click approach to

functionalize azide-terminated dendrimers [92] utilized the polyPEGedHC�CCH2O-

(CH2CH2O)4CH2C6H2[O(CH2CH2O)3Me]3 [117,118].

2,6-Dimethoxyphenol was easily transformed [119] to 3,4,5-trialkoxy-1-bromo-

benzene in three steps and then to the corresponding boronic acid derivative, which

underwent a Suzuki-coupling reaction [120,121] with cyanuric acid.

1 !! 3 ARYL-BRANCHED MONOMERS 73



The reaction of 2-bromomestylene (BrC6H2Me3) with N-bromosuccinimide and

dibenzoyl peroxide in HCO2Me gave (26%) 2,4,6-tris(bromomethyl)bromobenzene,

which when treated with thiourea generated 2,4,6-tris(isothiouroniummethyl)bro-

mobenzene tribromide [122].

2,4,6-Tris(hydroxymethyl)aniline has been shown to possesses a drug [123] or

reporter [124,125] properties at the dendron’s surface by the incorporation of an

enzyme substrate or H2O2 trigger at the focal position, respectively. The treatment of

1,3,5-tris(hydroxymethyl)benzene with tert-butyldimethylsilyl chloride gave

C6H3(CH2OTBS)3, which was nitrated and reduced to the tris-O-protected aniline,

which was transformed to the corresponding isocyanate, OCNC6H2(CH2OTBS)3
[124,126]. This isocyanate was reacted with a substituted phenol and the resultant

carbamate was O-deprotected free-up the hydroxymethyl moieties for further

elaboration.

2,4,6-Tris(formyl)phenol [127]was prepared (48–54%) or by the reaction of either

4-hydroxybenzaldehyde or phenol with HMTA in trifluoroacetic acid. Treatment of

2,4,6-tris(formyl)phenolwith the chlorocarbamoyl ofN,N0-dimethylethylenediamine
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generated BocNMeCH2CH2NMeCO2C6H2(CHO)3, then the addition of diethyl mal-

onate, followed by reduction (DIBALH) gave BocNMeCH2CH2NMeCO2C6H2[CH¼
C(CH2OH)2]3 [128].

3.5 1 !! 3 ADAMANTANE-BRANCHED MONOMERS

Photolysis of 1-nitroadamantane in (COCl)2, followed by treatment with MeOH

afforded (ca. 25%) 1-nitro-3,5,7-tris(methoxycarbonyl)adamantane [129], which

was catalytically reduced to give the 1-amino-3,5,7-tris(methoxycarbonyl)adaman-

tane in low overall yields [130]; notably, this is a rigid analog to the above Behera’s

amine [32]. Similarly, 1-bromoadamantane gave (24%) 1-bromo-3,5,7-tris(methox-

ycarbonyl)adamantane under similar conditions, then reduction (LAH, 95%) gave the

1-bromo-3,5,7-tris(hydroxymethyl)adamantane, which was transformed (Tf2O/pyr,

AcSK/18crown6,KOH) to 1-bromo-3,5,7-tris(mercaptomethyl)adamantane [131].A

related series of 1 ! 3 monomers was prepared by using 1-(4-bromo/iodophenyl)-

3,5,7-tris(hydroxymethyl)adamantane [131]. Alternatively, when 1,3,5,7-tetraphe-

nyladamantane was oxidized and esterified 1,3,5,7-tetrakis(methoxycarbonyl)ada-

mantane was isolated [132], it was selectively saponified (90%) to the monoacid,

then subjected to the Curtius reaction [133] to give 1-amino-3,5,7-tris(methox-

ycarbonyl)adamantane in 83% yield [134]. The synthesis of the related 1-amino-

3,5,7-tris(3-propionic acid)adamantane, from adamantane has been reported [135].

The related 1-amido-3,5,7-tricarboxyadamantane and 1-carboxy-3,5,7-amidoada-

mantane have been isolated from a mixture of products when 1,3,5,7-tris(chlor-

ocarbonyl)adamantane was treated with aminofluorescein [136]. Tetrakis(4-iodo-

phenyl)adamantane [137], prepared from tetraphenyladamantane with [bis(trifluoro-

acetoxy)iodo]benzene and iodine in CCl4 or CHCl3 [138], was treated with t-BuLi,

followed by CO2, hydrolysis, and CH2N2 generated in low yield (6–10%) the 1-(4-

iodophenyl)-3,5,7-tris(4-methoxycarbonylphenyl)adamantane [139]; whereas,

1-(4-ethynylphenyl)-3,5,7-tris(4-cyanophenyl)adamantane was generated from
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1-(4-trimethylsilylphenyl)-3,5,7-tris-4-iodophenyladamantane in two steps [140].

The related 1-(4-ethynylphenyl)-3,5,7-tris(4-methoxycarbonylphenyl)adamantane

was prepared [141] in a simple five-step sequence from tetrakis(4-iodophenyl)-

adamantane. The 1,3,5,7-tetrakis(aminomethyl)adamantane [142] was treated with

1 equiv. of CF3CO2Et, followed by a slight excess of 2,3-dimethoxybenzoic acid

with BOP to generate a mixture of products from which the 1-(trifluoroactamido-

methyl)-3,5,7-tris(2,3-dimethoxybenzoylamidomethyl)adamantane was isolated

in 32% yield [143].

A novel triphenyl derivative of 1-hydroxymethyl-1,3,5-triazaadamantane, which

was prepared from HOCH2C(CH2NH2)3 and an activated benzaldehyde has been

reported [79]. Recently, an unusual intramolecular cyclization occurred in which

tris(b-oximinoalkyl) amines, derived from NH3 and MeRHCNO2, were

transformed into 4,6,10-trihydroxy-1,4,6,10-tetraazaadamantanes in 72–100%

yield [144].

3.6 1 !! 3 MACROCYCLIC-BRANCHED MONOMERS

Cyclen (1,4,7,10-tetraazadodecane) was monoalkylated with ethyl bromoace-

tate and then subjected to 3 equiv. of tert-butyl bromoacetate to generate (84%)

1-(ethoxycarbonylmethyl)-4,7,10-tris(tert-butylcarbonylmethyl)tetraazadodecane,

which was treated with neat ethylenediamine to give (68%) 1-(2-

aminoethylazacarbonylmethyl)-4,7,10-tris(tert-butylcarbonylmethyl)tetraazadode-

cane [145]. This amine was transformed into a 1 ! 3 branched dendrimer, then

mild hydrolysis removed the tert-butyl esters. The 1-(2-aminoethyl)-4,7,10-tris

(Boc)-tetraazadodacane was prepared by initial selective monoalkylation and

separation, followed by exhaustive alkylation to give the 1 ! 3 protected mono-

mers [146]. In a reverse manner, cyclen was trialkylated with BrCH2CO2CMe3
with DMA, then deesterified (TFA), and treated with 1,2-epoxy-butane or -octane

to give access to another 1 ! 3 branched monomer [147]. The specific syntheses
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of the related 1-benzyl-4,8,12-tetraazacyclopentadecane, 1-benzyl-4,8,12-tri-Boc-

tetraazacyclopentadecane, 4,8,12-triBoc-1,4,8,12-tetraazacyclopentadecane, (1,4,8,12-

tetraazacyclopentadecanyl)acetic acid, and 3-(1,4,8,12-tetraazacyclopentadecanyl)-

propionic acid as well as the related 8-isomer, created from known unsymmetrical

synthons, have been reported [148].

The selected substitution of 1,6,20,25-tetraaza[6.1.6.1]paracyclophane [149] with

protected b-alanine (3 equiv.) in the presence of DCC gave (33%) tris(Boc-b-alanyl)-
1,6,20,25-tetraaza[6.1.6.1]paracyclophane [150,151]. Activation of the remaining

free amino site was conducted with succinic anhydride to give acid for future

connectivity.

3.7 1 !! 3 CALIXARENE-BRANCHED MONOMERS

Selective protection of 25,26,27,28-tetrahydroxy-5,11,17,23-tetra(tert-butyl)calix-

[4]arene by alkylation (Ba(OH)2/BaO) with n-PrBr in THF gave 25,26,27-tripropoxy-
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28-hydroxy-5,11,17,23-tetra(tert-butyl)calix[4]arene, which was subjected to an

excess of a,o-dibromoalkanes in DMF to generate the 25,26,27-tripropoxy-28-

bromoalkoxy-5,11,17,23-tetra(tert-butyl)calix[4]arene [(CH2)n, n¼ 2, 51%; n¼ 3,

81%; n¼ 6, 76%] [152]. Since in the initial alkylation step, the mono- and two di-

alkylated derivatives were also isolated, thus other interesting polycalixarenes were

reported [152] and can be envisioned.

3.8 1 !! 3 PORPHYRIN-BRANCHED MONOMERS

In a one-step procedure [153], from methyl 4-formylbenzoate, benzaldehyde, and

pyrrole in a 1:3:4 ratio gave 10,15,20-triphenyl-5-(methoxycarbonylphenyl)porphy-

rin following a known procedure [154]. The dendronized 5-(4-hydroxyphenyl)-

dipyrromethane, 5-(4-methoxycarbonylphenyl)dipyrromethane, and dendronized

benzaldehyde in presence of BF3�OEt2 at 25�C, followed by oxidation (DDQ),

incorporation of platinum, and lastly hydrolysis gave the desired 10,15,20-tris-

[(40-dendronized)phenyl]-5-(methoxycarbonylphenyl)porphyrin [153,155,156]. The

10,15,20-triphenyl-5-(tetramethyldioxaborate)porphyrin as well as 10,15,20-triaryl-

5-iodo(or bromo)porphyrin were reported in a route to a molecular “waterwheel”-

shaped porphyrin pentamers [157]. In the construction of these amazing structures—

porphyrin square planar henicosamer [158] comprised of 21 porphyrins measuring

6.5 nm per side—two different starting porphyrins were prepared from 3,5-di(iso-

amyloxy)benzaldehyde, pyrrole, and methyl 4-formylbenzoate in propanoic acid,

followed by separation (12 and 3%) from which 10,15,20-triaryl-5-(methoxycarbo-

nylphenyl)porphyrin and 15,20-triaryl-5,10-di(methoxycarbonylphenyl)porphyrin

were obtained. The monoester was transformed to the corresponding 10,15,20-

triaryl-5-(formylphenyl)porphyrin, while the later was reduced, metalated, and
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selectively oxidized to the 1 ! (2 þ 1) branching 15,20-triaryl-5-(formylphenyl)-

10-(4-ethylcarbonyloxymethyl)porphyrin.

3.9 1 !! 3 PHTHALOCYANINE-BRANCHED MONOMERS

The condensation of 4-nitrophthalonitrile and 4-(2-dimethylaminoethylsulfanyl)-

phthalonitrile, then reduction of the nitro group gave the corresponding monoamine,

which was quaternized with MeI to give 2-amino[tris((2-dimethylaminoethylsulfa-

nyl)phthalocyanine)triiodide] hydrochloride [159].

3.10 1 !! (2 þþ 1) C-BRANCHED MONOMERS

Citric acid can be esterified with an acyl chloride to generate the 3-monoester and

leaving a terminal 1 ! (2 þ 1) tricarboxylic acid surface [160].
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Glycerol (propane-1,2,3-triol) was treated with benzoyl chloride, followed by a

Jones oxidation affording the (C6H5CO2CH2)2CO, which with di(iso-propyl)amine

generated an azahemiacetal; removal of the protectingmoieties gave the free hydroxy

groups that are esterified and lastly deprotected to afford H2NC[OR(CH2-

OR)2] [160,161].

The 1 ! (2 þ 1) monomer, <H2NC(CH2CH2CO2CMe3)2[(CH2)3O-

CH2CH2CN]>, was synthesized from4-nitrobutanol,whichwas initiallyO-alkylated

with CH2¼CHCN, then excess CH2¼CHCO2CMe3, followed by reduction (RaNi,

H2) of the nitro group [162]. Amidation, (1) then deprotection (reverse Michael

reaction, mild base) gave RCOHNC(CH2CH2CO2CMe3)2[(CH2)3OH], whereas (2)

with acid, deesterification occurred giving RCOHNC(CH2CH2CO2H)2-

[(CH2)3OCH2CH2CN], or (3) with catalytic reduction RCOHNC(CH2CH2CO2-

CMe3)2[(CH2)3O(CH2)3NH2]. The monomer H2NC(CH2CH2CO2CMe3)2[(CH2)3-

OCH2CH2CN] was treated with HO2C(CH2)3OR (R¼ 40-terpyridine) [163] afford-
ing RO(CH2)3COHNC(CH2CH2CO2CMe3)2[(CH2)3O(CH2)2CN], which was re-

duced (RaNi) to give RO(CH2)3COHNC(CH2CH2CO2CMe3)2[(CH2)3O(CH2)3-

NH2], followed by acylation with 1-chlorocarbonyladamantane [162]. In a related

sequence of transformations, H2N(CH2)5OR (R¼ 40-terpyridine) [163] was reacted
with CH2¼CHCOCl to give CH2¼CHCOHN(CH2)5OR, which with MeNO2 then

a slight twofold excess of CH2¼CHCO2CMe3, followed by reduction gave the

minidendron—H2NC(CH2CH2CO2CMe3)2[(CH2)2CON(CH2)5OR] [164].
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Treatment of methyl N-parachlorobenzylidene glycinate (MeO2CCH2N¼
CHC6H4Cl) with a slight excess of CH2¼CHCN, then hydrolysis gave the interesting

methyl bis(cyanoethyl)glycinate, H2NC(CO2Me)(CH2CH2CN)2, which with (Boc)2O

gave the N-Boc derivative that was reduced (RaNi, H2), and terminal N-protected to

afford BocHNC(CO2Me)[(CH2)3NHZ]2. These derivatives were converted to a “bis-

ornithine” [2,2-bis(aminopropyl)glycine] series [165–167].

Diethyl acetamidopropargylmalonate was prepared from the salt of diethyl

acetamidomalonate with CH2¼C(OTf)CH2Br generating ZHNC(CO2Et)2[CH2C-

(OTf)¼CH2], which upon warming [Pd(PPh3)4,CO, Bu3N] gave ZHNC-

(CO2Et)2(CH2C�CH) [168].
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Treatment of benzyl acetoacetate with 2 equiv. of CH2¼CHCO2CMe3 gave the

desired RO2CC(COR
0)(CH2CH2CO2CMe3)2 possessing a unique ketonic moie-

ty [169]; whereas with dialkyl malonate, symmetric products were isolated; however,

with unsymmetricalmalonates, access to 1 ! (2 þ 1)C-branchedmonomers should

be possible. Other related monomers have also been reported: (MeO2C)2C(CH2C-

�CH)(CH2CH2COMe)2, (MeO2C)2C(CH2C�CH)(CH2CH2CN)2, (MeO2C)2C(CH2-

CH¼CH2)(CH2CH2COMe)2, and (MeO2C)2C(CH2CH¼CH2OH)(CH2CH2COMe)2.

3.11 1 !! (2 þþ 1) ARYL-BRANCHED MONOMERS

A novel series of dendrons possessing a 1 ! (2 þ 1)-branching pattern in

which 3,5-dibromo-4-iodophenylacetic acid were prepared [170] from ethyl

4-aminophenylacetate via bromination (Br2/AcOH) to give ethyl 3,5-dibromo-

4-aminophenylacetate, then diazotization (NaNO2/HCl, KI) to afford ethyl 3,5-

dibromo-4-iodophenylacetate, which was selectively substituted by the use of the

Suzuki cross-coupling reaction [171].

4-Iodo-2,6-dibromonitrobenzene was transformed in three steps to 4-iodo-

2,6-dibromodiethyltriazenylbenzene, which was coupled [Pd(Ph3P)2Cl2/Et3N]
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with HC�CC6H5 to give 4-phenylethynyl-2,6-dibromodiethyltriazenylbenzene, then

further coupling [Pd(Ph3)4/Na2CO3/DME] with (HO)2BC6H4OC6H5 and deprotected

generating 4-phenylethynyl-2,6-di(4-benzyloxyphenyl)iodobenzene [172].

2,6-Dibromo-4-nitroaniline was initially converted into 2,6-di(40-tolylethynyl)-4-
nitroaniline, which N-acylated with succinyl, 4-bromobutyryl or 6-bromohexanoyl

chloride, and then a capping reagent to form 3,5-di(40-tolylethynyl)-4-[1-azacarbo-
nylalkyl(aryl substituent)]nitrobenzene [173].

The 1-bromo-3,5-bis(tert-butoxydimethylsilanyloxy)benzene was transformed

(BuLi/Bu3SnCl) to the tin derivative, which was coupled with 5-decyloxy-3-(tert-

butoxycarbonylmethoxy)-4-bromobenzaldehyde, derived from ethyl 4-bromo-3,5-

dihydroxybenzoate in four steps, to give after reduction and selective hydrolysis

the desired 5-decyloxy-3-(tert-butoxycarbonylmethoxy)-4-(30,50-dihydroxyphenyl)-
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benzyl alcohol [174]. The construction details [175–179] of their interesting mono-

mers are given in their supplemental materials.

The 3,5-di(hydroxymethyl)-4-hydroxytoluene was treated (K2CO3/18-crown-6)

with Br(CH2CH2O)2Me to form 3,5-di(hydroxymethyl)-4-(3,6-dioxahepty-

loxy)toluene, which was brominated (CBr4/PPh3) affording 3,5-di(bromo-

methyl)-4-(3,6-dioxaheptyloxy)toluene, then after a five-step sequence

[P(OEt)3, NBS, HMTA, CH(OMe)3, then NCC6H4CHO], 3,5-di(4-cyanopheny-

lethenyl)-4-(3,6-dioxaheptyloxy)benzaldehyde was prepared and subsequently

attached to cyclen [180].

2,6-Bis(dimethylaminomethyl)bromobenzene was nitrated to give 4-nitro-3,5-

bis(dimethylaminomethyl)bromobenzene, which was easily reduced [Pt or Ni(R),

N2H4] to give 4-bromo-3,5-bis(dimethylaminomethyl)aniline [181]. Treatment

with triphosgene generated the corresponding 4-bromo-3,5-bis(dimethylamino-

methyl)benzeneisocyanate that was reacted with butanediol to give the desired

carbamate [182]; metal incorporation at the “pincer” site has been demon-

strated [183].
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3.12 1 !! (1 þþ 1 þþ 1) BRANCHED MONOMERS

Methyl isocitrate (MeO2CCHOHCH2CO2Me) was alkylated with CH2¼
CHCH2Br, then MOM-protection to give MeO2CCHO(MOM)CH(CH2CH¼CH2)-

CO2Me, subsequent ozonation, oxidation, esterification, and deprotection gave

MeO2CCOHCH(CO2Me)(CH2CO2R); lastly O-esterification and selective terminal

deesterification generated MeO2CCO(OR)CH(CO2Me)(CH2CO2H) [184].

The treatment of 3a,7a,12a-triacetyloxy-5b-cholanic acidwith 1-naphthylmethyl-

3a,7a,12a-trihydroxy-5b-cholan-24-ate generated the tetramer via its use as a 1 ! 3

branched monomer [185,186].

3.13 CONCLUSION

The above examples of 1 ! 3 branching monomers are taken from the literature and

some have been incorporated into macromolecular frameworks; others have not but

possess the attributes to permit their consideration. Almost all dendritic assemblies

are based on a single, iterative procedure, thus the introduction of synthetic diversity

is still lacking in most cases. It would appear that, in general, the insertion of

1 ! (2 þ 1) branching monomers possessing a useful attachment point would add a

tailored internal component for molecular inclusion/attachment. Literature possesses
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numerous other potential 1 ! 3 branched systems that should/could be introduced

into the lexicon of dendritic construction. In the world of molecular motors and

rotors [187], a family of 9-triptycylethynes suggests numerous isomeric possibilities.

Figure 3.1 provides an interesting approach to rigid dendritic structures and offers a

potential to evaluate the effect of symmetrical and unsymmetrical isomers.

Although briefly touched on above, the use of natural products, such as steroid

monomers possessing a 1 ! (1 þ 1 þ 1) branching motif, has only scratched the

surface of possibilities. The natural products possessing branching motifs derived

from the forest or from the sea are endless but highly under utilized. For example, N-

b-carboxyethyl-L-aspartic acid, ethyl a-cyano-a-ethoxycarbonylpropylglutarate, shi-
kimic and dehydroquinic acid, phloracetophenone, cephalosporin P1, as well as the

related helvoic and fusidic acids and from red algae, 4-hydroxy-3,5-dibromobenzyl

alcohol and 2,3-dibromo-3,4-dihydroxybenzyl alcohol, and 2,3,5-trihydroxybromo-

benzene are interesting possibilities. It is amazing how a stroll through thewoods or a

scuba diving/snorkeling trip can introduce new avenues to synthetic chemistry.

ACKNOWLEDGMENTS

We thank the National Science Foundation (DMR-0705015 and DMR-0812337) for

continued support over the years, the Air Force Research Office of Scientific

Research, and the Ohio Board of Regents.

REFERENCES

[1] P. B. Tomlinson, Am. Sci. 1983, 71(March–April), 141–149.

[2] F. Hall�e, R. A. A. Oldeman, Essai sur l’architecture et la dynamique de croissance des

arbres tropicaux, Masson, Paris, 1970.

[3] F. Hall�e, R. A. A. Oldeman, P. B. Tomlinson, Tropical Trees and Forests: An

Architectural Analysis, Springer, Berlin, 1982.

[4] G. R. Newkome, Z. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem. 1985, 50(11),

2003–2004.

[5] C. J. Hawker, J. M. J. Fr�echet, J. Am. Chem. Soc. 1990, 112(21), 7638–7647.

FIGURE 3.1 Functionalized triptycene monomers offer some interesting options for

construction.

86 DESIGNER MONOMERS TO TAILORED DENDRIMERS



[6] M. Segura, F. Sansone, A. Casnati, R. Ungaro, Synthesis 2001, (14), 2105–2112.

[7] X. Li, J. Zhan, Y. Li, Macromolecules 2004, 37(20), 7584–7594.

[8] M. H. B. G. Gansey, F. J. Steemers, W. Verboom, D. N. Reinhoudt, Synthesis 1997, (6),

643–648.

[9] T. Martinu, W. P. Dailey, J. Org. Chem. 2000, 65, 6784–6786.

[10] G. R. Newkome, X. Lin, Macromolecules 1991, 24(6), 1443–1444.

[11] C. Sun, P. Wirsching, K. D. Janda, Bioorg. Med. Chem. Lett. 2002, 12(16), 2213–2215.

[12] J. K. Cho, D.-W. Kim, J. Namgung, Y.-S. Lee, Tetrahedron Lett. 2001, 42(42),

7443–7445.

[13] S. Lebreton, N. Newcombe, M. Bradley, Tetrahedron Lett. 2002, 43(13), 2479–2482.

[14] H.-J. Knoelker, T. Braxmeier, G. Schlechtingen, Angew. Chem. Int. Ed. Engl. 1995, 34

(22), 2497–2500.

[15] M. Ternon, M. Bradley, Chem. Commun. 2003, (19), 2402–2403.

[16] C. Fromont, M. Bradley, Chem. Commun. 2000, (4), 283–284.

[17] G. R. Newkome, C. D.Weis, C. N.Moorefield, G. R. Baker, B. J. Childs, J. D. Epperson,

Angew. Chem. Int. Ed. 1998, 37(3), 307–310.

[18] C. Breyton, E. Chabaud, Y. Chaudier, B. Pucci, J.-L. Popot, FEBS Lett. 2004, 564(3),

312–318.

[19] E. Wallin, G. Von-Heijne, Protein Sci. 1998, 7, 1029–1038.

[20] J. C. Cuggino, C. I. A. Igarzabal, J. C. Rueda, L. M. Quinzani, H. Komber, M. C.

Strumia, Eur. Polym. J. 2008, 44(11), 3548–3555.

[21] A. Polidori, O. Braun, N. Mora, B. Pucci, Tetrahedron Lett. 1997, 38(14), 2475–2478.

[22] M. Abla, G. Durand, B. Pucci, J. Org. Chem. 2008, 73(21), 8142–8153.

[23] G. R. Newkome, G. R. Baker, Org. Prep. Proced. Int. 1986, 18(2), 117–144.

[24] J. Skarzewski, Tetrahedron 1989, 45(14), 4593–4598.

[25] J. Skarzewski, Synthesis 1990, (12), 1125–1127.

[26] M. B. Smith, J. March,March’s Advanced Organic Chemistry, 5th edition, John Wiley

& Sons, Inc., New York, 2001, pp. 808–811.

[27] M. Broussard, B. Juma, F. R. Fronczek, S. F. Watkins, G. R. Newkome, C. N.

Moorefield, Acta Cryst. C 1991, C47, 1245–1247.

[28] J. K. Whitesell, H. K. Chang, Science 1993, 261(5117), 73–76.

[29] D. S. Tarbell, Y. Yamamoto, B. M. Pope, Proc. Natl. Acad. Sci. U.S.A. 1972, 69(3),

730–732.

[30] E. Ponnusamy, U. Fotadar, A. Spisni, D. Fiat, Synthesis 1986, (1), 48–49.

[31] X. A. Dominguez, I. C. Lopez, R. Franco, J. Org. Chem. 1961, 26(5), 1625.

[32] G. R. Newkome, R. K. Behera, C. N. Moorefield, G. R. Baker, J. Org. Chem. 1991, 56

(25), 7162–7167.

[33] G. R. Newkome, C. D. Weis, Org. Prep. Proced. Int. 1996, 28(4), 485–488.

[34] B. D. Mather, K. Viswanathan, K. M.Miller, T. E. Long, Prog. Polym. Sci. 2006, 31(5),

487–531.

[35] C. D. Weis, G. R. Newkome, Synthesis 1995, (9), 1053–1065.

[36] Available from Frontier Scientific (www.frontiersci.com).

REFERENCES 87



[37] G. R. Newkome, C. D.Weis, C. N. Moorefield, F. R. Fronczek, Tetrahedron Lett. 1997,

38(40), 7053–7056.

[38] C. Akpo, E. Weber, J. Reich, New J. Chem. 2006, 30(12), 1820–1833.

[39] G. R. Newkome, C. D. Weis, B. J. Childs, Designed Monom. Polym. 1998, 1(1), 3–14.

[40] G. R. Newkome, C. D. Weis, U.S. Pat. 5,703,271, 12-30-1997.

[41] G. R. Newkome, G. R. Baker, C. N. Moorefield, E. He, J. D. Epperson, C. D. Weis,

Polym. Mater. Sci. Eng. 1997, 77, 65–66.

[42] G. R. Newkome, C. N. Moorefield, U.S. Pat. 5,886,126, 3-23-1999.

[43] G. R. Newkome, C. N. Moorefield, U.S. Pat. 5,886,127, 3-23-1999.

[44] G. R. Newkome, K. S. Yoo, C. N. Moorefield, Designed Monom. Polym. 2002, 5(1),

67–77.

[45] M. Brettreich, A. Hirsch, Synlett 1998, (12), 1396–1398.

[46] G. R. Newkome, C. D. Weis, Eur. Pat. 97917126.1, 3-31-1997.

[47] G. R. Newkome, C. N. Moorefield, K. J. Theriot, J. Org. Chem. 1988, 53(23),

5552–5554.

[48] G. R. Newkome, A. Mishra, C. N. Moorefield, Polym. Mater. Sci. Eng. 2001, 84, 1–2.

[49] S. Lebreton, N. Newcombe, M. Bradley, Tetrahedron Lett. 2002, 43(13), 2475–2478.

[50] M. C. Strumia, A. Halabi, P. A. Pucci, G. R. Newkome, C. N. Moorefield, J. D.

Epperson, J. Polym. Sci. Part A Polym. Chem. 2000, 38(15), 2779–2786.

[51] V.V.Narayanan,G.R.Newkome, L. Echegoyen, E. P�erez-Cordero,Polym. Prepr. 1996,
37(2), 419–420.

[52] G. R. Newkome, V. V. Narayanan, A. K. Patri, J. Groß, C. N. Moorefield, G. R. Baker,

Polym. Mater. Sci. Eng. 1995, 73 222–223.

[53] G. R. Newkome, R. G€uther, F. Cardullo, Macromol. Symp. 1995, 98(35th IUPAC

International Symposium on Macromolecules, 1995), 467–474.

[54] G. R. Newkome, V. V. Narayanan, L. Echegoyen, E. P�erez-Cordero, H. Luftmann,

Macromolecules 1997, 30(17), 5187–5191.

[55] G. R. Newkome, V. V. Narayanan, L. A. God�ınez,DesignedMonom. Polym. 2000, 3(1),

17–24.

[56] A. B. Padias, H. K. Hall, Jr., D. A. Tomalia, J. R. McConnell, J. Org. Chem. 1987, 52

(24), 5305–5312.

[57] A. B. Padias, H. K. Hall, Jr., D. A. Tomalia, Polym. Prepr. 1989, 30(1), 119–120.

[58] A. A. Shukla, S. S. Bae, J. A. Moore, K. A. Barnthouse, S. M. Cramer, Ind. Eng. Chem.

Res. 1998, 37(10), 4090–4098.

[59] R. A. Valiulin, A. G. Kutateladze, J. Org. Chem. 2008, 73(1), 335–338.

[60] T. J. Dunn, W. L. Neumann, M. M. Rogic, S. R. Woulfe, J. Org. Chem. 1990, 55(26),

6368–6373.

[61] T. Endo, M. Okawara, W. J. Bailey, Polym. J. 1981, 13(7), 715–718.

[62] J. A. Camerano, M. A. Casado, M. A. Ciriano, F. J. Lohoz, L. A. Oro,Organometallics

2005, 24(21), 5147–5156.

[63] R. A. Findeis, L. H. Gade, Dalton Trans. 2003, (2), 249–254.

[64] L. Kwisnek, S. Nazarenko, C. E. Hoyle, Macromolecules 2009, 42(18), 7031–7041.

[65] M. S. Shchepinov, E. M. Southern, Russ. J. Bioorg. Chem. 1998, 24(19), 794–797.

88 DESIGNER MONOMERS TO TAILORED DENDRIMERS



[66] M. S. Shchepinov, I. A. Udalova, A. J. Bridgman, E. M. Southern, Nucleic Acids Res.

1997, 25(22), 4447–4454.

[67] S. Hanessian, H. Prabhanjan, D. Qiu, S. Nambiar, Can. J. Chem. 1996, 74(9),

1731–1734.

[68] A. Mollard, I. Zharov, Inorg. Chem. 2006, 45(25), 10172–10179.

[69] D. Tzalis, Y. Tor, Tetrahedron Lett. 1996, 37(46), 8293–8296.

[70] A. Lubineau, A. Malleron, C. Le Narvor, Tetrahedron Lett. 2000, 41(46), 8887–8891.

[71] A. Fishman, M. E. Farrah, J.-H. Zhong, S. Paramananthan, C. Cerrera, E. Lee-Ruff, J.

Org. Chem. 2003, 68(25), 9843–9846.

[72] R. A. Cormier, B. A. Gregg, Chem. Mater. 1998, 10(5), 1309–1319.

[73] I. M. Saez, J. W. Goodby, J. Mater. Chem. 2003, 13(11), 2727–2739.

[74] P. L. Nicohls, Jr., E. Yanovsky, J. Am. Chem. Soc. 1945, 67(1), 46–49.

[75] P. L. Garegg, B. Samuelson, J. Chem. Soc. Perkin Trans. 1 1980, (12), 2866–2869.

[76] K. Li, L. Ran, Y.-H. Yu, Y. Tang, J. Org. Chem. 2004, 69(11), 3986–3989.

[77] K. Tunaboylu, G. Schwarzenbach, Helv. Chim. Acta 1971, 54(7), 2166–2184.

[78] S. Wawzonek, A. Matar, C. H. Issidorides, Org. Synth. 1963, Coll. Vol. 4, 681–683.

[79] R. E. Kohman, S. C. Zimmerman, Chem. Commun. 2009, (7), 794–796.

[80] P. Schober, R. Soltek, G. Huttner, L. Zsolnai, K. Heinze, Eur. J. Inorg. Chem. 1998,

1407–1415.

[81] E. Duli�ere, J. Marchand-Brynaert, Synthesis 2002, (1), 39–42.

[82] N.Ono,H.Miyake,A.Kamimura, I. Hamamoto, R. Tamura, A.Kaji,Tetrahedron 1985,

41(19), 4013–4023.

[83] G. R. Newkome, C. N. Moorefield, G. R. Baker, A. L. Johnson, R. K. Behera, Angew.

Chem. Int. Ed. Engl. 1991, 30(9), 1176–1178.

[84] G. R.Newkome, C.N.Moorefield, G.R. Baker,M. J. Saunders, S.H.Grossman,Angew.

Chem. Int. Ed. Engl. 1991, 30(9), 1178–1180.

[85] S. E.Van der Plas, E.V.Hoeck, F. Lynen, P. Sandra,A.Madder,Eur. J.Org. Chem. 2009,

11(1796), 1805.

[86] S. E. Van der Plas, A. Gea, S. Figaroli, P. J. De Clercq, A. Madder, Eur. J. Org. Chem.

2009, (9), 1582–1588.

[87] D. Astruc, Tetrahedron 1979, 39(24), 4027–4095.

[88] V. Sartor, L. Djakovitch, J.-L. Fillaut, F. Moulines, F. Neveu, V. Marvaud, J. Guittard,

J.-C. Blais, D. Astruc, J. Am. Chem. Soc. 1999, 121(12), 2929–2930.

[89] V. Sartor, S. Nlate, J.-L. Fillaut, L. Djakovitch, F.Moulines, V.Marvaud, F. Neveu, J.-C.

Blais, J.-F. L�etard, D. Astruc, New J. Chem. 2000, 24(6), 351–370.

[90] C. Ornelas, J. R. Aranzaes, E. Cloutet, S. Alves, D. Astruc, Angew. Chem. Int. Ed. 2007,

46(6), 872–877.

[91] D.Astruc, C.Ornelas, J. R.Aranzaes, J. Inorg.Organometal. Polym.Mater. 2008, 18(1),

1–4.

[92] C. Ornelas, J. Ruiz, L. Salmon, D. Astruc, Adv. Synth. Catal. 2008, 350(6), 837–845.

[93] R. A. Gossage, E. Mu~noz-Mart�ınez, G. van Koten, Tetrahedron Lett. 1998, 39(16),

2397–2400.

REFERENCES 89



[94] E. Boisselier, A. C.K. Shun, J. Ruiz, E. Cloutet, C. Belin, D.Astruc,NewJ. Chem. 2009,

33(2), 246–253.

[95] J. Camponovo, J. Ruiz, E. Cloutet, D. Astruc, Chem. Eur. J. 2009, 15(12), 2990–3002.

[96] J. Camponovo, C. Hadad, J. Ruiz, E. Cloutet, S. Gatard, J. Muzart, S. Bouquillon, D.

Astruc, J. Org. Chem 2009, 74(14), 5071–5074.

[97] D. Astruc, J.-C. Blais, M.-C. Daniel, S. Gatard, S. Nlate, J. Ruiz, C. R. Chimie 2008, 6

(8–10), 1117–1127.

[98] S. Nlate, J.-C. Blais, D. Astruc, New J. Chem. 2003, 27(1), 178–183.

[99] Y. Kuramochi, A. S. D. Sandanayaka, A. Satake, Y. Araki, K. Ogawa, O. Ito, Y. Kobuke,

Chem. Eur. J. 2009, 15(10), 2317–2327.

[100] S. Sengupta, P. Purkayastha, Org. Biomol. Chem. 2003, 1(2), 436–440.

[101] R. Chinchilla, C. N�ajera, Chem. Rev. 2007, 107(3), 874–922.

[102] R.Andr�es, E. de Jes�us, F. J. de laMata, J. C. Flores, R.G�omes,Eur. J. Inorg.Chem. 2005,

(18), 3742–3749.

[103] A. Tuchbreiter, H. Werner, L. H. Gade, Dalton Trans. 2005, (8), 1394–1402.

[104] L. J. Mathias, T. W. Carothers, J. Am. Chem. Soc. 1991, 113(10), 4043–4044.

[105] L. J. Mathias, T. W. Carothers, R. M. Bozen, Polym. Prepr. 1991, 32(1), 82–83.

[106] L. J. Mathias, T. W. Carothers, Polym. Prepr. 1991, 32(3), 633–634.

[107] A. Morikawa, M. Kakimoto, Y. Imai, Macromolecules 1991, 24(12), 3469–3474.

[108] F. Moingeon, P. Masson, S. M�ery, Macromolecules 2007, 40(1), 55–64.

[109] Y. Yao, J. M. Tour, J. Org. Chem. 1999, 64(6), 1968–1971.

[110] H. Jian, J. M. Tour, J. Org. Chem. 2003, 68(13), 5091–5103.

[111] V. S. K. Balagurusamy, G. Ungar, V. Percec, G. Johansson, J. Am. Chem. Soc. 1997, 119

(7), 1539–1555.

[112] V. Percec,W.-D. Cho, P. E.Mosier, G. Ungar, D. J. P. Yeardley, J. Am. Chem. Soc. 1998,

120(43), 11061–11070.

[113] T. Chen, L. Wang, J. Wang, X. Wang, J. Zhou, W. Wang, Eur. Polym. J. 2006, 42(3),

687–693.

[114] R. Roy,W. K. C. Park, Q.Wu, S.-N.Wang, Tetrahedron Lett. 1995, 36(25), 4377–4380.

[115] W. Li, A. Zhang, A. D. Schl€uter, Macromolecules 2008, 41(1), 43–49.

[116] S. M€uller, A. D. Schl€uter, Chem. Eur. J. 2005, 11(20), 5589–5610.

[117] E. Boisselier, A. K. Diallo, L. Salmon, J. Ruiz, D. Astruc, Chem. Commun. 2008, (39),

4819–4821.

[118] E. Boisselier, L. Salmon, J. Ruiz, D. Astruc, Chem. Commun. 2008, (44), 5788–5790.

[119] H. Lee, D. Kim, H.-K. Lee, W. Qiu, N.-K. Oh, W.-C. Zin, K. Kim, Tetrahedron Lett.

2004, 45(5), 1019–1022.

[120] F. Alonso, I. P. Beletskaya, M. Yus, Tetrahedron 2008, 64(14), 3047–3101.

[121] F. Bellina, A. Carpita, R. Rossi, Synthesis 2004, (15), 2419–2440.

[122] D. M. Tal, S. J. Karlish, Tetrahedron 1995, 51(13), 3823–3830.

[123] K.Haba,M. Popkov,M. Shamis, R. A. Lerner, C. F. BarbasIII, D. Shabat,Angew.Chem.

Int. Ed. 2005, 44(5), 716–720.

[124] E. Sella, D. Shabat, Chem. Commun. 2008, (44), 5701–5703.

[125] M. Shamis, D. Shabat, Chem. Eur. J. 2007, 13(16), 4523–4528.

90 DESIGNER MONOMERS TO TAILORED DENDRIMERS



[126] A. Sagi, E. Segal, R. Satchi-Fainaro, D. Shabat, Bioorg. Med. Chem. 2007, 15(7),

3720–3727.

[127] A. A. Anderson, T. Goetzen, S. A. Shackelford, S. Tsank, D. Alanex, Syn. Commun.

2000, 30(17), 3227–3232.

[128] M. Shamis, D. Shabat, Chem. Eur. J. 2007, 13(16), 4523–4528.

[129] A. Bashir-Hashemi, Unpublished data 1996.

[130] G. R. Newkome, Unpublished data 1996.

[131] T. Kitagawa, Y. Idomoto, H. Matsubara, D. Hobara, T. Kakiuchi, T. Okazaki, K.

Komatsu, J. Org. Chem. 2006, 71(4), 1362–1369.

[132] A. Bashir-Hashemi, J. Li, N. Gelber, Tetrahedron Lett. 1995, 36(8), 1233–1236.

[133] P. A. S. Smith, Org. React. 1946, 3, 337–449.

[134] K. Nasr, N. Pannier, J. V. Frangioni,W.Maison, J. Org. Chem. 2008, 73(3), 1056–1060.

[135] V.Humblet, P.Misra, K. R. Bushan, Y.-S. Ko, T. Tsukamoto,N. Pannier, J. V. Frangioni,

W. Maison, J. Med. Chem. 2009, 52(2), 544–550.

[136] V. V. Martin, I. S. Alferiev, A. L. Weis, Tetrahedron Lett. 1999, 40(2), 223–226.

[137] O. Mongin, A. Gossauer, Tetrahedron 1997, 53(20), 6835–6846.

[138] J. K. Young, G. R. Baker, G. R. Newkome, K. F. Morris, C. S. Johnson, Jr., Macro-

molecules 1994, 27(13), 3464–3471.

[139] M. Lamberto, C. Pagba, P. Piotrowiak, E. Galoppini, Tetrahedron Lett. 2005, 46(29),

4895–4899.

[140] S. Zarwell, S. Dietrich, C. Schulz, P. Dietrich, F. Michalik, K. R€uck-Braun, Eur. J. Org.
Chem. 2009, (13), 2088–2095.

[141] W. Guo, E. Galloppini, G. Rydja, G. Pardi, Tetrahedron Lett. 2000, 41(39), 7419–7421.

[142] G. S. Lee, J. N. Bashara, G. Sabih, A. Oganesyan, G. Godjoian, H. M. Duong, E. R.

Marinez, C. G. Guti�errez, Org. Lett. 2004, 6(11), 1705–1707.

[143] A. Oganesyan, I. A. Cruz, R. B. Amador, N. A. Sorto, J. Lozano, C. E. Godinez, J.

Anguiano, H. Pace, G. Sabih, C. G. Gutierrez, Org. Lett. 2007, 9(24), 4967–4970.

[144] A. N. Semakin, A. Y. Sukhorukov, A. V. Lesiv, S. L. Ioffe, K. A. Lyssenko, Y. V.

Nelyubina, V. A. Tartakovsky, Org. Lett. 2009, 11(18), 4072–4075.

[145] J. P. Andr�e, C. F. G. C. Geraldes, J. A. Martins, A. E. Merbach, M. I. M. Prata, A. C.

Santos, J. J. P. de Lima, �E. T�oth, Chem. Eur. J. 2004, 10(22), 5804–5816.

[146] D. A. Jose, S. Stadbauer, B. K€onig, Chem. Eur. J. 2009, 15(30), 7404–7412.

[147] C. Gløga
�
rd, R. Hovland, S. L. Fossheim,A. J. Aasen, J. Klaveness, J. Chem. Soc. Perkin

Trans. 2 2000, (5), 1047–1052.

[148] C. Granier, R. Guilard, Tetrahedron 1995, 51(4), 1197–1208.

[149] O. Hayashida, Y. Takaoka, I. Hamachi, Tetrahedron Lett. 2005, 46(38), 6589–6592.

[150] O. Hayashida, J. Synth. Org. Chem. Jpn. 2006, 64(10), 1041–1048.

[151] O. Hayashida, A. Kitaura, Chem. Lett. 2006, 35(7), 808–809.

[152] P. Lhotak, S. Shinkai, Tetrahedron 1995, 51(28), 7681–7696.

[153] J. B.Oh,K. L. Paik, J.-W.Ka, S.-G.Roh,M.K.Nah,H.K.Kim,Mater. Sci. Eng.C 2004,

24(1–2), 257–260.

[154] C.-H. Lee, Tetarhedron 2009, 50(39), 11427–11440.

REFERENCES 91



[155] J. B. Oh, M.-K. Nah, Y. H. Kim, M. S. Kang, J.-W. Ka, H. K. Kim, Adv. Funct. Mater.

2007, 17(3), 413–424.

[156] J. B. Oh, Y. H. Kim, M. K. Nah, H. K. Kim, J. Lumin. 2005, 111(4), 255–264.

[157] C.-A. Wu, C.-L. Chiu, C.-L. Mai, Y.-S. Lin, C. Yeh, Chem. Eur. J. 2009, 15(18),

4534–4537.

[158] K. Sugiura, H. Tanaka, T. Matsumoto, T. Kawai, Y. Sakata, Chem. Lett. 1999, 28(11),

1193–1194.

[159] M. S€ul€u, A. Altindal, €O. Bekaroglu, Synth. Met. 2005, 155(1), 211–221.

[160] H. Namazi, M. Adeli, Eur. Polym. J. 2003, 39(7), 1491–1500.

[161] D. Patel, B. D. McKinley, T. P. Davis, F. Porreca, H. I. Yamamura, V. J. Hruby, Bioconj.

Chem. 1997, 8(3), 434–441.

[162] G. R. Newkome, H. J. Kim, K. H. Choi, C. N. Moorefield, Macromolecules 2004, 37

(17), 6268–6274.

[163] G. R. Newkome, E. He, L. A. God�ınez, G. R. Baker, J. Am. Chem. Soc. 2000, 122
9993–10006.

[164] G. R. Newkome, K. S. Yoo, C. N. Moorefield,Chem. Commun. 2002, (18), 2164–2165.

[165] B. Aussedat, C. Chassaing, S. Lavielle, F. Burlina, Tetrahedron Lett. 2006, 47(22),

3723–3726.

[166] B. Aussedat, S. Sagan, C. Chassaing, G. Bolbach, F. Burlina, Biochem. Biophys. Acta

2006, 1758(3), 375–383.

[167] B.Aussedat, E.Dupont, S. Sagan,A. Joliot, S. Lavielle, G.Chassaing, F. Burlina,Chem.

Commun. 2008, (12), 1398–1400.

[168] G. T. Crisp, A. G. Meyer, Tetrahedron 1995, 51(19), 5585–5596.

[169] M. Iwamura, Y. Gotoh, T. Hashimoto, R. Sakurai, Tetrahedron Lett. 2005, 46,

6275–6277.

[170] C. Modrakowski, S. C. Flores, M. Beinhoff, A.-D. Schl€uter, Synthesis 2001, (14),

2143–2155.

[171] A. Suzuki, inModern Arene Chemistry (Ed.: D. Astruc), Wiley-VCH Verlag Gmbh &

Co. KGaA, Weinheim, 2002, pp. 53–106.

[172] M. Kozaki, K. Okada, Org. Lett. 2004, 6(4), 485–488.

[173] A. Khatyr, H. Maas, G. Calzaferri, J. Org. Chem. 2002, 67(19), 6705–6710.

[174] D. R. Vutukuri, S. Basu, S. Thayumanavan, J. Am. Chem. Soc. 2004, 126(48),

15636–15637.

[175] A. V. Ambade, S. V. Aathimanikandan, D. van der Poll, S. Thayumanavan, J. Org.

Chem. 2007, 72(22), 8167–8174.

[176] A. V. Ambade, Y. Chen, S. Thayumanavan, New J. Chem. 2007, 31(7), 1052–1063.

[177] A. V. Ambade, A. V. Sivakumar, S. Thayumanavan, Polym. Prepr. 2005, 46(2),

1180–1181.

[178] K. N. Jayakumar, P. Bharathi, S. Thayumanavan, Org. Lett. 2004, 6(15), 2547–2550.

[179] K. Sivanandan, S. V. Aathimanikandan, C. G. Arges, C. J. Bardeen, S. Thayumanavan,

J. Am. Chem. Soc. 2005, 127(7), 2020–2021.

[180] J. Weng, Q. Zhang, J. Polym. Sci. Part A Polym. Chem. 2005, 43(22), 5414–5428.

92 DESIGNER MONOMERS TO TAILORED DENDRIMERS



[181] L. A. van deKuil, H. Luitjes, D.M.Grove, J.W. Zwikker, J. G.M. van der Linden, A.M.

Roelofsen, L. W. Jenneskens, W. Drenth, G. van Koten, Organometallics 2002, 13(2),

468–477.

[182] J. W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M. van Leeuwen, P.

Wijkens, D. M. Grove, G. van Koten, Nature 1994, 372(12/15), 659–663.

[183] R. A. Gossage, L. A. van de Kuil, G. van Koten, Acc. Chem. Res. 1998, 31(7), 423–431.

[184] M. Tori, Y. Sono, Y. Nakashiba, N. Hamada, M. Sono, Y. Asakawa, M. Suganuma, S.

Okabe, H. Fujiki, Tetrahedron Lett. 2000, 41, 3095–3098.

[185] R. Balasubramanian, U. Maitra, J. Org. Chem. 2001, 66(9), 3035–3040.

[186] S. Balasubramanian, P. Rao, U. Maitra, Chem. Commun. 1999, (23), 2353–2354.

[187] G. S. Kottas, L. I. Clarke, D. Horinek, J. Michl, Chem. Rev. 2005, 105(4), 1281–1376.

REFERENCES 93





4
DENDRONIZED POLYMERS:
STATE OF THE ART IN ZURICH

AFANG ZHANG AND A. DIETER SCHLÜTER
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4.1 INTRODUCTION

Thinking in terms of linear macromolecules with large cross-sectional diameters and

a high number of terminal units per segment length, dendronized polymers come to

mind. They have backbones with dendritically branched side chains at each repeat

unit and are therefore not only unprecedentedly “thick” but also carry at the same time

thousands of end groups per molecule. With these rather unusual characteristics,

which set them apart from linear, branched, hyperbranched, and bottlebrush poly-

mers, dendronized polymers can be regarded molecular objects rather than flexible

chain macromolecules. From the early days in 1994 on [1] the unique structure of

dendronized polymers has fascinated numerous researchers and led to contributions

ranging fromhow tomake and characterize representatives of these intriguing entities

all the way to where they could have interesting applications [2]. The most recent,

rather comprehensive accounts date back to the year 2005 [3]. In view of the

considerable activity since then it is appropriate to highlight at least a few important

developments that took place after 2005. For space reasons, the present chapter is

restricted to findings from the authors’ own laboratory but many of those from other

laboratories should at least bementioned [4]. It covers rather different aspects ranging

from the g-scale synthesis of high-generation dendronized polymers with long main

chains and the stimuli-responsive behavior of certain representatives all the way to

extraordinarily stable helical dendronized polymers, the handedness of which can be

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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predetermined by choice of monomer. The chapter concludes with a discovery trip

into the world of single molecule chemistry. The symbiosis of the thick dendronized

polymers and the atomic force microscope with its resolution in the nanometer range

allows to covalently connecting individual macromolecules at predetermined posi-

tions. These four cases together with the beautiful work of other laboratories [4] show

the richness and diversity of both basic research and application aspects of macro-

molecules with regularly branched lateral substituents. The nomenclature used in this

chapter is to be understood as follows:MandP stand formacromonomer and polymer,

respectively, and G for generation of the appending dendrons. Please note that for

simplicity a polymer of the same name, for example, PG2, may refer to different

chemical structures in different sections of this chapter.

4.2 SYSTEMATIC THICKENING OF POLYMER CHAINS: THE

ATTACH-TO ROUTE TO DENDRONIZED POLYMERS

The large majority of dendronized polymers are synthesized according to the

macromonomer route. This route uses monomers that already carry the dendron of

the final size desired as the lateral substituent of the polymer’smain chain repeat units.

It is attractive because of synthetic ease and the high level of perfection achievable for

the dendritic branchwork in the polymer. Ease of synthesis is of course a relative

assessment. Obviously, the effort to synthesize a highly branched macromonomer is

substantially higher than that for simple monomers like methylmethacrylate, which

are often even commercially available. Compared to the attach-to approach to

dendronized polymers (see below), however, in which the generations are built up

by applying synthetic steps repeatedly to polymers, themacromonomer route is in fact

much simpler. All operations are restricted to the relatively low molar mass—

monomeric—regime. This facilitates purification and analytics. The corresponding

dendronized polymer is then obtained in just a single step by polymerizing the

macromonomer. Ideally the dendrons stay untouched during this polymerization.1

Thus, the macromonomer route directly translates the level of structural perfection

contained in the macromonomers into the product, a substantial benefit, which in the

attach-to alternative has to be heavily fought for. These two reasons made the

macromonomer route what it is today, the prime tool for the synthesis of dendronized

polymers specifically if low-generation representatives are concerned. As far as

higher generations are concerned (beyond approximately G3) a feature becomes

visible that can be disadvantageous and should therefore not be hidden: The main

chain length decreases with increasing monomer generation, sometimes even dras-

tically (Figure 4.1). This certainly applieswithin the same series of polymers.A recent

example concerning the monomersM1(G4) andM2(G3) [5] (Figure 4.2) illustrates,

however, that the term “generation” should be used with care when representatives of

structurally different series are compared. What actually has an impact on chain

1 The dendrons should be designed such that chain transfer to monomer and polymer is negligible.
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length is not the generation of the dendrons as such but rather their steric demand that

is reflected to some degree by molar mass [6]. This shows nicely when comparing

monomer M1(G4) that has a higher generation than M2(G3) and should therefore

give the shorter chains at first glance. As expected for the macromonomer route, both

monomers gave relatively short chains with number average degrees of polymeri-

zation Pn of 30–40 for P1(G4) and 10–15 for P2(G3). Thus, despite its higher

generation, P1(G4) has the longer chains than P2(G3).2 This can qualitatively be

understood in terms of the macromonomers’ molar masses. Whereas M1(G4) has

�4900 g/mol, M2(G3) has �7700 g/mol.3 The latter monomer’s steric demand is

therefore more pronounced, which results in shorter chains.

This disadvantage of the macromonomer route is known since the early days of

dendronized polymers and is of very similar nature to what had priory been observed

with linear macromonomers [7]. It has thus always been of some concern to develop

FIGURE 4.1 Comparison of achievable main chain length in dependence of generation for

the macromonomer (left) and attach-to route (right) to dendronized polymers. For the former

the main chain lengths decreasewith increasing generation (dark gray cylinders) and as a result

there is no report on a fifth-generation polymer by this method. The light gray extensions

indicate that under supercritical carbon dioxide conditions longer chains may be achievable.

Accordingly, at least an oligomeric PG5 could recently be obtained for the first time. For the

latter method the main chain length and its distribution may stay more or less constant if

appropriate synthetic measures are taken. This is the key advantage of the attach-to route.

Preliminary studies show that PG6 may be within reach.

2 It is delicate to compare main chain lengths obtained with different monomers in different experimental

settings. Though the authors’ laboratory tries to meet certain standards as to monomer quality (e.g., purity),

it cannot be excluded that both monomers have unknown impurities in unknown (low) molar ratios. Given

the substantial experience in macromonomer polymerizations, the authors nevertheless consider the

described difference relevant. Note that the above argumentation implies that the elution behavior of the

two different dendronized polymers on the GPC column is the same that is unproven.
3 The dendron of the lower generationM2G3 has a higher branching multiplicity (3) thanM1G4 (2) and

also longer segments between the branch points.
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alternative routes that would help circumventing it. As a matter of fact, the first

mentioning of a polymer, which according to nowadays terminology would be

referred to as dendronized, was synthesized in a different way. In a patent report

of 1987, Tomalia et al. described the grafting of a linear polyethyleneimine layer by

layer, generation by generation with dendrons [8]. In the first step, the dendrons were

bonded to the main chain amines and in all subsequent steps to the attached dendrons’

peripheral functional groups. In principle, the length of the main chain stays the same
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FIGURE 4.2 Chemical structures ofM1(G4) andM2(G3)with branchingmultiplicities of 2

and 3, respectively. Note that the molar mass of M2(G3) is significantly higher than M1(G4)

despite its lower generation.
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through this built-up of the generations.4 In light ofwhat has just been discussed above

as the disadvantage of the macromonomer route, this sounds attractive. There is a

price to be paid for this attractiveness though, which is the lack of perfection of the

dendritic branchwork.Considering a polyethyleneiminewith an average of 500 repeat

units [8b] in the first growth step 500 reactions have to be performed per macro-

molecule, followed by thousands of such reactions for each of the following steps.

Since (i) there is no chemical reaction proceeding with 100% conversion and (ii) the

growth steps become increasinglymore critical as the generation increases because of

growing congestion among the peripheral functional groups, it is evident that such an

approach unavoidably leads to structural imperfection. Experimentally this showed in

a couple of cases in the open literature published from 1994 onwards, in which the

degree of coverage for such attach-to approaches was estimated and found to be far

away from the theoretically possible [9]. Despite quite some effort in different

research groups [10], no synthetically convincing solution was provided until

recently. The main deficiencies are (i) the practically exclusive use of very short

PG1main chains (e.g.,Pn¼ 30–300) forwhich it is intrinsically easier to reach higher

coverage; (ii) the lack of a proper determination of the coverage achieved. Often the

coverage is just believed to be virtually quantitative; (iii) the occasional failures to

provide essential experimental conditions like reaction scale. This unsatisfactory

situation has nourished the perception that based on synthetic effort and achievable

structure perfection the attach-to protocol is premature and cannot compete with

the macromonomer route, though it is highly attractive on paper and seemingly the

only method capable of furnishing dendronized polymers with long main chains

and at the same time high-generation dendrons. Thus, there was a demand for

synthetic development.

Two key observations made this need even more obvious so that the authors

undertook a serious effort to improve on this situation by developing a reliable and

robust attach-to route. Both these observations relate to charged dendronized poly-

mers, the hundreds of peripheral charges of which render them polyelectrolytes with

an unusually high linear charge density. First, it was found that charged third- and

fourth-generation dendronized polymers at a certain concentration in aqueous

medium self-organize into a three dimensional network, each segment of which

consists of exactly two tightly connected strands [11]. Second, it was discovered that

in a lower concentration range a second and a third-generation charged dendronized

polymer folds back on itself to give a tight duplex [12]. At first glance both findings

look counterintuitive. Why should chains with like charges approach each other to

give a network or a back-folded duplex?A coarse-grained theoretical treatment of this

matter showed that dendronized polymers have a responsive thickness. There is

enough free volume that allows the branches to change their conformations if an

external stimulus makes this attractive [13]. Let’s consider the back-folding process

4 Typically the dendrons are used in considerable excess that can result in losses of polymer duringwork-up.

These losses can be associated with inadvertent fractionations leading to a preferred depletion of the long

chains. Nevertheless, even in complicated cases truly long chains (Pn’s of several thousands) of high

generation polymers were obtained according to the attach-to protocol in the authors’ laboratory.
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as an example. Upon bending, the charges in the bend’s inner part can be pushed

toward the periphery away from the areawith the highest curvature. This increases the

interaction between the hydrophobic interiors of the two polymer segments next to the

bend. The thus increased hydrophobic interaction upon bending is a key factormaking

it attractive for the system to continue the back-folding process until a complete

duplex is formed. It also compensates the energy needed for the bending. In addition,

the back-folding leads to an improved protection of the hydrophobic parts against the

surrounding water by the increased charge density at the surface of the developing

duplex. Figure 4.3 shows a sketch illustrating this responsiveness that is based onwhat

one could call a responsive or “dendritic” thickness of linear polymer chains.

Neither for bottle brushes nor for conventional polyelectrolytes such effects have

been reported, which supports the view that it is the unprecedentedly large overlap

area of the hydrophobic parts and thus the unique thickness of the dendronized

polymers that makes this unusual behavior possible. Similar considerations apply to

explain the network formation at higher concentrations. If such and other thickness

effects should be more systematically explored, it would be highly desirable to have

homologous series of dendronized polymers at hand all of which have the same main

chain length but differ by the dendron generation and, thus, their cross-sectional

diameter. In order to allow for quantitative structure/property relations, the quanti-

tative knowledge of the branch work’s structural fidelity is essential and any synthetic

method must account for this.

Figure 4.4 shows the core steps of the synthetic sequence developed for this

purpose. It is a powerful, gram-scale attach-to protocol that in principle can be applied

to all polymers with primary amines in the side chain [14]. The advantages of this

strategy aremanifold.MonomerMG1 and the two polymersPG1 andPG2 are known

from earlier work that facilitates their characterization [15]. Also the deprotection

chemistry, using neat trifluoroacetic acid, has been employed numerous times and

found to be highly reliable [16]. The key building block for dendronization,

compound 1 (Scheme 4.1), is new. However, its synthesis rests upon commercially

FIGURE 4.3 Hand drawn sketches of the cross-sectional geometries of a charged dendro-

nized polymer as single chain (left), hypothetic lengthwise opened-up single chain (center), and

duplex structure (right). The hydrophobic contact area in the duplex provides the driving force

for the duplex formation and is correlated with “thickness” of the individual chain.

100 DENDRONIZED POLYMERS: STATE OF THE ART IN ZURICH



available dendrons, 2a and 2b. Furthermore, the way it bonds to peripheral amines

during the dendronization event, succinidyl active ester amidation, has been quan-

tified in a few similar cases. Under carefully optimized conditions, coverages of up to

99.8% were reproducibly achieved [17] that obviously suggested this building block

for the present purpose. Finally, monomerMG1 can be polymerized by controlled or,

alternatively, free radical polymerization. This allowed obtaining starting polymers

PG1with different chain lengths (L) in the range of several hundred nanometers up to

more than a micrometer.

Considering the enormous increase in molar mass during the homologization,

which may also be referred to as consecutive dendronization or thickening, the molar

mass of the starting polymer PG1 had to be carefully chosen. Highmolar masses may

result in handling and characterization problems. The initial focus was therefore

placed on a “short” PG1 with Pn � 1000 and L � 250 nm. Assuming complete

coverage throughout, its corresponding PG4 had approximately a molar mass of

5.4� 106. With our experience, such a PG4 was expected to be soluble in organic

solvents at room temperature and still exhibit sufficiently resolved NMR spectra. It

was therefore considered a “safe” series. A longer and potentially more interesting

series starting from a PG1 with L > 1mm was also planned. This of course involved

the risk of lower solubility and complicated structural analysis especially for higher

generation polymers. In order to synthesize these two PG1’s of different length both

reversible addition fragmentation chain transfer(RAFT) polymerization [18] and free

radical polymerization of MG1 suggested themselves.

FIGURE 4.4 AFM height image of coprepared PG1–PG4 dendronized polymers on mica.

Each chain can unambiguously be assigned to a generation. Apparent thicknesses and widths

are quantized by generation. There is no intermediate situation. Of hundreds of objects each can

be assigned.
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The main characterization effort involved methods providing qualitative insights

concerning the growth processes. These comprised gel permeation chromatography

(GPC), 13C NMR spectroscopy, and atomic forcemicroscopy (AFM) apparent height

measurements. To be on the safe side all the samples were also checked by a

quantitativemethod based on UVabsorption. In them the unreacted terminal amines

of the dendronized polymers were converted into UV labels with high extinction

coefficient by reacting them with an excess of Sanger reagent [17]. Finally, the NMR

spectra of the second-generation polymers obtained by the attach-to route were

compared to those obtained by the macromonomer route starting from MG2

(Scheme 4.1). For details the reader is referred to Ref. [14].

After having discussed so much about thickening and thickness of polymer chains

it is time to provide some experimental insight into this matter. Figure 4.4 shows the

AFMheight image recorded in tappingmode of a sample containing four dendronized

polymersPG1–PG4 (structures derived fromM1 in Scheme 4.1) at the same time. As

can be seen, each object can unambiguously be assigned to a particular generation.

Since absolute heights are difficult to determine by the AFM, TEM images of low

angle shadowed samples were also recorded [19].
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according to a powerful attach-to protocol and structure of macromonomer MG2 used to

compare the two PG2s synthesized according to the attach-to and macromonomer protocol,

respectively. Compound 1 is the key building block used for dendronization, which is based on

active ester amidation.
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4.3 STIMULI-RESPONSIVE DENDRONIZED HOMO- AND

DIBLOCK COPOLYMERS

“Thickness” has already been referred to in Chapters 1 and 2 as an unique feature of

dendronized polymers. The authors of this book chapter tend to believe that it

represents a new variable in polymer chemistry in that the properties of such polymers

should not only depend on chain length and persistence length [20] anymore but now

also on thickness. With this view in mind areas were explored, in which thickness

either could directly result in new properties or at least provide additional insight into

known behavior of linear macromolecules under certain conditions. The area of

thickness-induced aggregation behavior has already been mentioned above. Another

such area was in rather general terms “responsiveness to stimuli such as temperature

change or addition of complexing salts.” In the following a few examples will be

discussed that have the potential to shedmore light on the impact thickness of polymer

chains may exhibit also in such an area.

Oligoethylene glycols (OEGs) and their derivatives are thermoresponsive with

lower critical solution temperatures (LCSTs) normally above 100�C. These LCSTs,
which are too high for many practical purposes, can be tuned by the overall

hydrophilicity/hydrophobicity ratio commonly referred to as structure effect [21]

and by the way in which the hydrophobic and hydrophilic units are arranged in the

macromolecule. This latter aspect is referred to as architecture effect and has attracted

considerable attention recently [22]. Given the rather unusual structure of dendro-

nized polymers it was perhaps a not far fetching idea to investigate those representa-

tives that carry thermoresponsive OEG-based dendrons. They should not only allow

exploring the architecture effect very systematically generation by generation but also

gaining new insights into how the collapse of suchmacromolecules takes place on the

molecular level in dependence of the main chain thickness. Stimulated by these

perspectives a series of first- to third-generation OEG-based dendronized polymers

(Figure 4.5) were synthesized according to the macromonomer route (not

shown) [5,23]. Because of the impact this synthesis route has on main chain length,

care was taken that the collapse temperature was not affected it.

Three structure parameters determine these polymers overall hydrophilicity [24]

and, thus, their thermoresponsiveness:

(1) Nature of peripheral groups [hydroxyl (OH), methoxy (M), ethoxy (E)].

(2) Length of OEG segment [triethylene (T), diethylene glycol (D)].

(3) Dendron generation [first (PG1), second (PG2), third (PG3)].

The first two parameters are more or less conventional and apply to numerous OEG-

based thermoresponsive polymers. The last parameter however is associated with

thickness and therefore new. Except for PG1(OH) and PG2(OH), which are water

soluble at all temperature explored, all other polymers collapse from water. The

aqueous solutions turn turbid once heated above the respective LCST. This behavior

was investigated, for example, by proton NMR spectroscopy and turbidity
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measurements. As expected, the proton signal intensities decrease with increasing

temperature around the critical points due to dehydration (Figure 4.6), while turbidity

measurements revealed very fast and sharp transitions in both heating and cooling

direction. Typical transition curves are shown in Figure 4.7. The hystereses are

extremely small (�0.6�C) and among the smallest ever observed. The apparent

LCSTs for PG1(ET), PG2(ET), PG3(ET), PG1(MD), PG2(MD), PG1(MT), and

PG2(MT) are 33, 36, 34, 43, 48, 63, and 64�C, respectively. These values nicely
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FIGURE 4.5 Chemical structures of OEG-based dendronized polymers PG1–PG3. The

“atomic hydrophobicity parameters” (logP) calculated with the method by Ghose [24] are

given.
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reflect the expectations based on hydrophilicity/hydrophobicity considerations and

show that even without any additions (e.g., of salts) a broad and highly relevant

temperature window can be covered with slightly modified polymers. Interestingly, it

can also be concluded that there does not seem to be a significant generation

dependence. This is perhaps the most important finding as it may point toward

mechanisms in which the collapse of the outermost units determines the LCST to a

large degree and the internal dendritic units play less of a role [25]. This proposal is
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FIGURE 4.6 Fully reversible temperature-dependent proton NMR spectra of PG2(MT)

(2.0wt% in D2O) in the range from 50 to 80�C.
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FIGURE 4.7 Transmittance versus temperature for the various OEG-based dendronized

polymers synthesized, indicating unprecedentedly sharp and fully reversible transitions.
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supported by the fact that the hydrophilicity of the various polymers changes with

generation (see logP values in Figure 4.5). These changes however are not mirrored

by the LCST values. If this assumption is correct, PG3 could possibly serve as an

interesting container that in its interior does not collapse and, thus, is capable of

holding its load while the periphery is closed-up above LCST. Further work along

these lines is in progress and should eventually furnish the desired molecular scale

picture of the collapse [26].

The collapse of PG2(ET) was further investigated by static and dynamic light

scattering, and its aggregation by cryo-TEM. Interestingly, a coil-to-mesoglobule

transition was observed that results in stable and nearly monodisperse mesoglobules

(Figure 4.8). Possible reasons why the aggregation of collapsed chains stops auto-

maticallywhen themesoglobules have reached a certain size have been discussed [27].

This rather successful journey into thermoresponsive dendronized polymers

triggered further investigations along the lines indicated but at the same time also

on related systems. Dendronized block copolymers (DBCP) combine the structure

characteristics of both dendronized polymers and conventional block copolymers.

They are therefore obvious candidates for stimuli-responsive materials and also, for

example, for bioapplications and supramolecular constructions. poly(N-isopropyla-

crylamide) (PNiPAM) is a prominent thermoresponsive polymer [28]. It shows a

LCSTaround body temperature, is biocompatible, and has therefore beenwidely used

also in thermoresponsive block copolymers. Comb-like polymethacrylates with OEG

side chains are another type of attractive thermoresponsive polymer [29]. They show

smaller hystereses than PNiPAM due to their much weak ability to form hydrogen

bonds and are also biocompatible. Two different types of DBCPs were prepared

namely those with a PNiPAM and a dendronized block [30] and thosewith comb-like

OEG units and a dendronized block [31].

FIGURE 4.8 Cryo-TEM images of the dendronized polymer PG2(ET) at different tem-

peratures. (a) Image taken at a solution temperature of 25�C. The individual dendronized

polymers are visible. (b) At 60�C, the chains aggregate and form stable spherical mesoglobules.

The inset shows an individual single mesoglobule. Reprinted fromRef. [27] with permission of

the publisher.
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DBCPs with PNiPAM block were prepared by RAFT polymerization technique

(Scheme 4.2) and the block lengths and ratios varied. After deprotection of the

dendronized block, these copolymers arewater soluble at room temperatures, but start

aggregating at their LCSTs. The aggregatemorphologieswere examined byTEMand

found to depend not only on the block ratios and block lengths but also on the dendron

generations [32]. For DBCPs with short PG1 block uniform spherical objects with

sizes in the range of 40–120 nm were observed. With increasing chain length of the

PG1 block, the aggregates become irregular. For DBCPs with PG2 blocks so called

“large compound micelles” were observed [33]. The reversibility of DBCPs aggre-

gates with PG1 block was investigated to some detail for PG145PNiPAM263. During

three heating and cooling cycles, samples for TEMmeasurements were taken at 50�C.
In each cycle very similar spherical objects were observed (Figure 4.9) that indicates

that these objects represent a thermodynamic minimum under the applied conditions.

First- and second-generation representatives of the second class of DBCPs were

synthesized by atom transfer radical polymerization (ATRP) (Figure 4.10) [31]. They

showed a better phase separation in bulk as compared to the first system, a property

that could be exploited in terms of three-dimensional bulk structure design. For this

purpose the deprotected and, thus, charged dendronized blocks were decorated with

differently long simple surfactant molecules and the resulting bulk structures

investigated by X-ray diffraction and TEM.

Finally, ion-responsive cases were studied for which the first syntheses and

orienting charging experiments were finished very recently [34]. For this purpose

crown ether units were incorporated into the dendron side chains and their capacity to

load and unload metal ions investigated. The chemical structures are shown in

Figure 4.11. Complexation with potassium ions proved the coil conformation of

these polymers to be manipulable. For loadings of one potassium ion per crown ether
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unit the chain dimensions increased by up to 80% and at the same time the chain

stiffness also increased significantly. For example, for a PG1 with DPw� 4360, the

Kuhn length lk increased from 8 to 19 nm, and for a PG2 with DPw� 2730, lk
increased from 19 to 45 nm. It would be interesting to explore whether charging and

FIGURE 4.9 Reversible aggregate formation: aqueous buffered solution of PG145PNi-

PAM263 above and below the LCST (left) and the corresponding TEM images taken above

the LCST (scale bars: 200 nm) (right).
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decharging of the polymers with ions can be exploited for inducing shape changes of

macroscopic materials like films prepared from these polymers [35]. Whether there

are any thickness effects is too early to speculate about.

4.4 HELICAL DENDRONIZED POLYMERS

Having spatially rather demanding substituents bonded in tight distance to a linear

polymer backbone raises the question whether this unique situation could be used to

create dendronized polymers with a predetermined helical screw sense. The dense

packing of the (dendritic) substituents may result in novel helical polymers exhibiting

unprecedentedly stable helical conformations over a wide temperature and solvent

polarity range. This way dendronized polymers with their congested structures could

contribute to the important field of helical polymers, which has been explored over the

years, for example, by Okamoto [36], Percec [37], Nolte [38], and Yashima [39]. In

order to achieve such a goal chiral and very compact dendrons had to be developed and

incorporated into dendronized polymers such that their “cross-talking” results in

stable either right- or left-handed helices. 4-Aminoproline moieties were selected as

the branching units and highly efficient synthetic ways developed how to construct

first- and second-generation macromonomers from them as diastereomerically

pure isomers [40]. Ball-and-stick model considerations suggested that certain
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diastereomers should give right-handed helices and others the corresponding left-

handed ones. The first two examples (PG1 and PG2) are based on (2S,4S)-4-

aminoproline, and their chemical structures are shown in Figure 4.12. These polymers

were synthesized with molar masses above 1MDa by spontaneous polymerization of

the corresponding macromonomers (not shown). Both polymers are very rigid as

evidenced by high glass transition temperatures and extremely broad NMR signals.

This was further substantiated bymolecular dynamic (MD) simulations byC.Aleman,

indicating no change in end-to-end distance with time. Their conformation was

investigated with optical rotation (OR) and circular dichroism (CD). The results prove

PG2 to adopt an ordered conformation, while PG1 does not. Temperature-varied CD

measurements reveal that the chiral conformation ofPG2 is stable in protic and aprotic

solvents up to temperature of 80�C. Even after deprotection with a mass loss of around

50%, the chiral conformation of the polymer still remains! MD simulations using

initially 20 and later 50 repeat units of PG2 provided a right-handed helix model

irrespective ofwhether the backbone is isotactic, syndiotactic, or heterotactic [41]. The

details of the model of course depended on the tacticity. It was concluded that the

helical conformation of the polymer formed during polymerization ismainly driven by

dendron/dendron interaction rather than the backbone tacticity. The corresponding

results of the left-handed helix have not yet been reported.
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4.5 DENDRONIZED POLYMERS FOR SINGLE MOLECULE

CHEMISTRY

Synthetic chemists in academia are used doing their experiments all the way from the

500 g to 1 kg scale in a small reactor to a fewmilligrams in anNMR tube or nanograms

in biochemical assays. All these scales have their own specifics, challenges, and

fascinations. An ultimate goal of synthetic chemistry would, of course, be to work on

the smallest possible scale that is using individual molecules and do specific reactions

with them. Obviously this poses localization, handling, and analytical problems.

Among the pioneers in this field are Hla and Rieder, who back in 2000 reported a

covalent reaction between individual small molecules on a solid substrate. They

combined two iodo benzene molecules to biphenyl on a Cu surface by using the

interactions between the scanning tunneling microscope (STM) tip and the mole-

cules [42]. Other bimolecular reactions [43] and even polymerizations [44] initiated

by tip molecule interactions followed. Related are experiments in which chemical

reactions on solid substrates were initiated by other means (e.g., electrochemical or

photochemical ones) but the successful course of which was monitored by the

STM [45]. This is the point where dendronized polymers and the AFM come into

play. This fruitful symbiosis of a specific chemical system and a specificmanipulation

and analysis tool laid the foundation for a series of interesting experiments on the

single macromolecule level and brought them to ripeness. Nowadays this technology

can in principle be used by everybody.What are the key factors of both object and tool

that made this symbiosis a success story? The first to mention regarding object

certainly is thickness. Compared to other linear polymers, dendronized polymers have

a considerable thickness even when in the collapsed state adsorbed on a substrate.

Qualitatively this can nicely be seen from Figure 4.4 (Section 4.2). This allows

the AFM tip to actually grab the chains and drag them across when scanning near to

the substrate surface. The tip neither snaps over the object nor scratches into the

substrate. Thus, if the adsorption forces are properly tuned (see below), two entities

can be moved together to create a situation in which an intermolecular bond can be

formed at a predetermined position. In this context it is another important feature of

dendronized polymers that they can easily be equipped with groups such as azides,

capable of initiating covalent cross-linking when properly triggered, for example, by

photochemical means. Many of these azide groups will be located near or at the

object’s “surface” and, thus, ideally positioned to bring about interchain cross-linking

events if the other chain is in sufficiently tight contact. Finally, for dendronized

polymers prepared on highly oriented pyrolytic graphite (HOPG) or carpet-modified

HOPG [46] the adsorption forces are in a very attractive intermediate range. Neither

do the chains adhere too strongly (e.g., as on mica) that the tip would tear them apart,

nor do they adhere too weakly to complicate imaging before and after manipulation

due to an uncontrolled lateral diffusion.

The key factor that comes to mind regarding the tool AFM are the ambient

conditions under which it can be operated. No ultrahigh vacuum conditions are

required as they are typically applied for the STM. It is fully sufficient to spin-cast a

polymer solution onto the substrate, and the AFM experiment can be started. Though
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one admittedly never knows the exact state of the substrate when working under

ambient conditions, the ease of operation has its attraction. A sample is ready for

manipulation and analysis after a few minutes time! Additionally, dendronized

polymers are such huge objects that adsorbed molecules, for example, water, will

alter the adsorption forces but cannot render unreliable the interpretation of the

experiments dealing with covalent bond formation between these objects.

In 2003, the first experiment was reported in which two dendronized polymers

were prepared as single entities on a solid substrate, moved together by the AFM and

connected by photochemical treatment. The connection was then proven again with

the help of the AFM, by dragging the combined macromolecules across the

surface [47].5 These experiments, which were coinedmove-connect-prove sequence,

were done with a third-generation dendronized polymer PG3 [Y mostly NH3
þ

CF3CO2
� but also NHCO(CH2)5NHC6H3(NO2)(N3)3] in which some of the periph-

eral ammonium groups had been converted into azide derivatives (Figure 4.13). The

actual “gluing” process was achieved through these azide groups, which are known to

decompose to the highly reactive nitrene intermediates upon irradiation. At the site

where the two chains were in tight contact, these nitrenes caused a structurally ill-

defined intermolecular cross-linking.

Because of the potential importance of such protocols for the bottom-up approach

to the nanosciences, in the following years this experiment was developed to

maturity [48]. The key steps were (i) the introduction of a densemonolayer (“carpet”)

of long-chain fatty acids between the solid substrate (HOPG) and the deposited

macromolecules to be subjected to such a “move-connect-prove” sequence and

(ii) the use of the structurally precisely defined dendronized polymer PG3A

5 This initial experiment was carried out with a not fully characterized azidified polymer that had been

prepared on site and not purified. It is therefore likely that the substratewas coveredwith small molecules of

different nature. They of course cannot have altered the key conclusion namely the successful execution of a

move-connect-prove sequence but will have influenced the lateral mobility of all components involved.

FIGURE 4.13 Tapping-mode AFM images of two individual dendronized polymers PG3,

moved toward each other (“move”; a ! b), irradiated by UV light (“connect”; b ! c), and

challenged mechanically (“prove”; d, e, f). The arrows indicate the movement of the AFM tip

during manipulation. Reprinted from Ref. [47] with permission of Wiley-VCH.
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(A¼ acidified, structure not shown). This way any irrationalities stemming from

unknown adsorbents on HOPG and the not fully known chemical structure of the

polymer were prevented. The carpet technology [46] also improved the dragging and

imaging of the deposited dendronized polymers.

On this basis it was an obvious next step not only to try to connect two neutral

macromolecules with one another but rather to expand the range of employable

components to charged ones. This would open access for this technology to

the repertoire of polyelectrolytes the bio world offers [49]. An issue that had to be

considered in this regard is the need for copreparation of neutral and charged species

on the same substrate. In light of the present interest in graphenes [50] it was an

additional challenge to explore whether the edges of these unique sheet-like entities

could be attacked and thus modified at predetermined sites by the gluing protocol.

Two examples may suffice here to illustrate the potential.

Figure 4.14 shows a move-connect-prove sequence involving the neutral PG3A

with dsDNA, which is negatively charged, when coprepared on HOPGmodified by a

carpet of the long-chain alkyl amine C12H25NH2. The linear PG3A can be readily

FIGURE 4.14 “Move-prove-connect” sequence with the neutral and azide-carrying den-

dronized polymer PG3A and plasmid DNA puC19 on HOPG precoated with a monolayer of

C12H25NH2. Reprinted from Ref. [49] with permission of Wiley-VCH.
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distinguished from the circular DNA puC19 by its larger thickness and its topology

since puC19 is a circular plasmid (Figure 4.14a). FirstPG3A and the DNA have been

moved toward each other (Figure 4.14b and c), and it is shown that pure contact does

not link the chains such that the junction would hold as one moves one chain apart

from the other (Figure 4.14d). After pushing the chains toward each other in tight

contact again (Figure 4.14e) and illuminating the sample for 5min with UV-light at

254 nm the induced junction was mechanically tested by pulling first on the PG3A

(Figure 4.14f and g) and then on the DNA (Figure 4.14h), showing that the junction

withstands the employed forces when being dragged across the surface and the chains

come straight off the junction. The DNA chain was furthermore over-stretched by a

factor of 1.3 during testing the junction to a global contor-length of L¼ 1136 nm

(L0¼ 878 nm). Finally, Figure 4.15 shows a case in which the same polymer, PG3A,

onC12H25NH2 precoatedHOPG iswelded to the edges of a topmost graphene plane of

HOPG.These rather different cases illustrate the considerable potential evolving from

the symbiosis of a powerful physical method, the AFM, with a powerful chemical

system, the dendronized polymers.

4.6 SUMMARY AND OUTLOOK

The four examples illuminated in this chapter mirror the width of basic and applied

research presently going on in the field of dendronized polymers. Now that finally also

FIGURE 4.15 “Move-prove-connect” sequence with the neutral and azide-carrying den-

dronized polymer PG3A and the edge of the topmost graphite plane of HOPG precoated with a

monolayer of C12H25NH2. Reprinted from Ref. [49] with permission of Wiley-VCH.
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a robust attach-to protocol is available, it seems that the main synthetic challenges

have been solved. Clearlymorework is needed, for example, in the direction of higher

generations and less perfect structures but this is consideredmore as a fine-tuning. The

third section together with many aspects that are being researched in other groups [4]

shows that the whole field is presently moving toward materials applications.

Surprising aspects have been discovered and it seems that at least for some of them

the “thickness” of dendronized polymers is a key ingredient. Whether thickness as

such will develop into a recognized variable of polymer chemistry only the future can

tell. The fourth section also points toward a possible future direction of research. It is

this tight register in which consecutive dendrons are aligned along the backbone,

which causes unprecedented helix stabilities. We foresee that this will find its use in

connection with novel supramolecular structures, for example, in coassemblies of

dendronized polymers with DNA or proteins. The final sectionmay look a bit esoteric

at first glance. Why caring about developing chemistry between two individual

macromolecules on a substrate at all? Compared to the situation at the beginning of

this research, the methodological development was steep and nowadays in principle

everybody, who has an AFM and the proper software can do similar experiments. We

do expect this field to soon have the ripeness to allow for systematic constructions on

themolecular level. This for the first timewould open access to designed complex and

possibly functional molecular constructs that otherwise would not be available.

Dendronized polymers are an exciting field of research and we wish to thank not

only our coworkers for their invaluable input over the years but also all those in other

laboratories, who have helped uswith their ideas to develop it to the state of harvesting

in which it presently is.
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[26] M. J. N. Junk,W. Li,A.D. Schlüter, G.Wegner,H.W. Spiess, A. Zhang,D.Hinderberger,

Angew. Chem. Int. Ed. 2010, 212, 5818–5823.

[27] S. Bolisetty, C. Schneider, F. Polzer, M. Ballauff, W. Li, A. Zhang, A. D. Schlüter,
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SHAPE PERSISTENT
POLYPHENYLENE-BASED
DENDRIMERS

MARTIN BAUMGARTEN, TIANSHI QIN, AND KLAUS MÜLLEN

Max-Planck-Institut für Polymerforschung, Ackermannweg 10, D-55128 Mainz, Germany

5.1 INTRODUCTION

Functional organic and inorganic particles are an essential element of today’s

materials science [1–3]. Properties such as the surface-to-volume ratio of polymer

lattices or the color control of quantum dots as a result of quantum confinement

provide convincing evidence that “size matters.” There are various ways to fabricate

functional nanoparticles whereby the controls of size, shape, and the chemical

functionalization, both, inside and outside the particles are the key issues. A special

challenge is the design and synthesis of core–shell systems since this approach allows

for the combination of different behaviors such as charge function and charge carrier

mobility [4–6]. Dendrimers play an outstanding role among organic functional

nanoparticles because they can be made molecularly defined [7–12], and polyphe-

nylene dendrimers (PPDs) are a very special family of dendrimers. For instance, the

PPDs offer the highest possible rigidity among all types of dendrimers and possess

high thermal stability, solubility, shape persistence, and structural perfectness [13,14].

Based on the synthetic protocols of the dendritic generations, a largevariation of these

molecules has been made available as a result of using different cores, branching

units, and outer phenylene shells (endcapping) [15–18].

Besides additional functional groups to enable further reactions even chromo-

phores and electrophores have been included at will in the cores, the scaffold, and on

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
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the surface leading to a number of new properties, that also give rise to new

applications in materials science and biology-related applications. The fascination

of polyphenylene dendrimers is thus not only based on their structure and dynamics

but also on their synthetic variability.

The three-dimensional (3-D) structures of dendrimers have gained tremendous

interest, since the early work of deGennes andHervet [19], who developed amodel of

increasing density at the surface, caused by the exponential growth of the dendrimers

with the number of generations.However, such ideal structureswith functional groups

remaining on the surface when introduced on the last sphere could not be found at the

desired location in flexible dendritic structures such as Fr�echet-type polyaryl-ether

dendrimers [20]. Surprisingly, in such flexible cases end groups have been found

throughout the entire dendrimer volume, leading to homogenous density distribu-

tion [9]. This raised tremendous interest in stiffening the dendrimer generations, in

order to prevent backfolding to the interior.

Prior to the introduction of a new concept of polyphenylene dendrimer synthesis,

which allowed easy extension to higher generations in a divergent method, only a

few examples of relatively stable shape persistent dendrimers are known in the

literature. Hart introduced nanometer-sized dendrimers in which benzene units

were bound to each other via two s bonds (1, Scheme 5.1) [21]. These dendrimers,

based on extended iptycenes, although extremely stiff and shape persistent, did not

allow any rotational movement, but could not be applied for attachment of

additional functional groups at desired positions by demand. Another example of

rigid and shape-persistent dendrimers based on branched triangulenes, such as 2,

was published by DeMeijere and coworkers [22], but further applications were

hampered since these dendrimers neither could be extended to higher generations

nor could other functional groups be introduced. Moore et al. [23] presented

dendrimers such as 3 constructed from phenylacetylene units (Scheme 5.1). Miller

and coworkers [24] contributed to some polyphenylene dendrimers as 4. Both these

kinds of dendrimers 3 and 4were synthesized by the convergentmethod, because the

metal catalyzed coupling reactions led to side products and incomplete reactions

rendering a divergent synthesis not practicable. Therefore, a new strategy based on

noncatalytic Diels–Alder cycloaddition reaction was developed [25], allowing the

divergent growth and synthesis of higher generations where one example 5 is

depicted in Scheme 5.1. Furthermore, it is immediately clear from the structures in

Scheme 5.1, that manymore phenylene units can be incorporated in 5 compared to 3

and 4. Additionally, it turned out that dendrimers 3 and 4, based on 1,3,5-substituted

benzene rings, led to conformational isomers.

In general, the synthesis of dendrimers is performed by two routes either (i) the

expanding divergent synthesis with stepwise growth of generations starting from a

core or (ii) the convergent synthesis of large dendrons finally coupled to a core [13].

The latter approach is, however, often limited to lower generations of dendrimers

such as G2 and G3 caused by the steric hindrance of accessing the core properly.

For 5, it was shown nicely that both approaches toward G2 yielded the same

products in slightly different yields, but due to the many phenylene units and steric

hindrance it was not possible to go beyond the second generation via the convergent
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pathway. For other dendrimers with extended cores or more flexible dendrons, a

combination of both approaches could be applied to achieve faster growth of higher

generation dendrimers, for example, G2–G4–G6 with a second-generation end

functionalized dendron.

Since some reviews on functional polyphenylene dendrimers have been pub-

lished [13–17,26], the aim here is to focus onmore recent achievements, while briefly

introducing the whole concept to begin with.

5.2 SYNTHESIS

The synthesis of polyphenylene dendrimers is mainly based on two reactions with

nearly no side products and close to quantitative yields as the (i) growth step via

Diels–Alder cycloaddition between cyclopentadienones and ethynylenes and the

(ii) deprotection step via desilylation of triisopropyl-substituted alkynes [13,25].

The functionalized tetraphenyl-cyclopentadienones 6, 7 containing two (A2B) or four

triisopropylsilylethenyl (A4B) groups were chosen as building blocks for the

1
2 3

4 5

SCHEME 5.1 Different stiff and rigid dendrimers 1–5.
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enhancement of generations after deprotection and a standard tetraphenylcyclopen-

tadienone (8) unit for endcapping of the generations. The cyclopentadienones (CP)s

building blocks are typically available in high yields via double Knoevenagel

condensation of the bis(triisopropylsilylethynyl)-benzil (9) with either 1,3-diphenyl-

2-propanone (10) or bis(triisopropylsilylethynylbenzene)-2-propanone (11) (Scheme

5.2). The bulky triisopropylsilyl (TIPS) substituents were selected as protecting

groups after having proved that they prevent the self-cycloaddition, whichwould have

resulted in hyperbranched polymers [27].

The above-mentioned cyclopentadienones 6–8 were then applied to Diels–Alder

cycloaddition reaction with various cores carrying multiple ethynyl subunits 12–15

(Scheme 5.3).

The additional labeling of the cores (B for 1,3,5-trisethynylbenzene, Biph for

3,30,5,50-tetraethynylbiphenyl, TPM for tetrakis(4-ethynylphenyl)methane, and

SCHEME 5.2 Cyclopentadienones 6 and 7 as A2B- and A4B-building blocks, respectively,

together with their synthesis from benzil 9 and acetone derivatives 10 and 11, and a

nonfunctionalized endcapping unit 8.

12 13

14 15BiphB

TPM HPB

SCHEME 5.3 Different ethynyl-carrying cores 12–15 and the abbreviations used for the

corresponding dendrimers (G1–G5) based on this core.
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HPB for 1,2,3,4,5,6-hexakis(4-ethynylphenyl)benzene) was necessary to, later on,

distinguish the polyphenylene dendrimer generations (G1–G7) on different cores.

The typical divergent reaction sequence is shown for 1,3,5-triethynylbenzene 12

yielding the first-generation dendrimer B-G1 (16) upon coupling with 8 or the

protected triisopropylethynyl functionalized dendrimer 17 upon reaction with 6. All
TIPS groups could be removed with fluoride anions yielding the first-generation

functionalized dendrimer 18, which was then endcapped with 8 resulting in a second-

generation dendrimer (B-G2) 19 (Scheme 5.4). Alternatively 18 could be further

extended with 6 for growth reactions via 20 up to the fourth generation.

In addition the convergent route has been shown to be practicable for achieving

these polyphenylene dendrimers by extending the cyclopentadienones to the next

higher generation dendrons. However, to prevent self-coupling, this approach started

from the 4,40-diethynylbenzil 21 that became available after deprotection of 9 and

contained the two dienophile groups for Diels–Alder reaction with 8 yielding the

dendronized benzil 22 forKnoevenagel condensation. Thereby the second-generation

dendron 23 was available for coupling with one of the aforementioned cores 12–15

(Scheme 5.5).

The divergent and the convergent approach resulted in the same monodisperse

products in comparable yields. The convergent approach provided a fast access to

second-generation dendrimers, but could not be used to synthesize higher generation

PPDs with the relatively small cores considered here so far. A functionalized second-

generation dendron is an extremely powerful tool for desymmetrization, as it is shown

later [28–30].

Also the other cores 13–15 were transformed into the first-, second-, and higher-

generation dendrimers, in order to study their influence on the shape and rigidity of

the resulting dendrimers. Luckily, for three polyphenylene dendrimers of the first

generation with different cores, single crystals could also be grown large enough for

X-ray structural investigation [31] (Figure 5.1).

For the first-generation dendrimers geometry optimizations, even on a semi-

empirical level, were well able to reproduce the shape and distances compared to

their X-ray structure. The calculated distances (radii) derived from semiempir-

ical AM1 calculations (which are well-suited for analyzing large and twisted

p-systems) between the center of the core and the outside protons, for instance

were within 0.02 nm, and only slightly worse for the molecular mechanics

calculations.

As nicely seen in Figure 5.2, thevariation of the cores causes the dendritic branches

to grow in certain directions as a dumbbell shape for 13 based Biph-G2 and more flat

globular shape for 14 based TPM-G2.

The shape persistence of the newly derived polyphenylene dendrimers has further

been investigated for different generations by various techniques. Advanced solid-

state nuclear magnetic resonance (NMR) experiments with rapid magic angle

spinning were applied for gaining more insight into the dynamics of these molecules.

Fast processes in the megahertz regime were shown to be restricted to fast vibrations

of terminal phenyl rings, while the phenyl rings in the core and scaffolds displayed

very limited dynamics with restricted movements [32,33] Comparing Biph-G2 and
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TPM-G2 by these NMR experiments, it turned out that the biphenyl core causes a

slightly higher flexibility, since an additional freedom exists in the central aryl–aryl

bond, while the tetrahedral core in 14 is more rigid and directs the branches in

tetrahedral alignment toward a more space-filling object. Thus, the choice of the

central cores turned out to have a major influence on the overall shape, rigidity, and

SCHEME 5.4 Divergent synthesis of polyphenylene dendrimers starting from the 1,3,5-

trisethynylbenzene core 12 using cyclopentadienones 6 or 8 for endcapping and growth,

respectively.
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space filling of these dendrimers. It was found that 19 (B-G2) adopts a false propeller

structure while HPB-G2 a true propeller shape.

Furthermore, these NMR studies have proven only slow angular motion for the

terminal groups, while the motion of whole dendrons was excluded even at higher

SCHEME 5.5 Convergent synthesis of second-generation dendrimer 19 (B-G2).

FIGURE 5.1 First-generation polyphenylene dendrimers with four different cores (a) B-G1,

Biph-G1,TPM-G1, andHPB-G1 and (b) their semiempirically calculated AM1models, very

similar to their X-ray structures (not shown).
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temperatures [32]. However, the larger flexibility was obtained with increasing

dendrimer size, which is considered to be in agreement with increasing solubility.

Atomic force microscopy (AFM) experiments of such dendritic molecules absorbed

on mica gave similar height values as those from the modeling-derived radial

dimensions [34]. Small-angle neutron scattering (SANS) techniques were used to

determine the structure of dendrimers in solution [35]. For polyphenylene dendri-

mers, the segments of different generationswere found to be in awell-defined distance

to the center of the dendrimer, proving the stiff and shape persistent nature of the

backbone [36,37].

Molecular modeling demonstrated some possibility of collapsing dendrons for

the second-generation B-G2 at higher temperatures, while at lower temperatures

the rigidity prevailed [37]. The dendrimers built up from the tetraphenylmethane

core, however, possessed much higher shape persistence than those built from 1,3,5-

trisubstituted benzene or a biphenyl core.

The density of the dendrimers can be increased even further upon using the A4B

branching unit 7 doubling the number of functionalized end groups. Such extremely

FIGURE 5.2 Second-generation dendrimers B-G2, Biph-G2, TPM-G2, and HPB-G2 as

3-D model.
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dense dendrimers (Scheme 5.6), however, were not extended beyond G2, even for the

highly efficient divergent growth pathway.

5.3 HIGHER GENERATIONS TPM-G4–5 AND EXTENDED ARMS

TPM-leG1–7

In the case of polyphenylene dendrimers with a tetrahedral core, so far it was shown

that divergent synthetic growth led to generations up to G4. The TPM-G4 thereby

yielded a nanoparticle with a radius of about 6.3 nm, where 304 benzene rings were

included resulting in a molecular weight of 23,150 g/mol (Figure 5.1) [25]. Here the

dense shell seemed to hinder further well-defined extension to higher generations as

G5 and G6. However, recently we were also successful in synthesizing the fifth

generation (TPM-G5), which demanded very special care and extended reaction

times. Then the molecular weight already reached 47,501 g/mol and included 624

benzene rings. It turned out that matrix-assisted laser desorption ionization—time of

flight (MALDI-TOF) mass spectrometry was probably the most efficient and pow-

erful method for proving the structural perfection of PPDs with high molecular

weights (Figure 5.3). In addition, standard NMR spectroscopy proved to be extremely

valuable for characterizing the single proton left on each branching unit upon

dendrimer growth [38].

In order to go beyond the limits of the hitherto described polyphenylene dendrimer

generations, more elongated CP units were introduced since linear enlargement of the

arms of the general dendritic repeat unit should directly translate into increased

23

24

SCHEME5.6 The extension of core 13withA4BCPunit 7 to dendrimer 23 (G1) and 24 (G2).
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dendrimer radii leading to decreased congestions at the chain endswithout requiring a

larger core to start from.

This could be achieved by coupling an end protected bromo-terphenyl 25 to the

bis-dioxoborolane derivative 26 achieving the terphenyl extended CP unit 27 for

the Diels–Alder induced growth reaction of the dendrimers (Scheme 5.7) [39]. Two

methyl groups were introduced as side chains from the beginning in order to increase

the solubility of the building blocks and to induce torsion between the phenylenes

preventing them from p-stacking.
These terphenyl extended CP units 27 enabled the stepwise synthesis of well-

defined fifth to seventh-generation dendrimers with amazing molecular weights of

135 kg/mol, 271 kg/mol, and even 542 kg/mol, respectively. Thus, huge nanoobjects

as structurally perfect particles with radii between 10 and 16 nm were obtained

(Table 5.1, Figure 5.4), which exceeded by far the molecular weight of standard

conjugated polymers and even the dimensions of nanoparticles synthesized by self-

assembly or multiphase approaches. Such nanoparticles can at best be prepared

narrowly disperse but never monodisperse [2,40,41].

FIGURE5.3 MALDI-TOFmass spectra of TPM-G4 andTPM-G5 proving themonodisperse

nature.

SCHEME 5.7 Linear extended cyclopentadienone (leCP) branching unit 27 from Suzuki

coupling of terphenyl 25 with diboronicester derivative of CP 26.
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Some additional shoulders occurred in the size exclusion chromatography (SEC)

as demonstrated in Figure 5.5, which indicated even higher molecular weight

fractions, and which were been further examined. It was concluded that they must

stem from interlocked dimers, covalently linkedmoieties, or higher aggregates. These

intermolecular connectedmolecules could be assumedby somepossible cross-linking

of the reactive triple bonds upon intra- and intermolecular couplings. The higher

aggregates, nonetheless, also occurred even after repeated synthesis under higher

dilutions, such that entanglements of side arms before the growth reaction could

also be responsible. Light scattering experiments of the partially separated higher

molecular weight fractions provided further proof of their dimer nature [42,43].

Concerning the shape persistence of those extended PPDs, these results con-

firmed that the flexibility of the scaffold is strongly enhanced with increasing length

of the branching units. The fact that the four dendrons clearly reached and finally

exceeded the persistence length of a polyphenylene chain supported the idea of their

loss of rigidity. The applied atomic force microscopy to the dendrimers,TPM-leG5
and TPM-leG6, demonstrated their partial flattening on surfaces. Two effects

responsible for this flattening were discussed and have to be considered (i)

deformation from strict linearity with increasing number of phenylene units and

(ii) some collapse against the surface used forAFM,which does not exist in solution.

Both factors seemed to contribute to such flattening effects on surfaces and in

addition it should be considered that size extension beyond the persistence length of

conjugated dendrons finally break the rigidity of any conjugated branch of a

dendrimer or a conjugated polymer. Nevertheless, it should be highlighted in this

context that discrete monodisperse macromolecules became available exceeding

molecular weights of 500 kg/mol still being soluble in common organic solvents

such as THF and chloroform.

For the introduction of further functionalities, however, the standard PPDs of

generations 2–4 as 19 or 20 are perfectly suited, since they prevent attached or

incorporated functional units from aggregation. This is important since aggregation

causes a red shift of absorption with strong quenching of the fluorescence and

excimer formation.

TABLE 5.1 Comparison of Radii of Endcapped TPM-G and TPM-leG from the

Center to the Outer Hydrogen from Geometry Optimizations by Semiempirical

AM1 Calculations

Dendrimers TPM-G Radius (nm) Dendrimers TPM-leG Radius (nm)

G1 1.40 leG1 2.1

G2 2.20 leG2 4.7

G3 3.15 leG3 6.9

G4 3.99 leG4 9.1

G5 4.85 leG5 11.2

leG6 13.4

leG7 15.5
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Before discussing additional functions, it should be pointed out here that some of

the dendrimer structures have been applied for fusion of their phenyl rings via

dehydrogenation into new grapheme molecules as semiconductors [44,45]. For the

oxidative cyclodehydrogenation via iron(III)chloride especially those dendrimers

with fully aromatic cores as B-G1 and HPB-G1 (Figure 5.1) were perfectly suited,

FIGURE 5.4 The generation-induced changes of the maximum radius of standard poly-

phenylenes TPM-G1–5 and those with linear triphenylene extended dendrons TPM-leG1–7.

(See the color version of this figure in Color Plates section.)
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leading to planar extended disk-like molecules with 16 and 36 benzene rings

(Scheme 5.8), to C96 [46] and C222 [47], respectively. These graphene molecules

have been reviewed many times and will not be further discussed here [48].

5.4 POLYPHENYLENE DENDRIMERS

WITH FUNCTIONAL CORES

It should be noted that essentially any functional group, which can withstand the

Diels–Alder cycloaddition conditions (high temperatures up to 170�C) and can be

substituted with ethynyl units may be used as a core for a polyphenylene dendrimer

growth. So far we demonstrated that a wide variety of hydrocarbons can be used as

cores for dendrimers; however, their molecular geometry only influenced the overall

shape and rigidity of the resulting dendrimers [49]. Another core function could be a

carrier of a special optical or electronic property, where in such a dendrimer the

dendrons act as a shield, protecting the core from interacting with other cores or with

FIGURE 5.5 Traces of size exclusion chromatography for the dendrimers TPM-leG1–7.

SCHEME 5.8 Graphene molecules C96 and C222.
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other species, which is particularly important for controlling the optical and electrical

properties, for example, photoluminescence (PL) or electroluminescence (EL).

Therefore, such new core building blocks were synthesized, possessing several

ethynyl functions for dendritic growths (Scheme 5.9). This was extensively explored

for dye molecules such as pyrenes (28) [50], perylenes (29,30) [51,52], terrylenes
(31) [53,54], the functional precursor benzophenone (32) [38], and the charge-

carrying complex ruthenium(II)tris-bipyridyl (33) as functional cores [55] for

polyphenylene dendrimer generations (Scheme 5.9). In general, single pyrene and

perylene dyes show a strong aggregation tendency, which induces a luminescence

quenching and leads to pronounced bathochromic shifts in the solid-state absorption

spectra. Upon multiple covalent dendritic encapsulation of such a chromophore in a

polyphenylene shell this aggregation could be avoided. Furthermore, the polyphe-

nylene dendrons also served as solubilizing groups enabling solution processing of

the resulting compounds.

For the perylenetetracarboxydiimides two different functionalizations were con-

sidered as (i) 29 with ethynyl groups attached to the imide moieties [56] and (ii) 30,

where the ethynyl groups are located in the bay positions of the dye [52]. The shielding

has been demonstrated to be more efficient when the dendrons grow from the bay

position. These perylene dyes have been regarded perfectly eligible for single

molecule spectroscopy (SMS), which enable us to study the interaction of the

fluorophores with the surrounding matrix. These results, however, will be summa-

rized in a following chapter by the group from Leuven.

For the pyrene 28 based dendrimers dilution and temperature-dependent fluores-

cence spectroscopy studies were performed to investigate the site isolation of the

pyrene core. It was found that a second-generation dendrimer layer is needed to

efficiently shield the encapsulated pyrene and to prevent aggregate formation.

SCHEME 5.9 Functional cores for extension of dendrimers.
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Alkalinemetal reduction of the encapsulated pyrene corewas carried out to afford the

corresponding pyrene radical anions, for which hampered electron transfer to the core

was observed with increasing dendrimer generation. This served as further proof of

the site isolation due to the polyphenylene shell. But these charging experiments also

demonstrated that for device applications such as organic light-emitting diodes

(OLEDs), one should not go to higher dendrimer generations beyond G3, since the

charge recombination may be hindered. High quantum efficiency yield in solution

(Qf> 0.92) was already achieved by applying a second-generation dendrimer shell.

Even a gram-scale synthesis of this new materials based on second-generation

dendrimers for device applications became possible.

Only a very few reports have tackled the question of synthetic transformation of the

dendrimer core. For testing the core accessibilities toward charging activities and

postsynthetic transformations, first- and second-generation PPDs were synthesized

starting from benzophenone [57]. In order to obtain high density and thereby a strong

shielding by polyphenylenes around the benzophenone core (Scheme 5.10), a large

number of starting points for the dendrimer growth was necessary, which was

achieved applying the tetraethynylated building block 32.

Variation of the size and the density of the surrounding dendrimer shell resulted in

different isolation of the cores. The dense-shielded dendrimer 34 was obtained from

the core 32 using the A4B CP unit 7 for second-generation dendrimer 34. Upon

modeling, it was directly shown how well the keto function is protected by the

surrounding phenylene units.

To investigate the reactivity of the core upon shielding, chemical reaction of the

core with aryl-/alkyllithium and Grignard reagents, as well as the alkali-metal

reduction of the encapsulated benzophenone corewere performed. The phenyllithium

reaction took place easily with the first-generation dendrimer 35 to achieve a

functional phenylated hydroxyl methyl group 36. For the second-generation den-

drimer 34 very prolonged reaction times (3 days of reflux) were needed to find some

incomplete hydroxylation, while larger nucleophiles as biphenyl lithium did not react

SCHEME 5.10 First- and second-generation polyphenylene dendrimers with benzophenone

cores.
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at all. From the charging experiments with alkaline metal, potassium-bridged

benzophenone anions could only be detected for the first-generation dendrimer.

The larger and denser dendrimer shell of the second-generation dendrimer, led to an

isolation of the radical anion species in the core. This synthetic concept opened the

way to spatially well-defined spherical nanoparticles bearing a single isolated

function in the center.

The highest core symmetry that approached spherical polyphenylene dendrimers

(TPM-G4) has, however, been limited to a four-armed, tetrahedral tetraphenyl-

methane core 14 (Scheme 5.3), since higher symmetries, such as octahedral, are

challenging to achieve in organic chemistry. A powerful tool for building octahedral

structures with controlled symmetry is instead provided by the use of organometallic

complexes as core units, such as the well-known tris(2,20-bipyridyl)ruthenium(II)

complex Ru(bipy)3 (Scheme 5.11). This metal complex possesses an almost perfect

octahedral coordination geometry [58], is shape persistent itself, and thus can serve as

the desired core when dendritic wedges are attached to the six positions para to its

nitrogen atoms. The synthesis could be achieved through the functionalized bipyridyl

moiety 37 carrying two ethynyl groups for growing the polyphenylene dendrons. The

complexationwith rutheniumdichloride salt was performed at the end in a convergent

manner after first to fourth generations of bipyridine dendrons (BP-DG1, BP-DG2)

were synthesized. The largest complexRu(bipy)3-G4 failed, however, while first- to
third-generation dendrimers with an integrated Ru2þ -core became available [55].

Later it was shown that also the divergent synthetic approach is applicable. Even

a mixture of both the convergent and divergent route could be applied, where the

N N

N N37

N N

BP-DG1

BP-DG2

N N

N

N

N

N

Ru

Ru(bipy)3-G2

SCHEME 5.11 Bipyridine-containing dendrons BP-DG and the Ru(bipy)3-G2 dendrimer.
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ruthenium core was coupled to one extended dendron and protected smaller bipyr-

idine units leading to desymmetrized dendrimers, as demonstrated in Chapter 7.

The size, shape, and polyphenylene density of the G3 Ru(bipy)3-cored dendrimer

(Ru(bpy)3-G3) were compared with those of the related G3 species with a TPM core

(TPM-G3) [13]. Diffusion NMR measurements revealed a hydrodynamic radius of

2.5 nm for dendrimer Ru(bpy)3-G3, which is slightly larger than that determined for

the TPM-G3 species (2.2 nm). This finding indicated a decrease in the large voids

between branches, as the physical radii were almost identical.Whereas the tetrahedral

dendrimer TPM-G3 distributed 144 phenylene rings within the hydrodynamic

volume, the density of the Ru(bipy)3-G3 was increased to 216 aromatic rings.

Another intriguing aspect, which is still under consideration, is the interaction of

the core with the counter ions, their distance, and the influence of the counter ions on

the structure of the Ru-dendrimers or other charge-carrying cores.

5.5 FUNCTIONALIZED SCAFFOLD OF POLYPHENYLENE

DENDRIMERS

Functionalization of the scaffold can serve several purposes, for example,multiplying

the number of dyes in a defined environment and distances, or fine-tuning of charge or

energy transfer to a functional core. As opposed to core functionalities, functiona-

lization of the scaffold needs to be introduced by the CP unit, which has been

established for the growth reaction and needs to be verified further to carry the desired

function, and also possess the TIPS-ethynyl groups for growth reactions. Sketching

the accessibility of such CP units the Knoevenagel condensation of difunctionalized

benzils 38 with the disubstituted acetones 39 results in product 40 (Scheme 5.12).

Themost commonway is the functionalization that has been introduced either in the

a or in the b position of the CP units, as presented by the two guiding structures

dibromotetraphenyl-CPs 41 (b-substituted) and 42, (a-substituted), which can also
easily be converted to their diborolanes, as 26 (Scheme 5.7).

SCHEME 5.12 Functionalized CP units 40 and some typically used dibromoderivatives 41

(b-substituted CP) and 42 (a-substituted CP).
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These two routes outlined above were compared for the case of incorporation of

highly fluorescent perylene mono- and diimide chromophores into the scaffold of

polyphenylene dendrimers via iterative Diels–Alder cycloadditions. The key inter-

mediates for the divergent dendrimer build-up were two cyclopentadienone branch-

ing units carrying two perylene imides, and twomasked terminal alkynes as 43 and 44,

respectively (Scheme 5.13). The major difference between the two CP units is the

mode of incorporation of the chromophores, either in the a-position of the CP (43) or

in the b-position (44), where in the latter case the perylene dyes can be considered as
functional linear extension, similar to the terphenyl extended case TPM-leG dis-

cussed before, but even more lengthy.

The use of the b-substituted CP units 44 caused an extension of molecular

diameters for the second-generation dendrimer with up to 12 nm, and inclusion

of 24 chromophores within their scaffold. Absorption and emission characteristics

of the new multichromophoric dendrimers (45 and 46) were investigated and

compared to those of the parent dyes, indicating that the self-quenching among

chromophores was controllable by the shape-persistent architectures. As was

mentioned before, dyes approaching each other induce bathochromically shifted

absorption bands and a quenching of their photoluminescence. For the dendrimer

with the CP unit functionalized in a-position (45) a very dense packed dendrimer

resulted in which the dyes surrounding the core, however, were too close and

interacted with each other. For 46 this was prevented by the linear elongation away

from the core (Scheme 5.14).

Dyes like 46 have intensively been studied by single molecule fluorescence

spectroscopy, demonstrating their uniqueness as single-photon source due to the

singlet–singlet annihilation [59–61]. They are perfectly suited for this kind of

experiment, since they possess large molar extinction coefficients in the visible

region, a high quantum yield of fluorescence and excellent photostability [62].

TheCP units can bemodifiedwith other functions atwill, keeping inmind that they

should be thermally stable. The b-substituted CPs (47, 48) were mainly synthesized

from the above-mentioned dibromo derivative 41 or the corresponding bis-dioxobor-
olane derivative 26 [38,63], while for the synthesis of a-substituted CP units different

SCHEME 5.13 CP units with perylene dicarboxymonoimide 43 and perylentetracarbox-

ydiimide 44.
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acetone derivativeswere applied for theKnoevenagel condensation achieving the new

CPs 49, 50 (Scheme 5.15) [64].

In the following part, two representative examples from the polyphenylene

dendrimer chemistry will be discussed keeping the focus on the postsynthetic

functionalization of the backbone or scaffold.

The insight into the shielding of a single core by polyphenylene dendrons allowed

us to extend the postsynthetic concept to multiple benzophenones incorporated in the

dendritic scaffold. Thus, a nonfunctional tetraphenylmethane core was used, where

the first dendritic growth step introduced the benzophenone units, which were then

shielded by the subsequent polyphenylene generations. Accordingly, a benzophe-

none-substituted tetraphenylcyclopentadienone branching unit 51 was applied to

synthesize monodisperse polyphenylene dendrimers, bearing a defined number of

keto groups in their backbone (Figure 5.6).
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SCHEME 5.14 Perylene dicarboxymonoimide and perylene tetracarboxydiimide chromo-

phores containing dendrimers 45 and 46.

SCHEME 5.15 Further substituted CP units with extra functions in the b- (47, 48) and in the
a- (49, 50) positions for scaffold functionalization.
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The second-generation dendrimer 51 turned out to be a suitable substrate for a

perfect and versatile postsynthetic functionalization of the dendritic scaffold using

organolithium reagents [38]. Even large reaction partners like pyrene 52 could be

introduced quantitatively allowing an easy and versatile modification of the

scaffold. Alkali metal reduction of the inner benzophenones quantitatively resulted

in the octa-radical anion species 51, where potassium-bridged anions could be

detected, stemming from interpenetrating dendritic arms. These facts were pointing

to the formation of some kind of three-dimensional network of radical anions

bearing dendrimer 51.

Another representative example for the postsynthetic variation of the molecular

structurewas obtained with regard to the embedding of acetylene groups into the first-

generation layer of the polyphenylene dendrimers. The synthesis of the required CP-

building blocks followed a similar protocol in which the benzophenones were

replaced by two diphenylacetylene moieties. The use of this building block for the

synthesis of the first-generation layer led to a radial size extension by the length of a

diphenyl acetylene unit in the new dendrimers 53 (Figure 5.7) [38,63].

The heterogeneous hydrogenation of the embedded triple bonds by Pd on carbon

was probed in order to permit a direct assessment of the shielding effect of the outer

polyphenylene shell. Moreover, a softening effect of the dendritic structure 54 in

FIGURE5.6 Second-generation polyphenylene dendrimer 51 carrying eight benzophenones

in its scaffold and its postsynthetic hydroxyl functionalization 52 via organolithium reagents.

FIGURE 5.7 Second generation of diphenylacetylene extended dendrimer 53 transformed

to 54.
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consequence of the hydrogenation was expected. For the first time ever the

investigation of this effect upon size, shape, and intramolecular voids in the case

of similar dendrimer pairs could be accomplished. Quartz microbalance studies

revealed that upon hydrogenation the capacity in host uptake is decreased, allowing

the incorporation of a lower number of guest molecules compared to the parent

material 53 [65].

The effect of the substituents in the a-position is to introduce functionality within
the scaffold influencing the internal density and polarity, but not affecting the number

of branches or the lipophilic surface. Let us now discuss two examples explaining

their access and function.

For the synthesis of polyphenylene dendrimers with backbone-pendant internal

carboxylic acids and nonpolar tetraphenylbenzene chain ends, the carboxylic ester

carrying CP unit 49was used. This way up to 24 ester groups in the second generation

were incorporated 55 (Scheme 5.16). For a more effective isolation of the inner

microenvironment, the final generational layer was formed by reaction with the

commercially available tetraphenylcyclopentadienone shielding the polyphenylenes

dendrimers outside (Scheme 5.16). The ester groups could be completely hydrolyzed

to carboxylates, further increasing the hydrophilic character of the interior. Then the

host–guest and transport properties of these dendrimers with proflavine, an acridine

dye, were investigated [64]. The host–guest chemistry of such acridine dyes based on

ammonium carboxylates is well established, and they find wide applications as

spectroscopic probes. Ammonium carboxylate formation (guest uptake) with the

polyphenylene dendrimer hosts (Figure 5.1) was observed by monitoring spectro-

photometric properties of proflavine hydrochloride. These properties were found not

to depend strongly on the number of carboxylic acids, but rather on the structural

SCHEME 5.16 Dendrimer 55 with carboxylic functions in the scaffold.
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properties of the stiff dendrimers, binding only 3–4 dyes each, for the first- and

second-generation dendrimers.

The other example for a-functionalizedCP units is a dendrimerwith pyridine in the

scaffold based on 50 with protected dienophile functions. By varying the building

blocks at the last step of dendrimer construction, one could design molecules 56

possessing either phenyl- or pyridyl-decorated outer shells (Scheme 5.17) [66,67].

The pyridine then could serve as ligation site for metal ions. Therefore, these stiff

polyphenylene dendrimers with embedded pyridyls were used as a matrix for

encapsulation of Pd nanoparticles [67]. The fourth-generation poly(phenylenepyr-

idyl) dendrimer with a phenyl-decorated periphery and pyridine-containing interior

was found to serve as a powerful template for metal-nanoparticle formation, resulting

in excellent nanoparticle stability with catalytic function. Further, these special

functionalized dendrimers exhibited very strong sensitivity toward the explosive

triacetonetriperoxide (TATP), which will shortly be outlined in Chapter 8 [68].

5.6 FUNCTIONALIZED SURFACES

Functionalization at the surface is the most simple and flexible route to obtain

functionalized dendrimers and it offers the highest flexibility to control the type,

number, and position of the substituents.

There are two possibilities to achieve functionalized surfaces of polyphenylene

dendrimers. The first and most straightforward one is to introduce any functional

cyclopentadienone unit “a priory” as endcapping reagent in the dendrimer synthesis

of desired generation just as discussed above for pyridyls. Since the Diels–Alder

reaction takes place at high temperatures only, an important requirement of the

functional groups is their thermal stability, which in some cases necessitates

SCHEME 5.17 Polypyridyl dendrimer 56.
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protection. The second possibility is a reactive group transformation after dendrimer

synthesis in an “a posteriori” way. Both approaches have been considered.

By the “a priori” method, a decoration of the polyphenylene dendrimers with

numerous functional groups affects their solubilities, tendencies to intermolecular

interactions, their self-assembly behavior, and surface affinity or just polarity

(Scheme 5.18, 57–66). Furthermore photonic and electronic properties can be

adjusted by dye groups as perylenmonoimide (PMI, 64) [56] and conducting

properties upon using terthiophenes 66 [69] or the hole conductor triphenylamine

as in 65 [70].

At this point, we will not discuss such extended surface functionalizations since

they have been reviewed earlier [14].

An example is the core–shell dendrimer using 66 as endcapping reagent. The

resulting core–shell dendrimer possesses oligothiophene chains on its surface [69]. Its

chemical or electrochemical oxidative coupling yielded a 3-D network in which

dendrimer spheres were connected by sexithiophene spacers. The electrical conduc-

tivity of this 3-D structure provided insight into the mechanism of charge carrier

transport. Interestingly, the electrical conductivitywas further increasedwhen the 3-D

polyphenylene dendrimer cores were oxidatively dehydrogenated to planarized

graphitic propellers [69]. One thus obtained a unique hybrid network in which

graphene structures where embedded in an oligothiophene matrix.

The conversion of an already existing group A on the dendrimer surface according

to the “a posteriori” method into a substituent B via subsequent addition of an

electrophile is presented in Scheme 5.19 [71]. In the ideal case, this reaction should be

quantitative, but the possibility of incomplete conversions or side products must

always be considered.

SCHEME 5.18 Functional CPs for surface activation.
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We were able to functionalize our dendrimers via this method with carboxyl,

hydroxyl, amide, and lithium groups at the periphery (Scheme 5.19).

Except for the conversion of an amino to an amide group, all the other groups

given in the scheme were obtained quantitatively. For example, the hydrolysis of a

cyano group on a second-generation polyphenylene dendrimer with a tetrahedral

core led to a dendritic molecule TPM-G2 bearing 16 carboxylic acid functions

(67) at the periphery (Scheme 5.20). Even other polar groups such as nitriles,

amines, and thiols have been introduced [13]. Thiomethyl substituents have shown

to be valuable for binding to gold surfaces and also for the formation of gold

nanoparticles [72].

It is this multiple surface functionalization which qualified these dendrimers for

supramolecular structures even allowing us to combine such rigid surface functio-

nalized dendrimers with ring opening and radical polymerizations which led to novel

SCHEME 5.19 Reactive group transformation.

SCHEME 5.20 TPM-G2 with 16 polar end groups, R¼COOH (67), R¼NH2 (68),

R¼OH (69).
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core–shell polymers [73–76]. For instance, the amine groups in dendrimer 68

(Scheme 5.21) could be further linked to the maleimide groups (70), which are the

precursors for the reaction with the thiol groups of peptides [77–80]. The hydroxyl

groups in dendrimer 69 can also be converted into 2-bromo-2-methylpropionic ester

groups (71), which are the macroinitiators for atom transfer radical polymerization

(ATRP) of tert-butyl acrylate [73,74,76]. Although the rigidity of phenylene den-

drimers is lost upon extended outer shell polymerizations, these water-soluble

core–shell structures derived from the dendrimer surface functionalization are highly

interesting for biological applications [65,73]. The outer shell containing functional

groups were shown to possess efficient interaction with a diverse set of DNA

fragments and stable complexes were formed.

The observed tight binding of the negatively charged DNA to the positively

charged dendritic star polymers, which was found in the subnanomolar range, was

mainly attributed to strong electrostatic interactions. DNA was released from the

complexes after treatment with high concentrations of sodium chloride in aqueous

solution. Such core–shell systems based on polyphenylene dendrimers, which

allow the binding and release of DNA, represent attractive candidates for the

development of novel ion-exchange resins for DNA purification or as nonviral

vector systems for gene delivery [74]. In addition fluorophores could be centered in

the core in order to use them for cell nucleus staining [73,76]. These core–shell

nanoparticles consisted of a central PDI chromophore with a first- and second-

generation polyphenylene scaffold for suppressing aggregation of the central

chromophore in aqueous media and a shell with polycarboxylic acid groups

(Scheme 5.22). Staining was found exclusively in the cell nucleus. A tight binding

between the carboxylated PDI derivatives 72 and positively charged lysine-rich

histones was found.

Moreover, the ATRP polymerized core–shell macromolecules based on polyphe-

nylene dendrimers 73 were applied as templates to control the structure of TiO2

SCHEME 5.21 TPM-G2 and B-G2 dendrimers 68–71.
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particles due to their dendritic shape-persistent polyphenylene cores [75]. The

phenylene cores were surrounded by flexible amphibilic double polymer shell with

12 arms, where a polystyrene block served as hydrophobic segment and the outer poly

(acrylic acid) provided water solubility and served as a binding site for titanium

SCHEME 5.22 Polyphenylene dendrimer-based core–shell nanoparticles 72 and 73.

SCHEME 5.23 Two multichromphoric dendrimers 74 and 75 for energy transfer and light

harvesting.
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tetraisopropoxide. After sol gel synthesis of TiO2 in the outer shell and removal of the

organic dendritic template by calcination at 500�C hollow nanospheres of TiO2 could

be obtained. The controllable TiO2 morphology provides tremendous applications in

many different fields such as photocatalysis, gas sensors, lithium-ion batteries, and

dye-sensitized solar cells [81–83].

At the end of this chapter on surface functionalization, we should mention that

combinations of functions at different locations have also been considered, for

example, from the surface, through the scaffold to the core as shown by some

multichromophoric dendrimers (Scheme 5.23) [53,54,84]. For example, the dendri-

mer 74 consists of a single terrylenetetracarboxydiimide (TDI) core and multiple

PMI groups in the periphery, while on the surface naphthalenedicarboxymonoimids

(NMI)s are located [83]. This is a nice model for light-harvesting systems, in which

energy transfer processes from NMI as donors to TDI as an acceptor were studied.

It was further shown that the number of perylenes can easily be increased by using a

CP-building block with two PMI units yielding 75 or the perylendiimide 44

mentioned earlier for further extension.

5.7 DESYMMETRIZATION APPROACHES

The cyclopentadienone chemistry also represented a powerful method for the

synthesis of dendrimers bearing two different types of functional groups at the

surface of a single dendrimer. In the beginning, the only known synthetic route to

desymmetrized PPDs proceeded via several protection and deprotection steps of

the ethynyl groups of tetrakis(4-ethynylphenyl)methane and subsequent stepwise

Diels–Alder cycloaddition as schematically depicted in Scheme 5.24 [56]. This

synthesis started from a partially protected tetrahedral core (76, Scheme 5.24) and a

cyclopentadienone building block containing a functional group of type “A” 77.

Deprotection of the acetylene units of the core and Diels–Alder reaction with a

cyclopentadienone coated with a functionality of type “B” 79 led to a first-generation

dendrimer 80 with two kinds of functionalities (type A and type B) in a well-defined

spatial arrangement at the rim. This pathway enabled the synthesis of a second-

generation bifunctional dendrimer 81 using the convergent synthetic approach. It had

the disadvantages of low yields and time-consuming purifications.

Thus, a new synthetic approach for the desymmetrization of PPDs was

developed and described. Tetrakis(4-ethynylphenyl)methane 14 undergoes facile

Diels–Alder cycloaddition with substoichiometric quantities of tetraphenylcyclo-

pentadienones bearing one polar functional group 83 (Scheme 5.25). This method

allowed the preparation of dendrimers possessing two types of functionalities in

only two steps. A single ethynyl group was thereby converted to a rigid, selectively

functionalized polyphenylene moiety, which serves as a focal point for further

transformations [28,85–87].

By using the above-described core molecule 82a, it was possible to build up the

first-generation dendrimer 84, bearing six PDI chromophores [51] and one aliphatic

ester group for anchoring (Scheme 5.26).

DESYMMETRIZATION APPROACHES 147



The ester group enables interfacial anchoring on functionalized surfaces, particles,

or biologically active moieties with the perylenetetracarboxydiimides possessing

fluorescence quantum yields near unity serving as highly emitting sensors.

Another asymmetric dendrimer with a Ru-core was achieved starting from the

dichlororuthenium derivative 85 (Scheme 5.27). It was synthesized and coupled

with the second-generation bipyridine dendron 85 in order to establish the macro-

molecule 86 [55].

SCHEME 5.24 Time-consuming desymmetrization leading to 80 and 81.

SCHEME 5.25 One-step synthesis of desymmetrized core 82.
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SCHEME 5.26 Asymmetric perylenetetracarboxydiimides containing dendrimer 84.

SCHEME 5.27 Desymmetrized Ru(bipy)3-G2 dendrimer 86.
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This approach demonstrated the ease of desymmetrization opening new access to

multifunctional and amphiphilic structures. Ru–bipy complexes are important chro-

mophores and sensitizers in solar cells, which underlines the coupling with other

chemical entities such as organic dyes and the anchoring on surfaces.

5.8 SENSING OF VOLATILE ORGANIC COMPOUNDS

Voids of interior are perfectly suited for the uptake of volatile solvents/gases.

The suitability of polyphenylene dendrimers as sensor layers for monitoring volatile

organic compounds (VOCs) in the gas phase was demonstrated. The coating of the

quartzmicro balance (QMB)with second-generation dendrimers possessing different

cores (B-G2, Biph-G2, TPM-G2, HPB-G2) was performed by using a procedure

from mass spectrometry known as electrospray. The dendrimers were dissolved in

THF and accelerated by a high DC voltage through a thin capillary and sprayed onto

the top electrode of the QMB. All investigated dendrimers showed similar behavior;

all compounds responded very selectively to polar aromatic VOCs, such as acet-

ophenone, aniline, benzaldehyde, benzonitrile, fluorobenzene, nitrobenzene, and

2-methyl-benzonitrile. Remarkably neither chlorinated nor unsubstituted aliphatic

hydrocarbons, alcohols, amines, aldehydes, and carbonyl compounds became

included into these hosts. The number of included guest molecules depends on both

the structure and the size of the dendrimers. A structure–property relationship may be

feasible. Incorporating functional groups enables fine tuning of the sensor properties,

which makes it possible to detect even aliphatic solvents. The sensitivity of

dendrimer-coated QMB sensors was remarkably high, for example, for aniline and

acetophenone around 5 ppm and it has now been further optimized in the group of

Waldvogel [68].

Upon such optimizations, it was found that with a combination of three different

matrices triacetonetriperoxide can be distinguished from water, hydrogen peroxide,

acetone, and other omnipresent molecules. Specific shape-persistent phenylene

dendrimers with pyridine in the scaffold (56) were found to have an extremely high

affinity toward TATP, while rejecting polar compounds. The additional internal

pyridyl moieties turned out to be very beneficial for the selectivity, while other

internal functionalities are under investigation. The crucial role of the voids was

revealed by testing different dendrimer generations G1–G3 and, in particular, G4 are

unique affinity materials since they provide cavities, which are complementary to the

shape of the TATP molecule. The limit of detection for TATP could be optimized far

below 0.1 ppm. Thereby these dendritic sensors can be applied for many volatile

compounds. It is considered that the design of new functionalized scaffolds is the key

element for further promising sensors with high affinity for such analytes.

In another attempt to use the hydrophobic polyphenylene dendrimers for sensing of

volatile organic compounds they were functionalized with disulfide and attached to

gold nanoparticles. The disulfide functionalization was achieved via coupling of

thioacetic acid (5-[1,2]dithiolan-3-ylpentanoicacid) to polyphenylene branches via

esterification resulting in 87 (Scheme 5.28) [88].
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The composite films were assembled layer-by-layer via alternated and repeated

exposure of amino-functionalized substrates to solutions of the gold nanoparticles and

dendrimers [88–90].

During film deposition, the dendrimers served to cross-link the nanoparticles, and

thereby enabled the stepwise assembly of homogeneous and mechanically reinforced

films with precise control over the film thickness. When using a film as a chemical

resistor sensor device, high sensitivity to vapors of toluene and tetrachlorethane was

observed, but the undesired sensitivity to humiditywas negligible. The short response

times, the high sensitivity to VOCs, and the low sensitivity to humidity made the

materials promising candidates for sensor applications.

5.9 OLED APPLICATIONS

In order tomake PPDs promising targets for organic light-emitting diode applications,

the building blocks should be easy to make and should cover the desired color range.

Usually the dendritic polyphenylenes themselves are not active fluorophores in the

visible due to their inherent steric hindrance between the phenylene units. As

demonstrated before, however, chromophores as perylene tetracarboxydiimide or

pyrene can be built into the core [50,70] or the scaffold [51,56], where the poly-

phenylene dendron shell is nonemissive and dilutes the dyes to considerable amount,

but helps to avoid aggregation and excimer formation.

Considering that the blue light-emitting diodes are still the most challengeable

ones in red green blue (RGB) light-emitting diodes (LEDs) displays [91–95], only the

SCHEME 5.28 Disulfide functionalized dendrimer 87.
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pyrene would follow that demand, while the perylene tetracarboxydiimides usually

exhibit red emission. Stable blue light-emitting polymers for commercial use are still

under development [96].

Therefore, new conjugated dendrons were considered which are emissive them-

selves, but still do not undergo quenching effects following a new design principle.

Accordingly, blue light emission should be caused by the presence of electronically

decoupled polycyclic aromatic hydrocarbon (PAH) units, which should adopt ste-

rically defined positions and disallow intra-dendrimer chromophore–chromophore

interactions, thus forming amorphous films. Finally the amount of “useless” sub-

stituents and coupling units should be kept at a minimum. This led to the design of

diphenylcyclopentaphenanthrenone 88, which is the precursor of a fluorescent

triphenylene. With this building block the polytriphenylene dendrimer 89 up to third

generation became available (Scheme 5.29) [97]. Most importantly, the twisted

triphenylene units not only function as chromophores but also effectively prevent

the inter- or intramolecular fluorescence quenching, as proved by increased PL

quantum yield with increasing generation. These dendrimers exhibited stable and

pure-blue emission in both PL and EL spectra.While the triphenylene itself has a low

PL quantum yield (�4%) the quantum yield increased considerably for the emission

of higher generation up to 35% for G3. These dendrimers could provide an avenue for

dendritic emitters with the optimized EL efficiency/color purity trade-offs needed for

pure blue light emission.

The fluorescent polymers and dendrimers are limited to 25% internal quantum

yield due to the singlet:triplet ratio [98]. Therefore, the phosphorescent dopants

recently raised a lot of interest because of their quantum yield up to unity [98–100]. In

this way, iridium(III) complexes are particularly promising phosphorescent materials

because they can emit light from both singlet and triplet excitons with extremely high

SCHEME 5.29 Diphenylcyclopentaphenanthrenone 88 and polytriphenylene dendrimer 89.
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emission quantum yield [101–105]. They often have to be blended into host materials

to avoid self-quenching [106–108]. Thus, a new divergent synthesis from tris(2-

(3-ethynylphenyl)-pyridyl)-iridium(III) core 90 was developed, where the polyphe-

nylene dendrons were shielding the emissive core 91 [109]. These dendrimers were

grown up to the fourth generation, and fully characterized by analytical methods

before their phosphorescent and device properties were studied (Scheme 5.30).

Thereby it turned out that the phosphorescence quantum yield still increased up to

the fourth generation (36%), however, OLED devices showed optimum efficiencies

for the third generation, which already has a radius of about 3 nm. The third-

generation PPDs may therefore be the limit for good charge injection and still protect

the core against triplet–triplet annihilation.

5.10 CONCLUSION AND OUTLOOK

It should have become clear by now that polyphenylene dendrimers are outstanding

for quite different reasons:

(i) Making dendrimers only from benzene rings brings about an outstanding

chemical and thermal stability.

(ii) The build-up from twisted, tightly packed, interlocked benzene ringswhile not

being perfectly rigid, reduces the mobility of the dendron arms and excludes

SCHEME 5.30 Iridium(III) complex 90 and iridium(III) dendrimer 91.
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the back bending of arms. This creates a high degree of shape persistencewith,

however, sufficient solubility in organic solvents.

(iii) The method of synthesis via repetitive Diels–Alder cycloaddition ensures

a high structural perfection, which is superior to that in other dendrimers.

The most convincing proof for this unique character is the synthesis of

monodisperse defect-free, three-dimensional polymers with molecular

weights in excess of half a million Dalton.

(iv) It is a characteristic feature of the polyphenylene dendrimers that in the course

of their synthesis a large variety of functional groups can be site-selectively

placed in the core, in the scaffold, or on the surface of the dendrimers. It is this

property that qualifies the PPDs as unique functional nanoparticles with

perfect nanosite definition of their functional groups.

(v) An illustrating example of complex functional nanoparticles is awhole family

of functional multichromophores, which can serve for example in light-

harvesting systems, single photon emitters, and bioassays.

(vi) Polyphenylene dendrimers, due to their molecular design create a lot of empty

space in their interior, giving rise to unique host–guest interactions, which can

be best utilized in sensor fabrication.

(vii) The ability of carrying a payload of organic molecules is tightly connected

with solubility and mobility of dendrimers in organic or aqueous media or

across a membrane. There, the controlled surface modification, for example,

by grafting reactions under formation of polyelectrolyte shells is highly

relevant. Here again, the structural perfection and functional versatility of

PPDs are of utmost importance.

These few points outlined above do not define the end of the polyphenylene dendrimer

story, but rather open numerous opportunities for further work, some of which are be

mentioned below:

(i) While it is possible to build electrolyte functions into the interior or onto the

surface of a strongly hydrophobic polyphenylene dendrimer, it is challeng-

ing to have one single cationic or anionic function in the dendrimer. This is

already the case in the Ru2þ -centered PPDs. The idea is to surround a single
charge by rigid, unpolar encapsulation, which would create totally new

questions for the chemistry and physics of ion pairs.

(ii) Decorating PPDs with multiple cationic charges leads to opportunities of

making polyelectrolyte–polyelectrolyte complexes for example with DNA

molecules. The resulting question of DNA transfection into cells strongly

suggests a comparison between surface functionalized dendrimers and other

viral and nonviral DNA carriers.

(iii) The endcapping of surface functionalized dendrimers allows the simulta-

neous introduction of functional groups which would otherwise avoid each

other, such as polar and unpolar or alkyl and perfluoro alkyl moieties. This
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will again create exciting questions regarding solute–solvent interactions

and transport properties.

(iv) Polyphenylene dendrimers are carbon-rich macromolecules, although the

benzene repeat units are not in conjugative interaction. In the case of

properly chosen topologies, the dendrimers can be transformed into giant

graphene molecules by an oxidative cyclodehydrogenation. This leads to a

whole new family of graphene molecules with outstanding electronic and

self-assembly properties.

These few examples are far from complete. They aremeant to encourage the reader to

follow the current literature since there is more to come.
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[14] R. E. Bauer, A. C. Grimsdale, K. Müllen, Top. Curr. Chem. 2005, 245, 253.

[15] A. J. Berresheim, M. Müller, K. Müllen, Chem. Rev. 1999, 99, 1747.
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2003, 59, 3925.

[81] A. L. Linsebigler, G. Q. Lu, J. T. Yates, Chem. Rev. 1995, 95, 735.

[82] R. Wang, K. Hashimoto, A. Fujishima, M. Chikuni, E. Kojima, A. Kitamura,

M. Shimohigoshi, T. Watanabe, Nature 1997, 388, 431.

[83] H. J. Snaith, L. Schmidt-Mende, Adv. Mater. 2007, 19, 3187.
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6.1 INTRODUCTION

In light of their unique molecular structure, dendrimers have attracted increasing

attention in the past years and the design of functional dendrimers is an area with

unlimited possibilities for fundamental newdiscoveries and practical applications [1].

Of the various electro- and photoactive chromophores used in dendrimer chemistry,

C60 appears to be a versatile building block and at present a growing interest is

developing in fullerene-functionalized dendrimers, that is, fullerodendrimers [2,3].

In particular, the unusual chemical and physical properties of fullerene derivatives [4]

make fullerodendrimers attractive candidates for a variety of interesting features in

supramolecular chemistry and materials science. Dendritic structures have been used

as supramolecular receptors for fullerenes or as templates for the self-assembly of

fullerene-rich nanostructures [5]. C60 itself is also a convenient core for covalent

dendrimer chemistry [6,7]. Furthermore, examples of dendritic structures with

fullerene units at their surface or with C60 spheres in the dendritic branches have

been reported [7]. These different aspects of dendrimer chemistry with fullerenes will

be presented therein. The aim of this chapter is not to show an exhaustive review on

such systems but to present significant examples to illustrate the current state-of-the-

art of fullerene chemistry for the development of new functional dendrimers. In

particular, specific features resulting from the dendritic structures will be highlighted.

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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6.2 SUPRAMOLECULAR CHEMISTRY WITH FULLERENES

AND DENDRIMERS

In light of their multifunctionality and specific shape, dendrimers are attractive

candidates for applications in fullerene supramolecular chemistry [8]. Several

approaches are possible when using such architectures for the complexation of

fullerene derivatives. Indeed, all three topologically distinct regions (core, branching

shell, and surface) of dendrimers can be used for associationwith fullerene substrates.

6.2.1 Host–Guest Chemistry with Fullerenes and Dendrimers

The formation of host–guest complexes between C60 and various dendritic receptors

has been reported [9,10]. For example, Shinkai and coworkers have shown that the

branching shell of polybenzyl ether dendrimers is capable of providing the space size

for the inclusion of C60 [9]. In particular, polybenzyl ether dendrimers with a

phloroglucinol central core (Figure 6.1) have been investigated in organic solvents,

by means of 13C-NMR and UV-vis spectroscopy.

The formation of complexes between [60]fullerene and 1–3 in toluene solutionwas

followed by the continuous changes observed in the UV-vis spectra upon successive

additions of dendrimers to solutions of fullerene. Assuming a 1:1 stoichiometry, the

association constants (Ka) for the binding of C60 to 1, 2, and 3 were estimated to be

5� 2, 12� 1, and 68� 4M�1, respectively [10]. The increase of the Ka values in

parallel with the generation number of the dendrimers, has been attributed to the

increasing number of aromatic units, thus allowing a higher number of p–p inter-

actions with the fullerene sphere. However, the authors also believed that along the

series the interior space of the dendrimers tends to approach the appropriate size for

the inclusion of C60. Therefore, they assumed that the internal cavity within the

dendrimers becomes more suitably defined as the dendrimer becomes larger. In order

to provide more accurate evidence, 13C-NMR studies were also carried out. In

toluene-d8 at 25�C, the 13C-enriched (10–15%) C60 peak was observed at

143.200 ppm, which was shifted to 143.197 ppm in the presence of an equimolar

amount of 3.Whereas the change in chemical shift was not very informative at 25�C, it
appeared significant at �60�C when the exchange became slower (from 143.232 to

142.942 ppm in the presence of 3). Several peaks in 3were also shifted but the largest

shift was observed for the phloroglucinol carbons. These results suggest that the C60

guest mainly resides in the space present around the phloroglucinol moiety. A similar

trend in the chemical shift change was also observed for the complexation with 1 and
2, but the magnitude was smaller than that observed for 3. These important

observations were in full agreement with their hypothesis that the interior space of

the branching shell located close to the central core of the polyaryl ether dendrimers is

capable of providing the space size necessary for the inclusion of [60]fullerene.

Several macrocyclic host systems have been used as supramolecular receptors for

fullerenes, among them cyclotriveratrylene (CTV) derivatives [11]. Even if the shape

and the dimension of the CTV macrocycle appears well predetermined for the

complexation of the fullerene sphere, the binding constants for C60 found in organic
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solvents with CTV derivatives are typically quite low [10]. This may be related to the

fact that only a small part of the C60 surface is actually in contact with the cavity of the

macrocyclic CTV receptor. Based on the results obtained with dendrimers 1–3, CTV

derivatives bearing polybenzyl ether dendrons should actually provide an internal

cavity capable of interacting with the main part of the fullerene’s surface. Therefore,

one can expect that the surrounding dendritic branches will be able to increase the

inclusion abilities of the CTV central core for fullerenes. Dendritic CTV derivatives

4–7 (Figure 6.2) have been prepared and their inclusion abilities for C60 systemat-

ically investigated [12].

The formation of host–guest complexes between C60 and 4–7 was shown by the

continuous changes observed in the UV-vis spectra upon successive additions of the

host to C60 solutions [10]. Treatment of the titration data with the Benesi-Hildebrand

equation gave the association constants values reported in Table 6.1. For all the

FIGURE 6.1 Dendrimers 1–3 used for the complexation of C60.
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dendritic CTV derivatives, Job’s plot provided good evidence for 1:1 complex

formation in solution. The formation of host–guest complexes in CH2Cl2 or C6H6

solutions betweenmethanofullereneC61(CO2Et)2 (Figure 6.2) and the dendriticCTV
derivatives was also investigated. The association constant values, determined by

standard UV-vis titrations, are summarized in Table 6.1.

Interestingly, in both solvents and for both substrates, the Ka values are signif-

icantly increased as the generation number of the dendritic substituents is increased.

Therefore, the surrounding dendritic branches appear to be able to increase the

FIGURE 6.2 Dendritic receptors 4–7 with a CTV core and guest C61(CO2Et)2.

TABLE 6.1 Association Constants Ka (M
�1) from UV-vis Binding Titrations for 1:1

Complexes of C60 and C61(CO2Et)2 to 4–7 in CH2Cl2 and C6H6 at 298K
a

C60 C61(CO2Et)2

CH2Cl2 C6H6 CH2Cl2 C6H6

4 85� 20 %b 90� 30 %b

5 120� 20 115� 15 130� 20 110� 30

6 200� 10 190� 20 190� 20 180� 20

7 340� 20 345� 20 300� 30 290� 30

aThe association constantsKa have been determined bymonitoring the variations of absorbance at different

wavelengths in the 430–445 nm region where the strongest spectral changes are observed. Identical results

within the error range in duplicate and triplicate runs were obtained, and average values are reported.
bNot determined due to the poor solubility of 4 in C6H6.
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inclusion abilities of the CTV central core for fullerenes. This effect could be

attributed to additional electronic donor–acceptor p–p interactions between the

polyaryl ether dendrons and the fullerene guest. However, it is also believed that

the additional phenyl subunits are not the sole explanation for the observed effect; the

dendritic structure itself must play an important role for the binding of C60 as shown

with 1–3. The CTV core itself is a poor receptor for the complexation of fullerenes in

solution and its functionalization with polybenzyl ether dendrons is capable of

generating an internal cavity with more appropriate shape and dimension for

interactions with the fullerene guest. This effect is more pronounced as the size of

the dendritic substituents is increased. As a result, the Ka values increases when the

surrounding dendrons become larger. Based on this observation, Nierengarten and

coworkers have shown that the properties of CTV–C60 supramolecular complexes can

also be modulated by the nature of the surrounding dendrons (Figure 6.3). On the one

hand, CTVderivativeswith peripheral triethyleneglycol chains have been used for the

preparation of CTV–C60 complexes soluble in water thus making them interesting

candidates for biological applications [13]. On the other hand, by using a CTV

derivative surrounded with long alkyl chains, a liquid-crystalline CTV–C60 host–

guest complex was obtained thus showing that the supramolecular chemistry of

fullerenes can be used for the preparation of ordered fullerene assemblies easy to

process for applications in materials science [14,15].

6.2.2 Self-Assembly of Fullerenes on Dendritic Templates

C60 itself and simple fullerene derivatives have been assembled on dendritic templates

by using purely electrostatic interactions. For example, Astruc and coworkers have

taken advantage of the electrochemical properties of C60 to assemble a fullerene-rich

supramolecular dendritic structure [16]. When a toluene solution of C60 (64 equiv.)

was added to an acetonitrile solution of the 64-Fe(I) dendrimer 10 (1 equiv.), a black

precipitate of 11 was obtained (Figure 6.4). Tentative extraction of this precipitate

with toluene yielded a colorless solution, thus indicating that no C60 was present. The

M€ossbauer spectrum of this black solid 11 is a clean quadrupole doublet whose

parameters at 77K are consistent with the presence of an Fe(II) sandwich complex. Its

EPR spectrum recorded at 298K shows the characteristic feature observed for amodel

compound obtained from the reaction of C60 with the 19-electron complex [Fe(I)Cp

(Z6-C6Me6)] [17]. It can thus be concluded that C60 has been reduced to its

monoanion, as designed for a process that is exergonic by 0.9 eV. The peripheral

cationic Fe(II) units with their C60
� counteranion being very large, they are most

likely located at the dendrimer periphery, presumably with rather tight ion pairs

although the number of fullerene layers and overall molecular size are unknown.

Another system based on electrostatic interactions has been reported by van Koten

and coworkers [18]. A core-shell dendrimer with a cationic tetra[bis(benzylammo-

nium)aryl] silane core has been used as a template for the assembly of fullerene-

carboxylate derivatives via a straightforward anion exchange reaction of [12]Br8with

Na[13] (Figure 6.5). In contrast to dendrimer 40, the supramolecular fullerene-rich

assembly [12][13]8 thus prepared is soluble in common organic solvents and its
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spectroscopic characterization was easily achieved. In the 1H NMR spectrum of a

solution of [12][13]8 in CDCl3, the diagnostic signals of both [12]8þ and [13]� can

clearly be observed. Furthermore, specific peak integrals show that the octa-cationic

dendritic moiety [12]8þ and the anions [13]� are present in a 1 to 8 molar ratio.

The UV-absorption spectrum of a solution of [12][13]8 in CH2Cl2 shows char-

acteristic absorption features that can be ascribed to the fullerene units as well as a

band diagnostic for the cationic dendrimer. Actually, the UV-absorption spectrum of

[12][13]8 matches the spectral profile of a 1 to 8 molar mixture of authentic [12]Br8
and the t-butyl ester of the [13]� carboxylate, which is unable to self-assemble. The

similarity of these spectra indicates that there are no significant ground state

interactions between the respective chromophores in the supramolecular complex

[12][13]8. The luminescence properties of solutions of [12][13]8 in CH2Cl2 were also

FIGURE 6.3 CTV receptors with different peripheral groups leading to supramolecular

systems with new properties upon complexation of C60.
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investigated and compared to the behavior of an isoabsorbing model mixture of

authentic [12]Br8 and the t-butyl ester derived from the [13]� carboxylate. Upon

excitation of the latter model mixture, in the UV-region where the main part of the

light is absorbed by the dendritic wedges of the octa-cationic moiety [12]8þ , the
characteristic emission of the polybenzyl aryl ether dendritic wedges is observed. In

contrast, complete quenching of this emission of [12]8þ is observed in [12][13]8,

which suggests that upon excitation intramolecular energy transfer occurs from the

lowest singlet excited state of the Fr�echet-type dendritic branch to the low lying

fullerene singlet excited state.

FIGURE6.4 Dendrimer 11 resulting from the reaction of 10 (1 equiv.) with C60 (64 equiv.) in

MeCN/PhMe at �30�C.
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The attractive van der Waals interaction of the fullerene sphere with the planar

p-surface of porphyrins has also been exploited to produce dendritic supramolecular

fullerene–porphyrin conjugates fromC60 andmultiporphyrins14–16 (Figure 6.6) [19].

FIGURE 6.5 Anion exchange reaction of [12]Br8 with Na[13] leading to the fullerene-rich

dendrimer [12][13]8.

FIGURE 6.6 Dendrimers 14–16 with peripheral porphyrin subunits.
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The supermolecules obtained from 14–16 and C60 have not been investigated in

solution but used to successfully construct light energy conversion systems according

to Kamat’s method [20]. For this purpose, nanoclusters were first prepared by

injecting a mixed toluene solution of 14–16 and C60 into an acetonitrile/toluene

mixed solvent system. The electronic absorption spectra of the colloidal suspensions

thus obtained are much broader than those of the starting toluene solutions, indicating

the formation of clusters in themixed solvent. Importantly, the broad long-wavelength

absorption in the 700–800 nm region is diagnostic of the charge-transfer absorption

band due to the complex formed between the peripheral porphyrin subunits of 14–16

and C60. Upon subjecting the resulting cluster suspension to a high electric dc field,

mixed 14–16/C60 clusters were deposited onto an ITO electrode covered with SnO2

nanoparticles (ITO/SnO2) to give modified electrodes (denoted as ITO/SnO2/

(14–16 þ C60)n). Photoelectrochemical measurements were performed in acetoni-

trile containing 0.5MLiI and 0.01M I2 with ITO/SnO2/(14–16 þ C60)n as a working

electrode and a platinum wire as a counter electrode. Photocurrent generation in the

present device is initiated by photo-induced charge separation from the porphyrin

excited singlet state (P�) in the dendrimer to C60 in the porphyrin dendrimer–C60

complex rather than by direct electron injection into the conduction band (CB) of the

SnO2 system, as illustrated in Figure 6.7. The reduced C60 (C60
� ) injects electrons

into the SnO2 nanocrystallites, whereas the oxidized porphyrin (Pþ ) undergoes an
electron-transfer reduction with the iodide in the electrolyte system.

Incident photon-to-photocurrent efficiency (IPCE) values of ITO/SnO2/(14–15 þ
C60)n/NaI þ I2/Pt devices exhibit a remarkable increase as compared with those of a

reference device prepared from a simple porphyrin derivative and C60. In particular,

the ITO/SnO2/(14 þ C60)n/NaI þ I2/Pt device has amaximum IPCE value of 15% as

well as an enhanced photoelectrochemical response in theUV-vis and near-IR regions

(400–1000 nm). It should be however noted that the IPCE value of the ITO/SnO2/

(14 þ C60)n/NaI þ I2/Pt device becomes smaller than the value of the reference

FIGURE 6.7 Energy-level diagram of light energy conversion systems using clusters of

supramolecular complexes of porphyrin dendrimers 14–16 with fullerene on nanostructured

SnO2 electrodes.
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device irrespective of the high generation. This has been explained by negative steric

effects in the higher generation, which partially inhibits the p–p interactions with C60.

Aida and coworkers [21] have reported the preparation of fullerene-rich dendritic

structures resulting from the apical coordination of C60 derivatives bearing pyridyl

moieties to dendritic molecules appended with multiple Zn(II) porphyrin units. For

example, compound 17 bound 18 strongly to form stable [(17)�(18)12] (Figure 6.8).
Upon titration with 18 in CHCl3 at 25

�C, 17 displayed a large spectral change in the
Soret and Q-bands, characteristic of the axial coordination of zinc porphyrins, with a

clear saturation profile at a molar ratio 18/17 exceeding 12. The average binding

affinity (K), as estimated by simply assuming a one-to-one coordination between the

individual zinc porphyrin and pyridine units, is 1.2� 106M�1. This value is more

than 2 orders of magnitude greater than association constants reported for mono-

dentate coordination between zinc porphyrins and pyridine derivatives [22]. The

sizeable increase of stability can be ascribed to the simultaneous coordination of two

Zn centers of 17 by the two pyridine moieties of 18. Similar increases in the
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FIGURE 6.8 Compounds 17 and 18 and schematic representation of the self-assembly

process leading to the fullerene-rich dendrimer [(17)�(18)12].
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association constants have been reported for supramolecular systems resulting from

the axial coordination of a bis-Zn(II)-porphyrinic receptor to substrates bearing two

pyridine subunits [23].

Supramolecular assembly [(17)�(18)12] combining C60 units and porphyrin moi-

eties [21] is also a photochemical molecular device. Indeed, the photophysical

properties of this system have been studied in detail and an almost quantitative

intramolecular photo-induced electron transfer from the photoexcited porphyrins to

the C60 units evidenced by means of steady-state emission spectroscopy and

nanosecond flash photolysis measurements. Excited-state dynamic studies have been

carried out to investigate both charge-separation and charge-recombination events in

[(17)�(18)12]. The charge-separation rate constants (kCS) and the charge-recombina-

tion rate constants (kCR) have been thus deduced. Importantly, the kCS/kCR ratio for

[(17)�(18)12] is more than an order of magnitude greater than those reported for

precedent porphyrin-fullerene supramolecular dyads and triads [24]. It is obvious that

a larger number of the fullerene units in [(17)�(18)12] can enhance the probability of
the electron transfer from the zinc porphyrin units. However, in addition to this, one

can also presume that an efficient energy migration along the densely packed Zn(II)

porphyrin array [21] may enhance the opportunity for this electron transfer.

6.3 COVALENT FULLERENE-CONTAINING DENDRIMERS

6.3.1 Dendrimers with a Fullerene Core

C60 itself is a convenient core for dendrimer chemistry [6] and the functionalization of

C60 with a controlled number of dendrons dramatically improves the solubility of the

fullerenes [25–31]. Furthermore, variable degrees of addition within the fullerene

core are possible and its almost spherical shape leads to globular systems even with

low-generation dendrons [32]. In this respect, fullerene hexakis-adducts with a Th-

symmetrical octahedral addition pattern are of particular interest [33]. Whereas such

compounds can be prepared in good yields from relatively simple malonates [33],

structurally more complicated systems are generally obtained in rather low yields. In

order to overcome this problem,Nierengarten and coworkers have recently developed

a simple C60 hexakis-adduct derivative bearing 12 alkyne subunits and shown that the

copper-mediatedHuisgen 1,3-dipolar cycloaddition of azides and alkynes resulting in

1,2,3-triazoles is an ideal tool to efficiently produce dendritic hexa-substituted

fullerenes 19 and 20 (Figure 6.9) [34,35].

The 1,2,3-triazole-linked fullerodendrimers 19 and 20 were thus obtained in

good yields. It is worth noting that a first-generation dendritic C60 hexa-adduct

similar to 19 was already reported by Hirsch and coworkers [32]. The latter was

obtained in a low yield (5%) from C60 and the corresponding dendritic malonate,

furthermore preparative HPLC was required for its purification. In contrast, com-

pound 20was prepared in a good yield (84%) and its purification was easily achieved

on a silica-gel column. Furthermore, the second-generation derivative (20) was

also obtained in a good yield (67%) under the copper-mediated Huisgen reaction
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FIGURE 6.9 Dendritic fullerene hexakis-adducts 19 and 20 with a Th-symmetrical octahe-

dral addition pattern.
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conditions. Actually, the preparation of such a second-generation fullerodendrimer

would be nearly impossible from the corresponding malonate and C60.

Specific advantages are brought about by the encapsulation of a fullerenemoiety in

the middle of a dendritic structure [36]. For example, the shielding effect resulting

from the presence of the surrounding shell has been found useful to obtain amphiphilic

derivatives with good spreading characteristics [37–39]. Effectively, the dendrons

provides a compact insulating layer around the carbon sphere capable of preventing

contact between neighboring fullerenes when the film is compressed, thus the

irreversible aggregation usually observed for amphiphilic fullerene derivatives cannot

occur. As part of this research, Nierengarten and coworkers have reported the

synthesis of diblock globular fullerodendrimers 21–23 with hydrophobic chains on

one hemisphere and hydrophilic groups on the other one [40] (Figure 6.10). Actually,

the hydrophobic/hydrophilic balance of these dendrimers has been systematically

modified by changing the size of the polar-head group in order to investigate the role

FIGURE 6.10 Dibloc fullerodendrimers 21–23.

COVALENT FULLERENE-CONTAINING DENDRIMERS 173



of the amphiphilicity at the air–water interface and during the deposition onto

solid substrates.

Langmuir films have been obtained with dendrimers 21–23. Regardless of its size,

the polar-head group of these compounds is responsible for an attractive interaction

with the aqueous subphase thus forcing the molecules toward the water surface in a

two-dimensional arrangement. The pressure/area (P/A) isotherms of fullerodendri-

mers 21–23 are depicted in Figure 6.11. The four compounds exhibit a similar

behavior: the surface pressureP increases smoothly at molecular areas between 400

and 500A
� 2 before taking a sharper rise between 250 and 350A

� 2, depending on the

compound. The general shape of the isotherms indicates that the films are at first in a

liquid-condensed phase. Final molecular areas A0 extrapolated at zero surface

pressure are 320� 3 (21), 295� 3 (22), and 280� 3A
� 2 (23) in good agreement with

the value that can be estimated by molecular modeling. Interestingly, the A0 values

decreasewhen the size of the polar-head group increases. The latter observation could

be ascribed to a conformational change in the dendritic structure when the anchoring

on the water surface is stronger. The repulsion of the C12H25 terminated dendrons

from thewater surface must be more effective in the case of 22 and 23 and, as a result,

the molecules adopt a more compact structure. In other words, the two C12H25

terminated dendritic branches are forced to wrap the fullerene core. In contrast, for

compound 21, the dendritic structure may be less densely packed around the central

fullerene core due to theweaker anchoring on thewater surface. This model is further

supported by observations done on the LB films prepared from the Langmuir films of

compounds 21–23 (see below).
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FIGURE6.11 Pressure/area isotherms of compounds 21–23 taken on purewater at 20�C.The
collapse pressure increases with the size of the polar-head group.
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Using the LB technique, it has been possible to transfer the Langmuir films made

from 21–23 and to obtain multilayers on solid substrates. In accordancewith previous

observations, transfer is more efficient upon increasing the size of the polar-head

group. The excellent quality of the LB films prepared from these amphiphilic

dendrimers is deduced from the plot of their UV-vis absorbance as a function of

the layer number that results in straight lines, indicating that the films obtained from

21–23 grow regularly. Themain feature of the UV-vis spectrum of the LB film of 21 is

the broadening of the absorption in the filmwhen compared to the solution. The latter

observation is indicative of fullerene–fullerene interactions resulting from contacts of

carbon spheres among neighboring layers. Remarkably, a clear evolution can be seen

by going from 21 to 23: the broadening of the absorption spectrum seen for 21 is

almost vanished for 22 and 23. Actually, the UV-vis spectra of LB films of 22 and 23

are close to the ones recorded in CH2Cl2 solutions suggesting limited fullerene–-

fullerene interactions within the LB film. This observation is in full agreement with

the more compact structures proposed for 22 and 23 at the air–water interface when

compared to 21. In summary, the Langmuir studies of fullerodendrimers 21–23 have

revealed a conformational change in the dendritic structure with the size of the polar-

head group. Due to a better anchoring onto thewater surface, the compounds with the

largest polar-head groups adopt a more compact structure and the dendritic branches

are forced towrap the fullerene core. This model is nicely confirmed by the amount of

fullerene–fullerene interactions within the LB films deduced from their absorption

spectra. On the one hand, the results obtained in this systematic study show some of

the fundamental architectural requirements for obtaining stable Langmuir films with

amphiphilic dendrimers. On the other hand, it is worth noting that the fullerene

chromophores are almost completely isolated from external contacts by the dendritic

structure thus paving the way toward ordered thin film of isolated functional

molecular units. This appears to be an important finding for future nanotechnological

applications, in particular for data storage at a molecular level.

Although the incorporation of fullerenes in thin ordered films has been extensively

studied during the past few years, liquid crystal ordering of such materials has been

probed to a much lesser degree. Indeed, the fullerene sphere is a quite largemolecular

unit and the preparation of fullerene-containing liquid crystals appears to be difficult.

Deschenaux and coworkers [41] have shown that the functionalization of C60 with a

malonic ester bearing two mesogenic cholesterol subunits resulted in a fullerene

derivative with liquid-crystalline properties. However, the mesomorphic behavior of

this fullerene derivative is limited in comparison with that of the corresponding

malonic ester precursor due to the presence of the C60 core that acts as a bulky spacer

between the two mesogenic units. The same group has shown that a dendritic addend

exhibits similar mesogenic properties as those of the corresponding fullerene-

functionalized dendrimer 24 [42] (Figure 6.12). In this case, the C60 core of 24 is

buried in themiddle of the dendritic structure and thus prevents unfavorable effects of

the C60 unit such as aggregation or steric hindering. Therefore, incorporation of

fullerenes into well ordered structures can be easily achieved.

The concept developed to elaborate fullerene-containing thermotropic liquid

crystals, that is, grafting dendritic mesogenic subunits onto the C60 core, was
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successfully extended to produce several other series of fullerene-containing deri-

vatives with mesomorphic properties [43,44]. For example, dendritic liquid-crystal-

line fulleropyrrolidines 25–28 were synthesized from the corresponding aldehyde-

based dendrimers and sarcosine by applying a 1,3-dipolar cycloaddition reaction [45]

(Figure 6.13). With the exception of the first-generation dendrimer (25), which was

found to be nonmesomorphic, all fullerene-based dendrimers gave rise to a smectic A

phase. Indeed, the mesogenic moiety in 25 is not large enough to prevent the steric

effects generated by the bulky fulleropyrrolidine framework thus showing the

importance of the dendritic structure to obtain liquid-crystalline fullerene-based

materials.

The versatility of the 1,3-dipolar cycloaddition reaction [46] is also an ideal

platform for the introduction of various functional groups onto mesomorphic full-

erenes. For example, this strategy was applied to the design of liquid-crystalline

fullerenes bearing oligophenylenevinylene (OPV) subunits 29 and 30 (Fig-

ure 6.14) [47]. Fullerene derivatives 29 and 30 gave rise to smectic A phases.

Compounds 29 and 30 exhibit similar results indicating that the overall behavior

is mainly governed by the second-generation dendritic framework in agreement with

results obtained for the above-described fullerene-containing liquid-crystalline den-

drimers. The functionalization of C60–OPV conjugates with a dendritic mesogenic

group allows the liquid-crystalline ordering of such donor–acceptor systems that

present all the characteristics required for photovoltaic applications [48,49]. Indeed,

the use of liquid-crystalline C60–OPV conjugates could be of particular interest since

such materials would spontaneously form ordered assemblies that could then be

oriented and lead to high-performance thin films.

Dendrimers with a fullerene core appear also to be appealing candidates

to demonstrate the shielding effects resulting from the presence of the surrounding

dendritic shell [50]. Effectively, the lifetime of the first triplet excited state of fullerene

derivatives is sensitive to the solvent [50]. Therefore, lifetime measurements

in different solvents can be used to evaluate the degree of isolation of the central

FIGURE 6.12 Liquid-crystalline fullerodendrimer 24.
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FIGURE 6.13 Dendritic liquid-crystalline fulleropyrrolidines 25–28.
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C60 moiety from external contacts. With this idea in mind, two series of fulleroden-

drimers have been prepared (Figure 6.15) [24,51,52]. In the design of these com-

pounds, it was decided to attach poly(aryl ether) dendritic branches terminated with

peripheral triethyleneglycol chains to obtain derivatives soluble in a wide range of

solvents [24,51,52]. The photophysical properties of 31–38 have been studied in

different solvents (PhMe, CH2Cl2, and CH3CN). The lifetimes of the lowest triplet

excited states are summarized in Table 6.2.

For both series of dendrimers interesting trends can be obtained from the analysis

of triplet lifetimes in air-equilibrated solutions [51,52]. A steady increase of lifetimes

is found by increasing the dendrimers size in all solvents, suggesting that the dendritic

wedges are able to shield, at least partially, the fullerene core from external contacts

FIGURE 6.14 Liquid-crystalline fullerene–OPV conjugates.

FIGURE 6.15 Fullerodendrimers 31–38.
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with the solvent and from quenchers such as molecular oxygen. It must be however

emphasized that the triplet lifetimes of 34 in the three solvents are rather different

from each other, likely reflecting specific solvent–fullerene interactions that affect

excited state deactivation rates. This suggests that, albeit a dendritic effect is

evidenced, even the largest wedge is not able to provide a complete shielding of

the central fulleropyrrolidine core in 34. The latter hypothesis was confirmed by

computational studies. The calculated structure of 34 reveals that the dendritic shell is

unable to completely cover the fullerene core. In contrast, the triplet lifetimes of

38 [52] in the three solvents lead toward a similar value suggesting that the fullerene

core is in a similar environment whatever the nature of the solvent is. In other words,

the C60 unit is, to a large extent, not surrounded by solventmolecules but substantially

buried in themiddle of the dendritic structure that is capable of creating a specific site-

isolated microenvironment around the fullerene moiety. The latter hypothesis is quite

reasonable based on the calculated structure of 38 showing that the dendritic branches

are able to fully cover the central fullerene core. The dendritic effect evidenced for

31–38was found to be useful to optimize the optical limiting properties characteristic

of fullerene derivatives. Effectively, the intensity dependant absorption of fullerenes

originates from larger absorption cross sections of excited states compared to that of

the ground state [53], therefore the increased triplet lifetime observed for the largest

fullerodendrimers may allow for an effective limitation on a longer time scale. For

practical applications, the use of solid devices is largely preferred to solutions and

inclusion of fullerene derivatives in sol–gel glasses has shown interesting perspec-

tives [53]. However, faster de-excitation dynamics and reduced triplet yields are

typically observed for fullerene-doped sol–gel glasses when compared to solu-

tions [53]. The latter observations are mainly explained by two factors: (i) pertur-

bation of the molecular energy levels due to the interactions with the sol–gel matrix

and (ii) interactions between neighboring fullerene spheres due to aggregation [53].

Therefore, the encapsulation of the C60 core evidenced by the photophysical

studies for both series of fullerodendrimers might also be useful to prevent such

undesirable effects. The incorporation of fullerodendrimers 31–34 in sol–gel glasses

has been easily achieved by soaking mesoporous silica glasses with a solution of

TABLE 6.2 Lifetime of the First Triplet Excited State of 31–38 in Air Equilibrated

Solutions Determined by Transient Absorption at Room Temperature

Compound t (ns) in PhMe t (ns) in CH2Cl2 t (ns) in CH3CN

31 279 598 %a

32 304 643 330

33 318 732 412

34 374 827 605

35 288 611 314

36 317 742 380

37 448 873 581

38 877 1103 1068

aNot soluble in this solvent.
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FIGURE6.16 Transmissionversus incident fluence at 532 nmof a sol–gel sample containing

compound 34.

31–34 [51,53]. For the largest compounds, the resulting samples only contain well-

dispersed fullerodendrimermolecules.Measurements on the resulting doped samples

have revealed efficient optical limiting properties [51]. The transmission as a function

of the fluence of the laser pulses remains nearly constant for fluences lower than 5mJ/

cm2 (Figure 6.16). When the intensity increases above this threshold, the effect of

induced absorption appears, and the transmission diminishes rapidly, thus showing

the potential of these materials for optical limiting applications.

C60 is also an attractive functional core for the preparation of light harvesting

dendrimers [54–60]. Effectively, its first singlet and triplet excited states are relatively

low in energy and photo-induced energy transfer events have been evidenced in some

fullerene-based dyads [61]. In particular, photophysical investigations of some

fulleropyrrolidine derivatives substituted with OPVmoieties revealed a very efficient

singlet–singlet OPV ! C60 photo-induced energy transfer [54,62]. Based on this

observation, dendrimers 39–41 with a fullerene core and peripheral OPV subunits

(Figure 6.17) have been prepared [63].

The photophysical properties of fullerodendrimers 39–41 have been first inves-

tigated in CH2Cl2 solutions. Upon excitation at the OPV band maximum, dramatic

quenching of OPV fluorescence is observed for all fullerodendrimers. At 394 nm

(corresponding to OPV band maxima) the molar absorptivities (e) of these full-

erodendrimers are 134,800M�1 cm�1 for 39, 255,100M�1 cm�1 for 40, and

730,400M�1 cm�1 for 41. Since the e of the ubiquitous N-methyl-fulleropyrrolidine

at 394 nm is only 7600 a remarkable light harvesting capability of the peripheral units

relative to the central core is evidenced along the series. UV-vis-NIR luminescence

and transient absorption spectroscopy have been used to elucidate in more details the

photo-induced processes in fullerodendrimers 39–41 as a function of the dendritic

generation and of the solvent polarity (toluene, CH2Cl2, benzonitrile), taking into

account that the free energy change for electron transfer is the same along the series

due to invariability of the donor–acceptor couple. In any solvents, all of the full-

erodendrimers exhibit ultrafast OPV ! C60 singlet energy transfer (kEnT ca.
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FIGURE 6.17 Fullerodendrimers with peripheral OPV units.

1010–1012 s�1). InCH2Cl2, a slightly exergonicOPV ! C60 electron transfer from the

lowest fullerene singlet level (1C60
�) is made possible (DGCS� 0.07 eV), but it is

observed, to an increasing extent, only in the largest systems 40 and 41 characterized

by a lower activation barrier for electron transfer. This effect has been related to a
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decrease of the reorganization energy upon enlargement of the molecular architec-

ture. Structural factors are also at the origin of an unprecedentedOPV ! C60 electron

transfer observed for 40 and 41 in apolar toluene, whereas in benzonitrile electron

transfer occurs in all cases.

6.3.2 Fullerene-Rich Dendrimers

Whereas the main part of the fullerene-containing dendrimers reported so far have

been prepared with a C60 core, dendritic structures with fullerene units at their surface

or with C60 spheres in the dendritic branches have been much scarcely considered.

This is mainly associated with the difficulties related to the synthesis of fullerene-rich

molecules [7]. Indeed the two major problems for the preparation of such dendrimers

are the low solubility of C60 and its chemical reactivity limiting the range of reactions

that can be used for the synthesis of branched structures bearing multiple C60 units.

Over the past years, several examples of fullerene-rich dendrimers have been

reported. These results will be summarized in the following sections.

6.3.2.1 Divergent Synthesis The divergent preparation of fullerodendrimers by

grafting C60 units on the peripheral reactive groups of commercially available

dendrimers is the easiest way to produce large dendritic structures. This synthetic

approach was applied to prepare compounds 42–44 (Figure 6.18) from fullerene

derivative 13 and polypropyleneimine (PPI) dendrimers [64].

The choice of the appropriate activating group for the carboxylic acid function of

the C60 building block 13 was the key to this synthesis. Effectively, the reaction

conditions for the activation stepmay not be strongly acid or basic to preserve the ester

functions. Furthermore, the grafting onto the dendritic polyamines requires an

extremely efficient reaction to obtain the corresponding functionalized derivatives

with good yields and to avoid the formation of defected dendrimers. The preparation

of the pentafluorothiophenolester derived from compound 13 and pentafluorothio-

phenol under N,N0-dicyclohexylcarbodiimide (DCC)-mediated esterification condi-

tions appeared as a good choice. Indeed, the reaction conditions for the preparation of

this activated acid are mild and the efficient grafting of pentafluorothiophenolesters

onto PPI dendrimers has already been reported [65]. The activated acid was obtained

in nearly quantitative yields by reaction of carboxylic acid 13 with pentathiofluor-

othiophenol in the presence of DCC and a catalytic amount of 4-dimethylaminopyr-

idine (DMAP). Subsequent reaction of the resulting pentafluorothiophenolester with

the PPI dendrimers of first-, second- and third generation in the presence of

triethylamine provided the corresponding dendritic derivatives 42–44 in good yields.

Owing to the presence of four pendant alkyl chains per fullerene moiety, compounds

42–44 are all well soluble in common organic solvents such as CH2Cl2, CHCl3, THF,

or toluene, and spectroscopic characterization was easily achieved. The 1H-NMR

spectra of dendrimers 42–44 show the typical pattern of the fullerene cis-2 bis-adduct

with the expected additional signals arising from the PPI skeleton. The integration

ratio are also consistent with the proposed molecular structures. The structure of 42

and 43 was further confirmed by MALDI-TOF mass spectrometry. The expected
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molecular ion peaks were clearly observed for both compounds. It should be pointed

out that no peaks corresponding to defected dendrimers were observed in the mass

spectra of 42 and 43, thus providing clear evidence for their monodispersity. For 44, a

high level of fragmentation prevented the observation of the expected molecular ion

peak and its monodispersity could not be unambiguously demonstrated.

6.3.2.2 Convergent Synthesis In the divergent strategy, dendrimers are con-

structed from the central core to the periphery [1]. In each repeat cycle, the n reactive

groups on the dendrimer periphery react with n monomer units to add a new

generation to the dendrimer. However, due to the increasing number of reactive

terminal units, defects in the structures appear rapidly. In the convergent strategy that

has been introduced by Hawker and Fr�echet [66], dendritic branches are first built up,
then attached to the central core in the final step. In this case, the number of coupling

reactions needed to add each newgeneration, usually 2 or 3, is the same throughout the

synthesis making defective products easier to separate. Whereas exactly the same

number of steps is required by using a divergent or a convergent approach for the

preparation of a given dendrimer, the convergent one appears to be more efficient for

the construction of monodisperse dendrimers. The first example of convergent

preparation of dendritic branches with fullerene subunits at the periphery has been

reported by Nierengarten and coworkers [67]. The synthesis of these fullerodendrons

FIGURE 6.18 Fullerene-rich dendrimers 42–44.
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is depicted in Figure 6.19. The starting fullerene derivative 13 is easily obtained on a

multigram scale and is highly soluble in common organic solvents owing to the

presence of the four long alkyl chains. The iterative reaction sequence used for the

preparation of the subsequent dendrimer generations relies upon successive DCC-

mediated esterification reaction with the A2B-building block 45 possessing two

benzylic alcohol functions and a protected carboxylic acid group followed by

cleavage of a t-butyl ester moiety under acidic conditions [67].

Reaction of diol 45 with carboxylic acid 13 under esterification conditions using

DCC, DMAP, and 1-hydroxybenzotriazole (HOBt) in CH2Cl2 gave the protected

dendron of second generation 46 in 90% yield. Hydrolysis of the t-butyl ester moiety

under acidic conditions then afforded the corresponding carboxylic acid 47 in a

quantitative yield. Esterification of 47 with diol 45 (DCC, HOBt, DMAP) afforded

the t-butyl-protected fullerodendron48 in 95%yield. Selective hydrolysis of the t-butyl

ester under acidic conditions afforded acid 7 in 97%yield. Dendrons 13, 47, and 49 are

easilypreparedonamultigramscaleandarehighlysoluble incommonorganicsolvents.

Following this first successful preparation of dendritic branches with peripheral

C60 subunits, Nierengarten and coworkers have reported several synthesis of full-

erodendrons having either peripheral C60 subunits (50) or containing C60 groups at

FIGURE 6.19 Preparation of fullerodendrons 46–49. Reagents and conditions: (i) 45, DCC,

DMAP, HOBt, CH2Cl2; (ii) TFA, CH2Cl2.
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each branching units (51) [68–70]. A few examples are shown in Figure 6.20. In all the

cases, the synthesis of the dendrons relies upon iterative the same iterative reaction

sequence (esterification/cleavage of a t-butyl ester) as the one used for the preparation

of 47 and 49.

FIGURE 6.20 Fullerodendrons 50 and 51.
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These fullerodendrons are interesting building blocks for the preparation of

monodisperse fullerene-rich macromolecules. For example, Nierengarten and cow-

orkers have prepared alkyne 53–55 by reaction of diol 52with fullerodendrons 13, 47,

and 49, respectively, under esterification conditions using DCC, HOBt, and DMAP

(Figure 6.21). The cyclotrimerization of the resulting dendronized bis-arylalkynes

was a perfect tool for the synthesis of fullerene-rich dendrimers 56–58 [71].

The reaction conditions for the cyclotrimerization were first optimized for the first-

generation compound. The choice of the appropriate catalyst was the key to this

synthesis. Indeed, Co2(CO)8 appeared as a good candidate. It is a known catalyst for

the cyclotrimerization of alkynes [72] andMart�ın and coworkers have shown that C60

is only reactive in the presence of Co2(CO)8 under Pauson–Khand conditions when a

very specific stereochemical orientation is possible [73]. It was effectively found that

Co2(CO)8 is an efficient catalyst for the preparation of compound 56 from alkyne 53.
Under optimized conditions, treatment of 53 with a catalytic amount of Co2(CO)8 in

dioxane at room temperature for 24 h afforded 56 in 93% yield. The same conditions

were used for the preparation of the highest generation compounds. The reaction of

the second-generation derivative 54was finished after one day and compound 57was

isolated in 62% yield. In contrast, the reaction of the highest generation precursor was

very slow,most probably as a result of steric effects. After 5 days, the startingmaterial

was not completely consumed but the reaction was stopped since significant

FIGURE 6.21 Preparation of fullerene-rich dendrimers 56–58. Reagents and conditions: (i)

13 (Gn¼ 1), 47 (Gn¼ 2), or 49 (Gn¼ 3), DCC,DMAP,HOBt, CH2Cl2; (ii) Co2(CO)8, dioxane.
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degradation was evidenced. After purification by column chromatography on SiO2

followed by gel permeation chromatography, compound 58 (Figure 6.22)was isolated

in 24% yield.

Having shown that the construction of dendrimers containing multiple C60

subunits is successful, the next challengewas to prepare fullerene-rich nanostructures

with newproperties.With this idea inmind, dendrimer 59with a bis(1,10-phenanthro-

line)copper(I) core has been prepared from fullerodendron 49 (Figure 6.23) [74].

The central core in 59 appears inaccessible to external contacts as shown by

molecular modeling and confirmed by electrochemical investigations [75]. Effec-

tively, the bulky fullerodendrons around the Cu center prevent its approach on the

electrode surface and its oxidation could no longer be observed. Furthermore, due to

the high number of fullerene subunits in 59, a strong shielding effect is observed and

only a small part of the incident light is available to the central core relative to the

periphery.Aphotophysical study revealed that the small portion of light energy able to

reach the central Cu(I) complex is returned to the external fullerenes by energy

FIGURE 6.22 Fullerene-rich dendrimer 58.
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transfer [75]. Therefore, one can conclude that the central core is buried in a dendritic

black box.

The dodecyloxy analogs of dendritic branches 13, 47, and 49 have also been

attached to anOPV core bearing two alcohol functions to yield dendrimers 60, 61, and

62 with two, four, or eight peripheral C60 groups, respectively (Figure 6.24) [76,77].

The photophysical properties of 60–62 have been systematically investigated in

solvents of increasing polarity, that is, toluene, dichloromethane, and benzonitrile.

Ultrafast OPV ! C60 singlet energy transfer takes place upon photoexcitation of the

OPVcore for thewhole series of dendrimers, whatever the solvent is. Electron transfer

from the fullerene singlet is thermodynamically allowed in CH2Cl2 and benzonitrile,

but not in apolar toluene. For a given solvent, the extent of electron transfer, signaled

by the quenching of the fullerene fluorescence, is not the same along the series, despite

the fact that identical electron transfer partners are present. By increasing the

FIGURE 6.23 Fullerene-rich dendrimer 59.
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FIGURE 6.24 Fullerodendrimers 60–62.
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dendrimer size, electron transfer is progressively more difficult. Practically no

electron transfer from the fullerene singlet occurs for 62 in CH2Cl2, whereas some

of it is still detected in the more polar PhCN. These trends can be rationalized by

considering increasingly compact dendrimer structures in more polar solvents [76].

This implies that the actual polarity experienced by the involved electron transfer

partners, particularly the central OPV, is no longer that of the bulk solvent. This

strongly affects electron transfer thermodynamics that, being reasonably located in

the normal region of theMarcus parabola, becomes less exergonic and thus slower and

less competitive toward intrinsic deactivation of the fullerene singlet state. This

dendritic effect is in line with the molecular dynamics studies that suggest that the

central OPV unit is more and more protected by the dendritic branches when

the generation number is increased. Actually, the calculated structure of 62 shows

that the two dendrons of third generation are able to fully cover the central OPV core.

6.4 CONCLUSIONS

Dendrimer chemistry and fullerenes crossed each other to give rise to a new

interdisciplinary field in which the imagination of chemists has allowed to design

and construct unprecedented molecular and supramolecular fullerene-based na-

noarchitectures. Substantial research efforts have been carried out to organize such

compounds onto surface as well as in liquid crystals. Owing to their special

photophysical properties, fullerene-based dendrimers are also good candidates for

evidencing dendritic effects or to produce original photoactive molecular devices.

Despite some remarkable recent achievements, it is clear that the examples discussed

herein represent only the first steps toward the design of fullerene-containing

macromolecules that can display functionality at the macroscopic level. More

research in this area is clearly needed to fully explore the possibilities offered by

these materials, for example, in nanotechnology or in photovoltaics.
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7.1 INTRODUCTION

Dendrimers offer a large number ofmolecular design possibilities. Inmany cases their

molecular frameworks can be described using a relatively small branching unit that

contains perhaps one or two simple functional groups. For instance, one can consider

that the commercially available poly(amidoamine) (PAMAM) dendrimers [1] are

composed of many repeating units of the type –CH2CH2N(CH2CH2CONH–)2, in

which a branching bifurcation exists at the tertiary nitrogen atom in the middle.

The corresponding functional groups, tertiary amine and amide, are integral

constituents of the molecular framework in this class of dendrimers. The internal

structure of the macromolecule becomes thus rather repetitive, although this does

not detract from some of their many fascinating properties. However, one of the

most interesting aspects of dendrimer chemistry is the possibility of placing

additional functional groups in well-defined locations within the dendrimer struc-

ture [2–7]. Of particular concern in this chapter are functional groups with redox

active or fluorescent properties.

The covalent attachment of redox active or fluorescent residues is in fact one of

the many possibilities involved in dendrimer functionalization. The most commonly

used methods involve either the functionalization of the dendrimer periphery with

multiple copies of the same residue or the functionalization of the core, from which
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the dendrimer structure is grown in all directions. In the latter case the growth of the

dendrimer framework will eventually insulate the functional core, leading to its

relative protection from other solutes or solventmolecules, which leads to the concept

of site isolation. While we have done some work with dendrimers functionalized on

their peripheries or at their cores, most of our dendrimer research has evolved in a

slightly different direction [8]. Our basic dendrimer design starts from a functional

group of interest (redox, fluorescent) towhich a dendron of variable size is covalently

attached (Figure 7.1). The resulting macromolecule is a functionalized dendrimer in

which the size of the attached dendron affects to some extent the microenvironment

around the functional group and, thus, some of its properties. As the dendron grows

and starts to fold back, it is reasonable to visualize situations in which the functional

group is partially or completely encapsulated by the dendritic framework. It is also

true that the functional groupmay have access to reacting partners in the solution, that

is, site isolationmay ormay not be complete (Figure 7.1). The direction of approach of

a reacting partner may also have a profound influence on the kinetics of the resulting

reaction. As an example, if we consider a redox active substrate connected to a

medium size or large dendron, the effective rate of any electron-transfer reactionswill

depend to a large extent on the direction of approach of the redox partner.

FIGURE 7.1 Schematic representation of an “open core” dendrimer composed of a redox or

fluorescent residue and a tri-lobed dendron of variable size (first to third generation).
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We have referred to this class of macromolecules as open core dendrimers [8] in

order to emphasize their similarities to core functionalized dendrimers, while also

highlighting that the functional residue on the focal point may remain accessible to

interactions or reactions with other solute molecules. It is also equally acceptable to

view these macromolecules as “dendronized” residues, to underline the fact that the

dendron component can be seen as a chemical substituent on the residue.

This chapter is organized to first summarize our research work on redox active or

fluorescent dendrimers based on this molecular design and highly related structures.

No attempt will be done here to provide an exhaustive review of the already

extensive literature on dendrimers functionalized with redox active or fluorescent

groups. The progress of the review will eventually lead us to the discussion of

dendrimers, which allow an interesting comparison of twomain classes of dendrons

that are frequently used in dendrimer research.

7.2 OPEN CORE DENDRIMERS BASED ON NEWKOME

DENDRONS

The general schematic structure presented in Figure 7.1 is interesting for a number of

reasons. In our own view, the most interesting aspect is that it combines the possibility

that the dendron may affect the microenvironment around the focal residue and the

possibility that this residue may still be accessible and reactive to substrates in the

solution. Furthermore, when considering reactive collisions between amacromolecule

of this kind and a smaller reactant, wemust recognize that a wide range of possibilities

exists. Given the large size of the macromolecule and the fact that the focal residue

occupies only a relatively small fraction of its surface, we anticipated that many

collisions will be unfruitful, as the reactant and the focal residue will not approach

enough to yield a reactive collision. This is particularly interesting as it quickly brings

tomind the behavior ofmany biological macromolecules. For instance, redox proteins

usually have the redox active group partially buried inside the protein framework. The

redox site is normally not centrally located in the protein structure (see Figure 7.2). In

FIGURE7.2 A schematic representation of horse heart cytochrome c showing the location of

its redox active site, partially buried inside the protein framework. (See the color version of this

figure in Color Plates section.)
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this way, the electrostatic character of the protein surface can be used to attract or repel

approaching electron-transfer partners either to the proximity or far away from the

protein’s redox active site, thus favoring or disfavoring the corresponding electron-

transfer reactions [9,10]. This approach is one ofNature’s preferredways to selectively

enhance or decrease rates of electron transfer, ensuring that electrons will move along

intended pathways. We believed that proper design with open core dendrimers would

allow the preparation of dendrimers with similar properties.

A key molecular design issue was the selection of dendrimer structure to

functionalize the focal residue in our open core dendrimers. Important considerations

for dendron selection are (i) ease of synthesis, (ii) space-filling ability, (iii) surface

composition, (iv) molecular rigidity, (v) polarity, and (vi) solubility, among others.

Whenwe started this work, the number of dendron possibilities was not very large and

we quickly selected amino triester building blocks, originally developed byNewkome

and coworkers [11,12] (see Scheme 7.1). These dendritic building blocks offered

some important advantages for our purposes. First, the synthesis seemed accessible

and readily adaptable to divergent and convergent schemes. The AB3 nature of the

building block and the lack of aromatic residues suggested good space-filling ability

and reasonable molecular flexibility. A number of possibilities were available

regarding the surface composition. These dendrimers are initially prepared as tert-

butyl esters, giving rise to hydrophobic surfaces. However, the ester functional groups

can be easily hydrolyzed to yield more polar carboxylic acid groups. One could

anticipate that water solubility might be achieved in neutral or basic solutions.

Furthermore, the reactivity of the terminal carboxylic acid groups can be used to

continue the dendrimer growth.

We introduced some modifications in the synthetic procedures developed by

Newkome’s group and prepared second- and third-generation analogs [13] of

Behera’s amine, and used them to prepare several series of dendrimers by attaching

the same functional group to the focal point of these amines. Thus, each series of

dendrimers consists of three macromolecules containing the same functional residue

SCHEME 7.1 Structure of the selected dendrimer building block.
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connected to Behera’s amine, its second- and third-generation analogs. An important

question that we must address is: Why stop at the third generation? Our answer is

based on two considerations. First, we wanted to work with well-defined molecules.

The third-generation dendrimer has 27 esters (or carboxylic acids) on the surface and

the fourth-generation analog would have 81 groups on the surface. In the latter case, it

becomes statistically much more difficult to guarantee that we are dealing with a

single molecular species, without any significant dispersion in the molecular weight.

Our mass spectroscopic data indicates that it is possible to prepare third-generation

dendrimers of this kind without detectable molecular weight distribution. Further-

more, we have observed in all cases very clear trends ofmolecular properties from the

first to the third generation, which has made it essentially unnecessary to reach the

fourth-generation dendrimers.

Figure 7.3 shows all the dendrimers that we have prepared with this general

structure. Dendrimers 1–3 and 4–6 are fluorescent as a result of the covalent

incorporation of dansyl and pyrene groups at their focal points. Dendrimers 7–24

are electroactive, that is, they undergo electrochemical reactions at accessible

FIGURE 7.3 Structures of all dendrimers prepared using Newkome dendrons.
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potentials owing to the incorporation of redox active residues, such as ferrocene,

4,40-bipyridinium (viologen) or cobaltocenium. Finally, dendrimers 25–27 contain

an ureidopyrimidine residue, introduced to express hydrogen bonding recognition

properties in these macromolecules. The fluorescent dendrimers were prepared for

investigation in aqueous solution, and thus, only the series of dendrimers containing

carboxylic acid groups on the periphery were of interest. In contrast to this, we

prepared both hydrophobic (tert-butyl esters on the surface) and hydrophilic

(carboxylic acids on the surface) series of the redox dendrimers for investigation

in aqueous and nonaqueous solvents. The ureidopyrimidine dendrimers (25–27)

were only prepared as tert-butyl esters, since the investigation of hydrogen bonding

interactions is best carried out in low polarity solvents, such as chloroform or

toluene. All these dendrimers were fully characterized by 1H- and 13C-NMR

spectroscopies, MALDI-TOF mass spectrometry, and other more specialized

techniques such as FTIR spectroscopy, voltammetric techniques, vapor pressure

osmometry, and so on.

7.2.1 Fluorescent Open Core Dendrimers

Dendrimers 1–3were prepared by reaction of dansyl chloride with the focal amine of

first- to third-generation Newkome dendrons [14]. Initially prepared with tert-butyl

ester groups on their surfaces, hydrolysis in formic acid produced the corresponding

dendrimers with terminal carboxylic acids. MALDI-TOF mass spectroscopic data

were extremely important for the characterization of these dendrimers, providing

confirmation of the purity of the amine building blocks and verifying the complete-

ness of the final hydrolysis process. The photophysical behavior of these macro-

molecules was investigated in joint work with the group of Professor Frank Bright, at

the University of Buffalo. Fluorescent measurements on the dendrimers (about 1 mM)

dissolved in aqueous buffer (pH 7.0) demonstrated that the dansyl residue is

progressively shielded from solvent molecules as the dendrimer generation

increases [14]. This is evidenced by the marked changes in spectral parameters

(Table 7.1), such as fluorescence quantum yields, excited-state fluorescence lifetimes,

radiative and nonradiative decay rates, and rotational correlation times. To provide

the ‘reader with an approximate measure of the hydrophobic character of the

TABLE 7.1 Selected Photophysical Parameters for Dansylamine (DA) and

Dansyl-Containing Dendrimers 1–3 in Aqueous Buffer (pH 7.0)

Compound labs (nm)a lfluor (nm)a Ff
b tf (ns)

c

DA 324 548 0.028 3.17

1 329 547 0.044 4.90

2 329 542 0.068 6.32

3 324 535 0.086 7.94

aWavelengths of maximum absorption and emission.
b Fluorescence quantum yield.
cExcited-state fluorescence lifetime.
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microenvironment surrounding the dansyl residue in the third-generation dendrimer

3, we note that its fluorescence quantum yield in aqueous buffer is statistically

identical to that exhibited by the model compound dansyl-lysine dissolved in 80:20

(v:v) H2O:dioxane mixtures.

The excited-state intensity decay kinetics for 1–3 are well described by single

exponentials in all cases [14]. Contrary to the common belief that lower generation

dendrimers are “floppy” species in solution, the molecular motions of these den-

drimers are described by a single rotational reorientation time. This is probably the

result of the ionization of the peripheral carboxylic acids in the neutral pH solutions

used in these experiments. The ionized, negatively charged carboxylates give rise to

internal electrostatic repulsions, which are likely to be responsible for the molecular

rigidity exhibited by these dendrimers.

The pyrenyl dendrimers 4–6 were prepared by reaction of the acid chloride of

pyrenebutyric acid with the same amine Newkome dendrons, followed by hydrolysis

of the peripheral tert-butyl ester groups [15]. The photophysical behavior was also

investigated in pH 7.0 phosphate buffer solution. In analogy to the behavior of the

dansyl dendrimers, fluorescence quantum yields and excited-state fluorescence

lifetimes were observed to increase with dendrimer growth, again indicating that

the fluorescent pyrenyl residue is gradually shielded from solvent molecules as the

attached Newkome dendron increases in size. This work was extended by inves-

tigation of the fluorescence quenching of the pyrenyl dendrimers by a wide variety

of molecular (nitromethane, acrylamide, N,N0-dimethylaniline, and methyl iodide)

and ionic (iodide and cupric ions) quenchers to assess the relative structural

permeabilities of the macromolecules 4–6. With the exception of quenching by

Cu2þ , we observed classic Stern–Volmer behavior in all fluorescence quenching

experiments [15]. The recovered Stern–Volmer quenching constants and bimolec-

ular quenching rate constants generally decrease with dendrimer size. This is

rationalized by blocking of the pyrenyl residue by the growing dendrimer frame-

work. The decrease is particularly dramatic for the anionic quencher iodide (I� ),
which is attributed to the electrostatic repulsions between the quencher and the

terminal COO� groups on the dendrimer surface. Quenching by Cu2þ is incon-

sistent with diffusion control. In fact, we demonstrated that the Cu2þ ions bind to the

anionic dendrimer surface.

This research work with the two series of fluorescent dendrimers shown in

Figure 7.3 shows that growth of the Newkome dendron, even in the limited range

from first to third generation, is enough to affect the microenvironment around the

fluorophore, slightly increasing its hydrophobic character in aqueous solution. These

findings provide some initial validation of our molecular design, in the sense that

dendrimer growth leads to some extent of back folding and measurable effects on the

photophysical properties of these macromolecules.

7.2.2 Electroactive Open Core Dendrimers

From the beginning of our dendrimer work, we had considerable interest on their

functionalization with redox active residues to make possible the investigation of
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heterogeneous electron-transfer processes involving these macromolecules. Some of

our reasons have been described before in this chapter, especially those related to

biological mimicry. We were also interested on the idea of detecting dendron back

folding and its effect on the microenvironment of the redox active residue through

electrochemical potential measurements. Finally, a powerful motivator for the

preparation of these dendrimers was the investigation of their heterogeneous rates

of electron transfer.

Our first series of electroactive dendrimers was prepared by reaction of chloro-

carbonylferrocenewith the amine Newkome dendrons, giving rise to the hydrophobic

series of macromolecules 7–9 [16]. These hydrophobic dendrimers were investigated

in dichloromethane solutions (about 1mM) also containing 0.1M tetrabutylammo-

nium hexafluorophosphate as the supporting electrolyte. Our data showed a very clear

effect of dendrimer generation on the half-wave potential (E1/2) for one-electron

oxidation of the ferrocenyl residue. As the dendron grows, the E1/2 value shifts to less

positive values, suggesting that the generation of positive charge is favored by the

dendritic mass [16]. This finding was rationalized by considering that the dendrimer

inner phase contains amide groups and its polarity is, thus, higher than that of the bulk

dichloromethane solution. As the dendron grows, it folds back and starts to affect the

microenvironment around the ferrocenyl residue, increasing its relative polarity and

leading to a greater thermodynamic ease for conversion from ferrocene (neutral) to

ferrocenium (þ 1 charge).

Voltammetric experiments were also performed to measure the standard rate

constants for electron transfer (ko) between the ferrocenyl residues in the dendrimer

and the electrode surface [13,16]. Our data show a clear tendency to lower ko values

with dendrimer growth. This trend has been commonly observed in redox core

dendrimers, in which dendrimer growth generally attenuates the electrochemical

rate constant [17]. Our hydrophobic ferrocenyl dendrimers (7–9) are no exception.

It is widely accepted that the decreased rate of heterogeneous electron transfer is due

to the longer average distance of maximum approach between the redox center and

the electrode surface, which is anticipated as the molecular weight of the macro-

molecule increases.

We also investigated dendrimers 10–12 in aqueous solution. Here the pH of the

solution becomes extremely important as the dendrimers go from bearing no charge

at acidic pH values to bearing a relatively large negative charge upon ionization, that

is, when the solution pH is neutral or basic. We were very interested on the

possibility of using this anionic charge development to orient the dendrimers on

the electrode surface. Experiments with bare gold electrodes showed that the

voltammetric parameters are rather insensitive to the solution pH. In order to

emphasize the electrostatic effects, we decided to experiment with gold working

electrodes derivatized with a monolayer of cystamine. These electrodes maintain a

positively charged surface throughout the pH range of our experiments (roughly

from pH 3 to 8), as the terminal amine group of cystamine remains fully protonated.

Under these conditions, we observed that the voltammetric behavior of the second-

generation dendrimer, compound 11, is strongly pH dependent [18]. At low pH,

when the dendrimer is fully protonated and uncharged, the one-electron oxidation of
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the ferrocenyl residue is clearly observed in square wave voltammetric (SWV)

experiments. This SWV peak is progressively broadened and eventually disappears

as the pH increases. At pH> 7 the voltammetric peak is no longer observed in the

surveyed potential range, but it fully develops again if the solution pH is decreased

again. This pH dependencewas shown to be completely reversible in several cycles,

suggesting that decomposition of the ferrocene residue is not behind the loss of

voltammetric response at high pH values. After additional experimentation we

concluded that the best rationalization of the data relies on the pH-dependent

electrostatic orientation of the dendrimer at the electrode solution interface [18]

(Scheme 7.2). At low pH, the dendrimer has no charge and can adopt a range of

orientations at the interface. In many of these, the ferrocenyl group faces the

electrode, which gives rise to relatively fast electron transfer. At high pH, the

dendrimer is negatively charged and electrostatic attraction between the positively

charged electrode surface and the negatively charged carboxylates on the dendrimer

surface orients the dendrimer in such away that the ferrocenyl group is kept far away

from the electrode surface. As a result, the electron-transfer rate is much slower in

this situation. This rationalization of the data is further supported by the fact that the

third-generation dendrimer, compound 12, shows similar behavior, while the first-

generation dendrimer, 10, is too small to show these pronounced orientation

effects [18].

The demonstration that open core ferrocenyl-containing dendrimers show a

pronounced pH controlled, interfacial orientation dependence on their rates of

heterogeneous electron transfer was a strong validation of our dendrimer design, as

it shows that these macromolecules exhibit properties similar to those of redox

proteins. We also studied the electrochemical behavior of hydrophobic (19–21) and

hydrophilic (22–24) cobaltocenium-containing dendrimers and the results were

similar to those obtained with the ferrocenyl systems [19]. The viologen-containing

SCHEME7.2 Cartoon representations of (a) unrestricted interfacial orientation of dendrimer

10 at low pH, and (b) electrostatically restricted orientation of dendrimer 10 at high pH, on

positively charged gold electrodes.
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dendrimers deserve a separate section as we investigated them in more detail, which

eventually led us in some new research directions.

7.2.3 Viologen-Containing Open Core Dendrimers

Viologens is the common name given to the salts of 4,40-bipyridinium dications.

These compounds undergo two consecutive one-electron reduction processes [20].

The first reduction yields a radical cation, which is typically deep blue, but becomes

violet upon dimerization. The radical cation can be further reduced at more negative

potentials to form a neutral, quinonoid species. These reductions are fully reversible,

from a chemical and electrochemical standpoint.

Our general interest in viologen derivatives led Carlos Peinador, a visiting

professor from Universidad de A Coru~na, Spain, to prepare a series of viologen

core dendrimers (compounds 28–30), using Fr�echet dendrons [21] to surround the

viologen nucleus [22]. The structures of these macromolecules are shown in

Figure 7.4. Investigation of their voltammetric behavior in acetonitrile solution

produced surprising results, as their electrochemical behavior was found to be fully

reversible (fast in the voltammetric time scale) as the size increases from first to third

generation. This was an unusual result, since electroactive core dendrimers had been

found to suffer a pronounced attenuation of electrochemical kinetics with dendrimer

growth [17]. Even considering that these dendrimers are not very large, their fast

electrochemistry was surprising in light of the existing body of literature data.

However, our results were confirmed by the simultaneous publication by Balzani

and coworkers of similar data on the same structures [23].

Intrigued by the voltammetric findings with compounds 28–30, we decided to

prepare viologen dendrimers using our open core design with Newkome dendrons.

We encountered problems with compound stability until we settled on a five-

methylene spacer between the viologen nucleus and the amide connection to the

focal point of the dendrimer (see structures 13–15 and 16–18 in Figure 7.3). This

spacer was not required in the case of ferrocene or cobaltocenium redox residues, and

we initially worried that it might diminish the effects of dendron growth on the

microenvironment of the viologen nucleus. However, our voltammetric data quickly

dispelled this notion, because the half-wave potentials showed a clear dependence on

dendron size [24]. In fact, the voltammetric behavior of compounds 13–15, as their

hexafluorophosphate salts, could be investigated in various solvents with a substantial

range of polarities, which was not possible with the ferrocenyl dendrimers due to

solubility limitations.

Figure 7.5 shows voltammetric data obtained from these solvent studies [24,25]. In

dichloromethane solution (Figure 7.5a), we observed that the first reduction potential

shifts to more negative values as the dendrimer grows. This clearly suggests that

dendritic growth differentially favors the dicationic versus the cationic form of the

viologen nucleus. This is the same trend recorded with the ferrocenyl dendrimers 7–9

in dichloromethane solution and suggests that, in both cases, the inner phase of the

dendrimer is more polar than the bulk dichloromethane solution. Thus, when the

dendrimer component grows the oxidation state with the highest positive charge is
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differentially stabilized. The same trend is observed in THF (Figure 7.5b) and, barely,

in acetonitrile (Figure 7.5c). However, this is no longer true in DMSO solution, where

the half-wave potentials showamodest trend in the opposite direction. From this set of

data, we concluded that themicroenvironment around the viologen nucleus is affected

by the growing Newkome dendron. The direction of the half-wave potential shift

observed as the dendron grows depends on the polarity balance between the inner

dendron phase and the bulk solution. Not surprisingly, we observed similar trends in

the half-wave potential data for the second one-electron reduction of the viologen

nucleus in dendrimers 13–15 [24,25].

FIGURE 7.4 Structures of viologen-core Fr�echet dendrimers.
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The voltammetric behavior of these dendrimers was also found to maintain

complete reversibility from the first to the third generation of growth at scan rates

as fast as 2.0 V/s [24]. Again, viologen dendrimers appear to resist the general trend to

exhibit slower electrochemical kinetics upon growth of the dendritic mass [17]. Due

to these findings we decided to prepare viologen-containing open core dendrimers

with Fr�echet dendrons [21] in order to compare their behavior to those prepared with

Newkome dendrons. Thus, we prepared two new series of viologen-containing

dendrimers [25] (Figure 7.6).

Not surprisingly, since these dendrimers can be considered to be approximately

half the size of dendrimers 28–30, their voltammetric behavior also remains perfectly

reversible at scan rates up to 2.0V/s. The fact that viologen-core Fr�echet dendrimers

28–30, open core Newkome dendrimers 13–15, and open core Fr�echet dendrimers

31–33 and 34–36 all show reversible voltammetric behavior, without any detectable

attenuation of electrochemical kinetics, constitutes a very interesting finding, as it

establishes a clear exception to the otherwise general attenuation of electrochemical

kinetics observed with core dendrimers containing other redox active groups [17].

Given that, at the potential values required to cause viologen reduction, the electrode
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FIGURE7.5 Half-wave potentials for the first one-electron reduction of dendrimers 13–15 as

a function of generation in (a) dichloromethane, (bB) THF, (c) acetonitrile, and (d) DMSO also

containing 0.2M tetrabutylammonium hexafluorophosphate as the supporting electrolyte.
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surface exhibits a negative charge density, we have speculated that the dicationic

viologen residue might be electrostatically attracted to the electrode surface. This

attraction may enforce interfacial dendrimer conformations that negate or minimize

the effect of dendrimer size, allowing the heterogeneous electron-transfer process to

remain fast enough so that the voltammetric behavior remains reversible.

An important feature of the molecular design of open core dendrimers is the

possibility of interactions between the functional residue at the macromolecule’s

focal point and reacting partners in the same solution. We have exploited this feature

to investigate host–guest binding interactions between the focal functional groups

(as dendronized guests) and freely diffusing hosts. For instance, we have investigated

in detail the binding interactions in aqueous solution between the b-cyclodextrin host
and the water-soluble dendrimers 1–3 [14] and 10–12 [13], as well as those between

the cucurbit[7]uril hosts and dendrimers 10–12 [26], 16–18 [27], and 22–24 [19] also

FIGURE 7.6 Viologen-containing, open core Fr�echet dendrimers.
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in aqueous media. The binding interactions of the viologen open core dendrimers

16–18with the cucurbit[8]uril host have allowed us to report interesting redox-based

methods to control the self-assembly of these dendrimers [27–29]. This body of work

has been the subject of other reviews [30,31], so we will not devote a lot of space to

these issues in this chapter. However, the well-known host–guest interactions

between dibenzocrown ether hosts and viologen guests in solvents of intermediate

polarity, such as acetonitrile, appeared as an interesting way to compare the

properties of viologen open core dendrimers based on Newkome (16–18) and

Fr�echet (31–33 and 34–36) dendrons. Therefore, we decided to determine the

corresponding equilibrium association constants (K) between these dendronized

viologens and bis-p-phenylene-24-crown-8 (BPP34C10, see structure in Scheme 7.3)

in acetone and acetonitrile solutions. The K values (Table 7.2) were determined by

recording the absorbance of the charge transfer band of the complex in titrations in

which the concentration of crown host was varied while maintaining the concen-

tration of dendrimer fixed. The measured absorbance values were fitted to a 1:1

binding isotherms using standard methods [25].

Several trends are clearly evident in the data. First, all complexes show higher K

values in acetone than in acetonitrile solution. This finding reflects the ion-dipole

nature of the main intermolecular forces holding the complexes together. The more

polar solvent, acetonitrile, solvates more effectively the positively charged nitrogen

atoms on the viologen and the oxygen atoms on the crown, decreasing the complex

stability. The stability of the BPP34C10 complexes with the open core Newkome

dendrimers (13–15) decreaseswith dendrimer growth. At the limit of this behavior, no

complex formation was observed between the third-generation dendrimer 15 and the

crown host in acetonitrile solution [25]. Afive-methylene tether connects theviologen

SCHEME 7.3 Binding of dendrimer 36 by BPP34C10 crown ether host.
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group to the focal point of the Newkome dendrons in 13–15. No such tether exists in

the Fr�echet dendrimers 31–36. Despite the closer proximity of the viologen group to

the dendrons in this case and in marked contrast to the behavior observed with 13–15,

the K values measured with the two series of Fr�echet dendrimers do not show any

decreasing trend as the dendron grows. If anything, dendron growth results in small

gains in complex stability with these two series of macromolecules. No significant

differences in the binding affinities were observed between the two series of Fr�echet
dendrimers, which differ in the structure of the substituents connected to the viologen

residue on the opposite side to the dendron.

The structure of the complex between BPP34C10 and methyl viologen is well

known [32,33]. Briefly, the crown’s oxygen atoms interact with the two positive

charges on the viologen while the two p-donor hydroquinol units on the crown

develop charge-transfer interactions with the p-acceptor bipyridinium residue.

Overall the crown encircles the viologen groups and the stability of the resulting

complex is rather modest, which facilitates the interference on the complexation

process by steric hindrance from the growing dendritic mass. Clearly, this is the case

with the Newkome dendrons, but Fr�echet dendrons fail to bring about similar effects.

The more rigid character of the polyaryl ether (Fr�echet) dendrons, built around the

1,3,5-substitution pattern on the phenyl ring, may lead to wedge-like dendron shapes,

which afford less effective encapsulation of the viologen residues as compared to the

more flexible Newkome dendrons. This interpretation is also supported by the very

small dendron size effects on the half-wave potentials for viologen reduction thatwere

recorded with dendrimer series 31–33 and 34–36 [25].

We conclude that the investigation of these host–guest binding interactions leads

to useful insights into the space filling and encapsulating properties of these two

very different, albeit popular, types of dendron that are often used in dendrimer

design.

TABLE 7.2 Equilibrium Association Constants (M�1) for Complex

Formation between the Host BPP34C10 and Viologen-Containing

Open Core Dendrimers at 25�C

Guest K (in acetone)a K (in acetonitrile)a

Methyl viologen 560 200

13 370 93

14 210 85

15 92 NBb

31 480 100

32 630 100

33 670 85

34 420 70

35 560 100

36 740 75

aError margin no larger than �12%.
bNo binding detected.
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7.3 HYBRID FRÉCHET–NEWKOME DENDRIMERS WITH A

VIOLOGEN CORE

Our interest inviologen-containing dendrimers and the differences noted above on the

space-filling properties of Newkome and Fr�echet dendrons led us to synthesize a new
series of dendrimers containing a dendron of each kind covalently attached to the

viologen nucleus [34] (see Figure 7.7). The synthesis of these dendrimers relied

on procedures previously reported by our group. Briefly, we first monoquaternized

4,40-bipyridinewith 6-bromohexanoic acid. The resulting intermediate still contains a

free nitrogen on the bipyridine nucleus to which Fr�echet dendrons (as bromides) can

be easily attached. Finally, the terminal carboxylic acid on the other end of the

molecule can be reacted with the amine Newkome dendrons, to give rise to the final

FIGURE 7.7 Structures of hybrid Fr�echet–Newkome dendrimers with a viologen core.
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hybrid dendrimer.We elected to designate these dendrimers as “hybrid” to emphasize

the fact that their structures combine two entirely different types of dendritic

components. Using first- to third-generation dendrons, we could prepare up to nine

unsymmetric dendrimers in this series, but we decided to prepare only the five

macromolecules shown in Figure 7.7, not only for reasons of economy but also

because we were able to answer a good number of questions related to the interplay

between the two types of dendrons with this selected set of dendrimers [34].

As anticipated the cathodic voltammetric behavior of dendrimers 37–41 is

characterized by the stepwise reduction of the viologen nucleus, which takes place

as two consecutive one-electron reduction processes. The half-wave potentials

measured in dichloromethane (DCM), tetrahydrofuran (THF), and acetonitrile (ACN)

are given in Table 7.3.

The potential values are clearly affected by dendron growth. The first reduction

half-wave potentials (E1/2
1) spread over a range of 110mVinDCMsolution, while the

covered range is narrower in THF and ACN [34]. The reason behind this is probably

related to the low polarity of DCM, which gives rise to the most pronounced polarity

contrast with the inner phase of the dendrons, particularly with the amide-rich and

polar Newkome dendrons. Therefore, the careful analysis of the potential values

recorded for these dendrimers in DCM solution is of substantial interest. First, we

should note that the E1/2
1 value is almost invariant in going from 37 to 38, where the

only change is the size of the Fr�echet dendron (first to second generation). Conversely,
from 38 to 39, there is a measurableDE1/2

1 of � 37mV, which is obviously due to the

growth of the Newkome dendron from first to second generation, while the Fr�echet
dendron is identical (second generation). Clearly the reduction potential is more

sensitive to Newkome dendron growth than to Fr�echet dendron growth. A more

pronounced size differential in the Newkome dendron, from dendrimer 37 to 40 leads

to a more acute potential shift of � 111mV. It is instructive to compare this DE1/2
1

value with that observed in going from 38 to 41 (� 52mV). In the latter case, the

potential shift results from replacing the first generation Newkome dendron by its

third-generation analogue while keeping the second generation Fr�echet dendron
unchanged. However, the magnitude of the potential shift is decreased (compared to

the DE1/2
1 value 37 to 40). This means that the growth of the Fr�echet dendron

TABLE 7.3 Half-Wave Potentialsa (E1/2
1 and E1/2

2 in V versus Ag/AgCl) for

dendrimers 37–41 Measured at 23�C in Organic Solutions Also Containing 0.1M

Tetrabutylammonium Hexafluorophosphate as Supporting Electrolyte

Solvent 37 38 39 40 41

DCM E1/2
1 � 0.240 � 0.240 � 0.277 � 0.351 � 0.292

DCM E1/2
2 � 0.755 � 0.764 � 0.722 � 0.821 � 0.784

THF E1/2
1 � 0.276 � 0.271 � 0.285 � 0.320 � 0.300

THF E1/2
2 � 0.676 � 0.676 � 0.685 � 0.706 � 0.708

ACN E1/2
1 � 0.325 � 0.322 � 0.345 � 0.369 � 0.358

ACN E1/2
2 � 0.754 � 0.756 � 0.770 � 0.776 � 0.772

aEstimated error margin for all potential values is �0.005V.
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modulates down the effects of Newkome dendron growth on the other side of the

viologen nucleus. Consistent with this conclusion, the DE1/2
1 value measured with

the open core viologen dendrimers 13–16 was � 140mV in DCM solution. In other

words, our data reveals that the first to third generation dendron-inducedDE1/2
1 value

is tempered by the steric bulk of the other viologen substituent. These findings

indicate that, in spite of its five-methylene tether to the viologen residue, Newkome

dendrons are effective at modifying the core’s microenvironment. The sign of

the recorded DE1/2
1 values in DCM solution is explained by the greater polarity

of the Newkome dendron inner phase, which differentially stabilizes the oxidation

states with the larger positive charges (þ 2 versus þ 1 in the first-reduction process

and þ 1 versus 0 in the second). The potential values recorded in THF and ACN

follow similar trends, although the magnitude of the potential shifts is generally

smaller [34].

We also assessed the standard rate constants for heterogeneous electron transfer

with these viologen core dendrimers. While the smaller dendrimers, 37–39, exhibit

essentially reversible voltammetric behavior, the two largest dendrimers 40 and 41

show measurably slower (quasireversible) voltammetric behavior [34]. These two

compounds are the largest molecular weight viologen core dendrimers ever studied

by our group and, thus, the loss of voltammetric reversibility is anything but

unexpected.

The voltammetric behavior of these hybrid dendrimers is interesting because it

allows us to compare the behavior of two different types of dendrons present in the

same macromolecule. The results are consistent with previous data obtained by our

group and suggest important differences in the rates of space filling and relative inner

polarities of Fr�echet and Newkome dendrons.

7.4 HYBRID FRÉCHET–NEWKOME DENDRIMERS WITH A

TRIAZINE CORE

Our interest on the preparation of dendrimer systems containing both Fr�echet and
Newkome dendrons eventually led us to consider triazine-based dendrimers of the

kind developed by Steffensen and Simanek [35], taking advantage of the differential

reactivity of trichlorotriazine (cyanuric chloride). This group and others [36] have

demonstrated that it is possible to sequentially replace one, two, or three of the chloro

substituents by controlling the temperature of the reaction. In our synthetic proce-

dures, we started by reacting cyanuric chloride with a Fr�echet dendron (in its –OH

terminated form) at 0�C in THF. In a second step, we reacted the resulting Fr�echet
dendronized dichlorotriazinewith an amineNewkome dendron in acetone solution (at

room temperature). This leads to the nucleophilic substitution of the second chloro

substituent and the attachment of the Newkome dendron to the triazine nucleus.

Finally, the last chloro substituent is replaced by treatmentwith aminoferrocene in dry

refluxing THF, yielding a triazine-based dendrimer containing three different sub-

stituents: a Fr�echet dendron, a Newkome dendron, and aminoferrocene [37]. The

resulting dendrimers are redox active due to the presence of the ferrocenyl residue.
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Nine different dendrimers are possible in this series, if we keep the size of the

dendronswithin the first to third generation. However, as before, we elected to prepare

only a set of four dendrimers (Figure 7.8), which were sufficient to understand their

properties in considerable detail.

We took advantage of the redox activity of the ferrocenyl group to investigate the

voltammetric behavior of these dendrimers in DCM and ACN solutions. The half-

wave potential values for one-electron oxidation of the ferrocene center are given in

Table 7.4.

In dichloromethane solution, growth of the Newkome dendron has a pronounced

effect on the half-wave potentials, which shift to less positive values as the dendron

FIGURE 7.8 Structure of the hybrid Fr�echet–Newkome dendrimers with a triazine core.

TABLE 7.4 Half-Wave Potentials (E1/2, V versus Ag/AgCl) and Standard Rate

Constants (ko, cm/s) at 25�C for the Oxidation of the Ferrocene Center in Hybrid

Dendrimers 42–45

42 43 44 45

E1/2 (CH2Cl2)
a 0.372� 0.002 0.318� 0.002 0.335� 0.001 0.376� 0.03

E1/2 (CH3CN)
a 0.317� 0.003 0.309� 0.003 0.307� 0.001 0.318� 0.001

ko (CH2Cl2)
a 0.086� 0.015 0.046� 0.008 0.018� 0.002 0.026� 0.005

aData obtained in the indicated solvent also containing 0.2M tetrabutylammonium hexafluorophosphate.

HYBRID FRÉCHET–NEWKOME DENDRIMERS WITH ATRIAZINE CORE 213



grows. For instance, replacement of the first generation (compound 42) by a second-

generation Newkome dendron (compound 43) causes an anodic shift of 54mV

in the E1/2 value [37]. In strong contrast to this, replacement of a first generation

(compound 42) by a third-generation Fr�echet dendron (compound 45) has no

measurable effect on the half-wave potential. In acetonitrile solution, the effect of

dendron replacements on the observed E1/2 values is much less pronounced, because

the polarity of the bulk solution is closer to that of the inner phase of the Newkome

dendrons [37]. These data are in agreement with our previous observations and

suggest that Fr�echet dendrons expand as wedges away from the core and have little

effect on the microenvironment around the ferrocene residue. Overall, the Newkome

dendrons appear to be more effective at changing the microenvironment around

the ferrocene center in these hybrid dendrimers. This is probably a consequence of

their AB3 architectural framework and greater flexibility.

In the range of scan rates surveyed (0.1–2.0V/s) the voltammetric behavior of

these dendrimers falls in the reversible to quasireversible regimes [37]. The standard

rate constants (ko) for the heterogeneous electron-transfer processes were determined

in DCM solution and are also given in Table 7.4. In general terms, as expected, the ko

values tend to decrease as the overall size of the dendrimer increases, as observed

before in most dendrimers containing redox active centers at their cores [17].

7.5 HYDROGEN BONDING OPEN CORE DENDRIMERS

Our general interest on hydrogen bonding systems led us to prepare a series of open

coreNewkome dendrimerswith self-recognition abilities [38]. Therefore, dendrimers

25–27 (Figure 7.3)were preparedwith a single ureidopyrimidine residue in their focal

points. According to the design of Meijer and coworkers [39], this residue self-

recognizes by formation of four parallel hydrogen bonds as shown in Figure 7.9 for the

second-generation dendrimer (26).
We usedNMRspectroscopy,mass spectrometry, and vapor-pressure osmometry in

nonpolar solvents (chloroform and toluene) to investigate the dimerization of these

dendrimers by quadruple hydrogen bonding [38]. Our data indicate that dendrimers

25 and 26 dimerize extensively at concentrations above the millimolar level. In sharp

contrast to these results, the level of dimerization observed with the third-generation

dendrimer 27was very limited. Atmillimolar concentrations of 27, a 2%dimerization

levelwasmeasured byNMRspectroscopy. This is a very surprising result based on the

essentially quantitative dimerization observed with the smaller dendrimers in this

series. Steric hindrance exerted by the larger dendron in 27 may certainly play a

significant role. However, our data with open core Newkome dendrimers suggest a

complementary rationalization relying on the increased microenvironment polarity

created by the Newkome dendron. Growth of the dendron from the second to the third

generation may give rise to a microenvironment polar enough to weaken hydrogen

bonding between the ureidopyrimidine residues of the two dendrimers.

We did not prepare an equivalent series of open core hydrogen bonding dendrimers

based on Fr�echet dendrons. However, a few months after our report, Chow and
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coworkers synthesized a series of Fr�echet-dendronized ureidopyrimidine macromo-

lecules [40] and investigated their degree of dimerization via quadrupole hydrogen

bond formation. Their data indicate that these open core Fr�echet dendrimers dimerize

extensively from first to third generation of dendron growth. Ostensibly, we must

conclude again that the Fr�echet dendrons tend to expand away from the core inwedge-

like structures, exerting only minor influences on the polarity of the microenviron-

ment around the core,whileNewkome dendrons aremore effective at filling space and

affecting the core microenvironment. The contrast between our Newkome-based

dendrimers and Chow’s Fr�echet-based dendrimers is completely consistent again

with all our data comparing these two types of dendritic architectures.

7.6 CONCLUSIONS AND OUTLOOK

The research work summarized in this chapter demonstrates that it is not truly

necessary to use very large dendrons to affect the microenvironment around a

functional group connected to the dendron’s focal point. Our series of dendrimers,

using first to third-generation dendrons, afford many examples with fluorescent or

redox active functional groups in which modest dendron growth leads to easily

measurable changes attributable to dendron back-folding, which modulates the

polarity of the microenvironment around the functional group. Furthermore, our

data clearly and consistently demonstrate that Newkome dendrons are more effective

than Fr�echet dendrons at folding back and affecting the polarity of the functional

group surroundings.

FIGURE 7.9 Dimerization of dendrimer 26 via quadruple hydrogen bonding.
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Some of the work discussed here includes dendrimers containing Fr�echet and
Newkome dendrons in the same structure. It is of substantial interest to investigate the

assembly of these dendrimer structures, taking advantage of the very different space-

filling abilities, flexibilities, and polarities of these two dendron types. We are

currently completing an investigation on the monolayer assembly of Fr�echet–
Newkome hybrid dendrimers at the air–water interface and strongly believe that

these hybrid macromolecules may give rise to a variety of supramolecular assemblies

with unique properties.
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8.1 INTRODUCTION

Dendrimers are nanosized, highly branched molecules that are constructed from a

multifunctional central core and expand to a periphery that becomes more dense with

increasing generation number, and which exhibit a unique combination of chemical

and physical properties [1–5]. Since the pioneeringwork byV€ogtle and coworkers [6]
(cascade synthesis), Newkome et al. [7] (arborols), and Tomalia et al. [8] (starburst

dendrimers), the synthetic research on dendritic macromolecules has been increasing

at an amazing rate. In the beginning, the research on dendrimers focused on the

synthesis, characterization, and properties of perfect dendrimers of higher genera-

tions, but efforts are now directed toward the study of properties, applications, and

uses of dendrimers. The wide range of possibilities offered by dendritic molecular

systems has generated enthusiastic studies in many different fields, such as chemistry,

physics, engineering, biology, and medicine [1–5,9].

From an application point of view, the incorporation of a range of metals into the

dendritic framework is of particular interest. Balzani’s group [10] and Newkome

et al. [11] independently initiated such studies by using polypyridine Ru complexes in
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the early 1990s. The interest in developing metallodendrimers [12–18] resulted from

the fact that the introduction ofmetals into dendritic structures allows access to highly

ordered materials with new magnetic, catalytic, optical, electro- and photochemical,

and biomedical properties as well as reactivity.

In particular, the incorporation of organometallic entities on the surface or within

the dendritic structures represents a stimulating, challenging target in both organo-

metallics and dendrimers research because it provides a unique opportunity for

tailoring organometallic dendrimers to achieve desirable properties for well-defined

applications such as dendritic catalysts, in multielectron redox and photocatalytic

processes, as molecular sensors, and others [19–22].

Dendrimers containing redox-active units are of great importance because the

number of electrochemically active functional groups can be precisely controlled.

Thus, redox-active dendrimers are excellent candidates to play a key role in

understanding biological electron transfer and for use in practical applications such

as catalyst, electron transfer mediators, energy conversion, ion sensors, and in

electronic devices [23–26].

Since 1994, Mor�an and his group, pioneering in the dendrimer research in Spain,

have reported the synthesis of several families of silicon- and nitrogen-based

organometallic dendritic molecules decorated, in most cases, with either ferrocene

or cobaltocenium redox-active moieties as surface functional groups [27–40].

Electrochemical properties of both metallocenes are dominated by a reversible

monoelectronic oxidation (ferrocene) or reduction (cobaltocenium), which can

be easily obtained at very accessible potentials. Some of these dendritic molecules

have been used successfully in the modification of electrode surfaces [41], as electron

transfer mediators in amperometric biosensors [42–44], as exo-receptors for sensing

anions [27,30,36,38,45], and also, as effective guests for the formation of supramo-

lecular complexes with b-cyclodextrin [37,46].

In this chapter, we mainly focus on redox-active organometallic dendrimers, as

well as their properties and electrochemical applications, especially in the field of

molecular recognition and in amperometric biosensors. This chapter will provide

selected references to the work of other groups who are actively working on

metallodendrimers in which reversible redox centers have been attached in any way,

allowing applications to processes that involve the use of the redox functions,

especially in the field of molecular recognition and in amperometric biosensors, but

will primarily focus on our own work in this area.

8.2 ORGANOMETALLIC DENDRIMERS AS ION SENSORS

In the last decades the tailored-design and synthesis of host materials for the selective

recognition and sensing of anions, cations, as well as neutral molecules has become a

topic of increasing interest [47]. In particular, the development of molecule-based

anion selective hosts has been a pivotal issue currently receiving considerable

attention and the recognition and sensing of environmentally important anions such

as nitrate and phosphate, as well as the sensing of analytes in biological systems have
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emerged as key research themes within the generalized area of supramolecular

chemistry [48–51]. Among numerous methodologies, the exploitation of organome-

tallic fragments incorporatedwith redox transductions as a reporter seems to be a very

promising one. At this respect, ferrocene above all other redox-active moieties has

been utilized as an electrochemical reporter in anion receptors [48–52].

8.2.1 Ferrocenyl Dendrimers

The electrochemical behavior of dendrimers containing topologically equivalent

ferrocene units is dominated by the reversible one-electron oxidation of the ferrocenyl

groups. This finding reveals that in one dendrimer there is no electronic communi-

cation between the multiple ferrocenyl centers, which are seemingly identical and

sufficiently remote from one another to render the electrostatic factor negligible [53].

We have investigated ferrocenyl-terminated dendrimers as anion receptors to

selectively bind and recognize electrochemically guest species using the variation

of FeII/FeIII redox potentials provoked by the host–guest interactions.

In the wide and attracting field of dendrimer chemistry, silicon-based ferrocenyl

dendrimers represented our first target electroactive dendritic molecules. We

exploited the reactivity of organosilicon dendrimers functionalized at their periph-

eries with Si–Cl and Si–H sites toward suitable reactive ferrocenyl monomers.

Thus, the high reactivity of the Si–Cl bonds toward monolithioferrocene (Z5-
C5H4Li)Fe(Z

5-C5H5) on one hand, and the amine group in (b-aminoethyl)ferrocene

(Z5-C5H4CH2CH2NH2)Fe(Z
5-C5H5) on the other hand, allowed facile access to

dendrimers 1–6 (Figure 8.1) [28]. We also explored the incorporation of ferrocenyl

moieties onto dendrimers via hydrosilylation reactions of vinylferrocene (Z5-
C5H4CH¼CH2)Fe(Z

5-C5H5) with hydrido-terminated organosilicon dendritic cores

affording dendrimers 7–9 (Figure 8.1) [26,35].

Redox-active ferrocenyl dendrimers 4–6 containingmultiple NH linkages capable

of participating in H-bonding, as well as characteristic internal cavities, have been

shown suitable hosts for electrochemical recognition of guest anions [30,35]

Electrochemical investigations showed that these silicon-based ferrocenyl dendrimer

receptors can coordinate anionic guest species via the cooperative forces of favorable

hydrogen-bonding interactions in the neutral state and electrostatic attractions with

the positively charged ferricinium centers, after the electrochemical oxidation of the

ferrocenyl moieties in the receptor (Figure 8.2).

These dendrimers exhibit HSO4
� and H2PO4

� selective preferences. Their cyclic

voltammograms (CVs) in CH2Cl2/0.1M TBAH solution, showed significant anion-

induced cathodic perturbations. Thus, the addition of increasing amounts of [Bu4N]

[H2PO4] or [Bu4N][HSO4] causes a decrease in the intensity of the redox wave, along

with the progressive appearance of a new redox wave at a less positive potential

(Figure 8.3). The current associated with the new redox couple increases linearly with

the concentration of anions until the original wave disappears and the new redox

couple reaches full development, when 8 equiv. of anion have been added [54]. It is

noteworthy that the largestmagnitude of cathodic shift was observedwith theH2PO4
�

anion. The addition of Cl�and Br� salts to the ferrocenyl dendrimer does not give rise
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to a new wave but only a progressive cathodic shift of the initial wave is observed.

The fact that the most striking changes of the CVs, caused by strong interactions [54],

are obtained for large and tetrahedral anions such asH2PO4
�andHSO4

�are attributed
to the presence of cavities in the receptor with complementary dimensions to these

anions. The selectivity of the receptor in the electrochemical recognition was

established by competition experiments. The CV recorded when H2PO4
� is added

FIGURE8.3 (a) CVof dendrimer 5 (1.25� 10�5M) in the absence (—), and presence (- - -) of

0.5 equiv. of [n-Bu4N][H2PO4] per ferrocene center. (b) Oxidation potential shift of the

ferrocene redox couple versus equivalents of anion added.
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to a CH2Cl2/TBAH solution of dendrimer 5 in the presence of 10-fold excess of

HSO4
�, Cl�, and Br� results to be closely similar to that recorded for 5 in the presence

of H2PO4
� alone. In a like manner, HSO4

� can be detected, unambiguously, in

the presence ofCl�andBr�. The results obtained indicated that the dendrimer displays

the selectivity trend H2PO4
�>HSO4

�>Cl�>Br�. The presence of Si–NH groups

in the dendrimers plays a significant role in the electrochemical recognition of anions

that is highlighted by the behavior observed for dendrimers 2 and 8, which do not

contain Si–NH groups (see Figure 8.1) [28]. In fact, when 2 equiv. of H2PO4
� per

branch are added toCH2Cl2/0.1MTBAH solutions of dendrimers 2 and 8, no splitting

is observed and the cathodic shifts of the Fc oxidation wave are smaller. Moreover,

dendrimer 2 displayed no change in the electrochemical response upon the addition of

2 equiv. of Cl� per dendrimer branch, ruling out the possibility of the cathodic

perturbations observed for 5 being caused only by ion-pairing interactions.

An especially interesting approach for the preparation of electrochemical

sensory devices is the immobilization of redox-responsive receptor systems on

electrode surfaces [55,56]. Electrodes modified by electrooxidation of aminofer-

rocenyl dendrimer 5 resulted sensitive to the presence and concentration of anions

and constituted the first example of molecular recognition with dendritic receptors

confined on an electrode surface [30,35]. The electroactive dendrimer film behaved

almost ideally and showed rapid charge-transfer kinetics. In the presence of H2PO4
�

a new peak appears at a more negative potential, while the original wave is observed

only as a reminiscent weak shoulder (Figure 8.4). Increasing values of DE can be

measured in the H2PO4
� concentration range from 10�4 to 2� 10�3M.

Neutral amide-substituted ferrocene receptors have been widely used to bind and

electrochemically recognize guest anions combining hydrogen-bonding effects and

electrostatic effects [48–52,57,58]. Amidoferrocenyl dendrimers have also been used

as redox sensors as the acidic amide hydrogen atom can form a hydrogen bondwith an

oxygen atom of oxoanions [34,59–61]. Astruc et al. have investigated the behavior of

the trimetallic ferrocenyl compound 10, that of themonometallic ferrocene (Z5-C5H5)

Fe(Z5-C5H4CONHCH2CH2OPh) and those of dendrimers 11 and 12 (Figure 8.5), in

the electrochemical recognition of small inorganic anions (H2PO4
�, HSO4

�, Cl�, Br�,
and NO3

�) and reported a strong positive dendritic effect (i.e., the sensing and

recognition ability of the ferrocenyl host increases as the dendrimer generation is

higher) [61]. The dendritic core topology as well as the nature of the solvent are

critical on the recognition by the amidoferrocenyl groups.

Astruc and coworkers have also undertaken anion recognition studies with

diaminobutane-based (DAB) poly(propyleneimine) amidoferrocenyl [34] and

pentamethylamidoferrocenyl dendrimers [59–61] (Figure 8.6) for comparison. The

electron-releasing methyl groups at the dendrimer periphery stabilize the oxidized

ferrocenium 17-electron form and decrease the hydrophilicity and therefore, the

pentamethylated series shows much less adsorption and no chemical irreversibility

that prevent a clean recognition in the nonmethylated series. In addition, recognition

and titrationwith the pentamethylated series are subjected to amodest dendritic effect

in DMFwhereas no dendritic effect is noted in CH2Cl2, which contrasts with the large

dendritic effect found with dendrimers 11 and 12.
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Our interest in extending recognition studies with dendritic macromolecules to

more polar solvents prompted us to search for new ion receptors to be incorporated to

ferrocenyl dendrimers. Another important type of anion receptors that have been

studied extensively are those incorporating the urea group because this unit con-

tributes two relatively strong hydrogen-bonding sites [62]. V€ogtle et al. have reported
urea-functionalized dendrimers as efficient carriers for oxyanions [63]. There are,

however, few examples of ferrocene–urea redox-active ionophores [62,64–68]. In

collaboration with Kaifer, we have synthesized DAB-based poly(propyleneimine)

dendrimers 13–16 containing 4, 8, 16, and 32 ferrocenyl–urea peripheral groups, by

reaction of the DAB dendrimers with isocyanatoferrocene (Scheme 8.1) [27].

Electrochemical anion sensing experiments were carried out in a relatively polar

solvent (DMSO), where hydrogen-bonding interactions between the urea functional

groups and the anion are usually weakened by competing solvent molecules.

Nevertheless, the obtained results clearly show anion sensing at relatively low

(submillimolar) anion and dendrimer concentrations, which reflects the considerable

stability of the anion complexes formed by these dendrimers. These ferrocenyl–urea

dendrimers exhibit a high selectivity for the dihydrogenphosphate anion as shown in

the Osteryoung square-wave voltammogram (OSWV) response of dendrimer 13

in Figure 8.7.

FIGURE 8.4 CV of a glassy-carbon electrode modified with a film of dendrimer 5 in the

absence (—), and presence (- - -) of [n-Bu4N][H2PO4] 5� 10�4M.
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Even in the presence of Cl�, HSO4
�, and H2PO4

� (4 equiv. of each anion) the

cathodic shift of the observed half-wave potential is within a few mVof the potential

shift observed with only 4 equiv. of H2PO4
� (in the absence of Cl� and HSO4

�). We

also explored the dependence of the half-wave potential of each dendrimer on the

concentration of H2PO4
�. Interestingly, the apparent half-wave potential value levels

off at 0.5 equiv. of anion, which strongly suggests that each H2PO4
�anion is bound by

two ferrocenyl–urea branches (Figure 8.8), in agreement with the fact that the two

N–H groups can bind with two adjacent oxygen atoms in an oxyanion to yield an

eight-membered chelate ring and the C¼O group from the adjacent dendritic arm can

bind with the OH groups in H2PO4
�. These macromolecules also exhibit a dendritic

effect in going from the first to the second and third generations, but the degree of

steric congestion in the fourth generation seems to deteriorate the binding ability

toward hydrogenphosphate.

A simple and efficient synthetic route has been used to incorporate poly(propy-

leneimine) dendrimers containing 4, 8, and 64 amidoferrocenyl moieties into

MCM-41, amesoporous silicatewith a highly regular structure composed of channels

in a hexagonal arrangement, thus giving rise to a novel type of redox-active materials

that constituted the first examples of mesoporous silica hosts containing dendritic

guest molecules within their channels (Figure 8.9) [69]. One significant feature of

these composite materials is that the guest dendrimers, containing a controlled

number of ferrocenyl units, are easily accessible to electrochemical oxidation.

Platinum disk electrodes coated with layers of dend-n-MCM-41/graphite powder/

polystyrene composites have been studied by cyclic voltammetry and differential

pulse voltammetry showing a well-defined reversible redox process. These modified

electrodes are very stable and multiple successive cyclic voltammetric scans can be

carried out with no loss of electroactivity. Likewise, after standing in air for several

days, the redox response was practically unchanged. These mixed materials can be
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used as redox-responsive receptor systems for anion recognition. The modified

electrodes are sensitive to the presence of H2PO4
� anion since a shift of the anodic

peak to less positive potentials is observed (ca. 60mV in the presence of [n-Bu4N]

[H2PO4
�] 5� 10�3M).

The design and synthesis of heteroditopic receptors capable of simultaneous

binding of cationic and anionic guests by multisite receptors has received a great deal

of attention, including heteroditopic ferrocenyl derivatives [65,70–74]. In this sense

we presented a synthetic strategy aimed to obtain dendritic macromolecules contain-

ing redox centers in close proximity to two different host binding sites for the

simultaneous complexation of cationic and anionic guest species [36]. The hetero-

ditopic dendrimers 17–20 (Scheme 8.2) were obtained by condensation reactions of

the highly reactive organometallic derivative {[Z5-C5H4COCl]Fe[Z
5-C5H4CONCH2-

CH2(OCH2CH2)5]} with 1,4-diaminobutane and DAB-based poly(propyleneimine)

dendrimers. NMR studies confirmed that the dendrimers are capable of simultaneous

coordination to cations and anions thanks to the presence of aza-crown ether and

amide binding sites.

The 1HNMR spectrum of the diferrocenyl complex 17, which could be considered

as the generation zero of this family of dendrimers, shows the signal for the amide

FIGURE 8.9 Schematic representation of the encapsulation of first-generation DAB-based

amidoferrocenyl dendrimer within MCM-41.
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proton at 8.43 ppm (Figure 8.10a). In the presence of 2 equiv. of fluoride anion a

significant downfield shift (Dd¼ 0.59) was observed for the amide NH protons of 17

(Figure 8.10b) that is consistent with the hydrogen-bonding interaction between the

fluoride anion and the amide group. On the other hand, in the presence of 2 equiv. of

KPF6, the NH resonance of 17 is slightly upfield shifted to 8.31 ppm (Figure 8.10c)

because cation complexation prevents hydrogen bonding between the amide proton

and the oxygen atoms of the aza-crown ether. Finally, upon addition of 2 equiv. of

TBAF to this solution, the NH resonance is very slightly downfield shifted again to

8.36 ppm (Figure 8.10d). From these results it was concluded that the presence of Kþ

17

18

20

19

SCHEME8.2 Functionalization of DAB-based dendrimers with amidoferrocenyl aza-crown

ethers.
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weakens the hydrogen bonding between the fluoride anion and the amide groups in 17

probably due to the ion-pairing interaction Kþ-F�.
The condensation reaction of octamethylferrocenyl aldehyde with DAB-based

poly(propyleneimine) dendrimers and further reduction of the imine groups affords

up to the fourth generation of the octamethylferrocenylmethylamine dendrimers

21–24 (Scheme 8.3) [40]. These dendrimers represent another type of receptor

systems capable of electrochemically recognizing anionic guest species. Solution

voltammetric studies are characteristic of reversible oxidation processes with formal

potentials considerably more negative than those corresponding to nonmethylated

analogs as the result of the strong electron donating effect of the eight methyl groups

on the ferrocene rings. The dendrimers exhibit a tendency to adsorb on electrode

surfaces. Pt or GC electrodes modified with these dendritic molecules containing

redox-active octamethylferrocenyl moieties and amine NH-CH2 hydrogen-bonding

functionalities exhibit a well-defined and persistent electrochemical response that is

sensitive to the presence of H2PO4
� anion. A shift of the anodic peak to less positive

potentials of about 195mV for the fourth generation 24 (Scheme 8.3) in the presence

of [n-Bu4N][H2PO4
�] 2� 10�5M is reported.

The development of surface immobilized conducting polymers bearing function-

alities capable of recognizing and detecting a particular target analyte, constitutes a

very active field of research in continuous growth. At this respect, the anodic

electropolymerization of pyrrole-substituted ferrocenyl derivatives is a well-estab-

lished route to fabricate conducting polymer-coated electrodes [57,75–79]with a high

potential for the electrochemical sensing of analytes. Likewise, in the field of

molecular recognition, designing receptors that can bind and sense anions in water

FIGURE 8.10 1H NMR changes in the chemical shifts of the amide protons of compound 17

in acetone-d6 (a) alone, (b) in the presence of 2 equiv. (1 equiv. per aza-crown ether) of TBAF,

(c) in the presence of 2 equiv. ofKPF6, and (d) in the presence of 2 equiv. ofKPF6 and 2 equiv. of

TBAF. Adapted from Gonz�alez et al. [36].

ORGANOMETALLIC DENDRIMERS AS ION SENSORS 231



O

x
NH2

Fe

x

N CH
benzene, Ar, reflux

THF

Fe

C
H

N

N

N

N

N

NN

N

NN

N

N N

N

N

N

N

N

N

NN

N

NN

N

N N

N

NH CH2

Fe

x

NaBH4

23 : x = 16

N

N

N

N

N

NN

N

NN

N

N N

N

21 : x = 4

22 :  x = 8 24 : x = 32

21

22

SCHEME 8.3 Synthesis of octamethylferrocenylimine dendrimers 21–24.

232 REDOX-ACTIVE ORGANOMETALLIC DENDRIMERS



is a particularly challenging task as anion hydration energies are large [50,80,81].

In this context, we have reported on the synthesis and electrochemical investigations

of a DAB-based ferrocenyl dendrimer functionalized with pyrrole substituents 25

(Scheme 8.4), focusing upon its electropolymerization as films onto an electrode

surface, and the subsequent use of these films in the electrochemical sensing of

the biologically and environmentally important dihydrogenphosphate anion in

water [45].

Visually detectable golden electroactive ferrocenyl dendritic polymer films per-

sistently attached to the electrode surfaces were obtained from CH2Cl2/CH3CN 1/1

solutions of 25 onto platinum or glassy-carbon electrode surfaces by repeated cycling

of the potential over the range � 1.0 to þ 1.3V versus SCE or by controlled potential

electrolysis at þ 1.3V. Anion recognition studies are precluded in CH3CN solution as

well as in aqueous solution using LiClO4 as supporting electrolyte, due to a decrease

in the current response with cycle number. However, when using a supporting

electrolyte containing a large weakly coordinating anion, tetrakis(pentafluorophe-

nyl)borate, [B(C6F5)4]
� in water, electrodes modified with electropolymerized films

of 25 resulted robust and reproducible. Electrochemical H2PO4
� sensing experiments

were carried out in this media using OSWV, by exploring the dependence of the half-

wave potential of the ferrocene/ferrocenium couple on the concentration of the anion

(Figure 8.11). Competitive experiments show that when the modified electrode is

exposed to a solution containing H2PO4
� 10�4M and HSO4

�, Cl�, or Br� all at

concentrations of 10�4M, the cathodic perturbation observed in the half-wave

potential is approximately the same as that induced by the H2PO4
� anion alone.

Asacontinuationofoursearch fornewmacromolecules that couldbeused tomodify

electrodes with films within which the amidoferrocenyl units are accessible hosts to

interactwithanionicguests,weenvisageda familyofdendrimerswith largeandflexible

ferrocenylamidoalkyl chains at the periphery. The ferrocenylamidoalkyl dendrimers

26–29 (Scheme 8.5) have been obtained by treatment of the first four generations

of DAB-based poly(propyleneimine) dendrimers with an excess of the organo-

metallic fragment [Z5-C5H5]Fe[Z
5-C5H4CONH(CH2)10COF] [38]. Electrochemical
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investigations of the ferrocenylamidoalkyl dendrimers show their ability to recognize

and sense anionic species. Robust modified electrodes can be successfully prepared

with the dendrimers by different procedures and their voltammetric response is also

sensitive to thepresenceandconcentrationofanions inbothorganicandaqueousmedia.

The electrochemical behavior of this dendritic family has been investigated by cyclic

voltammetry, normal pulsevoltammetry, andOsteryoung square-wavevoltammetry of

thematerials in homogeneous solution, aswell as confined to electrode surfaces. For all

generations a single redox process is observed in CH2Cl2 indicating that the multiple

ferrocenyl units are seemingly identical and sufficiently remote from one another to

render the electrostatic factor negligible [53].

The electrochemical behavior of the dendrimers is strongly affected by the

addition of increasing amounts of H2PO4
� anion. A “two-wave” behavior is observed

both in solution as well as in the modified electrodes (Figure 8.12A) [54]. This is

attributed to a large increase in the association constants on oxidation, due to the effect

of the synergy between the H-bonding and strong electrostatic interactions between

H2PO4
� and the oxidized ferricinium, enhanced by the dendritic structure that

improve the electrochemical sensing properties toward the dihydrogenphosphate

anion. A progressive decrease of the initial Fc/Fcþ wave is observed along with the

growth at less positive potentials of a new peaks system (Figure 8.12A curves b–d).

The binding of anions effectively stabilizes the positive charge of the oxidized film,

shifting the redox potential (Ep) of the Fc/Fc
þ system to less positive values until the

potential peak reaches a constant value. The intensity of the peaks is depressed in the

presence of H2PO4
� ions, even at low concentrations. The loss of electroactivity has

been attributed to the doping of the films that is responsible for a restricted transport of

counter ions due to the formation of strong ion-pairs. This leads to a decrease in the

rate of charge propagation that is controlled by counter ion diffusivity in the films and

ion-trapping effects. Calibration graphs have been established upon the analysis of the

OSWV curves for electrodes modified with the films of dendrimers as function of

the [n-Bu4N][H2PO4] concentration and it has been concluded that the strength of the

hydrogen bonding and electrostatic interactions between the amidoferrocene groups
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oxidation peak potential. Adapted from Martı́nez et al. [45].
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and the anions depends on the topological characteristics and concentration effects.

Likely, in the layers of the dendrimers deposited onto the electrode surface the alkyl

organometallic units form cavities and channels that are responsible of the estab-

lishment of stronger interactions as the dendrimer generation increases. The sensing

properties of the dendrimers toward other anions are also reported.When themodified

electrodes are exposed to increasing amounts of [n-Bu4N][HSO4] only a progressive

shift of the potential of the Fc/Fcþ peak without the growth of a new redox wave is

observed (Figure 8.12B). This behavior is linked to aweaker anion–ligand interaction
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following the oxidation of the ferrocene groups [57,82]. The electrochemical

response of electrodes modified with the surveyed dendrimers was also tested in

water. Decreasing values of the intensity of the Fc/Fcþ peak were measured with

increasing concentrations of KH2PO4 or Na2ATP.

Another family of giant alkylferrocenyl dendrimers with a different dendritic core

has been reported by Astruc and coworkers [83,84]. Eight generations (from G0 with

nine branches to G7 with a theoretical total number of termini of 19,683) of

polyferrocenyl dendrimers were synthesized by sequences involving Williamson

reaction followed by hydrosilylation and terminal Williamson functionalization with

an alkylferrocene derivative. These dendrimers have been used for the redox

recognition of the oxoanions H2PO4
� and ATP2� by CV, even though there is no

interaction site near the ferrocenyl group on the dendrimers tethers to perturb the

ferrocenyl group andmodify its redox potential (Figure 8.13a). It has been shown that

an ion-pairing effect in synergywith the dendritic encapsulation effect is sufficient for

the redox recognition of oxoanions such as H2PO4
� and ATP2�. Recognition of these

oxoanions is also possible with Pt electrodes modified with larger dendrimers.

Supramolecular dendrimers assembled by hydrogen bonding between an amido-

ferrocenyl dendronic phenol and the primary amines of DAB-based dendrimers

(Figure 8.13b) show a positive dendritic effect in the recognition of H2PO4
� and a

slightly negative effect for ATP2� [85,86].

Gold-nanoparticle-cored silylferrocenyl and amidoferrocenyl dendrimers have

also been used as sensors for the selective recognition and titration of H2PO4
� and

ATP2� [87–91]. Moreover, modified electrodes fabricated with the dendronized

nanoparticles serve as reusable sensors.

The ability of the 1,2,3-triazole rings located inside click ferrocenyl dendri-

mers (Figure 8.14) to recognize, bind, and sense oxoanions such as H2PO4
� and

ATP2� and metal cations such as PdII, PtII, CuI, and CuII, using the ferrocenyl

termini as a redox monitor directly attached to the triazole ring has been

investigated by Astruc and coworkers [92–94]. The electron-withdrawing prop-

erties of the metal cations decreased the electron density on the ferrocenyl center,
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FIGURE8.12 OSWVinCH2Cl2/TBAH, of aGC electrodemodifiedwith a filmof dendrimer
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(b) 2� 10�5M, (c) 3� 10�5M, and (d) 4� 10�5M. (B) In the absence (a) and presence of

[n-Bu4N][HSO4]: (b) 5� 10�6M, (c) 10�5M, (d) 5� 10�5M, and (e) 10�4M. Adapted from

Villoslada et al. [38].
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which shifted the CV wave to more positive potential values. On the other hand,

the electron-releasing properties of the anion shifted the ferrocenyl CV wave to

less positive potential values.

Stone and Smith [95] have reported an example of a dendritic molecule containing

a single ferrocene unit as a well-defined anion binding recognition site at the core.

The anion binding ability of two ferrocenoyl amide dendritic derivatives is described.

OSWV was used to report on halide anion binding via a decrease in the peak current

and a cathodic shift in the apparent redox potential of the receptors. Themagnitude of

this shift decreases with increasing generation indicating that the dendritic branching

hinders the penetration of guest anions.

8.2.2 Hyperbranched Ferrocenyl Polymers

Hyperbranched ferrocenyl polymers containing cyclic siloxanes and silsesquioxanes

as frameworks have been prepared by Pt-catalyzed hydrosilylation of 1,10-divinyl-
ferrocene or 1,10-divinyl(octamethyl)ferrocene with 1,3,5,7-tetramethylcyclotetrasi-

loxane [96] and octakis(hydrodimethylsiloxy)-octasilsesquioxane [97] (Figure 8.15).

Solution electrochemical behavior of the ferrocenyl polymers in CH2Cl2/TBAH

shows that all the ferrocenyl centers of the polymer are independent and electro-

chemically equivalent. The most notably aspect of the redox behavior of these

hyperbranched polymers is their ability to modify electrode surfaces. The electro-

chemical properties of the modified electrodes are sensitive to the anion composition

of the solutes. When a glassy-carbon electrode modified with oxidized films of the

polymers are immersed in a 0.1MH2O/LiClO4 solution containing thiocyanate, anion

exchange takes place and the SCN�anions are incorporated in the structure of the film

(a)
(b)

FIGURE 8.13 (a) Schematic representation of an alkylferrocenyl dendrimer and the elec-

trostatic attraction between the ferricinium form and the oxoanion H2PO4
�. (b) Structure of

Astruc’s H-bonded dendrimer.
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instead of the ClO4
� anion. The CVof a film of polymer 32þClO4

� after immersion

in 10�3M thiocyanate solution for 15min showed an oxidation peak at þ 0.95V,

corresponding to the thiocyanate [31].

Wang and coworkers [98] have investigated the electrochemical anion recognition

of ferrocenyl-modified hyperbranched polyethers, through the peak currents decrease

rate. The anion binding capacity order depends on the ferrocene content on the

polymer.

8.2.3 Other Metallocenyl Dendrimers

As seen above, electrochemistry is in most cases the method of choice for studying

anions using ferrocene as reporter, because the anodically generated cationic ferri-

cinium form strongly interacts electrostatically with the anions and this interaction

operates in synergy with X� � � � HN bonding. In contrast, the anion sensing abilities
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30= H

31=  CH3

= CH3 33

32=  H

3

FIGURE8.15 Ferrocenyl and octamethylferrocenyl cyclosiloxane and silsesquioxane-based

hyperbranched polymers. From Losada et al. [118].
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of cobaltocenyl andCpFeareneþunits can be also evaluated by 1HNMRas the anionic

guests can be attracted by the charged metallocenyl units.

Beer and coworkers [99–102] and Astruc and coworkers [103] have shown that

positively charged cobaltocenium-based receptors also containing amide C(O)N-H

groups prove particularly effective in anion complexation. Compound 34

(Figure 8.16) [104] in which the cobaltocenium moiety is covalently attached to a

pyrrole derivative by an amide group can be successfully electropolymerized result-

ing in electrode surfaces coated by nonpassivating polymeric films [105].
1HNMR spectroscopy andCVwere used to investigate the ability of thismonomer

as well as polymeric poly-34 cobaltocenium-containing pyrrole systems to act as

selective amperometric sensors for anions. The addition of the tetrabutylammonium

dihydrogenphosphate salt ([n-Bu4N][H2PO4]) to dimethyl sulfoxide solutions of 34

causes a substantial downfield shift of the amide proton (Dd¼ 1.62 ppm). The

electrochemical response of 34 in CH3CN/TBAP is also strongly affected by the

addition of increasing amounts of H2PO4
� anion, with the CV curves exhibiting a

significant negative potential shift (DEpc¼ 40mV at 1 equiv.). This behavior is in

accordance with the increase of the effective electron density on the redox center due

to the binding of the anion, which makes the reduction more difficult. Low con-

centrations of theH2PO4
�anion have a significant effect on thevoltammetric response

of electrodes modified with films of poly-34 (Figure 8.17). Thus, the presence of

Co+ H

CH2 CH2 CH2N

O

C
N

PF6
-

3434

FIGURE 8.16 A polymerizable pyrrole-cobaltocenium receptor.

FIGURE 8.17 CVs in CH3CN/TBAP of a Pt electrode modified with a film of poly-34

(G¼ 1.8� 10�9 mol/cm2), in the absence (a) and presence of [n-Bu4N][H2PO4]: (b) 10
�5M, (c)

2� 10�5M, (d) 5� 10�5M, (e) 10�4M. Adapted from del Peso et al. [104].
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H2PO4
�anion causes a cathodic shift and a decrease in the intensity of the initial redox

wave (I) along with the appearance of a new redox system at more negative potentials

(II). The presence of the sulfate anion in the absence of H2PO4
� causes a small

potential shift, however it perturbs significantly the dihydrogenphosphate anion

determination. On the other hand, H2PO4
� can be unambiguously detected in the

presence of a 10-fold excess of Cl� and/or Br� salts.

Astruc and coworkers have reported the specificity of dendritic cationic aminoar-

ene–iron sandwich complexes for halides [106]. Whereas the amidoferrocenyl

dendrimers recognize the oxoanions but not the halides (see above), dendrimers

terminated with [Fe(Z5-C5Me5)(Z
6-C6H5NH-dendr)]

þ recognize chloride and bro-

mide but not the oxoanions. The polycationicmetallodendrimers show large dendritic

effects for recognition of Cl� and Br� according to 1H NMR spectroscopy.

Dendrimers functionalized with [CpFe(m3-CO)]4 clusters at the periphery have

also been applied as selective redox sensors for oxoanions including ATP2�, by
monitoring the shifts of their single reversiblewave for the redox change Fe4 ! Fe4

þ.
In contrast to ferrocenyl dendrimers, the largest cathodic shift is observed in the

presence of ATP2�. This result is explained on the basis of a more facile interaction

between the Fe4 clusters and ATP2�, which are more similar in size, than between

ferrocene and ATP2� [107].

8.3 ORGANOMETALLIC DENDRIMERS IN THE CONSTRUCTION

OF BIOSENSORS

In a biosensor a bioactive molecule is used in close contact with a transducing

element. The bioactive molecule recognizes the presence of a substrate and the

biochemical signal obtained from the sensing device, which reflects the concentration

of substrate, is converted into an electronic signal by the transducer. The specificity of

the enzymes enables sensors incorporating enzymes to achieve much greater selec-

tivity. Enzyme electrodes result from the combination of any type of electrochemical

sensor with a layer of immobilized enzyme in close proximity to the active surface of

the transducer [108,109]. The analyte can be either the substrate or a product of the

enzyme reaction. The redox enzymes have great interest especially in amperometric

biosensors in which an externally applied potential is employed to drive the electrode

reaction. When an oxidoreductase is used, the reaction implies oxygen consumption

according to Scheme 8.6. Since oxygen reoxidizes the enzyme and produces

hydrogen peroxide, the reaction may be monitorized either through the oxygen

uptake or through the formation of hydrogen peroxide.

H2O2EredS

Eox O2P

SCHEME 8.6
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An important limitation of the amperometric sensors based on the electrochemical

determination of H2O2 is the high operating potential required for its measurement.

One of themethods aimed tominimize interferences and improve the sensitivity is the

modification of the electrode surface with catalysts that are able to decrease the

overvoltage (Scheme 8.7).

The restricted solubility of oxygen may limit the enzyme reaction and the high

potential necessary causes interfering reactions. One way to circumvent these effects

is to reach direct electron transfer reactions between enzymes and electrodes in

anaerobic conditions using artificial mediators whose role is to shuttle electrons

efficiently between the electrode and enzyme (Scheme 8.8).

Many amperometric enzyme electrodes with electroactive species acting as

mediators replacing the natural electron acceptor, dissolved oxygen, have been

widely investigated. Ferrocene derivatives represent one of the major groups of

mediators owing to their attractive redox properties and fast reaction with the reduced

oxidases and peroxidases [110,111].

8.3.1 Ferrocenyl Silicon-Based Dendrimers

The construction of carbon paste electrodes prepared doping carbon paste with

enzyme and the mediator is simple and in addition, the enzymatic mediator and the

sensing sites are located in close proximity. Monomeric mediators as ferrocene were

initially used as electron-shuttling redox couples but the solubility of the oxidized

form causes instability due to the loss of the mediator from surface elec-

trode [110,112]. Increase of themolecular weight of themediator should significantly

prevent this loss and ferrocenyl silicon-based dendrimers with relatively high

molecular weights in which the ferrocene/ferrocenyl units are at the end of long

Fc H2O2 GOx/(FAD)H2 Glucose

Gl l

e−

Electrode

Fc+ O2 GOx/FAD Gluconolactone

SCHEME 8.7

e−
Mred

EoxMox

Ered Sred

Pox

Electrode

SCHEME 8.8
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flexible silicon-containing branches (Figure 8.1) can serve to wire electrically the

enzyme [26,35,42].

In order to test the capability of ferrocenyl dendrimers 1, 2, 7, and 8 to act as

electron-mediating species, a study of the efficiency of dendrimer/glucose-oxidase/

carbon paste electrodes was carried out. The most significant results are illustrated in

Figure 8.18. Cyclic voltammograms of these carbon paste electrodes show an

electrochemical behavior indicative of enzyme-dependent catalytic reduction of the

ferricinium cations. The electrodes are clearly sensitive to small changes in glucose

concentration and display a good response over long periods of time. Dependence of

glucose response on dendrimer structure was examined. It has been found, from the

calibration curves and the results of Michaelis–Menten analysis that for equimole-

cular amounts of ferrocene moieties, octanuclear dendrimers 2 and 8, possessing
the longest organsilicon branches, mediate electron transfer more efficiently than the

relay systems based on tetranuclear dendrimers 1 and 7. In addition, it is clear that

dendrimers 7 and 8 in which the ferrocenyl units are attached to the dendritic

framework through a two methylene flexible spacer are more effective at mediating

electron transfer between reduced glucose oxidase (GOx) and the carbon paste

electrode than the corresponding dendrimers of same nuclearity 1 and 2. These results

FIGURE 8.18 (a) CVs for dendrimer 8/glucose-oxidase/carbon paste electrode, in pH 7.0

sodiumphosphate buffer (with 0.1MKCl) solution,with no glucose present (dotted line), and in

presence of 0.1M glucose (solid line). (b) Steady-state polarization curves of the dendrimers/

glucose oxidase/carbon paste electrodes in the presence of 25 mM glucose. (c) Variation of the

steady-state current of the dendrimers/glucose-oxidase/carbon paste electrodes with glucose

concentration (at þ 350mV vs. SCE). Adapted from Losada et al. [42].
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indicate that the differences observed in the response to glucose can be related to the

length of the branches and to the presence of flexible ethylene groups in the branches.

Therefore, the flexibility of the dendrimeric mediators is an important factor in the

ability to facilitate the interaction between themediating species and the flavin adenine

dinucleotide (FAD) redox centers of GOx. Ferrocenyl dendrimers-based sensors

exhibit a higher sensitivity than ferrocene-modified polymers sensors and a better

stability than monomeric-mediated electrodes [42].

8.3.2 DAB-Based Metallocenyl Dendrimers

8.3.2.1 Mixed Ferrocene-Cobaltocenium Dendrimers Dendritic molecules con-

taining various organometallicmoieties can combine the properties and advantages of

these different functional groups. We have reported the synthesis and studies of

metallodendrimers containing ferrocene and cobaltocenium units [32,43]. That was

the first time that multiple neutral and cationic redox-active organometallic moieties

were present in a dendritic structure. These mixed metal dendrimers were obtained

by treatment of the first four generations of DAB-based poly(propyleneimine)

dendrimers with a mixture of freshly prepared chlorocarbonylferrocene and the

PF6
� salt of chlorocarbonylcobaltocenium in CH2Cl2/CH3CN (Scheme 8.9).

Dendrimers with higher relative loading of cobaltocenium moieties are soluble in

H2O and insoluble in CH2Cl2 and they become increasingly soluble in CH2Cl2 as

the relative loading of ferrocene increases. The electrochemical properties of the

heterometallic dendrimers 35–38 were investigated by cyclic voltammetry in both

homogeneous solution and confinedonto glassy carbon electrodes. For all generations

cyclic voltammograms demonstrate the presence of peripheral amidoferrocene units

and multiple noninteracting amidocobaltocenium moieties. One remarkable feature

of these dendrimers is the ability tomodify electrode surfaces, as a consequence of the

solubility change arisen upon reduction of cobaltocenium groups. These modified

electrodes are extremely durable and reproducible. Their voltammetric features

unequivocally indicate surface-confined nature of the electroactive dendrimers films

(see Figure 8.19 as an example). Theywere shown to exhibit a double function: while

the ferrocene units act as mediators in enzymatic processes under anaerobic condi-

tions the cobaltocenium moieties take part in an electrocatalytic process in reactions

with presence of oxygen. GOx was immobilized into the conducting film by

electrostatic interaction. An advantage of these electrodes is the large amount of

enzyme immobilized due to electrostatic interactions between ferrocenium and

cobaltocenium groups and the negatively charged enzyme. In addition, the presence

of the cobaltocenium groups prevents loss of GOx when the ferrocenium groups are

reduced, thus increasing the long-term stability of the sensor. Glucosewas determined

measuring the amperometric response due to the mediation of the enzymatic reaction

by electrooxidation of ferrocene. The dendrimer generation used shows significant

effects in the behavior of the sensors. As the generation increases the sensitivity

increases and the dynamic range decreases. From the calibration plots and the results

of the Michaelis–Menten analysis is derived that the higher generation metalloden-

drimers are more efficient electron transfer mediators. Dendrimers with relatively

244 REDOX-ACTIVE ORGANOMETALLIC DENDRIMERS



smaller size give rise to better packed films [113,114] more rigid and likely less

permeable, thus making the diffusion of glucose into the film more difficult. The

relays contained in more rigid films cannot achieve a close contact with the

enzyme redox centers, and therefore they are less efficient mediators. It was found

that the electrodeposited films of the smaller dendrimers exhibit a much higher

electrocatalytic activity in the reduction of the dissolved oxygen. This can be due to

the fact that the distance between organometallic centers becomes small enough that

cooperative effects can play a major role. The application of dendrimer–GOx-

modified electrodes allows the reduction of oxygen to hydrogen peroxide to occur

SCHEME 8.9 Synthesis of mixed ferrocene–cobaltocenium dendrimers 35–38.
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at a less negative potential, diminishing interferences, andwith higher sensitivity than

bare electrodes. The steady-state current due to oxygen reduction decreases as the

glucose concentration increases. The sensitivities obtained are in agreement with the

variation of the electrocatalytic efficiency of the respective electrodes. On other hand,

it was observed that the addition, under aerobic conditions, of the same amounts of

glucose produces similar variations in the oxygen concentrations in all sensors

prepared with similar coverages of the different dendrimers. This fact demonstrates

that the amount of active enzyme immobilized is nearly the same in these sensors.

8.3.2.2 Polymethylferrocenyl Dendrimers We have reported the use of DAB-

based dendrimers as core to prepare a polymethylferrocenyl dendrimers family

(Scheme 8.3) [40]. While macromolecules containing ferrocenyl moieties are nu-

merous, dendrimers and polymers constructed with permethylferrocenyl units have

been relatively less explored. As a result of the enhanced electron donating ability of

permethylated cyclopentadienyl rings, polymethylferrocenyl derivatives have lower

redox potentials. It is also known that modification of the cyclopentadienyl ligand

with methyl substituents causes changes in the rate of the electron transfer [115,116].

In addition, it has been reported that 1,10dimethylferrocene reoxidises GOx at a rate

nearly three times higher than the unsubstituted ferrocene. This improved ability is

maintained after covalent attaching to a siloxane polymer. These are important factors

when these permethylferrocenyl compounds are used as mediators for biosensors to

increase their efficiency andminimize interferences. The electrocatalytical properties

of dendrimers 21, 22, and 24 deposited onto platinum electrodes examined by CV

show that the modified electrodes act as electrocatalysts in either oxidation or

reduction of H2O2. Amperometric enzyme electrodes based on GOx were employed

for the determination of glucose under aerobic conditions. The enzyme was

FIGURE8.19 CVof a glassy carbon disk electrodemodifiedwith a filmof 37 inH2O/LiClO4.

246 REDOX-ACTIVE ORGANOMETALLIC DENDRIMERS



immobilized by cross-linking using bovine serum albumin (BSA) and glutaraldehyde

into the organometallic dendrimer films obtained by evaporation of dichlomethane

solution of the corresponding compound on aPt electrode surface. The results indicate

that it is possible to perform both anodic and cathodic determination of the hydrogen

peroxide arisen in the enzyme-catalyzed reaction [44].

Several peroxidases have been used for the determination of H2O2 and small

organic peroxides. The use of peroxidases in combination with hydrogen peroxide

producing oxidases and electrochemical detection is well established in analytical

chemistry. However, direct electron transfer between common electrode materials

and immobilized peroxidase is a slow process and an electronmediator can be used to

improve the rate of electron transfer (Scheme 8.10).

Based on the same octamethylferrocenyl dendrimers family, bienzyme electrode

sensors were developed. The amperometric sensors were prepared coimmobilizing

GOx and Horseradish peroxidase (HRP) on platinum electrodes modified with films

of dendrimers 21, 22, and 24 (Scheme 8.11).

SCHEME 8.11 Schematic representation of the bienzymatic GOx/HRP/dendrimer layers/

network preparation on the platinum electrode surface.

SCHEME 8.10
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These sensors were applied to the determination of glucose under aerobic

conditions [117]. The results obtained (Figure 8.20) indicate that the sensitivity of

both mono and bienzymatic biosensors based on octamethylferrocenyl dendrimers

increases with the increasing dendrimer generation. Thus, the dendrimer generation

demonstrates to play a significant role in the electrocatalytic activity.

The increase of flexibility of the dendrimer backbone, which is a function of the

length of the dendrimer branches, together with the shorter separation between

ferrocenyl neighbors, increase the electron transfer efficiency between ferrocene

moieties and cause a higher catalytic response of the sensors based on the higher

generation dendrimers. On other hand, the analysis of SEMmicrographs (Figure 8.21)

shows that films of the higher generation dendrimers have amore permeable structure

that facilitates diffusion of glucose, minimizing the barrier to transport, and also

contributes to signal enhancement.

As expected, the octamethylated ferrocenyl dendrimeric mediators enable the

use of lower working potentials for glucose measurements than sensors with

FIGURE 8.21 SEM micrographs of a platinum wire electrode modified with films of (a)

dendrimer 21 and (b) dendrimer 24. From Losada et al. [117].
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FIGURE 8.20 (a) Glucose calibration plots of monoenzymatic sensors of dendrimers 21, 22,

and 24 (G� 3� 10�9mol ferrocene/cm2 thickness films). Steady-state anodic currents mea-

sured at 400mV (vs. SCE) applied potential in O2 saturated phosphate buffer (pH¼ 7.0).

(b) Glucose calibration plots of bienzymatic sensors of dendrimers 21, 22, and 24 (G� 2�
10�9mol ferrocene/cm2 thickness films). Steady-state current measured at a 100mV applied

potential in O2 saturated phosphate buffer (pH 7.0). Adapted from Losada et al. [117].
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nonmethylated ferrocenyl compounds. Also the sensitivity, detection limits, and

reproducibility were comparable with, or even better than other reported mono- and

bienzymatic sensors based on other different mediators.

8.3.3 Dendritic Hyperbranched Macromolecules

The ferrocene dendrimers described provide excellent structural and electrochemical

properties. In order to progress in the knowledge of these ferrocenyl materials we

prepared macromolecular dendritic hyperbranched materials containing ferrocenyl

moieties together with cyclic siloxanes and cubic silsesquioxanes as frameworks

(Figure 8.15) [31,118] These dendritic macromolecules have a three-dimensional

hyperbranched structure and due to their stereochemical properties both cyclosilox-

anes and polyhedral silsesquioxanes are good frames for sterically controlled

catalysts systems. Enzyme electrodes were constructed by electrostatic immobili-

zation of GOx onto Pt electrodes modified by electrodeposition or dipping with

ferrocenyl and permethylferrocenyl polymers, which act as mediators in the deter-

mination of glucose. Thus, it was possible to establish the dependence of the sensors

response on the structure of the siloxane framework and on the presence of methyl

substituents on the ferrocenyl units. The sensors can be used in different operational

modes for glucose determination. In anaerobic conditions these polymer-modified

electrodes can act as electrocatalysts in the oxidation of the enzyme. In this case, the

sensors based on polymers with cyclotetrasiloxane frameworks display higher

electrocatalytic signals and sensitivity than silsesquioxanes. Films of the cyclosilox-

ane-based polymers exhibit a more permeable structure that leads to facilitate the

diffusion of the substrate minimizing the transport barrier and enhancing the

bioelectrocatalytic signal. Another reason for the better response has been reported

to be the higher flexibility of the cyclotetrasiloxane. The polymethylferrocenyl-

cyclosiloxane polymer has demonstrated to be an electrocalyst for the reduction of

H2O2, which has allowed the successful determination of glucose, in aerobic

conditions and at low potentials, through the electrochemical reduction of hydrogen

peroxide produced in the enzymatic reaction. Due to their characteristic catalytic

activity the silsesquioxane polymer–GOx electrodes allow the glucose determination

in aerobic conditions, by measuring the oxygen spent in the enzyme-catalyzed

reaction, at a less negative potential andwith a higher sensitivity than a bare electrode.

In general, it is found that the permethylated polymers are more effective mediators

and allow using lower working potentials in the glucose measurement.

8.3.4 Dendronized Polymers

8.3.4.1 Homopolymers and Copolymers In the last years, we have prepared new

redox-active macromolecular materials containing dendritic building blocks with

interacting ferrocenyl moieties grafted to multifunctional, flexible poly(methylsilox-

ane) backbones (see, e.g., polymers 39 and 40 in Figure 8.22). The combination of the

exceptional architectural features of dendritic molecules together with the electronic

communication between metal centers and the well known, remarkable features and
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properties of poly(siloxanes) (such as chemical stability, high permeability to gases

and low toxicity) is an interesting and useful strategy for controlling the physical and

redox properties of the resulting hybrid macromolecules. The polymers were

synthesized employing Karstedt-catalyzed hydrosilylation reactions of the poly

(methylhydrosiloxane)–poly(dimethylsiloxane) copolymer, (Me3SiO)(Me2SiO)m
(MeSiHO)n(Me3Si) (m¼ 70–75%, n¼ 25–30%), and poly(methylhydrosiloxane),

(Me3SiO)(MeSiHO)n(Me3Si) (n� 35) with a wedge-shaped dendritic fragment such

as the silicon-bridged biferrocene, CH2¼CHSiMe[Fe(Z5-C5H4)(Z
5-C5H5)]2 that con-

tains a reactive vinyl group at the focal point [29,119–121].

A CVof a film of homopolymer 40 electrodeposited on a Pt electrode is shown in

Figure 8.23. In solvents of low polarity such as CH2Cl2, the polymer film displays two

reversible and stable redox reactions. This response is due to the existence of

appreciable interactions between the two iron centers, which are linked together by

a bridging silicon atom. The initial oxidation takes place at nonadjacent ferrocene

sites, whichmakes the subsequent removal of electrons from the remaining ferrocenyl

centers, adjacent to those already oxidized more difficult. Pt electrodes modified by

electrodepositionwith the homopolymer 40 and copolymer 39have shown to promote

the redox reactions of hydrogen peroxide. This electrocatalytic activity may be

favored by the capability of the mediators to accomplish bielectronic transfers. Based

on this property it has been possible to carry out the amperometric determination of
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H2O2. In addition, the redox homopolymer 40 coimmobilized with GOx or Lactate

Oxidase (LOx) on Pt electrodes using glutaraldehyde and BSA has been used as

amperometric sensors for glucose and lactate respectively, which were measured by

H2O2 detection at þ 250mV (vs. SCE). Figure 8.24 shows the electrocatalytic

FIGURE 8.24 CVs of lactate oxidase sensor (Pt electrode area¼ 0.07 cm2 with 1.1� 10�9

mol/cm2 thickness homopolymer 40 film) in absence (1) and presence (2) of 5mM lactate in air

saturated 0.1M phosphate buffer (pH 7.0). From Garcı́a-Armada et al. [119].

FIGURE8.23 CVof a Pt disk electrodemodifiedwith a filmof homopolymer 40, measured in

CH2Cl2/TBAH.
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behavior of one of these modified electrodes. In turn, the copolymer 39 coimmobi-

lized with GOx on a Pt electrode, has been also used as amperometric sensor for

glucose determination. The results obtained indicate that both anodic and cathodic

operation mode may be used with the copolymer, which acts as electrocatalyst in

either oxidation or reduction of the hydrogen peroxide arisen in the enzyme-catalyzed

reaction. The sensitivities and detection limits found with both polymers were

comparable or even better than other ferrocene-modified polymers-mediated elec-

trodes. On other hand, the homopolymer 40was used to prepare an enzyme electrode

incorporatingHRP.The redox polymerwas coimmobilizedwithHRPonPt electrodes

using glutaraldehyde and BSA and applied as amperometric biosensor for the

determination of hydrogen peroxide and organic peroxides. It was possible to operate

at a low potential (� 50mV vs. SCE) and a good linear response and protection from

interferences was found.

8.3.4.2 Block Copolymers We have applied the electrocatalytic properties of

diferrocenylsilane units attached to other different type of supramolecular struc-

tures. Three different block copolymers containing interacting ferrocenyl moieties

were synthesized (Scheme 8.12). The anionically prepared diblock copolymers

41–43 consist of a polystyrene (PS) block and a polybutadiene (PB) block

functionalized with diferrocenylsilane byKarstedt-catalyzed hydrosilylation [122].

It has been found that the presence of polystyrene blocks confers long-term stability

and reproducibility to the electrodes modified with block-copolymer films, which is

attributable to the excellent film forming properties of the polystyrene blocks.

NAD/NADH-dependent dehydrogenases need the freely diffusing cofactor NADþ

to catalyze the oxidation of the substrates. The major problem in practical

applications of dehydrogenases is the difficulty in the regeneration of the nico-

tinamide coenzyme since the electrooxidation of NADH on solid electrodes usually

requires high potentials.

Electrodes modified with appropriate mediators can be used to shuttle the

electrons from NADH to the electrode in order to reduce the overpotential. Another

m p n-p
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SCHEME 8.12 Synthesis of block copolymers 41–43.
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approach is the use of the diaphorase reaction coupled with an electron mediator as

ferrocene and its derivatives. The electrodes modified with the copolymers are

efficient redox mediators for the electrocatalytic oxidation of both reduced nico-

tinamide dinucleotide (NADH) cofactor (Figure 8.25) and glucose oxidase. It was

shown that the reaction with NADH proceeds via formation of a charge-transfer

intermediate. This has been a novel example of electrodes modified with ferrocene

derivatives that can be applied to the determination of NADH but in this case it is

unnecessary the use of diaphorase. The redox copolymers coimmobilized with GOx

have also been successfully used as amperometric biosensors for glucose determi-

nations at lower working potentials (0.25 V vs. SCE) that contribute to reduce the

effect of the interfering electrochemical compounds with adequate sensitivities and

detection limits.

8.3.5 Ferrocenyl-Tethered Poly(AmidoAmine) Dendrimers

Kim and coworkers [123,124] have reported the application of dendrimers as

bioconjugating reagents for preparing multilayered enzyme nanostructures. Primary

amines of NH2-terminated fourth-generation poly(amidoamine) (PAMAM) dendri-

mers were partially modified with ferrocenyl groups through reaction with ferroce-

nemonocarboxaldehyde. The resulting partial ferrocenyl-tethered PAMAM dendri-

mers (Fc-Ds) were effectively employed for the construction of biosensors by simple

and direct layer-by-layer depositions of dendrimers and periodate-oxidized GOx on

Au electrodes. They demonstrated that the multilayer is constructed in a spatially

FIGURE 8.25 CVs of copolymer 39 (G¼ 1.0� 10�10mol ferrocene/cm2 thickness film)

coated platinum electrode in 0.1M deaerated phosphate buffer (pH¼ 7.0) solution in absence

(a) and presence (b) of NADH 0.5mM. (c) A platinum bare electrode in presence of NADH

0.5mM. Scan rate 5mV/s. From Garcı́a-Armada et al. [122].
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ordered way. The bioelectrocatalytic signals were shown to be amplified with

multilayer growth. This fact indicates that the electrode sensitivity is controllable

and the method would be applicable to the construction of sensitivity adjustable

biosensing devices. The stability of these sensors seems to be due to the integrity of

multilayered network with multiple covalent linkages and the rigidity of the den-

drimer building blocks (Scheme 8.13).

Using the same Fc-Ds dendrimers as building blocks of a sensing monolayer Yoon

et al. [125] have developed an affinity biosensor system based on avidin–biotin

interaction. On Au electrodes an amine self-assembled monolayer (SAM) was

prepared (3,3-dithiopropionic acid, N-hydroxysuccinimide ester), then amine groups

of dendrimers are used for immobilization in the SAMmonolayer and functionaliza-

tion with biotinyl groups. An electrochemical signal was generated by free glucose

oxidase, depending on the degree of coverage of the sensing surface with avidin. The

sensor signal decreased with increasing avidin concentration. From a kinetic analysis

the formation of a spatially ordered and compact protein layer on the electrode surface

was demonstrated.

A dendrimer Fc-D was also used as an electrocatalyst to enhance the DNA

detection as well as a building block to immobilize capture probes. Thus, a

sandwich-type enzyme-linked DNA sensor was developed by Kim and cowor-

kers [126]. Fc-Ds have been immobilized on a carboxylic acid-terminated SAM.

The target DNA was hybridized with the capture probe and an extension in the

DNA was then hybridized with a biotinylated detection probe. The bioterminated

layer is detected using avidin-conjugated alkaline phosphatase (Av-ALP), which

generates p-aminophenol (pAP) from p-aminophenyl phosphate (pAPP); pAP is

electrochemically oxidized with the mediation of Fc in the layer. The combination of

electrocatalysis using Fc-Ds and biochemical amplification enabled the sequence-

selective detection of various targets, including single-based mismatched oligonu-

cleotide allowing highly sensitive amperometric measurements.

It has been reported [127] a highly sensitive electrochemical DNA sensor that uses

Au nanoparticles (AuNPs), magnetic beads (MBs), and an ITO electrode modified

with partially functionalized Fc dendrimers (Fc-Ds) [123,124]. AuNPs are employed

as catalytic labels,MBs to permit lownonspecific binding ofDNA-conjugatedAuNPs

and to take advantage of easy magnetic separation. Fc-D-modified ITO electrodes

are used to obtain a low background current and easy electron oxidation of pAP.
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In a sandwich-type electrochemical sensor; capture probe-conjugated MBs act as a

target-binding surface and the modified ITO electrode acts as the signal-generating

surface. Biotinylated capture probes were biospecifically immobilized onto

streptavidin-coated MBs. Target DNAwere hybridized to capture probe-conjugated

MBs and detection probe-conjugated AuNPs were also hybridized. AuNPs assem-

blieswere attracted to aworking electrode by an externalmagnet. pAP generated from

p-nitrophenol in the presence of NaBH4 is electrooxidized giving rise to a redox

cycling that considerably increases the electrochemical signals.

Carbon nanotubes (CNTs) have been employed for the development of glucose

enzymatic electrodes, because these nanomaterials can provide a suitable microen-

vironment. Deriu et al. have used multiwalled carbon nanotubes (MWCNTs) and

amine-terminated G4-PAMAM dendrimers to build a reagentless glucose bio-

sensor [128]. The G4-PAMAM dendrimers were previously functionalized with

o-alkenyl tethers and then the ferrocenyl units were linked to the tethers. The tether
anchoring was accomplished through the reaction of the amino groups of G4-

PAMAM dendrimer with undec-10-enoyl chloride and vinylferrocene. The functio-

nalized dendrimers and GOx were immobilized by means of polyazetidine (PAP) on

the activated surface of a MWCNTs screen printed electrode (SPE) through the

carboxylic groups. PAP acts as cross-linking agent being able to react with several

different organicmoieties (thiolic, oxydril, amino groups) increasing the possibility to

create chemical bonds with the enzyme. The glucose biosensor displays good

repeatability, sensitivity and precision.

Closely related dendrimer sensors have been developed taking advantage of the

high affinity of the amine groups of PAMAM frameworks for nano-Au. A

penicillamine (PCA) biosensor based on tyrosinase immobilized on a nano-Au

PAMAM dendrimer-modified gold electrode has been thus designed [129]. Au

electrodes were modified with submonolayers of 3-mercaptopropionic acid and

further reacted with PAMAM and after contact with gold colloid solution were

incubated with tyrosinase. These electrodes catalyze the oxidation of o-diphenols

to o-quinones. In presence of PCA the reduction peak current decreases due to the

reaction between PCA and o-quinones. This reaction allows to carry out deter-

minations of PCA.

8.3.6 Immunosensors

Immuno- or affinity sensing techniques to detect biospecific interactions such as

antibody–antigen, ligand–receptor, and protein–protein interactions have developed

into an important area in molecular device technologies. The development of the

immunosensors is in continuous focus of many researchers [130]. In the case of the

electrochemical immunosensors, the biospecific interaction is electrochemically

transformed into an electrical signal. Specifically, the interaction signal can be

amplified by an enzyme that continuously generates electroactive products. The

electrode surface is very important in electrochemical immunosensors. The modi-

fication of electrode surfaces allows immobilization of biomolecules, long-term

stability, low nonspecific binding and proper biomolecular orientation.
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Yang and coworkers [131–133] reported an enzyme-amplified electrochemical

immunosensor applying a ferrocenyl-tethered dendrimer Fc-D [123] immobilized on

gold electrodes that acts as amediator of electron transfer and allows the attachment of

biomolecules. Fc-D was immobilized to the electrode surface by covalent binding

between the dendrimer amines and the carboxylic acid of a SAM monolayer and the

unreacted amines of dendrimers were modified with biotin groups.

As a model system they measured the biospecific interaction between biotin and

antibiotin IgG by a sandwich-type immunosensor using alkaline phosphatase as the

enzyme for generating electroactive products (Scheme 8.14) [131].

In order to obtain a better sensitivity Yang and coworkers [132] have developed a

sandwich-type heterogeneous electrochemical immunosensor (SHEI) for mouse IgG

in which the signal amplification is achieved using pAP redox cycling by hydrazine

and the noise level is reduced using an ITO electrodemodifiedwith a Fc-D dendrimer.

This research group has reported an ultrasensitive and simple electrochemicalmethod

for signal amplification that is obtained by catalytic reduction of p-nitrophenol to pAP

using gold-nanocatalysts labels. The electrochemical signal is amplified by chemical

reduction of p-quinone imine to aminophenol by NaBH4. For the preparation of a

SHEI an IgG layer was formed on an ITO electrode in which Fc-D was also

immobilized by bonding to carboxylic groups of a phosphonate SAM. The unreacted

amines of Fc-D were modified with biotin groups and biotinylated antibodies were

immobilized to the streptavidin-modified ITO [133].

A similar amplification strategy is employed in the preparation of a nanocatalyst-

based electrochemical immunoassay developed using MBs and gold nanocatalysts.

The formed immunosensing complex is strongly attracted to an ITO electrode

modified with Fc-Ds by an external magnet [134].

It has been performed a new pAp redox cycling scheme using NADH, which

is applied to Au electrocatalytic electrodes. These are modified with a mixed

SAM of mercaptododecanoic acid and mercaptoundecanol, and a Fc-D dendrimer

SCHEME 8.14 Schematic illustration of an enzyme-amplified immunosensor using redox

mediation of Fc-D.
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layer. In a sandwich-type electrochemical immunosensor for mouse immunoglobulin

G (IgG) 1 pg/mL detection limit for mouse IgG was achieved [135].
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9.1 INTRODUCTION

Organic electronics has come a long way since its humble start [1]. Various devices,

especially organic light-emitting diodes (OLEDs), are beginning to make significant

progress into the commercial world [2]. Others, such as organic field-effect transistors

(OFETs) [3], and organic solar cells (OSCs) [4], are also near or at the stage of

commercialization. The reason for the interest in organic optoelectronicmaterials lies

in the fact that they offer many properties that cannot be realized in traditional

inorganic devices. Compared to their inorganic counterparts, organic activematerials

have the advantage of low cost, easy solution-processability, and an almost unlimited

possibility of molecular designs.

Traditionally, researchers have mainly focused on two kinds of organic semi-

conductors, namely small molecules and polymers. Small molecules can easily be

made in a pure form, so structure–property relationships can often be established [5].

The possibility to obtain single crystals from small molecular semiconductors

has further aided detailed investigations and theoretical treatments of the device

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
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physics [6]. One of the main drawbacks for small molecules is that they are mostly

processed through vapor deposition techniques, which requires high-cost and cum-

bersome high-vacuum facilities. Meanwhile, a large percentage of materials are

wasted during the vacuum deposition process due to the necessity of patterning [7].

These drawbacks post great obstacles for small molecules for truly realizing low-cost

manufacturing. As an alternative, conjugated polymers can be solution-processed by

spin-coating or inkjet printing techniques, due to their favorable rheological prop-

erties [8]. However, their performances in devices are often insufficiently reproduc-

ible, owing to difficulties in controlling the polydispersity, molecular weight,

backbone defects, and/or end groups [5]. The complexity and heterogeneity of a

polymer system also hamper a simple theoretical description of their charge transport

properties [9].

Dendrimers present a relatively new type of organic semiconductors for optoelec-

tronic applications. They are hyperbranched, structurally well-defined, monodisperse

molecules [10]. Their tree-like structure is shown schematically in Figure 9.1. A

dendrimer usually consists of a central core, several layers of branching units, and a

large number of surface groups. The syntheses and characterizations of dendrimers

have made tremendously progress in the past 30 years, as summarized in excellent

reviews and books cited above. Increasing importance and attention are nowplaced on

their functions and applications [11]. Regarding electronic applications, dendrimers

FIGURE 9.1 Schematic representation of a dendrimer’s structure.
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beautifully combine the advantages of both small molecules and polymers. On one

hand, they can be solution-processed like polymers; on the other hand, their

polydispersity can be reduced to close to unity by using highly efficient transforma-

tions and careful purification protocols. Structure–property relationship may thus be

deduced, just as for small molecules. In addition, the unique structure of dendrimers

offers new possibilities for molecular designs and for device configurations. For

example, independently tuning the properties of the core, the branches, and the

surface groups allows one to create a library of structurally related materials for

screening. In addition, employing dendrimers of different generations can be used as a

new approach to control intermolecular interactions [5].

Conjugation plays a central role in semiconducting dendrimers [12]. For example,

in light-emitting and photovoltaic materials, the p-delocalized structural units absorb
or emit light of various wavelengths depending on their conjugation lengths. In

dendrimers, chromophores can be linked by either saturated aliphatic chains or stiff

conjugate units. The former choice bestows some flexibility in the dendrimer

structure, hence improving its solubility. In addition, ground-state electronic coupling

among subunits is minimized. However, the introduction of insulating (nonconju-

gated) moieties has been shown to be detrimental to device performance [13].

Moreover, uncertainty in the distance between chromophores sometimes makes the

interpretation of photophysical processes difficult. In some cases, chromophores may

come into contact via folding of the flexible connecting chains, resulting in unde-

sirable chromophore–chromophore interactions, such as aggregation, excimer for-

mation, and/or self-quenching [14]. The use of rigid, conjugated linkages can prevent

these problems. More importantly, the stiffness of all building blocks in such

dendrimers results in a unique property: shape-persistency.

The Moore group pioneered the study of shape-persistent dendrimers [15]. Since

their first publication in 1993, many rigid, conjugated dendrimers have been re-

ported [16]. The use of stiff units ensures that the dimension of the entire dendrimer is

almost invariant of environmental conditions [17]. As we will see later, the ability to

retain a stiff conformation in the solid state results in many favorable properties, such

as reduced interchromophore interactions. Additionally, different functional groups

can be positionedwith exact distances as designed.Note that the conjugation length of

a shape-persistent dendrimer does not necessarily extend through the entire molecule.

For example, the commonly used meta-phenylene linkage disrupts conjugation to

large extent. In addition, nonplanarity among different aromatic rings (due to

torsional angle) also reduces coupling of p-electrons. Also, certain chromophores

such as pyrene [18] and perylene diimide [19] are known to exhibit nearly the same

photophysical properties regardless of their being incorporated into a dendrimer or

not. Therefore, it is usually appropriate to treat a shape-persistent dendrimer as an

ensemble of many chromophores. This fact simplifies the interpretation of the

structure–property relationship, and allows independent tuning of different segments

of a dendrimer.

These unique properties of shape-persistent dendrimers have brought about their

increasing applications in organic electronics. In this chapter, we present an overview

of recent researches in this area, including our own contributions.
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9.2 SHAPE-PERSISTENT CONJUGATED DENDRIMERS

AS LIGHT-EMITTING MATERIALS

9.2.1 Introduction to OLEDs

OLEDs represent a relatively mature area of organic electronics. Since their discov-

ery [20],OLEDshaveattractedenormousattentiondue to their applications in full color

flat-paneldisplays,solid-state lighting,andasbacklightsfor liquid-crystaldisplays[21].

Before outlining the general requirements in the molecular design of light-emitting

dendrimers, itmay be necessary to briefly introduce how anOLEDworks. In a simplest

one-layer OLEDdevice, activematerials are sandwiched between two electrodes [22].

Electrons are injected into the lowest unoccupied molecular orbital (LUMO) of the

activematerial at thecathode.At theanode,holesare injected into thematerial’shighest

occupiedmolecular orbital (HOMO). These positive and negative charge carriers then

move in opposite directions within the active layer under an applied voltage. When

coming across, they combine to generate excitons that emit light with wavelength

determined by the energy gap between the HOMO and LUMO. However, in a single

material, usually either hole transport or electron transport dominates, resulting in a

largewaste of the excessive charge and reduceddevice efficiency.Therefore, to balance

the charge transport, one or more layers are commonly incorporated between the

cathode and anode (Figure 9.2); each layer is optimized for hole transport, electron

transport, or light emitting [23]. The overall efficiency of an OLED device can be

described in terms of the external quantum efficiency (EQE), which is the number of

photons emitted by thedevice dividedby thenumberof charge pairs injected.However,

other parameters, such as lifetime at working conditions, maximum brightness, and

color purity, are equally important in evaluating the performance of an OLED device.

The operationmechanism of anOLEDdevice imposes several requirements on the

active materials. First of all, the dendrimer should have high luminescent quantum

yield (LQY) in the solid state. This requirement has several implications: first,

conjugated units with inherent high LQY should be incorporated into the dendritic

scaffold. Typical building blocks include 9,10-substituted anthracene [24] and

oligofluorene [25] among others. Second, interchromophore interactions should be

FIGURE 9.2 Illustration of the configuration of an OLED device: (a) a single layer device.

(b) A multilayer device with electron- and hole-transporting layers separated from the light-

emitting layer.
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minimized in the solid state. Such interactions, whether in the ground state or excited

state, generally decrease the LQYand affect the color purity of the emitted light [26].

Consequently, it is desirable to introduce steric hindrance to prevent such interactions.

Examples include 9,9-substituted fluorene unit [27] and t-butyl group decorated

periphery of a conjugated dendrimer [28]. It is noteworthy that the branching

architecture of dendrimers has the inherent ability to prevent aggregation in the

solid state [29]. In the case of shape-persistent dendrimer, the rigidity of the scaffold

renders both intra- and interdendrimer chromophore–chromophore interactions

difficult. These considerations explain why shape-persistent dendrimers are espe-

cially promising for construction of light-emitting devices.

The second requirement for an OLED material is an adequate charge transport

ability [30]. Yet, it is a dilemma that decreased intermolecular interaction is always

accompanied by decreased charge transport ability. Fortunately for an OLED device

the charge carrier mobility does not need to be as high as that of an OFET device.

Rather, it is more important to achieve a balance in the transport of both types of

charges [23]. The advantage of a dendrimer scaffold is that one can introduce

chemical moieties that promote electron/hole transport into different positions of

the dendrimer, without interfering with the emission property.

The final remark concerns the synthesis of dendrimers. For commercialization,

cheap startingmaterials, high-yield, efficient, scalable reactions, and easy purification

procedures are desired. For use in OLED, a dendrimer does not need to be of a high

generation as long as all functionalities are present. As we will see, most dendrimer-

based light-emitting diodes (DLEDs) discussed herein are made of dendrimers with a

generation number lower than three.

9.2.2 Dendrimers as Light-Emitting Materials in OLED Devices

9.2.2.1 Phenylacetylene Dendrimers In 1996,Moore and coworkers took the first

step in applying shape-persistent dendrimers as the active material in an OLED [31].

By introducing a highly fluorescent anthracene core to their phenylacetylene (PA)

dendrimer, they constructed up to third-generation blue-emitting dendrimers (Fig-

ure 9.3). To improve the hole-transporting ability of these dendrimers, tripheny-

lamine (TPA) units were appended to the periphery. It was expected that wherever

excitons were generated within the PA dendron, they could be transferred to the

blue-emitting substituted anthracene core. Indeed, electroluminescence (EL) was

observed for devices using 1 and 2, as well as dendrimers of lower generations.

However, the EL and photoluminescence (PL) spectra in thin filmwere significantly

different from those in dilute solution, that is, featureless and red-shifted, indicating

that the PA dendritic scaffold was unable to completely prevent aggregation in the

solid state.

Two additional observations in this report areworthmentioning. First, compared to

the parent dendrimers, dendrimers with peripheral TPA units gave increased current

densities and therefore much lower turn-on voltages, due to more efficient hole

injection. Second, higher generation dendrimers generally gave better device per-

formance, because of their better resistance to crystallization.
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FIGURE 9.3 Chemical structures of the first series of DLED materials. (a) Second-

generationdendrimerwith peripheral triphenylaminegroups. (b)Third-generationPAdendrimer

with an anthracene core [31]. Dendrimers of lower generations are not shown.

Further reports on PA dendrimers are rare, and device performances are not

particularly remarkable [32]. One possible reason is the strong tendency of the PA

units to flatten in the solid state, causing aggregation and excimer formation [31].

9.2.2.2 E-Stilbenyl-Based Dendrimers An important development in DLED is

the introduction of E-stilbenyl moieties into the dendrimer scaffold by Burn and

coworkers [33]. As thismoiety is nearly planar, the entire dendrimer structure remains

relatively flat only until significant crowding takes place at higher generations. The

double bond was constructed usually through Wittig–Horner reaction; alternative

approaches included palladium-catalyzed Heck reaction [34] and Ramberg–

Backlund reaction [35].

In the initial report [33], up to third-generation E-stilbenyl dendrimers with a

distyrylbenzene corewere synthesized to study the generation effect (Figure 9.4). Due

to themeta linkage in themolecular design, the absorption and emission spectra of the

dendrimers were similar to those of the central distyrylbenzene core. On going from

solution to thin film, a red-shifted emission maximum was also observed, but to a

much smaller extent than for PA dendrimer. The devices made with 3–5 showed blue

EL, with EQE of 0.01% for 3, 0.07–0.09% for 4, and 0.03% for 5, respectively. The

device stability increased from the first to the third generation; meanwhile, the third-

generation dendrimer had the most similar PL and EL spectrum. The authors thus

nicely demonstrated that dendrimer generation could serve as a new tool to control

intermolecular interactions in DLED.

268 SHAPE-PERSISTENT CONJUGATED DENDRIMERS FOR ORGANIC ELECTRONICS



FIGURE 9.4 Chemical structures of E-stilbenyl dendrimers 3–5 (from the first to the third

generation) [33].

By changing one of the reaction substrates in the final step of the synthesis,

E-stilbenyl dendrimers with different emission colors could be facilely obtained [34].

For example, introducing a porphyrin core resulted in a red DLED. Likewise, a

distyrylanthracene core gave a yellow–green DLED. In other words, the processabil-

ity and luminescent property were independently provided by the dendron and the

core, respectively, demonstrating the advantage of the dendritic architecture.

Generally, dendrimers constructed from E-stilbenyl units are hole-dominated

materials. Therefore, it is reasonable to expect that introduction of electron-trans-

porting moieties into the dendrimer would balance the charge transport. Following

this line of reasoning, Kim et al. have designed and synthesized triazine-functiona-

lized dendrimers [36] such as 6 (Figure 9.5a). However, two-layer devices (ITO/PVK/

dendrimer/Al:Li) using 6 as the active material showed only modest EQEs

(0.03–0.5%). Another interesting effort was made by Jenekhe and coworkers

(Figure 9.5b) [37]. They incorporated diphenylquinoline units, which have been

extensively studied as promising electron acceptors [38], into the E-stilbenyl den-

drimer. Thereby, the dendrimer was converted to an n-type material. Unlike previous

examples, the chromophores responsible for the emission color are now at the

dendrimer surface. But such a design did not seem to work well for active material

in DLED. Intimate contact among diphenylquinoline units was extensive in the solid

state: the emission color changed from blue to yellow on going from solution to thin

film, and the LQY dropped significantly. Consequently, DLED devices using these n-

type dendrimers alone showed a low EQE (about 0.01%). Nevertheless, these

dendrimers can be used as excellent electron-transporting layers. To demonstrate

this point, Jenekhe’s group fabricated two-layer diodes (ITO/PEDOT/MEH-PPV/

dendrimer/Al) by sequential spin coating ofMEH-PPV layer and the dendrimer layer.

The best performance of thus-obtained devices had amaximumEQEof 5.0%, a power

efficiency of 1.3 lm/W, a device efficiency of 1.5 cd/A at 6.5 V, and a brightness level

of 240 cd/m2 (for dendrimer 7). All the parameters are much better than those from
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devices without the electron-transporting dendrimer layer. This work opens a new

application avenue for the shape-persistent conjugated dendrimers.

9.2.2.3 PolyphenyleneDendrimers Only a few reports using single-bond-linked

chromophores for DLEDs are present in the literature. As a chromophore,

polyphenylene (PP) is not a good candidate due to the large torsional angle

between benzene rings. But this torsional angle in turn makes PP dendrons good

solubilizing groups. In this regard, Cao and coworkers have reported a second-

generation dendrimer with an anthracene core as an excellent blue-emitting

material (Figure 9.6a) [39]. The dendrimer showed good solubility in various

solvents due to the 1,3,5-phenylene-based dendron. In addition, thin films of 8
showed nearly identical PL spectrum with that from solution. This is in great

contrast to the PA dendrimer with the same core discussed above. The reason is

twofold. First, the branched structure of the 1,3,5-phenylene dendron effectively

prevented excimer formation in solid state. Second, the 2-ethylhexyloxy groups at

the periphery are much better solubilizing group than the t-butyl group. The EL

device of 8 exhibited a high EQE of 0.82% at 170 cd/m2. After inserting a PVK

layer between the hole injection layer and emitting layer, the EQE was further

improved to 1.05% at 184 cd/m2.

The syntheses of most of the dendrimers discussed so far relies on metal-catalyzed

coupling reactions. A unique and highly efficient synthetic protocol was developed by

M€ullen and coworkers [40]. Interested readers may refer to a different chapter from

this group in this same volume. In a recent work, they introduced triphenylene unit

into the dendrimer scaffold to produce pure blue-emitting materials [41]. A key

difference between this material and previous examples is that the main chromo-

phores were not confined at the core; rather, they were distributed throughout the

entire dendrimer scaffold. Thereby, the ratio of the active component (triphenylene) to

FIGURE 9.5 E-stilbenyl dendrimers with electron-transporting units at the periphery.

(a) Triazine functionalized E-stilbenyl dendrimer [36]. (b) n-Type conjugated dendrimer with

diphenylquinoline units at the periphery [37].
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inactive materials (PP backbone) was greatly enhanced. The highly congested

backbone results in large torsional angle and thus electronic decoupling among

triphenylene units. Therefore, the PLof thin filmof the dendrimer showedonly a small

red-shift, and retained a high LQY. However, DLED device made from this series of

dendrimers only showed moderate performance, which was partly explained by the

mismatch of HOMO energy level at the interface of the electrode and the active

material.

9.2.2.4 Other Dendrimers Yamamoto and coworkers have reported DLED de-

vices based on their phenylazomethine dendrimers [42]. Both symmetric and

asymmetric dendrimers were tested, and the influence of incorporation of metal ions

was discussed. Other examples include phenothiazine dendrimers [43] and oligo-

fluorene dendrimers [44].

9.2.2.5 Truxene-Based Dendrimers A common challenge in synthesizing shape-

persistent conjugated dendrimers is their low solubility, which may cause incomplete

transformation in coupling reactions and difficulty in purification. For divergent

synthetic strategy, high-generation dendrimers are especially hard to obtain due to the

complexity in purification. For convergent synthetic strategy, solubilizing groups

have to be incorporated at the periphery of the dendron, but theydo so at the expense of

blocking the position for further functionalization.

FIGURE 9.6 Chemical structures of (a) polyphenylene dendrimer with an anthracene

core [39]. (b) Polytriphenylene dendrimer [41].
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To circumvent this problem, our group chose 10,15-dihydro-5H-diindeno-[1,

2-a:10,20-c]fluorene, known as truxene, as a building block for p-conjugated dendri-

mers. Conceptually, the truxene molecule can be seen as three fluorene moieties

annulated together by sharing a central benzene ring. Previously, this fused aromatic

structure has been mainly used for the synthesis of liquid crystals [45], bowl-shaped

polycyclic aromatic hydrocarbons, and C60 [46]. To overcome the low solubility of

bare truxene, we introduced six alkyl chains to the 5, 10, and 15 positions of the truxene

unit. Energy minimization [47] and single crystal structure of model compound 10

(Figure 9.7) [48] showed that these alkyl chains stood upright, perpendicular to the

central plane. The presence of the alkyl chains can thus effectively prevent p–p
stacking of the truxene plane, which is the main driving force for aggregation [49].

Alkylated truxene exhibits several features as excellent building blocks for DLED

materials. First, derivatives of truxene unit usually have LQY approaching unity in

solution. Second, the presence of the six alkyl chains greatly improves the solubility of

the building block, which in turn makes the dendrimer soluble in many common

organic solvents. Also, intermediates in the synthesis can be readily purified by flash

chromatography. An important consequence is that no solubilizing group has to be

introduced to the periphery of the dendron, so the dendrimer could be further

functionalized more easily and completely. Third, the ability of the perpendicular

alkyl chains to prevent interchromophore interaction, in combination with the
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FIGURE 9.7 (a) Illustration of a truxene unit as being annulated by three fluorene moieties.

(b) Numbering of the truxene unit. (c) Chemical structure ofmodel compound 10. (d) Side view

of an energy-minimized conformation of alkylated truxene unit. Reproduced by permission of

the American Chemical Society [47]. (e) Single crystal structure of the model compound 10.

Reproduced by permission of the American Chemical Society [48].
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dendrimers’ architecture, makes truxene-based dendrimer a strong emitter even in the

solid state. Finally, derivation of truxene unit is rather simple. The 2, 7, and 12

positions of the truxene can be easily halogenated, allowing various C–C coupling

reactions to take place.

In 2003, we reported the synthesis of the first series of dendrimers incorporating

truxene units [50], as shown in Figure 9.8. The syntheses of dendrimers 11 (G0) and

12 (G1) were based on repetitive Friedel–Crafts acetylation reaction and SiCl4-

catalyzed cyclotrimerization reaction. The absorption and emission maxima of the

two dendrimers were not much different from the alkylated truxene monomer. Two

facts account for this observation. First, as computation study has shown, electronic

communication among branches of the truxene is minimum, similar to a 1,3,5-

substituted benzene. Therefore, the contribution of a truxene unit to the conjugation

length is only slightly larger than a fluorene unit. Second, there are significant torsion

angles between the benzene ring and truxene unit due to steric repulsion. Hence, the

conjugation length of dendrimer 12 is only slightly longer than a fluorene unit, despite

the presence of 40 benzene rings.

In thin films, dendrimers 11 and 12 showed structured absorption and emission

bands, only slightly red-shifted compared with those in solution. Hence, the effect of

the alkyl chains and the dendritic architecture is evident. With these results in hand,

our first DLED devices [47] were fabricated with the configuration of ITO/PEDOT/

dendrimer/Ba/Al. The EQE was measured to be 0.16% at 27V for 11 and 0.16% at

13V for 12, respectively. However, the EL emissions were significantly red-shifted in

FIGURE 9.8 Chemical structures of the first series of truxene-based dendrimers [50].
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comparisonwith the PL spectra in solid state, whichwas explained by the formation of

ketonic defects during device operation, similar to polyfluorene-based devices.

Encouraged by these initial results, we continued our search for better truxene-

based DLED materials. We then explored an interesting molecular design, that is,

dendrimers constructed solely by truxene units. Figure 9.9 shows the chemical

structures of all-truxene dendrimers [51]. Compared with the previous series, their

absorption peaks red-shifted considerably to 350 nm, indicative of more effective

conjugation between truxenemoieties. The emission spectra of all-truxene dendrimer

showed three peaks at 386, 405, and 430 nm. Again, the generation number does not

have a significant influence on their photophysical properties [52].

Smooth thin films of 13 and 14 showed one main peak around 406 nm with high

LQYs (60% for 13 and 62% for 14). Subsequently, devices were fabricated using 13

and 14with the configuration of ITO/PEDOT:PSS/PVK/dendrimer/TPBI/Ba/Al. The

turn-on voltages were 6.0 V and 5.8V for 13 and 14, respectively. Both devices

emitted pure-blue light with 1931 Commission Internationale de l’Eclairage (CIE)

coordinates of (0.16, 0.08). Notably, no ketonic defect or excimer emission was

observed in these devices, showing great advantage over devices using polyfluorene.

The maximum EQEs were as high as 1.93% at 7.0 V for 13 and 1.99% at 6.3V for 14.

Such a performance was remarkable compared to previous examples.

Our most successful light-emitting materials developed so far are E-stilbenyl-

truxene dendrimers (see Figure 9.10 for the chemical structure). Reported in

2006 [53], the synthesis of such dendrimers was based on repetitive Suzuki and

Horner–Wadsworth–Emmons reactions. In the absorption spectra in solution

(Figure 9.11a), compounds 16 and 17 displayed two absorption peaks at 330 and

378 nm, corresponding to phenyl-functionalized truxene at the periphery and the

central E-stilbenyl-truxene unit, respectively. Two strong emission bands in the

visible region were observed for both 16 and 17, one at 424 nm and the other at

448 nm. The absorption and emission maxima of 16 and 17 showed certain degree of

red-shift to those of model compound 18.
The absorption behaviors of 16 and 17 in thin films (Figure 9.11b) were quite

similar to those in solution. This fact reflects that no obvious interchain and/or

intermolecular aggregation existed in the ground state, probably due to the presence of

bulky branches and a large number of alkyl groups. The emission spectra of 16 and 17

in the thin films showed slight red shift (about 10–20 nm) in comparison with those in

solution. Annealing the films at different temperatures in nitrogen atmosphere did not

significantly change its absorption and emission spectra, but did have significant

impact on device performances, as will be mentioned later.

Dendrimer 16 was soluble in many common organic solvents, which makes it

suitable for many solution processes such as spin-coating, inkjet-printing, and dip-

coating.1 Devices with the configuration of ITO/PEDOT:PSS/PVK/16/Ba/Al were

fabricated [54]. Because 16 has a HOMO level at 5.8 eV, a thin layer of PVK was

introduced on top of PEDOT:PSS as the hole-injection layer. For an annealed device,

1 Recently, we have optimized the synthesis protocol and were able to obtain 16 on a large scale, setting the

basis for its commercialization.
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the CIE coordinate of the emitted light (0.155, 0.086)was quite close to saturated blue

with the CIE coordinates of (0.14, 0.08) specified in the National Television System

Committee standard [55]. More importantly, as the operation voltage increased, the

EL spectra remained essentially unchanged. The J-V-L characteristics and the

FIGURE 9.9 Chemical structures of dendrimers solely constructed from truxene units [51].
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dependence of the luminance efficiency on the current density for annealed device of

16 are displayed in Figure 9.12a and 9.12b. Themaximum luminance efficiency of the

annealed device reached 5.3 cd/A, and the EQE reached 6.6% at a current density of

10.7mA/cm2 with the luminance of 550 cd/m2. To our best knowledge, 16 exhibited

the best performance among blue-emitting dendrimer; its performance was also

among the best of all pure-blue fluorescent materials. Further experiments confirmed

that the enhancement brought about by thermal annealingwas due to the improvement

of the charge injection and charge transport.

FIGURE 9.10 Chemical structures of E-stilbenyl-truxene dendrimers 16 and 17 and model

compound 18 (FSF) [53].

FIGURE9.11 Absorption and emission spectra ofE-stilbenyl-truxene dendrimers andmodel

compound in (a) dilute solution; (b) thin film. Reproduced by permission of the American

Chemical Society [53].
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With such high efficiency at high current density and excellent color stability,

dendrimer 16 is suitable not only for the application in full color displays but also for

white OLEDs in solid-state lighting. To demonstrate these applications, we chose Ir

(mppy)3 and Ir(piq)2acac as green and red phosphorescent emitters. From the energy

level diagram (Figure 9.13b), we can see that 16 can transfer the exciton energy to the

phosphorescent molecules, making it a good host material. By doping 16 with Ir

(mppy)3 or Ir(piq)2acac, and using the same device structure and annealing procedure,

highly efficient green and red OLEDs could be successfully obtained. As a step

further, by codoping Ir(mppy)3 and Ir(piq)2acac into 16 as the single host matrix,

white OLEDs with three emission peaks of blue (lmax¼ 430 nm), green (lmax¼
510 nm), and red (lmax¼ 620 nm) color, with CIE coordinates of (0.312, 0.332), were

successfully achieved. At the luminance for practical applications (1000 cd/m2), the

forward viewing power efficiency and luminance efficiency were as high as 6.9 lm/W

and 16.6 cd/A, respectively. In addition, the CIE coordinates changed only slightly

even if the brightness varies by three orders of magnitude, showing very stable white

emission. The combination of high efficiency, stable white emission, and a high color

rendering index value (a number used to describe the quality of white light), makes 16

based white OLED an ideal candidate for solid-state lighting (Figure 9.14) [54].

In addition to conventional dendrimer structures, our group has also designed and

synthesized a series of novel 3-D dendritic structures that possess intriguing prop-

erties (Figure 9.15) [56]. They are all excellent blue emitters in both solution and the

solid state. A notable feature of these molecules is the stability in the condensed form.

Even after exposure to air at 200�C for several hours, the color integrity of the thin film

FIGURE 9.12 (a) J-V-L characteristics of an annealed device of 16. (b) Dependence of the

luminance efficiency on the current density for an annealed device of 16 [54].

FIGURE 9.13 (a) Chemical structures of phosphorescent dyes for white OLED based on 16.

(b) Energy levels of all materials in the device.
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remained unaltered. No long-wavelength emission was observed, unlike other

fluorene-based blue-emitting materials [57]. The 3-D architecture proved to be a

powerful design to prevent interchromophore interaction in the solid state and to

improve the film’s resistance to degradation or crystallization [58]. The maximum

EQE for devices with a configuration of ITO/PEDOT/PVK/19/TPBI/Ba/Al was as

high as 2.9% for 19a, 2.4% for 19b, 2.0% for 19c, and 1.4% for 19d.

9.2.2.6 Shape-Persistent Phosphorescent Dendrimers In OLED devices based

on fluorescentmaterials, atmost 25%of all excitons can be used to emit light for small

molecules (for conjugated polymers the number might be higher) [59]. The reason is

FIGURE 9.14 EL spectra of 16-based blue, green, red, and white OLEDs [54].

FIGURE 9.15 Chemical structures of two series of 3-D dendrimers.
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that during charge injection, the spin of the charge cannot be controlled. When

electron and hole combine in a molecule, statistically the ratio of singlet to triplet

excitons is 1:3. Because fluorescent materials can only utilize the singlet excitons, at

least 75% of the excitons are wasted. This is why much interest has been paid to

phosphorescent materials that utilize triplet excitons as the emitter [23].

By synthesizing conjugated, dendritic ligands and coordinating themwith suitable

metal ions such as Ir, shape-persistent phosphorescent dendrimers can be constructed.

For example, Figure 9.16a shows the chemical structure of a phosphorescent DLED

material, reported by Burn and coworkers [60]. This green emissive dendrimer, when

blended in a host and used in a bilayer device, achieved a brightness of 400 cd/m2 at

4.5V, with a corresponding EQE of 16% and a power efficiency of 40 lm/W. This is

very close to the theoretical limit of efficiency of 20% based on an outcoupling of a

fifth of the light generated in the device.

Similar to fluorescent dendrimers discussed earlier, dendrons with electron- or

hole-transporting ability could be attached to the periphery of the ligand, to

enhance charge transport. For example, Wang and coworkers reported a series

of Ir-containing dendrimers with structures shown in Figure 9.16b [61]. Undoped

devices using a neat emissive dendrimer film of 21 showed excellent performance

with a peak luminous efficiency of 45.7 cd/A (13.4%), high luminance and high

current density (180,000 cd/m2, 360mA/cm2 at 12 V). More examples could be

found in a recent review by Burn et al. [62]

9.2.3 Outlook

The development of DLEDs has matured to the stage where they are widely

recognized as the third class of materials in OLEDs. Device efficiencies have

FIGURE 9.16 Examples of shape-persistent phosphorescent materials. (a) 1,3,5-Phenelyne-

based green phosphor 20 [60]. (b) Carbazole-based phosphor 21 [61].
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improved dramatically since their first demonstration. As a good example, E-

stilbenyl-truxene dendrimer has shown device performance comparable to those of

some commercializedOLEDs. To realize the commercial potential ofDLEDs, several

issues should be addressed in future studies. First, the synthesis should be more

concise and cost-effective. Second, the lifetime of devices needs to be improved.

Solution-processed devices, whether polymer or dendrimer-based, tend to degrade

under working conditions. Complicated problems related to interfaces and thin film

structures hamper a clear elucidation of the origin of such degradation. Nevertheless,

the problem of lifetime must be solved before DLEDs can have significant impact on

themarket. Third, to better utilize the solution processability of these dendrimers, one

would expect to also improve other steps in their fabrication process. For example,

silver gels could be readily used to pattern Ag electrodes [63]. More efforts should be

made to optimize the device structure and fabrication process, to take full advantage

of the dendrimer’s properties.

9.3 SHAPE-PERSISTENT CONJUGATED DENDRIMERS

AS LIGHT-HARVESTING MATERIALS

9.3.1 Introduction

9.3.1.1 Introduction to the Concept of Light-Harvesting Most life relies directly

or indirectly on solar energy. The yearly incidence of solar energy on the earth’s

surface is many orders of magnitude more than that used by the planet’s population as

power [64]. Therefore, harnessing the solar energy as a clean and renewable substitute

for fossil fuels has been a hot topic for a long time [65]. It is reasonable to seek some

biomimetic principles from the natural photosynthetic process, in which the light

energy is converted and stored as chemical energy with a high efficiency [66]. The

atomic detail of the natural photosynthesis complex has been elucidated during the

past 20 years [67]. Hence, scientists are now in a better position to learn the design

concept of this efficient solar energy harvesting machine, a schematic representation

of which is given in Figure 9.17 [68].

At the center of the photosynthetic unit (PU) is a pair of chlorophyll molecules,

called reaction center (RC). Immediately surrounding the RC is the LH1 complex,

which is composed of a ring-shaped assembly of chlorophyll and carotenoid moieties

in a protein matrix. Farther away from the RC are LH2 and LH3, which share with

LH1 a similar design [69]. One of the most important functions of these light-

harvesting units is to collect solar energy at spectra not covered by the RC, and then

transfer the absorbed energy efficiently to the RC, where charge separation and

subsequent electrochemical reaction occurs [70]. Also, the mechanism of energy

transfer has been studied theoretically in detail [71,72]. Remarkably, it has been

shown that excitons that form on any of the chlorophylls within the LH system finally

go to RC, much like an antenna.

A dendrimer shares some architectural similarities with the PU. By positioning

suitable chromophores at suitable sites, it is possible to design and synthesize
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dendrimers that mimic the light-harvesting ability of the PU [73]. The globular shape

of a dendrimer provides a large surface that can be functionalizedwith light-capturing

chromophores, which then transferred the absorbed energy toward the core. Electro-

active unit could then be placed at the core to finish the final step of the artificial

photosynthesis. However, the application of light-harvesting (LH) dendrimers is not

limited to energy conversion. As mentioned in the last section, LH dendrimer with

highly fluorescent cores could be used in OLED devices [31]. In addition, LH

dendrimers could also serve as highly sensitive molecular sensors due to its inherent

signal amplification ability [74]. Other potential applications include nonlinear

optics [75].

9.3.1.2 Why Use Shape-Persistent Conjugated Dendrimers as LH Materials
Considerable amount of work has been reported on light-harvesting dendrimers

using aliphatic or so-called “flexible” linkage, especially on the Fr�echet-type
dendrons [68,76–78]. However, shape-persistent LH dendrimers have some unique

properties in comparison with flexible ones.

First, a rigid scaffold helps to pin down the distance and relative orientation of the

transition dipoles of donor and acceptor. This makes theoretical modeling and precise

design possible. In nature, the exact allocation of chromophores relies on the well-

defined 3-D structure of protein matrix [70]. Here, the rigid dendrimer scaffold is

expected to function similarly. Second, in shape-persistent LH dendrimers, both

Dexter [79] and F€orster [80] energy transfer (ET) mechanism might operate,

depending on the exact molecular structure. In flexible dendrimers, disrupted

conjugated system precludes the Dexter ET mechanism, which requires orbital

FIGURE 9.17 Schematic representation of a photosynthetic unit [68].
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coupling. Finally, in most conjugated LH dendrimers, the conjugation length is

sensitive to the dendrimer scaffold. This allows easy tuning of the photophysical

property of the chromophore, but complicates the interpretation of the spectra, on the

other hand.

Below, we review the progress in this field of research with contributions from

several groups, including our own. We do not cover transition metal containing LH

dendrimers [81].

9.3.2 Examples of Shape-Persistent Conjugated Dendrimer as LH

Materials

In 1993, Xu andMoore reported the first shape-persistent conjugated dendrimer, using a

PA scaffold [17]. The synthetic protocol was based primarily on Sonogashira reaction

between aryl iodide and terminal alkyne. The fourth-generation dendrimer 22

(Figure 9.18), with a molecular weight of 14 kDa, represented the largest pure hydro-

carbon at that time. This paper represents the start of the preparation of large dendrimers

that are composed of stiff building blocks and have well-defined conformation.

FIGURE 9.18 Chemical structure of the fourth-generation PA dendrimer (94 mer) [17].
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In a subsequent report, Xu andMoore developed a new series of PAdendrimerwith

an expanded structure (Figure 9.19) [82]. In these extended dendrimers, the length of

the repeating linkage and hence the conjugation length increased linearly from the

periphery to the core. The result of this length gradient is multifold. First, in

conventional dendrimers with simple geometric progression, the molar mass in-

creases at a rate exceeding the spacial availability [83]. This makes the synthesis of

higher generation dendrimer very difficult or practically impossible. By adopting

expanded branching structures, such steric congestion is minimized. Second, due to

alleviated steric congestion, extended dendrimer takes on a shape completely

different from the compact, globular shape of a conventional dendrimer. Third, the

branch extension strategy enables large-sized dendrimers to be realized after only a

few repetitive cycles. Finally and most importantly, an energy gradient is inherently

built into the extended architecture. Its importance in improving ETefficiency will be

revealed shortly.

Moore and coworkers first showed that excitons were localized in the small

building blocks in these dendrimers, due to the meta branching linkage [84]. For

FIGURE 9.19 Chemical structure of fourth-generation extended dendrimer reported by Xu

and Moore [82].
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example, the bandgap of compact dendrimers remains similar to that of the smallest

fragment in 22. However, the excitation energy of the extended structure decreased

continuously from the periphery to the core, due to increased conjugation length. This

gradient funnels the excitation energy unidirectionally to the central chromophore,

much like what happens in the natural LH complex. Note that in the absence of the

energy gradient, the exciton migration direction would be random [85].

To study the photophysical process in these dendrimers in detail, Moore’s group

introduced an energy “sink”, for example, a perylene unit, to the PA dendron core

(Figure 9.20) [86].Upon excitation of the PAdendron24 (310 nm)where perylene has

minimum absorption, most of the fluorescence came out of the core, indicating

efficient ET. For compact dendrimers, the ET efficiency decreased as the molecular

size goes up, due to greater average distance between the donor and the acceptor. In

contrast, such a decrease was not observed in extended dendrons. For example,

compound 24 shows an ET efficiency of 98%, much higher than that of its compact

counterpart with similar molecular size (85%). This difference can be translated to

two orders of magnitude increase in the ET rate. Although 24 has better spectral

overlap between donor and acceptor, this alone cannot account for the large

difference; more likely, the energy gradient in 24 plays a significant role in guiding

the excitation energy toward the central perylene. The detail of the ET process is

complicated; application of simple F€orster mechanism did not give a satisfying result.

More interesting photophysical processes such as correlated excimer formation were

observed and studied in detail in these dendrimers [87].

The PA dendrimers investigated by Moore’s group were geometrically symmetric

owing to the meta connectivity. By changing the connectivity, Melinger’s group

developeda seriesof asymmetricallybranchedPAdendrimers shown inFigure9.21 [88].

This change of connectivity has significant impact not only on the overall dendrimer

FIGURE 9.20 Chemical structure of an extended dendron 24 with a perylene as an energy

“sink” [86].
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architecture but also on the photophysical properties. Themost prominent change is that

the assumption of exciton localization is not valid any more; the longest conjugation

length increases linearlywith generation. For example, the absorption edgeof the fourth-

generation dendrimer 26 appeared at 453 nm, corresponding to a conjugation length of

nine PA units with a “para kink.” The presence of a large number of chromophores with

different conjugation lengths also gave the dendrimer a broad absorption spectrum.

Finally, as there are some shortcuts between the peripheral chains and the core, the ET

process was also significantly modified.

Efficient ET process was observed in this series of dendrimer with a perylene trap,

such as in 27 (with ET efficiency between 85% and 93%), although it was a little

slower than in its symmetric counterpart. Ultrafast measurement shows that the ET

process from the PA backbone to the perylene traps was completed on a subpico-

second time scale.

The examples presented to this point generally employed phenylene as a building

block of the shape-persistent LH dendrimer. Another common choice is thiophene.

Oligo- and polythiophenes have been the focus of studies on organic electronic

devices (particularly for solar cells and OFETs), due to their excellent optical, redox,

FIGURE 9.21 Chemical structure of asymmetric PA dendrimers with and without a perylene

trap [88].
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self-assembly, and transport properties [89]. The easy functionalization of the

thiophene unit also makes thiophene-containing molecules especially attractive

synthetic targets. Most studies have focused on linear arrangement of thiophenes

such as oligo- and polythiophenes. Only recently have branched or crossed thiophene

systems been proposed as a third possibility [90,91]. Such unique spatial arrangement

and chemical connectivity of thiophene units are expected to bring new properties to

this much explored material.

In 2002, Advincula and coworkers reported the synthesis of the first series of

thiophene dendrimers (Figure 9.22a) based on Stille coupling reaction [92]. Subse-

quently, they studied the self-assembly behaviors of the dendrons and dendrimers on

solid substrates [93]. In 2007, B€auerle’s group reported another divergent synthetic

protocol for thiophene dendrimers, which allowed continuous growth and peripheral

functionalization [94]. The new synthetic protocol relied on Suzuki coupling reaction

and protection/deprotection of the a-position of the thiophene ring using SiMe3. A

fourth-generation dendrimer is shown in Figure 9.22b. Electronically, these thiophene

dendrimers resembled the asymmetric PA dendrimer; the conjugation length in-

creased continuouslywith increasing the generation, because the a–a linkage between
thiophene rings allowed effective electron delocalization. Moreover, the dendrimer

had a broad absorption spectrum due to the presence of many different conjugation

lengths. Unlike their linear counterparts, evident twists between neighboring thio-

phene rings existed due to steric interaction. As a consequence, these dendrimerswere

soluble even without peripheral solubilizing group, which is remarkable for a

conjugated system with so many aromatic moieties. Regardless of the excitation

wavelength, the emission of a dendrimer came from the unit with the longest

conjugation length, namely the onewithmost a–a linked thiophenes. This observation

FIGURE 9.22 (a) Third-generation thiophene dendrimer synthesized by Advincula and

coworkers [92]. (b) Fourth-generation thiophene dendrimer synthesized by B€auerle and

coworkers. Note their difference in the functional group at the periphery [94].
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indicates highly efficient ET in such dendrimers. The broad absorption spectrum

allows the thiophene dendrimers to be used as active materials in solar cells, as

discussed in the next section. This group also demonstrated the application of these

thiophene dendrimers as entangles photon sensor materials in a later report [94b].

As can be seen from the PA dendrimer, if the thiophene unit could be separated by

an acetylene group, steric crowdedness would be alleviated; and the structure could be

made more extended. In this respect, we have initiated a program of synthesizing

shape-persistent conjugated LH dendrimers using oligo-(thienylethynylene)s (OTEs)

as the building blocks [95]. OTE exhibited several features as ideal branches in LH

dendrimer [96,97]: (1) easily tunable lengths through facile chemical synthesis

approaches; (2) linear and rigid structures with minimum conformational flexibility;

(3) tunable absorption and emission behaviors. As an extension of our work on

truxene-based dendrimers, we have developed a series of dendrimers 29 (G0),
30 (G1), and 31 (G2) (Figures 9.23 and 9.24), using OTEs of different lengths as

branching units [48]. The use of truxene unit allows the molecular weight to increase

rapidly with generation; and the OTE fragments allow the molecular dimension to

expand quickly. The second-generation dendrimer 31 has the largest diameter (10 nm)

and the highest molecular weight (27 kDa) among all reported second-generation

dendrimers. To understand the photophysical properties of these dendrimer, model

compounds 32 (G0m), 33 (G1m), and 34 (G2m) that represent the largest conjugation

lengths in each generation of dendrimer were also synthesized (Figure 9.25) [98].

The absorption and emission spectra of these compounds are shown in Figure 9.26.

All dendrimers showed two absorption peaks, one around 343 nm, assigned to the

peripheral units (resembling model compound 10), along with another one in the

longer wavelength region. By comparison with linear model compounds, the latter

peak was assigned to the longest OTE-truxene units in each dendrimer. The

absorptionmaxima of these peaks increased progressively toward longerwavelengths

due to increased conjugation length in higher generation. Upon excitation at 343 nm,

where unit 10 absorbs, nearly quantitative ET to the longest branches was observed.

The ET efficiencies were 96% for 29, 97% for 30, and 98% for 31, respectively. The

high ETefficiency can be ascribed to the designed energy gradient from the periphery

to the core, and the large overlap between the emission of the donor and absorption of

the acceptor. Significant “antenna effect” was observed, like that in the natural LH

complex; despite similar LQY, the emission intensity (permolecule) of 31was several

times higher than that of model compound 34 when excited at 343 nm.

We went on to address a key issue of shape-persistent conjugated dendrimers that

was seldom tested: towhat extent is the dendrimer “shape-persistent”? Andwhat is its

real conformation? Energy minimization calculations did suggest a relatively flat

conformation; but because the rotation barrier around thiophene–acetylene bond and

truxene–thiophene bond is small, there may nonetheless be considerable freedom for

rotation. To answer these questions, we performed two characterizations. First, we

employed tapping mode atomic force microscopy (AFM) to investigate molecule 31

on mica substrates. Figure 9.27 shows the AFM image of 31 on mica surface at 3 nM

solution, in which many separated and randomly deposited spots were observed. It is

noteworthy that these spots were relatively uniform in width. Further dilution of the

SHAPE-PERSISTENT CONJUGATED DENDRIMERS 287



FIGURE 9.23 Chemical structure of the zeroth- and first-generation OTE-truxene dendri-

mers and reference compound 10 [48].
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solution did not change the dimension of these spots. Hence, we postulated that every

spot corresponded to a single molecule of 31. The height of the spots varied in the

range from 1.5 to 2.2 nm, which is in fair agreement with the molecular thickness,

estimated either from the molecular model or the single crystal structure of 10.

Therefore, it is believe that on mica substrate, molecule 31 assumes a relatively flat

conformation, similar to the simulation results. The second piece of evidence comes

from dynamic light-scattering (DLS) measurement in solution, where substrate–

molecule interaction is absent. We obtained diffusion coefficients of 2.0� 10�10m2/s

for 29, 1.1� 10�10m2/s for 30, and 7.0� 10�11m2/s for 31, respectively. Diffusion-

ordered NMR spectroscopy gave similar results. By using an oblate spheroid model

and Stokes–Einstein equation, a radius of 2.7 nm was obtained for 29, 5.7 nm for 30,

FIGURE 9.24 Second-generation OTE-truxene dendrimer 31 [48].
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FIGURE 9.25 Chemical structures of model compounds 32 (G0m), 33 (G1m), and

34 (G2m) [98].

FIGURE 9.26 (a) Absorption spectra of dendrimers 29, 30, 31, and compound 10 in THF

solution (10� 7M) at room temperature. (b) Emission spectra of the dendrimers and reference

compounds in THF solutions (10� 7M) at room temperature. Reproduced by permission of the

American Chemical Society [48]. (See the color version of this figure in Color Plates section.)

FIGURE 9.27 AFM images and height profiles of the individual dendrimer molecule 31 on

mica from a 3 nM solution. Reproduced by permission of the American Chemical Society [48].

(See the color version of this figure in Color Plates section.)
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and 9.7 nm for 31, respectively. These were almost identical to the radii obtained from

themolecularmodeling. Therefore, it was suggested that even in solution the extended

dendrimer molecules retained a relatively flat shape. This contrasts with the globular

shape of “flexible” dendrimers and compact conjugated dendrimers, in which steric

congestion overcame the stiffness of the building blocks [17]. Again, the length

gradient shows its importance; steric congestion was significantly reduced, allowing

themolecule to stretch to a flat conformation. This work is a nice validation of theword

“shape-persistent.”

9.3.3 Outlook

In this section,we reviewedhowshape-persistent dendrimerswere used to achieve fast,

directional ET that mimics some aspects of photosynthesis. The importance is clearly

shown of an energy gradient that funnels the peripheral excitons to the central core.

However, we are still far away from the grand goal of artificial photosynthesis. To

achieve that, instead of releasing the exciton energy as fluorescence, the excited state at

the core has to enter a charge separated state. Then, the electrons andholes should favor

different direction ofmovement to bring about a long-lived charge-separated state.We

note that several LH dendrimers with flexible chains have shown some primitive but

promising sign of this complicated function [99,100]. As a step further, electroactive

units should be introduced to take up the electron/hole, converting the light energy into

chemical energy and finishing a photochemical cycle.

The complex photophysical process in these dendrimers still needs proper

theoreticalmodels; the classical Dexter or F€orstermechanismalone seems inadequate

to describe the process. For example, the distance between the donor and the acceptor

should be represented by a weighted distribution instead of a single value [88].

Clarification of the complex photophysics in these LH dendrimers would also help us

to understand the natural photosynthetic process.

Besides mimicking the photosynthetic process, the unique properties of rigid LH

dendrimers sparkled many interesting applications, some of which are described in

the next section of this chapter. But it should be mentioned that realization of

functional devices using these dendrimers is still rare. One reason is the tremendous

synthetic efforts needed to produce these large-sized molecules. Closer collaboration

among synthetic chemists andmaterial scientists would allow a full exploration of the

application potential of these beautiful structures.

9.4 MISCELLANEOUS APPLICATIONS

9.4.1 Introduction

In this section, we will present the application of shape-persistent conjugated

dendrimers in other areas of organic electronics not covered so far. It is not aimed

to be comprehensive; rather, we wish to illustrate how these large structures could be

tailored to meet different requirements in some main areas in organic electronics.

Examples include solar cell and nonlinear optics.
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9.4.2 Organic Solar Cells

Solar cells are devices that convert light energy into electricity. Because of the

increasing cost and decreasing availability of fossil fuels, search for alternative energy

source becomes an urgent issue attracting attention all over the world. Among all

possible solutions, solar cell seems to be a very promising one. Silicon-based solar

cells are well developed, but the cost is still too high compared with the traditional

ways of electricity generation. Hence, OSCs have been proposed as an alternative

choice for high efficiency, low cost technology for energy conversion [101]. The

operation mode of a solar cell is just the opposite of an OLED. After the absorption of

light energy and formation of an exciton, the exciton charge separates at the D–A

interface [102]. The electrons and holes then follow different pathways to the opposite

electrodes. Two types of device configurations have achieved themost success. One is

the bulk heterojunction solar cell (BHJSC) [103], and the other is the Gr€atzel-type
dye-sensitized solar cell (DSSC) [104]. In both devices, organic materials play vital

roles. In BHJSC, an organic donor material is blended with electron acceptors,

usually [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). Ideally, the two

materials form a bicontinuous phase upon spin-coating (or after other treatments),

in which electrons and holes can flow in respective channels toward the electrode. In

a DSSC, the electron acceptor is an inorganic semiconductor such as titanium

dioxide. After charge separation, the electrons hop onto the inorganic semicon-

ductor and migrate to the electrode. The organic dyes are then reduced by an

electrolyte and ready for next excitation. The most important parameter for a solar

cell device is the power conversion efficiency Z, which is the ratio between power

converted and collected, when a solar cell is connected to an electrical circuit. The

highest Z for a BHJSC achieved so far is over 6% [105], and over 11% for a

DSSC [106].

The working principle of solar cells places several requirements on the active

materials. The most important requirement is strong absorbance over a wide range of

spectrum. Ideally, a material’s absorption spectrum should match the solar spectrum.

The second requirement is suitable HOMO and LUMO levels that give the exciton a

driving force to charge separate while maintaining a reasonably high open-circuit

voltage (Voc) [107]. Next, for BHJSC, the donor material should be able to form good

bicontinuous film with the acceptor, and have adequate hole-transporting ability

[102]. For DSSC, the organic dye should be able to absorb strongly on the inorganic

semiconductors and possess adequate distribution of electron density [108].

Optimizing all these factors is a challenging task.

Because most donor materials in BHJSC studied so far are polythiophenes such as

poly(3-hexylthiophene) (P3HT), it is reasonable to expect the above-mentioned

thiophene dendrimer to be a good candidate for BHJSC. Indeed, recently, B€auerle
and coworkers have demonstrated Z up to 1.72% [109] using their thiophene

dendrimers mentioned in the last section. Several general trends were observed.

First, thiophene dendrimer without peripheral SiMe3 group have better performances

than those with SiMe3 groups. In other word, reducing inactive units increases the

device performance. Second, higher generation dendrimers generally have better
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performance. This observation has two origins. One is that higher generation

thiophene dendrimers possess longer a-conjugated pathways and absorb light at

longer wavelengths where the solar photon flux is higher. The other reason is that

higher generation dendrimers have higher hole mobility. One of the disadvantages of

these thiophene dendrimers over P3HT is that their absorption spectra do not cover the

red and near-infrared regions, caused by shorter conjugation length and decreased

intermolecular interaction. In addition, the hole mobility of the dendrimer is also

lower than P3HT. Nevertheless, this work demonstrated that conjugated dendrimer

can be used as the third type materials in OSC. Also, such large dendrimer with

diameter approaching 10 nm brings up an interesting question. As has been proved in

previous work, a nanoscale phase separated morphology is the optimum one for

BHJSC [102]. In this respect, the 3-D persistency of the dendrimer sets a lower limit to

the domain size, which enables unique control over the degree of the phase separation.

Similarwork using phenyl cored thiophene dendrimers is reported byKopidakis et al.,

and a maximum Z of 1.3% is achieved [110]. In a recent work, B€auerle’s group

attached the thiophene dendrons to a ruthenium(II) phthalocyanine core using

coordination chemistry between pyridine and metal-phthalocyanine. A solution

processed BHJSC with Z of 1.6% has been achieved [111].

Following our work on OTE-truxene dendrimers, we also investigated their

applicability as OSC materials. However, in most cases, their absorption spectra are

too narrow. To extend the absorption spectrum to longer wavelength, we have

replaced the OTE segments with oligo(thienylenevinylene) (OTV) segments [112],

which have lower energy bandgap due to better conjugation through the double bond.

Figure 9.28 illustrates the chemical structures of two zeroth-generation extended

dendrimerwith OTVbranches and truxene nodes, alongwith theirmodel compounds.

From the absorption spectra of thin films, it was seen that theOTV-truxene dendrimers

covered a much broader spectrum than OTE-truxene dendrimers, even though the

generation is lower. Typically, poly(thienylenevinylene)-based OSC devices do not

show good performances due to the nonluminescent nature of thienylenevinylene

unit [113]. In our case, the introduction of truxene unit effectively improved the

luminescent ability of the OTV segments. As a result, OSC devices using 37 showed

better performance than the poly(3-hexylthienylenevinylene), despite narrower

absorption spectrum. The highest Z is 0.40% for OSC devices based on 37. In

subsequent works, we have further introduced an electron-accepting unit such as

benzothiadiazole into the dendrimer scaffold to further extend the absorption

spectrum into the red region, and preliminary results showed that Z could be improved

to 0.54% (unpublished results) (Figure 9.29) [112].

Shape-persistent conjugated dendrimers also showed application potential in

DSSCs. For example, Yamamoto and coworkers used their phenylazomethine

dendrimers as a charge separator in DSSC [114]. DSSCs prepared by casting

phenylazomethine dendrimers onto dye-sensitized TiO2 film exhibits higher open-

circuit voltage than the bare film, due to the suppression of back electron transfer by

the dendrimer.

A general problem for dendrimer-based OSC is their narrower light absorption

range and lower absorption coefficient in the red and near-infrared regions, compared
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FIGURE 9.28 Chemical structures of OTV-truxene dendrimers for OSC and their model

compounds [112].
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to linear polymer. The reason is that dendrimers usually have shorter conjugation

length than corresponding polymers. This drawback can be overcome by introducing

small units that are able to absorb light in that region, such as diketopyrrolopyr-

role [115]. We expect to see dendrimers to emerge as the third type of materials for

OSCs, just as they did as DLEDs.

9.4.3 Two-Photon Absorption Material

Nonlinear optics (NLO) describes the behavior of light when the dielectric polar-

ization P responds nonlinearly to the electric field E of the light [116]. Here we will

mainly focus on the phenomenon of two-photon absorption (TPA), a third-order

nonlinear optical process [117]. TPA is the process that a molecule simultaneously

absorbs two photons and gets excited from one state to a higher energy electronic

state. Consequently, the strength of absorption depends on the square of the light

intensity. TPA materials have demonstrated many potential applications including

optical data storage, multiphoton microscopy, 3-D microfabrication, optical power

limiting, and frequency up-conversion lasing [118].

Themost important parameter of a TPAmaterial is TPA cross-section s2. Its unit is
GM, where 1GM is 10�50 cm4 s/photon. Great effort has been made to obtain

materials with large TPA cross-section, usually with a long conjugated system with

electron-donating group and electron-accepting group at two ends [119]. Compared

to linear polymers, a conjugated dendrimer has the ability to concentrate a large

number of chromophores, whose number grows exponentially with generation.

Meanwhile, interchromophore coupling in some conjugated dendrimers has also

been shown to be beneficial to nonlinear optical enhancement.

Goodson’s group has extensively studied various photophysical processes in

triphenylamine-based dendrimers [120]. In contrast to 1,3,5-benzene or truxene

branching centers, the sp2-hybridized nitrogen provides much stronger inter-

branch coupling, resulting in large enhancement of TPA properties. For example,

Figure 9.30 shows a series of triphenylamine dendrimers using acetylene link-

age [121]. With the generation growing from zeroth to second, the s2 increases

FIGURE 9.29 (a) Absorption spectra of OTV-truxene dendrimers and model compounds.

(b) J-V curves of a single layer BHJSC with these dendrimers and PCBM as photoactive layers

under illumination of AM 1.5, 100mW/cm2 [112].
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steadily. The maximum s2 reaches up to 7000 GM for the largest dendrimer. In

such dendrimers, fast energy migration and exciton delocalization are observed,

which can be related to enhanced NLO effect. To ensure the planarity and

therefore electron delocalization around the nitrogen atom, Fang et al. introduced

methylene bridges to constrain the flexibility of the triphenylamine group [122].

As a result, large cross-sections (up to 6100 GM) was obtained for structure 42.

Besides pure organic dendrimer, organometallic unit can also be employed. For

example, Humphrey’s group reported a Ru-containing organometallic dendrimer

43 that showed not only good TPA property but also remarkable three-photon

absorption ability [123]. In a recent report, Burn’s group used their bisfluorene-

biphenyl dendrimer (structure 44) to realize two-photon pumped lasing, showing

great application potentials in up-conversion lasers [124].

FIGURE 9.30 Chemical structures of several TPA dendrimers [121–124].
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9.5 CONCLUSION

In this chapter, we have reviewed recent progress in applying shape-persistent

dendrimers in organic electronics. In the areas of DLEDs, conjugated dendrimers

are already established as a promising type ofmaterial, even for commercialization. In

other areas, they remain at an early stage of development. For each application, the

dendrimer structure should be carefully designed to meet the specific requirements of

the device. Thanks to the increasing amount of synthetic tools and conjugated

building blocks available, we expect shape-persistent conjugated dendrimers to play

a more significant role in the development of organic electronics in the near future.
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FINE-CONTROLLED METAL
ASSEMBLY IN DENDRIMERS

TAKANE IMAOKA AND KIMIHISA YAMAMOTO

Chemical Resources Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan

10.1 INTRODUCTION

The dendrimer architecture [1–3] is suitable for the preparation of finely structured

metal–organic hybrid frameworks, which is an advanced model of conventional

macromolecular–metal complexes [4–6]. These materials are capable for use in

catalysts [7–11], electronics [12,13], and other biological processes [14]. Further-

more, the precision in the metal–organic structure by the dendritic architecture

provided a new possibility for drastic improvement in these characteristics or creation

of a novel functionality in some cases.

Millions of organic compoundsmade of carbon (C), nitrogen (N), oxygen (O), and

hydrogen (H) are now available. The structural variety of these organic compounds is

due tomany reactions that providemethods for cutting and pasting atoms atwill. Even

if the target molecule has a complicated structure, it could be easily prepared at the

molecular level in most cases. Although the chemistry of higher order architectures

(e.g., self-organizing structure, self-assembling structure, or helical structure) is now

developing, the convenience is a significant advantage in employing themethodology

of organic chemistry for the preparation of finely defined nanostructures [15].

Several bottom-up strategies to build a mesophase structure from organometallic

complexes have actually been proposed. For example, macromolecule–metal hybrid-

ization is the most elementary procedure for constructing an assembly of metal

complexes [16,17]. It is generally made by the complexation of metal ions with

presynthesizedmacromolecularmultiligands.As a result,metal ions or their complexes

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
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acquire the enhanced functions of redox communication or excitation energy trans-

duction among themetal complex centers as they retain their character such as catalytic

activity or photosensitivity. A steric effect of the mesophase structure also occasionally

appears. However, this structure is often complicated because the length or topology of

themolecular threads is not unity and not defined. In addition, themolecules are usually

twisted around each other like boiled spaghetti strands; therefore, the nanoenvironment

around the metal complex center should have a statistical distribution caused by the

disorder in the mesophase (Figure 10.1). Decreasing the disorder around the metal

center is necessary to enhance and sharpen the functionality of the complex. Further

extension of these defined structures to a mesoscopic scale (2–50 nm) has been

significantly developed because it is essential for solid-state materials to improve their

function and efficiency.

The strategy using the macromolecule–metal architecture has now moved to

the next stage. The self-assembly [18–22] or surface modification techniques

(self-assembling monolayer (SAM), LB [23,24], or LBL (layer-by-layer) assem-

bly [25–28]) are currently employed in most cases for the fine-tuning of the polymer

aggregation structure (Figure 10.1). Recently, a new approach using a dendritic

FIGURE 10.1 Fabrication techniques for metal—organic hybrid nanostructures. Conven-

tional macromolecule-metal complexes provide a hybrid structure in which metal complexes

are condensed in a polymer matrix. This procedure cannot regulate their mesophase structures

because the matrix consists of length-dispersed polymer chains. Recently, several fabrication

techniques (self-assembly and surface modification), which can form ordered molecular

assemblies, have been proposed.
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architecture has been developed as a building strategy toward a well-organized

supramolecular assembly (Figure 10.2) [29–37]. This approach is similar to that of

proteins in a biological system. Metal-containing proteins are hybridized with lipid

bilayers to construct a cell as a functional unit of life.

This review describes recent advances in the production of metal-assembling

dendrimers through a fine complexation process. Because the dendrimer has a

discrete topology with a defined molecular weight and structure, the metal-

assembling dendrimer could be used as a discrete molecular reactor for the fine

synthesis of inorganic (metal or metal-oxide) nanomaterials. This strategy [38]

first proposed by Crooks et al., could be enhanced to a perfect control of the

number of metal atoms composed of one nanoparticle by using the fine-controlled

metal assembly in specific dendrimers, which enabled atomic-level control of the

templating [39,40]. As a result, we could elucidate the unexplored properties of

subnanometer-inorganic clusters, which are much different from those of the

larger clusters or bulk metals.

These materials are also applied to electronics as hole- or electron-transporting

materials [17]. Many compounds have been developed for photochemical applica-

tions, such as solar cells or light-emitting devices. The advantages of using the

architecture of a macromolecular metal complex are as follows: (1) Utilization

of various excitations including MLCT (metal-to-ligand charge transfer), LMCT

(ligand-to-metal charge transfer), and IVCT (intervalence charge transfer) in addition

to the inherent excitation pathways of metal and organic ligands, such as the d–d and

p–p� transitions. (2) Energy transduction and electron transfer accompanying the

excitation are available in nanoscopic-condensed systems in which a donor–acceptor

pair is closely placedwithin a few nanometers. (3) Not only the chemical composition

but also the higher order nano- to microscopic geometry can be designed on the basis

of the established architecture of the macromolecules. We also discuss the common

photochemical devices, such as OLED (organic light-emitting diode) or solar cells,

highlighting the strategy for the material development of the device components.

FIGURE 10.2 The dendrimers can be used as the building blocks for the fabrication of

mesophase molecular packing structures. The self-assembling in general depends on the

terminal units or the entire conformation of the dendrimer.
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10.2 SYNTHESIS AND PRINCIPLES OF THE

METAL-ASSEMBLING DENDRIMERS

10.2.1 Architecture

An advantage to using the dendrimer architecture for the macromolecule–metal

hybridization is that the microdomain around each metal center is tunable during the

topological molecular design. They contribute not only to the intramolecular-level

control but also to the extended mesophase structure as a building unit. This fact has

recently attracted much attention because it should become a powerful tool to build a

hierarchical structure on nanometer and micrometer scales. Needless to say, the

metallodendrimer would be positioned in a unit cell for macromolecule–metal hybrid

composites. The most important feature of this procedure is almost complete

independence between the designing of each phase in the molecular unit (functional

center), local domain (dendrimer), and extended structure (molecular assembly). To

establish the entire process, a universal way to finely decorate various metallic

elements in the dendrimer is a key process.

Metallodendrimers are roughly categorized in two different groups by the binding

mode of the metal element in the whole architecture. One is metallodendrimers

having metal complexes incorporated as the building units [41–44]. The others are

metal-assembling dendrimers having metal ions attached to the dendrimer li-

gands [40,45–62]. The former way provides a completely defined structure of the

organometallic hybrids, but has the limitation that there are few available structures

and applications. The metal ligation should be strong enough so as not to exchange or

decompose. The latter way can be applied to various metallic elements not only in

static complexes but also in dynamic coordination systems, such as metal cluster

synthesis [63–68]. However, the hybrid structure of metals and dendrimers in a

substance cannot be defined to one limited form until all the coordination sites in the

dendrimer were filled bymetal ions (Scheme 10.1). Because the environment for each

generation (layer) of the dendrimer is not the same, the complexes in each generation

are chemically different. This means a loss of structural unity in the metal–dendrimer

hybrid. In addition, even the number of loaded metal ions in the dendrimer molecules

should have a statistical dispersity. When metal clusters were synthesized using

normal dendrimer ligands, one should find some dispersity in the cluster size. This

reviewmainly focuses on this point based on a uniquemulticoordinating dendrimer in

which metal complexes significantly recognize the site to coordinate.

10.2.2 Multicoordination Equilibria

If there were macromolecular ligands that can assemble metal ions in a finely

controlled stepwise process, the resulting metal assembly should have a much lower

dispersity than one that results from a random coordination system. As a typical

example, we assume a model system in which the coordination sites are arranged to

form a dendritic chain. The number of coordination sites is doubled by stepping the

generations (max fourth generation) in the dendrimermodel. The coordination sites in
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the same generation are placed in the same coordination environment due to their

topological character, while the environments in the different generations are not

identical. Here we define four individual coordination reactions and their constants

(Ka–Kd), which correspond to each generation (layer) in the dendrimer model.

AþM>AM ðKa ¼ ½AM�=½A�½M�; ½A�0 ¼ ½dendrimer�Þ ð10:1aÞ
BþM>BM ðKb ¼ ½BM�=½B�½M�; ½B�0 ¼ 2½dendrimer�Þ ð10:1bÞ
CþM>CM ðKc ¼ ½CM�=½C�½M�; ½C�0 ¼ 4½dendrimer�Þ ð10:1cÞ
DþM>DM ðKd ¼ ½DM�=½D�½M�; ½D�0 ¼ 8½dendrimer�Þ ð10:1dÞ

As shown in a previous paper [39], the concentration profiles of all the free ligands

([A]–[D]) and metal ion ([M]) after reaching equilibrium can be calculated for the

given initial concentrations of the dendrimer ([dendrimer]0) and metal ions ([M]0).

The profiles of the coordinated ligands against the added metal ion are shown in

Figure 10.3. If all the coordination constants were identical (Case 1: Ka¼Kb¼Kc¼
Kd¼ 106mol�1L), the metal ions would be equally distributed to all ligands (A, B, C,

and D) at any molar amount of addition. In this case, the number of metals in one

dendrimer molecule would have a statistical distribution until the coordination sites are

completely filled by the added metal ions. For example, the metal ions are equally

distributed to each layer depending on the number of coordination sites in each layer on

Dendritic Ligand Dendrimer Complex

(Full Complexation)

Mixture of Coordination Isomers

Mono-dispersed Intermediates

SCHEME 10.1
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the midway (5M amounts) to the full complexation (Table 10.1). In contrast, the

coordination profiles were changed by downward trend in the coordination constants

(Case 2: Ka¼ 10Kb¼ 100Kc¼ 1000Kd¼ 107mol�1 L). At the initial point of the

addition, the distribution priority to the core-side layer is higher than that to the outer

layer, and then the prior coordination site is gradually moved to the outer layer. If 5M

amounts ofmetal ionwere added to thedendrimer, 89%(4.46/5)of the addedmetal ion is

distributed to the inner three layers. The behavior became striking when a larger change

in the constants is assumed (Case 3: Ka¼ 102Kb¼ 104Kc¼ 106Kd¼ 1010mol�1 L). In
this case, the added metal ions clearly distinguished the sites to which they should

coordinate. During the initial stage (0< [M]0/[dendrimer]0< 1), most of the metal ions

FIGURE10.3 (a)Amodel of amulticoordination equilibrium systembased on a four-layered

dendrimer. Definition of four independent equilibria enables calculations of the entire com-

plexation status for the given coordination constants. (b) Calculated profiles of the number of

metal complexations in each layer versus the added equivalent ratio of the metal ion for three

different situations. The assumed concentration of the dendrimer is 2� 105mol�1 L and the

number of coordination sites in each layer is 1, 2, 4, and 8. (See the color version of this figure in

Color Plates section.)

TABLE 10.1 Number of metals distributed to each layer of the dendrimers assumed in

Fig. 10.3 upon the quantitative addition of 5 molar amounts

Layer Ligandsa 1 2 3

A 1 (1) 1.00 0.99 0.33

B 2 (2) 1.98 1.76 0.66

C 4 (2) 1.90 1.68 1.33

D 8 (0) 0.07 0.54 2.66

aValues in the parentheses are the number of metals distributed to each layer if the ideal stepwise

coordination was occurred from the core side.
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were coordinated to the core-side layer (A). After the filling of layer A, the

coordination site moved to the next layer (B) until that layer was filled (1< [M]0/

[dendrimer]0< 3). Again it moved to layer C (3< [M]0/[dendrimer]0< 7) and

finally to D (7< [M]0/[dendrimer]0< 15). The coordination process was

completely stepwise; therefore, most metal ions (99%) would be trapped within

the inner three layers if 5M amounts of the free metal ions were added to the

dendrimer (Table 10.1). The dendrimer model assumed in Case 3 can distribute

metal ions to core-side layers with higher priority. In principle, this should result

in the monodispersity of the number of metal ions distributed to each dendrimer

molecule because the statistical factor becomes negligible at each section of the

molar ratio between the dendrimer and the metal ion.

10.2.3 Fine-Controlled Metal Assembling in DPAs

As shown in the previous section, the complexation randomness within the dendritic

architecture should be removed if the constants of the metal coordination could be

gradated by layers. A design strategy for such an unusual system is to utilize the

unique dense-shell property of rigid dendrimers [69,70]. All dendrimers reported

as ligands for multimetal ion assemblies have flexible backbones composed of single

covalent (s) bonds. However, they are not suitable for precisemetal assembly because

their conformational changes and back folding with thermal vibrations would prevent

the precise discrimination of the coordination sites [71]. We reported some dendritic

ligands that have fully aromatic p conjugating backbones [72,73]. The dendritic

phenylazomethines (DPAs) shown in Figure 10.4 behave as unique dendritic ligands,

in which various metal ions were coordinated to the imine nitrogen (C¼N) from the

core-side layer in an orderly fashion.

An example of the stepwise complexation about the simplest DPA (Ph-DPA G4)

with SnCl2 is explained below [39]. SnCl2 acts as a Lewis acid and forms a 1:1

complex with each imine (C¼N) in the Ph-DPAG4. This is confirmed by the model

compound (Ph-DPA G1) bearing only one imine unit. Because the complexation

accompanies a significant change in the p–p� transition energy, it can bemonitored by

measurements of the UV-vis absorption spectra upon the addition of SnCl2. The

spectral change saturating up to the addition of 1M amount of SnCl2 means a 1:1

complexation between the phenylazomethine unit and SnCl2. It can also be deter-

mined by the Job titrationmethod, showing themaximumabsorption change at the 1:1

mixing ratio. A similar UV-vis titration was also applied to the Ph-DPA G4 bearing

15 imineswithin 1 dendrimer (Figure 10.5). Thismaterial showed a significant change

in the UV-vis absorption upon the addition of SnCl2. The spectrum of Ph-DPA G4

gradually changedwith an isosbestic point at 371 nmup to the addition of 1 equimolar

amount versus the molar concentration of the dendrimer. The isosbestic point then

shifted upon the further addition of SnCl2, and appeared at 368 nm between 1 and

3 equimolar amounts. During the addition of SnCl2 from 3 to 7 equimolar amounts,

the isosbestic point appeared at 363 nm, and finally it moved to 360 nm with the

addition of more than 7 equimolar amounts. Overall, the isosbestic point shifted

about 11 nm from 371 to 360 nm.
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These results observed during the titration strongly suggest a stepwise process of

multiple coordination reactions. If the entire coordination simultaneously proceeded,

only one isosbestic point should be observed during the titration because the spectral

change would appear as an average of all the reactions. In this system, four different

FIGURE 10.4 Structures of DPA G4 having various core units.
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isosbestic points appeared in turn starting from each section at 0, 1, 3, and 7 equimolar

amount additions, and continued until the next section (finished at 15M amounts). In

addition, the number of equimolar amounts between each section (1, 2, 4, and 8)

completely agreed with the number of imines in each layer of the Ph-DPA G4. The

coordination profiles about each layer should be those shown in Figure 10.3.

A similar stepwise radial complexation was observed for the DPA derivatives

(Figure 10.4).When SnCl2was added to a solution of these dendrimers, four isosbestic

points were successively observed in the spectra. In PPh-DPA G4 bearing two

dendrons (Figure 10.4), each shift occurred with the repeated additions of 2, 4, 8,

and 16 equimolar amounts of SnCl2 [40,52]. On the other hand,TPA-DPAG4 bearing

three dendrons (Figure 10.4) showed distinct shifts with the repeated additions of 3, 6,

12, and 24 equimolar amounts [74], while Por-DPA G4 [53,54], TPM-DPA

G4 [75,76], and Cyc-DPA G4 [77] (Figure 10.4) bearing four dendrons showed the

distinct shifts with 4, 8, 16, and 32 equimolar added amounts. In each dendrimer, the

equimolar amounts of SnCl2 added to the solution needed to shift the isosbestic point

also agreed with the number of imines in the first to fourth shells. These results support

the conclusion that the complexation in the DPA derivatives proceeds from the core-

side imines to the terminal ones, as shown inScheme10.2.The stepwise reaction is also

evidenced by several methods (transmission electron microscopy, electrochemical

measurement of coordinating iron complexes, and product analysis of metal assisting

reduction of imines) [52,54,56].

FIGURE 10.5 (a) The UV-vis spectral change upon the addition of SnCl2 to Ph-DPA G4.

(b) Enlargements of the isosbestic points successively appeared with the displayed equimolar

amounts of SnCl2.
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10.2.4 Determination of the Multicoordination

For the quantitative evaluation of the complexation, we have to know how much of a

difference between neighboring coordination constants (KC) is required for the

stepwise shift in the isosbestic point. To estimate the profile of the isosbestic point,

we again used the theoretical concentration profile again. A UV-vis absorption

coefficient (e) is generally written as a function of the wavenumber with a Gaussian

expression. The function of the wavelength (l) is given by

eðlÞ ¼ e� exp
� dð1=l� � 1=lÞ2

kT

( )
ð10:2Þ

where l� is thewavelength at the absorptionmaximum, e� is the absorption coefficient
at l ¼ l�, and d is the thermal vibration parameter of the chromophore. The observed

absorbance (A) should be the sum of these functions, therefore, we assigned one

function to each phenylazomethine unit in every layer (either the complex and free

base). For ease of calculation, the parameters of these absorptions (e� and d) were set
to the samevalue for each chromophore. The absorbance change (DA) that involved in
the small addition of the metal ion (D½M�0) is then given by

DAðlÞ¼ e�
X
N

D N½ �exp �dð1=l�
N�1=lÞ2
kT

( )
þD NM½ �exp �dð1=l�

NM�1=lÞ2
kT

( )" #

ð10:3Þ

as the sum of each component (N¼A, B, C, and D, denoting the coordination sites in

each layer) using the calculated value of the concentration profiles (Figure 10.3).

N
S

S

S

2 6 14 30

2 × 4 × 8 × 16 ×

DPAG4
· 4 Layers
· 30 Coordination Sites

Por-DPAG4
· 4 Layers
· 60 Coordination Sites

TPA-DPAG4
· 4 Layers
· 45 Coordination Sites

9 21 453

3 × 6 × 12 × 24 ×

12 28 604

4 × 8 × 16 × 32 ×

N

N N

N

SCHEME 10.2

312 FINE-CONTROLLED METAL ASSEMBLY IN DENDRIMERS



Based on the definition, the isosbestic points were calculated as the l solution of the
equation [DAðlÞ¼0]. The simulated profiles of the isosbestic point for the assumed l�

values are shown in Figure 10.6. When the coordination constants (KC) for each layer

are the same value (Case 1), the isosbestic point was fixed for every molar amount of

the added metal ion. In contrast, the isosbestic point shows a stepwise change during

the addition if the KC values were set to Case 3, in which each KC for the layers were

gradated by a 100 times difference. If the difference in KC is smaller (Case 2), the

change in the isosbestic point becomes continuous.

The results shown in the simulation demonstrate that the coordination constants

(KC) in theDPA experiments should have a considerable differencewhen the constants

of the neighboring layers are separated by more than two orders of magnitude.

10.3 FINE SYNTHESIS OF METAL- OR METAL-OXIDE

NANOPARTICLES

10.3.1 Strategy

Metal nanoparticles have attracted much attention because the surface area percent

becomes higher with the decreasing particle size. From the standpoint of cataly-

sis [78], this increase in the surface area is very important for improving the catalytic

FIGURE 10.6 Calculated changes in the isosbestic point for three different conditions in the

coordination constants assuming the same system treated in Figure 10.3. The bold line

corresponds to the strongly stepwise system in which the coordination constants in each layer

is gradated by a 100-times difference (Ka¼ 102Kb¼ 104Kc¼ 106Kd¼ 1010mol�1 L). The thin
solid line corresponds to a stepwise system in which the coordination constants in each layer is

gradated by a 10-times difference (Ka¼ 10Kb¼ 100Kc¼ 1000Kd¼ 108mol�1 L). The dotted
line corresponds to the equally coordinating system in which all the coordination sites have the

same constants (Ka¼Kb¼Kc¼Kd¼ 106mol�1 L).
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activity. If the intrinsic character of the particle would not depend on the size, the

size should be minimized as far as it downsized. However, in practice, the character

is strongly affected by the size of the metal clusters in the nanometer- or sub-

nanometer-size domain. The size-specific character is dominated by electronic

effects caused by the d-band charge density, surface coordination, and quantum size

effect. This is not only in metal nanoparticles but also in metal-oxide nanoparticles.

In some cases, the specific size effect provides drastic enhancement in the catalytic

activity as observed especially for gold nanoclusters [79]. Thus, complete under-

standing of the specific effect should be required for further design of novel

inorganic (metal or metal-oxide) nanomaterials. However, there have been no

available methods to prepare subnanoparticles of which size and number of metal

atoms are finely controlled in the solution phase (Figure 10.7).

The dendrimer complex can be regarded as a precursor of metal nanoparticles.

Because metal ions are strongly entrapped in the dendrimer architecture and the

diffusion is limited in the interior, the number of metal atoms composing one cluster

particle is equal to the number of metal precursors (ions) in the dendrimer template.

The accuracy of the fine synthesis is, therefore, depends on the accuracy of the metal-

assembling process. However, the metal assembly in a typical metal-assembling

dendrimer, such as poly(amidoamine) (PAMAM), is not defined, but includes the

statistical distribution in the number of metal ions. As described in the previous

section, the number of assembled metal ions in one dendrimer has a significant

distribution when the metal ions equally coordinate to every ligation site in the

dendrimer.When the finemetal-assembling dendrimer was used, the statistical factor

should be drastically minimized. This would improve the precision of the metal

nanoparticle synthesis with atomic-level control.

10.3.2 Synthesis and Characterization of Pt Nanoparticles

The ultimate miniaturization into nano- or a subnanoscale makes metal particles much

more active due to the drastic increase of their specific surface area and the significant

change in their electronic structure. In addition, metal clusters are thus expected to have a

higher activity than thecorrespondingbulkmetal, exhibitinguniqueemission,magnetism,

and catalytic properties. However, there remain numerous issues that must be considered

for theprecise size control andutilizationof thediscretemetal nanoclusters. First of all, the

FIGURE 10.7 Schematic representation of metal nanocluster synthesis in a dendrimer

template.
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large-scale synthesis of such a fine nanocluster in the solution phase is unprecedented. In

the case of gas-phase synthesis, size control is possible [80,81], yet mass production and

stabilization are difficult to achieve. Furthermore, even if we succeeded in the fine

synthesis with micellar surfactants used for the protection of these clusters from the

aggregation [78], these surfactants, such as alkanethiols, often inhibit an inherent catalytic

activity by covering the active metal surface. Modern catalysis technology places the

highest priority on fine platinum nanoparticles because they can be used as electrode

catalysts in fuel cells [82]. On the other hand, there are no established methods for the

synthesis of subnanoscale metal clusters. Thus, the size control of Pt nanoparticles at

atomic level and the elucidation of their functionality is a significant challenge. Presently,

colloidal particles of platinum with a 2–3nm diameter are considered to be useful as the

electrode catalyst in fuel cells [83–85]. However, as platinum is in limited supply, it has

become important to evaluate the performance of catalysts with minimum particle sizes.

Dendrimers with a tetraphenylmethane (TPM) core are particularly suitable as

templates for the synthesis of metal clusters. TPM-DPAG4 (Figure 10.4) undergoes

a stepwise radial complexation from the inner imines, allowing perfect control of the

number of metallic components encapsulated in the cage-like structure [75]. Indeed,

at the point of 4, 12, 28, and 60 equiv. ([metal]/[dendrimer]) during the titration, a

discrete metal–organic assembly can be produced without any distribution of the

number. Compared with conventional dendrimers, the present dendrimers are rigid

and create an inner cavity due to a strong shell effect based on dense-shell packing.

The addition of a reducing agent (sodium borohydride: NaBH4) to a solution of the

dendrimer complex resulted in a two-step UV-vis absorption change involving fast

kinetics followed by slow kinetics. The dendrimer-encapsulated platinum clusters,

Ptn@TPM-DPA G4 (n¼ 12, 28, or 60), were prepared with a very small size

distribution observed by transmission electron microscopy (TEM). The particle sizes

of the n¼ 12, 28, and 60 clusters were 0.86� 0.09, 0.97� 0.09, and 1.16� 0.13 nm,

respectively (Figure 10.8) [76].

The platinum subnanoparticlewith a very narrow size distributionwas examined as a

catalyst for the oxygen reduction reaction (ORR). Many previous research studies have

reported that smaller nanoparticles with a size under 2 nm exhibited a lower catalytic

ORR performance. However, the obtained platinum particle synthesized in the

FIGURE 10.8 Transmission electronmicrograph (TEM) image of Pt clusters (left: Pt12, Center:

Pt28, right: Pt60) synthesized in aphenylazomethine dendrimer template (TPM-DPA-G4). (See the

color version of this figure in Color Plates section.)
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dendrimer templatewith a size smaller than 1 nm exhibited a very high catalytic activity

per platinum atom weight [76]. A higher mass activity was observed for the smaller

particles. The kinetic limiting current normalized by the weight of platinum was

increased, and reached a 13 times higher activity than the commercial Pt/C catalyst

(platinum nanopoarticle on carbon support) with a size of about 2–4nm (Figure 10.9).

While thekinetic limiting currentwas increasedwith thedownsizing, the redoxpotential

at which the ORR starts was shift to the negative potential region, which means that a

higher overpotential is required for the ORR.

10.3.3 Synthesis and Characterization of TiO2 Nanoparticles

Because the dendrimers can act as a fine metal-assembling template for various metal

elements, extensive applications are expected. Not only metallic nanoparticles but also

metal-oxide nanoparticles can be synthesized in the dendrimer template [86]. An

example of the synthesis of TiO2 subnanoparticles with the predicted quantum size

effect on TiO2, which has not been experimentally determined. In the present case, a

precursor complex (Ti(acac)Cl3) was assembled in the dendrimer template with a

defined stoichiometry, and the subsequent conversion into TiO2 was carried out using

two different methods. One is the hydrolysis typically conducted with HCl [87], and the

other is thermolysis over 400�C [88]. The clusters with a different number of TiO2 unit

cells and showed a different optical bandgap, suggested that the bandgap becomes larger

for smaller nanoparticles as predicted by the quantum chemistry theory. In addition, the

fine synthesis enabled a precise discussion about the crystal phase of the subnanopar-

FIGURE 10.9 Correlation between kinetic current density of ORR and the total weight of

platinum loaded on a glassy carbon electrode (GCE). The inset figure shows the specific activity

normalized by the weight.
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ticles. Results obtained from the optical bandgap measurements of these TiO2 nano-

particles preparedby different syntheticmethods (hydrolysis and thermolysis) suggested

that the crystal phase in TiO2 could remain at the crystal size smaller than 1 nm. A

theoretical prediction of the bandgap suggests a continuous variation with the crystal

particle size [89]. The experimental bandgap obtained for the TiO2 subnanoparticles

with the dendrimer template could also match the possible theory, suggesting that the

crystal phase is almost the same as that of the bulk crystal (Figure 10.10).

The new synthetic method to access the subnanometer particles enabled the

quantitative evaluation of the activity, which has not been investigated. The synthetic

strategy provides potential application of these subnanometer materials as novel

nanocatalysts, which have not been prepared in the solution phase.

10.4 PHOTOCHEMISTRY OF METAL-ASSEMBLING

MACROMOLECULES

10.4.1 General Strategies

There are basically two kinds ofmaterials, which can be employed for photochemical

applications in OLED [13] and organic thin-layer solar cells [90,91] One is a polymer

material including a linear polymer, grafting polymer, hyper branch polymer and

FIGURE 10.10 Schematic representation of the quantum-size TiO2 nanodot on a surface

synthesized using a dendrimer template. (See the color version of this figure in Color Plates

section.)
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dendrimers. The other is a low-molecular-weight material, such as the metal–ligand

complex, charge-transfer complex andp-conjugating organicmolecules. The strategy

to fabricate these materials in an integrated system (device) depends on whether we

select the polymer materials or low-molecular-weight material.

The low-molecular-weight materials are generally fabricated by a dry process,

such as the chemical vapor deposition (CVD) method. One advantage of using this

kind of material (method) is its applicability for amultilayer device structure, which

consists of metal, organic, and metal–complex composites. The CVD method

requires a high-vacuum condition; therefore, low cost and mass production of

these devices is rather difficult. In contrast, the polymer materials could be

fabricated by wet processes, which do not require any special equipment and

conditions, except for the solvent. The fabrication of a homogeneous film composed

of polymermaterials on a surface ismuch easier even if the surface area is very large.

Althoughmultilayer modification through thewet process is unfavorable, the recent

development of amolecular-level implementation of multiple functions in one layer

enables the achievement of various device functions with a much simpler device

architecture.

The strategy to design polymer materials for electric or photochemical devices has

been limited by the selection of the chemical composition. The electron transfer and

luminescent property of the material were added as the unit structure was imple-

mented on the graft part or main chain of the polymer. However, the solid-state

structure of these conventional polymers is complicated because the main chains

entwine with each other. The statistical character of the polymer has been prevented

by fine structuring with geometric or orientational control. Under this situation, a new

class of macromolecule “dendrimers” was proposed by Tomalia and Naylor [3] and

Newkome et al. [92] in 1985. These molecules can be defined as highly regulated

branched polymers possessing a focal point [2,69,93–95]. The “divergent” method

was employed for the synthesis of the early dendrimers. It was later improved by

Fr�echet et al. and called as the “convergent method” [1,96] that enables the

preparation of a completely monodispersed dendrimer of over 10 kDa molecular

weight without any disorder in the terminal number.

One of the characteristics of the dendrimers is the “encapsulating effect” [2,97,98]

Based on their topology, the density of the molecular units should be higher than that

of the inner shells. Utilization of the nanospace inside the dendrimer shell is wide, for

example, as a microenvironment for shape-selective catalysis [99–102], a template

for metal nanoparticle synthesis [38,63,66,68], a molecular storage area in supra-

molecular host–guest systems [103–106], and so on.

Standard dendrimers consist of three different moieties called the core, dendron,

and terminus (Figure 10.11). Each part is important for characterizing the properties

of the dendrimers. In general, the core is located at the center of the dendrimer where

the environment is much different from that of the exterior due to steric factors from

the peripheral parts. This position is suitable for applications that utilize the unique

microenvironment, for example, a shape-selective catalyst [99–102], a protected

photoexcitation center [107–111], or chemical storage [112,113]. In contrast, the

terminal possesses a character opposite to the core. It can be used as a reactive
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catalytic center to the external environment [9–11,114,115]. This position often

causes a condensation effect based on their topological character. This results in an

enhancement of the intrinsic functionality of the modification center. For example, a

drastic enhancement in the molecular sensing property was reported by Astruc and

coworkers [116–119]. In addition, the terminal can be used as a linker to the other

dendrimer molecules [120,121]. An example of a redox-driven self-assembly has

been shown by Abru~na et al. [122]. Apart from the core and terminal, the dendron

moiety does not have an outstanding character as themodification centers. However, it

is the most important part of the dendrimer because the structure of the dendron

influences the fundamental properties and the entire conformation. This position also

plays a role in characterizing the environments of the core and terminals. The dendron

serves as a mediator of the electron or energy transfer through the dendritic

architecture [5,42,123–125]. The modification of the dendron moiety therefore

should result in a drastic change in the absolute properties and functions of the

dendrimers.

Therefore, the most important factor that characterizes the fundamental physical

properties of the dendrimers is the rigidity of the monomers constituting the dendron

structure. Ballauff and Likos showed that the entire conformation of the dendrimer

depends on its rigidity based on a theoretical analysis [69,70]. If the dendrimer was

made from flexible backbones, the terminal monomers may be folded back onto the

core side. This phenomenon, called “Back Folding,” disturbs the LBL structure of the

dendrimers (Figure 10.12). It can be experimentally confirmed as the generation

number dependence of the intrinsic viscosity of the dendrimers in solution [126,127].

The intrinsic viscosity of the flexible dendrimer increases with the generation

number and reaches a maximum at generation 2 or 3 followed by a decrease with

the generation number. This means that the back folding of the terminal chains in

the dendrimer results in a smaller particle size of the molecule [128–130]. A

FIGURE 10.11 Typical examples of dendrimers containing core, dendron, and terminal

moieties. Each part plays an important role in characterizing the fundamental properties of the

dendrimers.
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p-conjugating backbone effectively reduces the back folding due to the rigidity. As a
result, stiff dendrimers can retain their topological character in the actual confor-

mation [131]. In addition, they should have a relatively larger space than the flexible

dendrimers. This would allow these dendrimers to encapsulate large guest mole-

cules [103,132] and metal clusters [38].

10.4.2 Light-Emitting Materials

Many conjugated molecules and metal complexes have been developed as light-

emitting materials in photochemical devices such as OLEDs. The most important

requirement for the material is a bright emission even in the solid state. Although

many luminescent compounds show a strong fluorescence in a dilute solution, the

fluorescence intensity drastically decreases in their solid state due to the excimer

formation or intermolecular energy migration that leads to fluorescence quenching.

Thus, low-molecular-weight luminescent materials should be dispersed in photo-

chemically inert host materials, which allows spacing between the chromophores for

their efficient emission in photochemical devices (Figure 10.13). Macromolecular

light-emitting materials, which includes a fluorescent (phosphorescent) core as the

main chain or graft groups, have been extensively studied by many researchers.

Because the polymer chain helps with the homogeneous dispersion of the chromo-

phores into the solid state by suppressing their local crystallization, the luminescence

properties improved in many cases. We can modulate the property by modifying the

composition of the luminescent part and other inert moieties [133–139]. As noted in

the previous section, the design significantly depends on a statistical factor based on

the undefined geometry. As solid-state emitters, dendrimers with a luminescent

molecular group are attracting much attention because their molecular architecture

allows the design of the exact geometry of its key components, that is, the “core

and terminus.”

FIGURE 10.12 Schematic representation of dendrimers composed of rigid and flexible

backbones. The rigid dendrimer can retain its topological architecture that has a dense shell and

sparse interior. In contrast, the termini of the flexible dendrimer intrude in its inner space (back

folding) and are be more compact.
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Dendrimers can possess only one core unit. However, the luminescent core based

on a conjugated structure or metal complexes exhibits an excellent luminescent

property in the solid state as well as in the solution phase [140]. Many reports showed

that the dendritic shell effectively suppresses the concentration quenching of the

fluorescence in the solution phase. This architecture also suppresses the quenching

process by the other quenching species such as the oxygen molecule or electron

acceptors. Phosphorescentmolecules, which are generally quenched by triplet–triplet

annihilation, also retain their luminescence property in a dendritic nanostruc-

ture [141]. As a result, the solid-state emission through a photoexcitation and electric

excitation (in light-emitting diode devices) is drastically improved by the dendrimer

formation [142–149].

10.4.3 Materials for Energy Transduction

Management of an excitation energy transfer (EET) or fluorescent resonance energy

transfer (FRET) is very important when designing photochemical devices employing

a molecular chromophor [136,137,150]. For luminescence devices, it is necessary to

restrict any unfavorable energy dissipation for the maximum use of the excitation

energy as mentioned in the last section. The luminescent color can be modulated

through the interchromophor energy transfer that realizes multicolor emissions

observed as a white light. In principle, a long-range FRET is attenuated by the

distance between the excitation energy donor (D) and acceptor (A) as expressed by

Eq. (10.4) [151].

kt ¼
R0

r

� �6

t0

R0¼ ð8:8� 1023k22Jn� 4Q0Þ
1
6 A

�� � ð10:4Þ

FIGURE 10.13 Fluorescent components are statistically doped in a matrix of a conventional

linear polymer. Therefore, a partial quenching is inevitable depending on the concentration. A

fluorescent component placed at the core of a rigid dendrimer can retain the intermolecular

distance.
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where r is distance between the donor and acceptor, k2 is the orientation factor, J
is the overlap integral of the fluorescence intensity of the donor and the molar

extinction coefficient of the acceptor normalized by the frequency expressed in

wavenumbers, n is the index of refraction of the solvent, and Q0 is excitation

quantum efficiency of the donor.

Precise design of the luminescent property requires the fine geometry of these

chromophors in the solid state. Even if the luminescent film is composed of a

mixture of several chromophors, the dendrimer architecture can produce a well-

defined intermolecular distance allowing the precise control of through space

(FRET) or through bond energy transfer [152–154]. We can also take advantage of

the highly regulated nanostructure to optimize the photochemical processes in

photovoltaic devices. The charge-separating reaction upon the photoexcitation of

the chromophor is a well-established process as the initial reaction during

photosynthesis. The photoexcitation is not direct, but transmitted through a

light-harvesting antenna that is composed of a multiple P850 cytochrome placed

near the center (Figure 10.14). Stacking of an organic and metal complex

chromophor in close proximity can be achieved by the dendrimer synthesis. The

maximum energy transduction in a multiporphyrin system is achieved by the

oligomeric structure based on the dendrimer topology. At the topology level,

the dendrimer architecture is suitable for collecting the photoexcitation energy

because the core unit is located at the focal point [155–164]. At the geometry level,

the summation of the distances between the core and every terminus is minimized if

the symmetric multidendronized core, which leads to a core-centered model, was

used. Several experimental results showed that a close-packing dendrimer archi-

tecture enables complete repression of the energy loss [108].

FIGURE 10.14 Molecular 3-D coordination structures of metalloproteins playing an im-

portant role in the photosynthetic reaction center. Each picture is based on a crystal structure,

visualizing only its functional components without any protein. (Right) Light-harvesting

complex from Rhodopseudomonas acidophila (pdb code: 1kzu) [191]. The photosynthetic

reaction center from Rhodopseudomonas viridis (pdb code: 2prc) [192]. (See the color version

of this figure in Color Plates section.)
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10.4.4 Materials for Electron or Hole Transporting

Photochemical devices including OLEDs and solar cells require materials that can

transport electrons and holes. Recently, PEDOT-PSS is one of the most utilized

polymeric materials for hole transport [165]. Although there is no established

compound providing easy film fabrication and high performance, aryl amine deri-

vatives that contain the triphenylamine (TPA) or carbazole unit are some of the potent

candidates superior to PEDOT-PSS [166,167]. Dendrimers that contain these aryl

amine components are quite remarkablematerials. One of the advantages of using this

material is its excellent film-forming property based on its low viscosity and low

crystallinity. Due to their spherical morphology, the dendrimers that have hole-

transporting units as the termini allows high carrier mobility, regardless of the core

structure and the functionality [35,168–170]. Thus, a flexible design is available based

on the luminescence and charge transport. Examples of the application in OLED

devices are presented in the following section.

Bulk charge transport througha semiconductingfilm is anessential process in organic

electronics. However, a molecular-level charge transfer and its management is also an

important key for any improvement. Especially, for photovoltaic devices, the initial

electron transfer (charge separation) upon photoexcitation determines most of the

photoenergy conversion efficiency. If back-electron transfer against the charge separa-

tion occurs, the total conversion efficiency will be significantly reduced. Although

several strategies to suppress the back-electron transfer have been reported, nanos-

tructure construction based on the dendrimer is a powerful tool to optimize the distance

between the electron donor and acceptor. The photosynthetic reaction center contains a

well-established redox sequence in order to facilitate long-range charge separation for an

efficient photoenergy conversion. The dendrimer structure enables the fine construction

of the function based on a topological and geometrical molecular design.

10.5 APPLICATIONS FOR PHOTOCHEMICAL DEVICES

The function of devices is established as an integration of material properties such as

photoexcitation, luminescence, energy transfer, and electron transfer. In addition to

the molecular-level design, all chemical processes including the formation of

multilayer, heterojunction, fine-tuning of the electron- and hole injection should be

precisely designed for the device construction. Not only the electric property but also

the fabrication process of ultrathin films must be taken into account. In the following

sections, examples of using the dendrimer structure in actual devices are introduced.

10.5.1 Fabrication of an Ultrathin Organic Film for Molecular Devices

In general, molecules with the dendritic architecture show a very good solubility in

most organic solvents. In the case of a linear polymer, the solubility drastically

decreases if the backbone structure is composed of a rigid p-conjugating architecture.
In sharp contrast, the dendrimer is still dissolved even if the rigid structure is the main
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component. This observation is due to the spherical morphology that allows the least

contact between individual molecules. As an example of the phenylazomethine

dendrimer, the 3-D structure obtained through a molecular modeling calculation is

shown in Figure 10.15. The peripheral terminals of theDPA are hardly bent to the core

side, thus the molecule retains its star shape. The nanospace in the dendrimer

molecule is greater than that of the flexible PAMAM dendrimers [3,171–173]. This

characteristic also appeared in the experimental values obtained by a hydrodynamic

measurement in the solution phase (THF). The hydrodynamic radii (Rh) of the DPAs

with PPh and Por cores are 2.0 and 2.2 nm, respectively. These values are consistent

with the estimated terminal-to-terminal length (�5 nm) based on the molecular

modeling of DPAG4-Por. The intrinsic viscosities of the DPAs ([Z]) increase from
G1 (generation 1) to G3, corresponding to the density decrease ([Z] a [M]/Vh). They

reach a constant value for dendrimers larger than G3. This behavior is much different

from that of the flexible dendrimers such as the polybenzylether (Fr�echet
type) [126,127] dendrimers or PAMAMs [3]. The [Z] values of these flexible

dendrimers decrease as the generation number increases after reaching the maximum

value atG3. These results reflect the fact that the backbones of theDPAs are not folded

back to the core even in a THF solution (Figure 10.15).

The p-conjugation in the DPAs contributes not only to the rigidity but also to

the stability of the chemical bonding. Durability of the DPAs against heat decom-

position is nearly equal to that of engineering plastics. The temperatures for a

10% weight decrease under a N2 atmosphere (Td10%) exceeds 500
�C for each DPA

(Table 10.2) [72,174].

The encapsulating effect of the DPA shell has been clearly observed. The DPAs

having a redox active core (porphyrin, triphenylamine) showed the attenuation effect

FIGURE 10.15 Molecular 3-D structures of different dendrimers. The structure of the

PAMAM dendrimer (left) with optimization of the molecular dynamics calculations is from

the literature. The structure of the phenylazomethine dendrimer (right) with optimization of the

semiempirical orbital calculations is from the literature.

324 FINE-CONTROLLED METAL ASSEMBLY IN DENDRIMERS



of electron transfer between the core and an electrode surface [53,54,74]. In the cyclic

voltammograms, the oxidation and reduction peak separation became greaterwith the

increasing generation number, suggesting a slower electron transfer rate constant (k0).

The UV-vis absorption measurements and spin-lattice relaxation times (T1) from the

NMRmeasurements revealed that the solvent molecules are gradually excluded from

the interior of these larger DPAs [54].

The physical properties noted above significantly contribute to the formation of

a homogeneous film and further processing. Indeed, a spin-cast film on a flat substrate

has a very low roughness, and the dendrimer molecules were assembled in a nearly

hexagonal closest packed structure (Figure 10.16). In the next section, examples of the

application in an OLED device will be introduced.

TABLE 10.2 10% weight decreasing (Td10%) and glass transition temperatures (Tg) of

phenylazomethine dendrimers

Dendrimer Td10% (�C) Tg (
�C)

PPh-DPA G1 � 400 50

PPh-DPA G2 514 148

PPh-DPA G3 511 174

PPh-DPA G4 521 188

Por-DPA G1 531 a

Por-DPA G2 528 a

Por-DPA G3 523 195

Por-DPA G4 531 201

aNo clear phase transition was observed.

FIGURE 10.16 An atomic force microscope (AFM) image of the spin-cast film of the

phenylazomethine dendrimer on amica surface. The bottom part on the right-hand side shows a

cross-sectional AFM image corresponding to the dashed line in the top view (upper part).
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10.5.2 Light-Emitting Diodes (OLEDs)

Normal OLED devices require hole (positive charge) and electron injection

from the anode and cathode, respectively. These charges are passed through the

hole- or electron-transporting layer, leading to the 1:1 coupling in the emitting

layer. If coupling occurred, a singlet exciton, leads to a bright luminescence

from the fluorescent material (Figure 10.17). Occasionally, phosphorescence

would be observed as a result of an intersystem crossing [175]. From a

macroscopic viewpoint, the first requirement is control of injection barrier at

the interface between the electrode and material. Thickness control of the

carrier transport layers is effective to some extent not to induce a significant

voltage drop. In addition, the methodology for tuning of the barrier using an

intermediate layer is well established. However, this strategy requires

very complicated device architecture based on the multilayered processing.

FIGURE 10.17 Potential diagram of an electroluminescence (EL) device before and after

biasing.
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Therefore, the recent trend in OLED chemistry has moved to the development of

materials for much simplified single-layered or quasisingle-layered devices

[]. An advantage of macromolecular materials is the flexible design of multi-

functional films, which can be fabricated by a simple cast process.

Indeed, dendrimers composed of carbazole units exhibit a high hole-transporting

performance in OLED devices. A carbazole dendrimer (CzD) with a cyclic pheny-

lazomethine (CPA) core acts as an efficient hole-transport material [178]. Simple

solvent casting (spin-cast method) affords a homogeneous transparent film with a

50–100 nm thickness. Further fabrication on the cast film is available using CVD or

a wet process (after insolubilization through photo-cross-linking). The CPA unit is a

metal collecting site similar to the DPAs. The dendrimer can collect the metal ion in

the dendrimer core. For the two-layer OLEDs consisting of CzDG3-CPA with Alq,

the turn-on voltage was simply reduced from 4.3 to 3.7V, while the maximum

luminescence was enhanced from 786 to 932 cd/m2 only by complexation with

Eu(OTf)3. The current performance of theCzDG3–CPA complex (181mA/cm2) was

over three times that of the free-base form (54mA/cm2) at the same applied voltage

(10V). Insertion of a thin solidCsF layer between the anode and the electron-transport

layer (Alq) results in a significant improvement in the device performance based on

the enhancement of the electron injection. The advanced cell using the CsF layer also

showed the complexation effect on the electroluminescence (EL) performance. The

maximum luminescence was increased from 3717 to 6718 cd/m2 by applying a lower

voltage after the complexation with Eu(OTf)3 even under nonoptimized conditions

(Figure 10.18). At least, this hole-transporting material with metal complexes at the

core exhibits a higher performance in anOLED device. This is an example ofmaterial

enhancement by complexation with a metallic compound as the dopant, which

improves the carrier number and mobility.

FIGURE 10.18 (Left) A carbazole dendrimer (G3) with metal collecting site. (Right) The

OLEDproperty usingCzD-G3 as a hole-transport layer. TheOLEDperformancewas enhanced

by complexation with SnCl2.

APPLICATIONS FOR PHOTOCHEMICAL DEVICES 327



A similar effect was also reported for DPAs having a TPA core [74]. This material

showed a high hole-transport property in its film based on a low crystallinity. The

OLED cell assembled with the dendrimer and tris(8-hydroxyquinoline)aluminum

(Alq) showed ca. 1200 cd/m2 of luminescence with a 10Vapplied voltage. Interest-

ingly, the luminescent performance increased over 20 times only by the complexation

with 1 equiv. of SnCl2. This means that the effective doping of metal ions by finely

controlled hybridization using the DPA system enhanced the hole-transport property.

The role of the precise assembly in hole-transport materials is to repress aggregation

or crystallization. This synergetic effect was also available in other topological

systems (DPA-modified polymer, asymmetric DPA-CzD) based on the DPA

architecture.

An advantage of using these dendrimer-based metal–organic semiconducting

materials is their easy fabrication as a thin solid film only by a spin-coating method.

An amorphous film of ca. 50–100 nm thickness could be prepared without any partial

crystallization. This could be extended to the fabrication offilmswith a larger area that

cannot be produced by a vapor deposition method using monomeric molecules.

10.5.3 Solar Cells

Although the common components for OLED devices can be used, specially

developed materials are usually employed for use in solar cell devices. Materials

based on a macromolecular complex are also useful for photovoltaics and solar

energy conversion. There are several types of photovoltaic devices employing

organicmaterials; that is, an organic thin-layer solar cell [165] and a dye-sensitized

solar cell (DSSC) [179,180] that are currently in the advanced stage of development

for practical use. In both cases, efficient long-range carrier (hole and electron)

transport toward each electrode (anode and cathode) is important [181], as well as

the initial charge separation upon photoexcitation [182]. The charge separation

efficiency and the stability contribute to the internal conversion efficiency that

corresponds to a number of opposite charge pairs per one photon absorbed by the

dye. This efficiency can be significantly improved by the molecular-level nanos-

tructure as noted in the previous section.

In addition to the molecular-level design, the molecular assembled structure

on a submicrometer scale is also essential for enhancement of the photovoltaic

efficiency. First of all, the maximum absorption of photons irradiated from the

outside is necessary to maximize the output (photoelectrons). In order to

increase the absorption, a large amount of dyes as photon antennas and the

reaction center of the photo-induced electron transfer should be implemented in

the photovoltaic cell. Recently, a multichromophore system that allows absorp-

tion over a wide range of wavelengths was developed. Of course, an increase in

the film thickness is demanded for assembling a large number of chromophore

molecules onto a substrate. This strategy inevitably leads to an increase in the

cell resistance, thus electron- and hole-transporting materials are required to

have a very high carrier mobility.

328 FINE-CONTROLLED METAL ASSEMBLY IN DENDRIMERS



A bulk-heterojunction architecture [91,183,184] (Figure 10.19) can afford the

maximum interface area in which dyes can absorb photons and produce a pair of

carriers (electron and hole). Materials that exhibit high carrier mobility are one of

the keys to taking advantage of this interface architecture. In most cases of the

organic thin-layer solar cells, oligo- or polythiophene derivatives are used as the

hole-transporting materials [185]. Electron-transporting materials, such as the

fullerene derivatives, are frequently used with the organic hole-transporting

materials. Wong et al. reported that the complexation of thiophene derivatives

with a metal is an effective strategy to enhance the conversion efficiency [186]. In

general, chemical doping by metallic or nonmetallic components often fails

because the heterogeneous distribution of the dopant prevents the carrier mobility

in an organic semiconducting thin layer. The result strongly suggests that the

homogeneous hybridization at the molecular level allows the maximum use of

the photoenergy.

Similarly, chemical doping can also enhance the total performance of the DSSC.

Yamamoto et al. demonstrated that the molecular-level hybridization between a

macromolecular host and metal complexes improved the total cell performance.

Triphenylamine with dendritic phenylazomethine (TPA-DPA) has a rigid sphere-

like structure of which the hydrodynamic radius is 2.43 nm [187]. The complex-

ation of TPA-DPAwith SnCl2 proceeded in a stepwise fashion from the core to the

terminal imine following the basicity gradient among the imine groups in each

dendron shell. The DSSCs prepared by casting these freebase dendrimers onto a

dye-sensitized TiO2 film exhibited a higher open-circuit voltage than the bare film

FIGURE 10.19 Illustration of a bulk hetero-junction structure that maximizes the interface

area between a hole- and an electron-transporting material.
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through suppression of the back-electron transfer. The insulating effect affording a

better performance of the DSSC was further enhanced by the generation-number

increase. Moreover, the complexation with SnCl2 reduced the resistance of the

TPA-DPA and improved the fill factor (ff). Accordingly, the energy conversion

efficiency of the DSSC prepared using a fifth-generation TPA-DPA is 21% higher

than that for the bare film and, when complexed with SnCl2, provides a 34%

improvement (Figure 10.20).

The micellar structure, such as dendrimers or nanoparticles coated by a SAM,

would provide a segregating channel (for the electron and hole), which might

become part of the heterojunctions. Imahori et al. reported organic solar cells

prepared using the quaternary self-organization of porphyrin (donor) and fullerene

(acceptor) units by clusterization with gold nanoparticles on nanostructured SnO2

electrodes [188,189] The power conversion efficiency of the composite electrode

reached as high as 1.5%, which is 45 times higher than that of the reference system

consisting of both the single components of the porphyrin and fullerene. Li

et al. [190] demonstrated a charge-separating reaction based on a molecular hybrid

composed of a porphyrin-terminated dendrimer and fullerene derivative. Due to

FIGURE 10.20 Potential diagram of a dye-sensitized solar cell employing the phenylazo-

methine dendrimer with a trithienylphenyl amine core. The dendrimer component acts as an

electron rectifier suppressing the back-electron transfer reaction.
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the extended electron- and hole-channel around the dendrimer architecture, an

efficient and stable charge separation could be achieved on the basis of the

molecular-level design. Not only for a photovoltaic application but the dendrimer

architecture also contributed various photochemical processes. For example, the

photochemical hydrogen evolution reaction was achieved using a molecular

sensitizer based on the dendrimer architecture.

10.6 CONCLUSION

The chemistry of a well-defined organic nanostructure has been developed over the

past decade. The advent of the dendrimer architecture provided a new strategy to

construct a fine nanostructure of discrete macromolecules, and possibility of broad

applications. In particular, a new class of p-conjugating dendrimers, which can

coordinate to multiple metal ions showed a very unique property in its metal-

assembling process. Although the dendrimer has many (30 or 60) ligation sites, the

metal ions are preferentially assembled at the ligation sites closer to the core. As a

result, metal ions are orderly assembled in the dendrimer scaffold through a step-by-

step fashion. This phenomenon allows suppression of the statistical distribution in the

number of assembled metal ions.

The metal assembly in a discrete molecular capsule can be converted to a size-

regulated metal cluster with a size smaller than 1 nm. Due to the well-defined

number of metal clusters in the subnanometer size region, its property is much

different from that of bulk or generalmetal nanoparticles. For example, the platinum

subnanocluster was determined to be a more active catalyst for the ORR than the

larger cluster. The size-specific variation in the onset potential where the ORR

started indicates that the poor catalytic performance as a fuel cell catalyst mainly

originated from the electron transfer process to the oxygenmolecule. Recent studies

have demonstrated that the electron transfer process can be improved by the

synthesis of a bimetallic composition. A similar synthetic protocol can be applied

to the synthesis of metal-oxide subnanoparticles, such as TiO2. Estimation of the

optical bandgap elucidated that the quantum size effect also appeared in TiO2

nanoparticles smaller than 1 nm. This is the first investigation of subnanoclusters

properties that have not yet been determined.

We can now utilize this architecture in photochemical and electric devices, such as

light-emitting diodes or solar cells. Photochemical events (excitation, luminescence,

quenching or charge separation) should be implemented in the photoelectrochemical

devices as molecular-level functions. Although these essential functions are obtained

with organicp-extendedmolecules ormetal complexes, it is not enough to usemost of

the energy because the annihilation process (charge recombination) occurs during the

electron-transporting process through the films. A mechanism suppressing this

process can be realized by building a higher order structure of which the scale is

greater than single nanometers. In other words, the hierarchical structure from the

molecular level (functional unit) to the molecular assembly should be constructed
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along the hierarchical electron transfer process from the photoreaction center (dye

and donor–acceptor system) to the electrodes.

Dendritic macromolecules including their metal complexes are some of the

promising candidates for the next-generation organic semiconducting materials.

They are not simply hole- and electron-transporting materials, but also functional

molecular modules assisting the photochemical reactions and electron (hole) recti-

fication. Their well-definedmacromolecular architecture on a single-nanometer scale

is expected to control the local electron transfer, and the molecular assembling

structure up to a micrometer scale plays an important role in fabricating long-range

electron-transporting channels. In addition, the topological architecture of the

dendrimer may provide an intermolecular electrostatic gradient across the LBL

architecture. A new strategy taking this paradigm into account might accelerate the

development of organic semiconducting materials for the next generation.
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11
ENLIGHTENING STRUCTURE AND
PROPERTIES OF DENDRIMERS BY
FLUORESCENCE DEPOLARIZATION

GIACOMO BERGAMINI, ENRICO MARCHI, PAOLA CERONI,
AND VINCENZO BALZANI

Dipartimento di Chimica “G. Ciamician”, Universit�a di Bologna, via Selmi 2, I-40126

Bologna, Italy

11.1 INTRODUCTION

Dendrimers containing luminescent components [1,2] are particularly interesting

since (i) luminescence signals offer a handle to better understand the dendritic

structures and superstructures, (ii) cooperation among the photoactive components

can allow the dendrimer to perform useful functions such as light harvesting,

(iii) changes in the photophysical properties can be exploited for sensing purposes

with signal amplification, and (iv) photochemical reactions can change the structure

and other properties of dendrimers. Moreover, dendrimers can form internal dynamic

niches in which small molecules or ions can be hosted [3,4], because of their tree-like

multibranched structure.

Luminescent dendrimers are also suitable for fluorescence anisotropy measure-

ments [5] that can give information on specific properties, such as (a) rotational

reorientation times and hydrodynamic properties [6], (b) individual molecule rota-

tional isomerism [7], (c) local motions of subunits [8], (d) mechanisms and rate of

delocalization of the excitation energy [9], and (e) hosting ability [10].

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
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The fluorescence anisotropy is defined as

r ¼ ðIjj � I?Þ=ðIjj þ 2I?Þ ð11:1Þ

where I|| and I? are the emission intensities registered when the emission and

excitation polarizers are oriented parallelly or perpendicularly, respectively. For

randomly orientedmolecules containing a single fluorophore, directly after excitation

(t¼ 0), the anisotropy r0 will be 0.4 if the absorption and emission transition dipole

moments have the same orientation and decreases if they are not collinear and when

the molecule undergoes a change in orientation during the excited state lifetime [11].

The fluorescence anisotropy decay can be fitted by a monoexponential model for a

spherical rotor:

rðtÞ ¼ r0 e
� t=y ð11:2Þ

where y is the rotational relaxation time.
An estimate of the y value can also be obtained for a spherical rotor with a

monoexponential decay of luminescence by the value of steady-state anisotropy (rss),

the maximum anisotropy value (r0), and the lifetime t, according to the following

equation [11]:

rss ¼ r0

1þ t=y
ð11:3Þ

The rotational relaxation time y can be related to the hydrodynamic volume Vh by

the Stokes–Einstein–Debye equation. In particular, for compounds having a van der

Waals volume much bigger than the volume of the solvent molecules, “sticking”

boundary conditions are applicable, that is, the form of the rotor has no influence since

it moves together with solvent molecules, and y can be expressed as:

y ¼ Vh Z=kBT ð11:4Þ

where Z is the viscosity of the solvent, kB the Boltzmann constant, and T the absolute

temperature.

An ideal fluorophore for fluorescence anisotropy measurements should possess a

high emission quantum yield and a lifetime with the same order of magnitude as the

rotational correlation time.

If a supramolecular system contains only one fluorescent unit, fluorescence

depolarization takes place, as for simple molecular species, if the absorption and

emission transitionmoments are intrinsically noncollinear, and as a result of change in

orientation of the fluorophore during the excited state lifetime. Such a dynamic

change in orientation may be caused by (i) rotation of the supramolecular system as a

whole, and (ii) local motions of the fluorophore, in the case of a flexible supramo-

lecular architecture. For a supramolecular system that contains more than one

identical fluorescent unit with different orientations, fluorescence depolarization can

also occur by (iii) energy migration from the originally excited unit to a differently

oriented one. Of course, the rates of global rotation, local movements, and energy
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migration must compete with the rate of deactivation of the fluorophore excited state.

At constant temperature, the speed of global rotation depends on the size of the species

and the viscosity of the solvent, the rate of local movements depends on the specific

position of the fluorophore in the supramolecular structure and on the nature of the

bonds that link the fluorophore to the supramolecular scaffold, and the rate of energy

migration depends on the overlap between the absorption and emission spectra of the

fluorophores and their distance. Energy migration among distinct supramolecular

structures should be considered only for very short intermolecular distances, such as

in the powder state, because of the short lifetime of the fluorescent excited state

(nanosecond timescale).

In the specific case of dendrimers, fluorescent units can be incorporated in

predetermined sites of their architecture or hosted inside the dendritic cavities. In

the following, wewill discuss selected examples to illustrate the potentialities of the

fluorescence anisotropy technique to enlighten structure and properties of lumi-

nescent dendrimers. These examples can be divided on the basis of the position of

the luminescent unit(s) in the dendritic structure (Scheme 11.1): (a) a single

luminescent unit in the core; (b) multiple luminescent units at the periphery;

(c) luminescent units in the branching points; (d) luminescent units encapsulated

in the dendrimer dynamic cavities.

Fluorescence anisotropy is not limited to artificial macromolecules; it is gaining

increasing attention also to study biologicalmacromolecules inside cells [12], but this

is outside the scope of the present work.

SCHEME 11.1 Schematic representation of dendrimers containing luminescent units (gray

circle) located in the core (a), periphery (b), branching points (c), and hosted inside the

dendrimer (d).
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11.2 DENDRIMERS WITH A SINGLE LUMINESCENT UNIT

AS A CORE

In the present case, fluorescence anisotropy measurements shine light on the

hydrodynamic properties of the dendrimers as a function of generation, and on

the local motion of the core chromophore, that is, the rigidity of its connections to the

dendrons. In particular, the rotational behavior depends on the dimension and form of

the rotor, interactions between probe and solvent, viscosity of the solvent, and

temperature. Interaction of the dendrimer with solvent can indeed lead to changes

in the dendrimer structure, depending on the nature of the core and the dendrons.

11.2.1 Dendrimers with a p-Terphenyl Core

These dendrimers are constituted by a p-terphenyl core appended with two n-octyl

units and two oligosulfonimide branches of increasing size from G0T up to G2T

(Scheme 11.2). Their absorption and emission bands are slightly red-shifted com-

pared to those of p-terphenyl T [13]. In dichloromethane the fluorescence quantum

yield of the dendrimers is similar and very high (0.7–0.8) and the fluorescence decay is

short (t¼ 0.8 ns).
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SCHEME 11.2 Dendrimers with a p-terphenyl core T.
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11.2.1.1 Steady-State Properties The steady-state anisotropy rss of T and den-

drimers G0T, G1T, G1.5T, and G2T in dichloromethane is constant throughout the

emission band, is practically zero forT and increaseswith increasing dimension of the

dendrimer (Figure 11.1a). The terphenyl-cored dendrimers show a noticeably high

steady-state anisotropy taking into account the experimental conditions used (a low

viscosity solvent at room temperature). Indeed, the maximum anisotropy value (r0),

determined by the relative orientation of the absorption and emission dipoles, is 0.33

FIGURE11.1 Steady-state fluorescence anisotropy rss in dichloromethane solutions at 298K

(light gray bars) of compounds (a) G0T–G2T, and T [13], and (b) G0P, G2P, and G4P [16].

The dashed line corresponds to the corresponding r0 values in rigid matrix. For the

pentaphenyl cored dendrimers the rss values observed for powder on a glass slide at

298K are also reported (dark gray bars).
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for terphenyl measured in polystyrene matrix [14] and it corresponds to a lack of

rotational depolarization.

In these compounds, depolarization channels related to energy migration are not

available in solution since the terphenyl core is the unique fluorescent component and

the lowest excited state of the system and interdendrimer energy transfer is prevented

by the short fluorescence lifetime and dendrimer concentration. Furthermore, fluo-

rescence depolarization via local motions is unlikely because the fluorescent unit is

the core of the dendritic structure and even rotation of the terphenyl moiety around its

molecular axis would not substantially change the relative orientation of the longi-

tudinal absorption and emission transition moments [15]. Therefore, fluorescence

anisotropy has to be related to global rotation of the dendrimer that is affected by

solvent viscosity.

11.2.1.2 Time-Dependent Properties The fluorescence anisotropy decay of the

dendrimers can be fitted to a monoexponential model (Eq. 11.2) for all compounds.

As expected, rotational relaxation times y increase with dendrimer generation

(Table 11.1), demonstrating a slower rotation for larger molecules. These values are

in good agreement with those calculated by Eq. 11.3. The rotational relaxation time y
can be related to the hydrodynamic volume Vh by Eq. 11.4. The calculated Vh values

increasewith dendrimer generation (Table 11.1)without reaching a plateau value; this

demonstrates that there is no collapse of the dendrimer structure upon increasing

generation. These values are in fair agreement with the ones obtained by molecular

modeling, considering the nonspherical shape of the examined compounds [13].

11.2.2 Dendrimers with a p-Pentaphenyl Core

Dendrimers G0P, G2P, and G4P are constituted by a p-pentaphenyl core appended

with two n-octyl chains and two oligosulfonimide branches of increasing gener-

ation (Scheme 11.3). These dendrimers show an absorption band in dichloro-

methane solution with maximum at 325 nm and an intense emission band at 410 nm

TABLE 11.1 Steady-State and Time-Resolved Anisotropy of Fluorescence, and

Hydrodynamic Volumes Calculated by Eq. 11.4 in Dichloromethane Solution at 293K

rss y (ns) Vh (nm
3)

T <0.01 <0.5

G1T 0.19 1.1 10.1

G1.5T 0.22 1.7 15.6

G2T 0.24 2.8 25.6

G0P 0.17 (0.015)a –b

G2P 0.27 (0.017)a –b

G4P 0.32 (0.035)a –b

a In the powder on a glass slide.
bRotational relaxation time y cannot be measured accurately because of the very short lifetime of the

corresponding emitting excited state (about 0.7 ns).
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(Fem¼ 0.7–0.8, lex¼ 325 nm) that can be assigned to the p-pentaphenylene

core [16]. The fluorescence decay is strictly monoexponential and the lifetime

is practically the same in all cases (0.7 ns). In the solid state (powder on a glass

slide), a strong violet emission is observed with a band maximum red-shifted of

about 10 nm compared with the solution spectrum, whereas the lifetime remains

the same.

11.2.2.1 Steady-State Properties In dichloromethane solution at 293K, the an-

isotropy value increases along the series G0P, G2P, andG4P (Figure 11.1b, light gray

bars, Table 11.1), that is, with increasing volume of the three compounds, showing

that depolarization takes place by dendrimer rotation. The fluorescence anisotropy

value (0.32) exhibited by G4P is very high and close to that observed for all the

dendrimers in diluted rigid matrix at 77K (0.35), which can be taken as the r0 value

determined by the relative orientation of the absorption and emission transition dipole
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moments. This result shows that for this very bulky dendrimer rotation is almost

prevented, within the excited state lifetime, even in a low viscosity solvent like

dichloromethane.

In the solid state at room temperature, where dendrimer rotation is of course

completely precluded as it is in rigid matrix, the three compounds show anisotropy

values (Figure 11.1b, dark gray bars, Table 11.1) much smaller than those found in

solution. Such an apparently surprising result suggests that a new depolarization

channel is effective in the solid state, namely intermolecular energymigration among

nonparallelly oriented chromophores. The increase in the anisotropy value in going

fromG0P toG4P is likely related to a decrease in the interdendrimer energymigration

rate with increasing bulkiness of the insulating branches.

11.2.3 Dendrimers with a DPP Core

Dendrimers containing a 1,4-dioxo-3,6-diphenylpyrrolo[3,4-c]pyrrole (DPP) core and

Fr�echet-type dendrons appendedat the nitrogen (GnDPPN) or at the carbon (GnDPPC)
skeleton of the core (see e.g., G3DPPN and G3DPPC in Scheme 11.4) are studied

in various solvents to study the effect of the solvent on the dendrimer conformation

and volume [17]. The DPP chromophore has a high quantum yield of fluorescence

(0.8–0.9) for all the dendrimers and a single excited state lifetime (t¼ 6–7 nsdepending

on the solvent and slightly increasing with dendrimer generation).

11.2.3.1 Time-Dependent Properties The fluorescence anisotropy shows amono-

exponential decay with rotational relaxation time y increasing with dendrimer

generation and dependent on the solvent nature. By applying Eq. 11.4, the hydro-

dynamic volumes have been calculated (Table 11.2). For both families of dendrimers,

hydrodynamic volumes in acetonitrile are smaller than in toluene, suggesting that the

former is not a good solvent. Moreover, hydrodynamic volumes are larger for

G1DPPC than G1DPPN, but they are quite close for the third generation, indicating
that in the GnDPPC family back-folding takes place for larger dendrimers.

TABLE 11.2 Steady-State and Time-Resolved Anisotropy of Fluorescence, and

Hydrodynamic Volumes Calculated by Eq. 11.4

y (ns) Vh (nm
3)

Toluene Acetone Acetonitrile Toluene Acetone Acetonitrile

G1DPPNa 0.23 0.14 0.13 1.6 1.9 1.5

G2DPPNa 0.59 0.30 0.30 4.1 4.0 3.5

G3DPPNa 1.25 0.67 0.64 8.7 9.0 7.6

G4DPPNa 2.45 1.34 1.34 17.0 18.0 15.8

G1DPPCb 0.62 0.30 – 4.3 4.0 –

G3DPPCb 1.47 0.96 – 10.2 10.8 –

G4DPPCb 2.32 – – 16.1 – –

a lex¼ 420 nm; lem¼ 520 nm.
b lex¼ 488 nm; lem¼ 540 nm.
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11.3 DENDRIMERS WITH MULTIPLE LUMINESCENT UNITS

AT THE PERIPHERY

In the present case, fluorescence depolarization can take place by global rotation of

the dendrimer, local motions of the fluorophores, and energy migration. The last

mechanism is strongly dependent on the distance and nature of the luminescent units.

Indeed, energy hopping is favorable for small distances and strong overlap of

absorption and emission spectra of the fluorophores.
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generation Frech�et dendrons.
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Furthermore, in dendritic structure containing several fluorophores multiple

excitation can lead to singlet–singlet annihilation and thus to fluorescence depolar-

ization. This channel of depolarization is not discussed in the present paper; for an

example, see Ref. [18].

11.3.1 Dendrimers Containing Multiple Dansyl Units at the Periphery

Poly(propylene amine) dendrimersG2D, G3D, G4D, andG5D (Scheme 11.5) contain

8, 16, 32, and 64 peripheral dansyl unitsD, respectively. The photophysical properties

are very close to that of the dansyl model compound [19].

Concerning the mechanisms of fluorescence depolarization, energy migration is

not highly efficient in these compounds because dansyl shows a very large Stokes

shift between the absorption (lmax¼ 340 nm) and emission (lmax¼ 515 nm) bands.

Indeed, according to F€orster equation [20], the overlap integral between absorption
and emission spectra J is 3� 10� 18 cm3/M and the distance value where the rate of

energy transfer and of intrinsic deactivation are equal (R0) is about 1.1 nm,

compared to an average estimated distance of about 1.3 nm for G4D (a radius of

about 2 nm has been reported) [21]. Therefore, energymigration is not very efficient

compared to intrinsic deactivation and is not supposed to significantly contribute to

fluorescence depolarization.

11.3.1.1 Steady-State Properties The fluorescence anisotropy value in dichlor-

omethane (Figure 11.2, dark gray bars) is practically zero for D and increases with

increasing dendrimer generation [22]. In a dichloromethane/propylene glycol 1:30

(v/v) mixture, rss (Figure 11.2, light gray bars) is higher than in pure dichlor-

omethane because of the increased viscosity. Indeed, also in the case of model

compound D and the smallest investigated G2D dendrimer, nonzero values of rss
have been measured, different from the results in dichloromethane solution. The

steady-state anisotropy measured for the dendrimers GnD in dichloromethane/

propylene glycol 1:30 (v/v) is (i) much lower (about 0.2) than the maximum

anisotropy value r0¼ 0.31 for dansyl fluorophore [23], suggesting thatmotion is still

present under these experimental conditions, (ii) increasing with dendrimer mo-

lecular mass, (iii) but much less sensitive to this parameter, compared to dichlor-

omethane solution (the same rss values have been obtained for G3D–G5D, Fig-

ure 11.2). These results suggest that fluorescence depolarization takes place by two

processes, a slower onewhose rate decreases with increasing dendrimer generation,

and a faster one that is not largely dependent on dendrimer generation and that is the

dominant one in more viscous solvents. We assign the slow process to the global

rotation of the dendrimer, and the fast one to local motions of the peripheral dansyl

units appended to the dendritic scaffold. The close similarity of steady-state

anisotropy observed for G3D, G4D, and G5D in the more viscous mixture of

solvents is because local motions are not strongly influenced by the dendrimer

generation and they are mainly responsible for fluorescence depolarization.
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SCHEME 11.5 Poly(propylene amine) dendrimers from the second up to the fifth generation

with dansyl units (D) at the periphery.

DENDRIMERS WITH MULTIPLE LUMINESCENT UNITS AT THE PERIPHERY 351



11.3.1.2 Time-Dependent Properties In dichloromethane solution, the anisotropy

decay of D is too fast to be measured with our equipment since it undergoes full

depolarization during the excited state lifetime. For the dendrimers, the rotational

relaxation time y (Table 11.3) can be obtained by fitting the anisotropy data with a

monoexponential decay and upon setting the time-zero anisotropy r0 equal to that of

the dansyl unit, 0.31. The obtained y values are not strongly different going fromG2D

to G5D (from 0.6 to 2.4 ns, Table 11.3), despite the large variation in molecular mass

and volume. Furthermore, these values are not in agreement with those predicted for a

spherical rotor from Eq. 11.3. The hydrodynamic volumeVh calculated fromEq. 11.4

TABLE 11.3 Steady-State and Time-Resolved Anisotropy of Fluorescence in

Dichloromethane (DCM) andDichloromethane/PropyleneGlycol (DCM/PGly) 1:30 (v/v)

Solvent rss y (ns) Vh (nm
3)

D DCM <0.01 <0.5

DCM/PGly 1:30 0.04 –a

G2D DCM <0.01 0.6 5.8

DCM/PGly 1:30 0.15 –a –

G3D DCM 0.01 1.3 12.6

DCM/PGly 1:30 0.18 –a –

G4D DCM 0.02 1.8 17.4

DCM/PGly 1:30 0.18 –a –

G5D DCM 0.05 2.4 23.3

DCM/PGly 1:30 0.18 –a –

aDouble-exponential decay of fluorescence precluded an accurate determination of the corresponding

y values.

FIGURE 11.2 Steady-state fluorescence anisotropy rss of compound D, and dendrimers

G2D–G5D in dichloromethane (dark gray bars) and dichloromethane/propylene glycol 1:30

(v/v) (light gray bars) solution at 298K [22].
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increases with dendrimer generation (Table 11.3), but the corresponding values are

quite close and too small for the larger dendrimers. For example, in the case of G4D a

radius of 1.6 nm is estimated by the corresponding hydrodynamic volume, while

molecular model suggest a more expanded structure (radius about 2 nm) [21]. These

results indicate that this family of dendrimers may not be considered as simple

spherical rotors. Indeed, as evidenced by steady-state measurements, the local motion

is an additional process that contributes to depolarize fluorescence and shorten

rotational relaxation times.

Time-dependent data are not presented in dichloromethane/propylene glycol

mixtures since in this solvent mixture a biexponential decay of fluorescence intensity

is observed, which prevents fitting of the corresponding anisotropy decays.

11.3.2 Dendrimer with Stilbenyl Units at the Periphery

Similarly to the GnD family, the poly(propylene amine) dendrimer G2S contains

identical fluorescent units (in this case, stilbenyl units S) appended in the periphery

(Scheme 11.6) [24]. Therefore, also for G2S depolarization can in principle occur

by (i) global rotation of the dendrimer, (ii) local motions of the peripheral
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SCHEME 11.6 Second-generation poly(propylene amine) dendrimer with stilbenyl S

peripheral units.
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S fluorophores, and (iii) energy migration among the S units. Contrary to what

happens for the GnD dendrimers, in the case of G2S energy migration is expected to

be fast because of the strong overlap between the absorption (lmax¼ 310 nm) and

emission (lmax¼ 353 nm) bands of the stilbenyl moiety, as demonstrated by the

much higher values of J (3.4� 10� 15 cm3/M) and R0 (1.7 nm) reported for stilbenyl

rather than dansyl fluorophores.

Both the stilbenyl model compound S and the second-generation dendrimer G2S

are fluorescent with a very short excited state lifetime (<200 ps), so that fluorescence

anisotropy decay could not be measured with our equipment.

11.3.2.1 Steady-State Properties As shown in Figure 11.3a, the fluorescence

anisotropy of the reference compound S increases upon increasing the fraction of

propylene glycol in the solvent mixtures (from pure acetonitrile to 1:30 (v/v)

acetonitrile/propylene glycol). This is an expected result since in such a molecular

FIGURE 11.3 Steady-state anisotropy rss in acetonitrile (squares), acetonitrile/propylene

glycol 1:2 (v/v) (triangles), and 1:30 (v/v) (circles) solutions at 298K of compounds S (a) and

G2S (b). Emission spectra in acetonitrile solution are also reported [22].
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system the fluorescence anisotropy depends on the competition between excited state

lifetime and rotational relaxation time, with the latter increasing upon increasing

solvent viscosity (Eq. 11.4). On the other hand, for dendrimer G2S an increase in

solvent viscosity does not cause any appreciable increase in fluorescence anisotropy

(Figure 11.3b), maintaining a rss value around 0.16 at 330 nm. The fact that the

fluorescence anisotropy of the dendrimer is not affected by rotational dynamicsmeans

that another mechanism is responsible for depolarization, that is, local motions of the

S fluorophores appended at the dendrimer periphery and/or energy migration among

the eight S units. In order to elucidate which mechanism is actually involved, we

studied the behavior of the corresponding dansylated second-generation dendrimer,

G2D, in the samemixture of solvents. This dendrimer is supposed to have roughly the

same dimensions as G2S, and the same local flexibility for random motions of the

fluorophores. We have found that, contrary to what happens to G2S, in going from

acetonitrile to acetonitrile/propylene glycol 1:30 (v/v), the fluorescence anisotropy of

G2D is strongly affected and it increases approximately by a factor of 10. These

results show that the lack of increase in the fluorescence anisotropy of G2S with

increasing solvent viscosity can be attributed to a faster depolarization mechanism

independent of solvent viscosity, that is, energy migration among the S units,

consistent with the previously reported formation of excimers between nearby S

units [24].

Another interesting feature of G2S fluorescence anisotropy spectrum

(Figure 11.3b) is that it is not constant all over the investigated spectral region; it

decreases from 0.16 at 330 nm to about 0.02 at 500 nm. This result is consistent with

the fact that in the spectral region from 330 to 550 nm two different species, stilbenyl

monomers and excimers, are emitting light with different emission lifetimes

(t1< 200 ps for the emission band at 350 nm and t2¼ 3.5 ns corresponding to the

tail at lower energy). The lower rss value observed forG2S (Figure 11.3b) compared to

S (Figure 11.3a) in acetonitrile solution is indicative of the fact that the rate of energy

migration among stilbenyl units in G2S is higher than that of rotation of S in

acetonitrile solution.

11.3.3 Dendrimers with Two-Photon Absorbing Chromophores
at the Periphery

Phosphorus dendrimers from generation 1 (G1TP in Scheme 11.7) to 4, which

contains up to 96 two-photon absorbing (TP) chromophores at the periphery, show

strong one-photon absorption in the near UV with a nearly linear increase of the

molar absorption coefficient with the number of chromophores, suggesting no

significant ground state interaction [25]. As to the emission properties, amodest red-

shift and broadening of the band upon increasing generation are observed together

with a significant decrease of the emission quantum yield (Fem¼ 0.75 for G1TP

and 0.48 for G4TP in toluene solution), testifying an interchromophoric interaction

in the excited state. These dendrimers have found interesting applications as

luminescent sensors of TNT with signal amplification and near IR two-photon

excitation [26].
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11.3.3.1 Steady-State Properties The rss values of dendrimers in toluene solution

at room temperature decrease with dendrimer generation (rss¼ 0.032 for G1TP and

0.012 for G4TP), but they are, in all cases, much lower than the model TP

chromophore (rss¼ 0.178). This result has been interpreted on the basis of a rapid

energy migration between TP chromophores in the dendritic structures.

11.3.3.2 Time-Dependent Properties The fluorescence anisotropy decays of

dendrimers are fitted by a two-exponential model. In the case of G3TP, the resulting

values of y are of the order of hundreds of femtoseconds and one hundred of

picoseconds with slight variations upon changing the solvent. The first component

is shorter upon increasing dendrimer generation and is attributed to incoherent

hopping exciton transport, due to the increase in chromophore density upon increas-

ing dendrimer generation. The slower decay is weakly dependent on dendrimer

TP

G1TP

SCHEME 11.7 First-generation phosphorus dendrimer functionalized with two-photon

absorbing peripheral chromophores (TP).
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generation and can be associated with less densely packed chromophores. The

fluorescence anisotropy decay is thus utilized to monitor the exciton migration over

the dendrimer surface: exciton migration covers about 20 units in G4TP, providing a

more detailed description of the mechanism of sensory amplification.

11.4 DENDRIMERS WITH LUMINESCENT UNITS

IN THE BRANCHING POINTS

As in the previous case, fluorescence depolarization can give us information on global

rotation of the dendrimer, local motion of subunits, and energymigration. For the last

mechanism, comparison between structurally different dendrimers can elucidate

differences in the rates of intra- and interdendron energy migration, as exemplified in

the following.

11.4.1 Dendrimers Containing Zn(II)-Porphyrins
in the Branching Points

Morphology-dependent antenna properties have been reported for a series of den-

drimers P(L)n (n¼ 1, 4, Scheme 11.8) constituted by a free-base porphyrin core

appended with up to four, much larger dendrons L, each containing seven Zn(II)-

porphyrin units [27]. The presence of poly(benzylether) dendritic wedges at the

periphery makes such dendrimers soluble in common organic solvents. In the star-

shaped P(L)4 dendrimer, energy transfer from the excited singlet states of dendrons L

to the focal P core takes place with rate constant 1.0� 109 s� 1 and 71% efficiency,

whereas in the conically shaped P(L)1 dendrimer the energy transfer rate constant was

10 times smaller and the efficiency 19%. This result shows that morphology has

indeed a noticeable effect on the energy-transfer rate.

11.4.1.1 Steady-State Properties Excitation of P(L)4 at 544 nm with polarized

light in a viscous medium of polyethylene glycol (MW¼ 200) resulted in a highly

depolarized fluorescence from the Zn-porphyrin units (rss¼ 0.02, to be compared

with 0.14 of a monomeric reference compound)1, indicating an efficient energy

migration among the Zn-porphyrin units before energy transfer to the free base core.

In the case of the conically shaped P(L)1 compound, the fluorescence anisotropy was

much higher (0.07). Because of the highly viscous medium, molecular motions are

significantly slowed down and fluorescence depolarization has been assigned to

energy migration within the dendritic array. As previously postulated [28], these

results suggest a cooperation of the four dendrons of P(L)4 in facilitating the energy

migration among the Zn-porphyrin units. Clearly, the P(L)4 system, which incor-

porates 28 light absorbing Zn-porphyrin units into a dendritic scaffold having

1 The polarization values P reported in Ref. [27] have been converted to anisotropy value r by the formula:

r¼ 2P/(3�P) [11], for the sake of clarity.
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an energy accepting core, mimics several aspects of the natural light-harvesting

LH1 complex.

11.5 DENDRIMERS WITH LUMINESCENT UNITS

ENCAPSULATED IN THE DENDRIMER DYNAMIC CAVITIES

Fluorescence depolarization of a guest hosted inside a dendrimer give us information

about the association process, the guest mobility, and/or energy migration among

guest molecules if more than one guest is encapsulated per dendrimer.

11.5.1 Eosin Molecules Enclosed in a Dendrimer

It is well-known [29,30] that poly(propylene amine) dendrimers in dichloromethane

solution can extract eosin from aqueous solution. In particular, the fourth-generation

poly(propylene amine) dendrimerG4B (Scheme11.9) decorated at the peripherywith

32 dimethoxybenzene groups can host one ormore eosinmolecules, depending on the

relative concentrations of dendrimer and eosin in the dichloromethane and aqueous

solutions used for the extraction. In all cases, the average number of eosin molecules
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dynamic cavities.
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per dendrimer can be determined by measuring the absorbance of the dichloro-

methane solution at 515 nm, where the encapsulated eosin shows an intense absorp-

tion band (e¼ 70,000M� 1 cm�1).

11.5.1.1 Steady-State Properties Eosin (as tetrabutyl ammonium salt) in dichlor-

omethane does not show any fluorescence anisotropy (rss< 0.01). This means that

rotational depolarization occurs faster than the excited state lifetime. The steady-state

anisotropy values for dichloromethane solutions of eosin hosted in G4B with 0.1:1

and 7:1 eosin/G4B concentration ratios are shown in Figure 11.4. For solutions with

0.1:1 eosin/G4B ratio, where no more than one eosin molecule is hosted inside a G4B

dendrimer, a steady-state fluorescence anisotropy of 0.09 can be observed. However,

solutions with 7:1 eosin/G4B ratio, in which seven eosinmolecules, as an average, are

encapsulated in each dendrimer, exhibit a much smaller (0.03) steady-state anisot-

ropy. Since there is no reason that rotational depolarization is faster when more eosin

molecules are contained into the dendrimer cavities, the strongly reduced anisotropy

observed for the solution with 7:1 eosin/G4B concentration ratio is assigned to the

occurrence of a fast energy migration among the eosin molecule hosted in the same

dendrimer. This result is consistent with the small Stokes shift between absorption

(lmax¼ 515 nm) and emission (lmax¼ 546 nm) [29] and the consequent high values

of J (5.5� 10� 14 cm3/M) and R0 (4.2 nm).

11.5.1.2 Time-Dependent Properties In dichloromethane solution, the anisotropy

decay of E (as tetrabutyl ammonium salt) is too fast to be measured with our

FIGURE 11.4 Steady-state fluorescence anisotropy rss and anisotropy decay as functions of

time (inset) in dichloromethane solution of E�G4B with ratio 0.1:1 and 7:1 at 298K [22].
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equipment, since it undergoes full depolarization during the excited state lifetime.

The anisotropy decays for eosin encapsulated inG4Bwith 0.1:1 or 7:1 ratio are shown

in the inset of Figure 11.4. The rotational relaxation time is lower when more eosin

molecules are encapsulated inside a dendrimer, but estimation of reliable y values is
precluded by the biexponential nature of the eosin fluorescence decay, as previously

observed [29]. These qualitative time-resolved results and the steady-state measure-

ments suggest that (i) when, at most, one eosin molecule is encapsulated inside G4B

its motion is slowed down, so that rss and y values are higher than in pure

dichloromethane solution, and (ii) upon encapsulation of more than one eosin

molecule per dendrimer an additional mechanism, that is, energy migration, con-

tributes to depolarize fluorescence.

11.5.2 Dendrimer with a Cyclam Core Associated to a Molecular Clip

by a Zn(II) Ion

Dendrimer D (Scheme 11.10), consisting of a 1,4,8,11-tetraazacyclotetradecane

(cyclam) core with appended 12 dimethoxybenzene and 16 naphthyl units [31], is

able to coordinate Zn2þmetal ions by its cyclam core [32]. This is demonstrated by

dramatic changes in the fluorescence spectra of the dendrimer. On the other hand, a

molecular clip C (Scheme 11.10), constituted by two anthracene sidewalls and a

benzene bridging units containing two sulfate groups in the para position [33], is able

to bind Zn2þ ions giving rise to the complex C(Zn2þ), as demonstrated by small

changes in the absorption and emission spectra [34]. By addition of Zn2þ ion to

an equimolar solution of D and C in dichloromethane/acetonitrile 1:1 (v/v), a

self-assembled system constituted by a dendrimer, a Zn2þ ion, and a clip is formed:

C(Zn2þ )D, as demonstrated by efficient energy transfer from naphthalene fluor-

ophores of D to anthracene groups of C [35]. The self-assembly process can also

be proved by fluorescence anisotropy measurements on the clip fluorescence. The

measured rss value (Figure 11.5) (a) is very low (rss� 0.01) in the case of the clip C

in solution at room temperature, (b) it does not show any appreciable change upon

addition of 1 equiv. of Zn2þ ions, and (c) it is doubled (rss¼ 0.02) upon addition of 1

equiv. of Zn2þ and 1 equiv. of dendrimerD. For the systems reported in Figure 11.5,

fluorescence depolarization can take place by one or more of the following

mechanisms: global rotation, local motion, energy migration between the two

anthracene sidewalls of the clip. The last process is not supposed to change rate

constant since just one molecular clipC is present in the self-assembled complexC

(Zn2þ )D. Local motions of the anthracene sidewalls are not expected to change in

the three situations. On the other hand, global rotation is significantly slowed down

because of an increase of the rotor hydrodynamic volume in going from C to C

(Zn2þ ) to C(Zn2þ )D. Therefore, association between dendrimer D and clip C is

easily revealed by changes in steady-state fluorescence anisotropy in solution. This

example is reminiscent of the biological applications of fluorescence anisotropy,

where association between biological macromolecules is revealed by this

technique [12].
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molecular clip C with two anthracene sidewalls.
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11.6 CONCLUSIONS

The dendritic systems presented in this paper, based on various luminophores located

in selected positions of the dendritic architecture, provide representative examples of

different mechanisms of fluorescent depolarization.

In the case of a single fluorophore located at the dendritic core, fluorescence

depolarization may be due to global rotation of the dendrimer in solution or to

interdendrimer energy migration in the powder. By examining rotational relaxation

times in solution, information on the hydrodynamic volume of the dendrimers and

influence of the solvent on dendron back folding are obtained.

In the case of multiple fluorescent units located at the periphery or in the branching

points of the dendrimer, mechanisms of fluorescence depolarization are: global

rotation of the macromolecule, local motion of the luminescent subunits, and energy

migration between identical chromophores. The last path should be considered or not

depending on the distance and nature of the fluorescent units. It is worth noting that

energy migration cannot be evidenced by conventional fluorescence intensity decay

since it does not lead to a quenching of the emitting excited state. Therefore,

fluorescence depolarization offers a handle to study the rate and the mechanism

(coherent or incoherent hopping) of energy migration and the average number of

chromophoric units involved in this process. This feature is particularly important in

view of studying signal amplification in dendritic luminescent sensors.

FIGURE 11.5 Steady-state anisotropy of a 3.5� 10� 6M solution of clip C2� before

(solid circles) and after successive additions of 1 equiv. of Zn(CF3SO3)2 (open triangles) and 1

equiv. of D (open squares) in acetonitrile/dichloromethane 1:1 (v/v) solution at 298K.

lex¼ 355 nm [35].
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In the last case, the investigated luminophore is not covalently linked to the

dendritic structure, but it is encapsulated in its cavities. Therefore, the study of

fluorescence anisotropy of encapsulated chromophores may evidence the possibility

of restricted rotation of the chromophore inside the dendrimer cavities, the energy

migration processes when more than one luminophore is encapsulated in the same

dendrimer, and, in some specific cases, the association process.

Fluorescence anisotropy reveals to be once more a very useful tool to investigate

dendrimer structures and energy migration processes.

ACKNOWLEDGMENTS

This work has been supported by Fondazione Carisbo (“Dispositivi nanometrici

basati su dendrimeri e nanoparticelle”).

REFERENCES

[1] (a) F. V€ogtle, G. Richardt, N. Werner, Dendrimer Chemistry, Wiley-VCH, Chichester,

2009; (b)G.R.Newkome, F.V€ogtle,Dendrimers andDendrons,Wiley-VCH,Weinheim,

2001; (c) J. M. J. Fr�echet, D. A. Tomalia (Eds.), Dendrimers and Other Dendritic

Polymers, John Wiley & Sons, Chichester, UK, 2001.

[2] For some recent reviews, see: (a) X. H. Peng, Q. M. Pan, G. L. Rempel, Chem. Soc. Rev.

2008, 37, 1619; (b) D.Astruc, C. Ornelas, J. Ruiz,Acc. Chem. Res. 2008, 41, 841; (c) J.-P.

Majoral (Ed.), Special Issue onDendrimers inNewJ. Chem. 2007, 31; (d) P. L. Burn, S. C.

Lo, I. D. W. Samuel, Adv. Mater. 2007, 19, 1675; (e) B. Donnio, S. Buathong, I. Bury, D.

Guillon,Chem. Soc. Rev. 2007, 36, 1495; (f) M. Gingras, J.-M. Raimundo, Y. M. Chabre,

Angew. Chem. Int. Ed. 2007, 46, 1010.

[3] For some reviews, see: (a)M. Gingras, J.-M. Raimundo, Y.M. Chabre,Angew. Chem. Int.

Ed. 2007, 46, 1010; (b) T. Darbre, J.-L. Reymond, Acc. Chem. Res. 2006, 39, 925;

(c) C. A. Schalley, B. Baytekin, H. T. Baytekin, M. Engeser, T. Felder, A. Rang, J. Phys.

Org. Chem. 2006, 19, 479; (d) D. Astruc, F. Chardac,Chem. Rev. 2001, 101, 2991; (e) M.

W. P. L. Baars, E. Meijer, W. Top. Curr. Chem. 2000, 210, 131.

[4] For some recent papers, see: (a) M. Chai, A. K. Holley, M. Kruskamp, Chem. Commun.

2007, 168; (b) R. van Heerbeek, P. C. J. Kamer, P. N. M. W. van Leeuwen, J. N. H. Reek,

Org. Biomol. Chem. 2006, 4, 211; (c) R.M. Versteegen, D. J. M. van Beek, R. P. Sijbesma,

D.Vlasspoulos, G. Fytas, E.W.Mejer, J. Am.Chem. Soc. 2005, 127, 13862; (d) J. P. Cross,

M.Lauz, P.D.Badger, S. Petoud, J. Am.Chem. Soc. 2004, 126, 16278; (e)R.Nakajima,M.

Tsuruta, M. Higuchi, K. Yamamoto, J. Am. Chem. Soc. 2004, 126, 1630; (f) M. A. C.

Broeren, J. L. J. van Dongen,M. Pittelkow, J. B. Chrisensen,M. H. P. vanGenderen, E.W.

Meijer, Angew. Chem. Int. Ed. 2004, 43, 3557; (g) A. Dirksen, U. Hahn, F. Schwanke, M.

Nieger, J. N. H. Reek, F. V€ogtle, L. De Cola, Chem. Eur. J. 2004, 10, 2036.

[5] T. G. Goddson III, Acc. Chem. Res. 2005, 38, 99.

[6] (a) R. Vestberg, A. Nystr€om, M. Lindgren, E. Malmstr€om, A. Hult, Chem. Mater. 2004,

16, 2794; (b) M. S. Matos, J. Hofkens, W. Verheijen, F. C. De Schryver, S. Hecht, K. W.

Pollak, J. M. J. Fr�echet, B. Forier, W. Dehaen, Macromolecules 2000 33, 2967.

364 DENDRIMERS AND FLUORESCENCE DEPOLARIZATION



[7] T. Vosch, J. Hofkens, M. Cotlet, F. K€ohn, H. Fujiwara, R. Gronheid, K. Van Der Biest, T.
Weil, A. Herrmann, K. M€ullen, S. Mukamel, M. Van der Auweraer, F. C. De Schryver,

Angew. Chem. Int. Ed. 2001, 40, 4643.

[8] (a) B. Huang,M. A. Prantil, T. L. Gustafson, J. R. Parquette, J. Am. Chem. Soc. 2003, 125,

14518; (b) C. M. Cardona, J. Alvarez, A. E. Kaifer, T. D. McCarley, S. Pandey, G. A.

Baker, N. J. Bonzagni, F. V. Bright, J. Am. Chem. Soc. 2000, 122, 6139.

[9] (a)M. Guo, O. Varnanski, A. Narayanan, O.Mongin, J.-P.Majoral,M. Blanchard-Deche,

T. Goodson III, J. Phys. Chem. A 2009, 113, 4763; (b) S. Cho,W.-S. Li,M.-C. Yoon, T. K.

Ahn, D.-L. Jang, J. Kim, T. Aida, D. Kim,Chem. Eur. J. 2006, 12, 7576; (c) T.-S. Ahn, A.

Nantalaksakul, R. R. Dasari, R. O. Al-Kaysi, A. M. M€uller, S. Thayumanavan, C. J.

Bardeen, J. Phys. Chem. B 2006, 110, 24331; (d) J. Larsen, J. Andersson, T. Pol�ıvka, J.
Sly, M. J. Crossley, V. Sundstr€om, E. A

�
kesson,Chem. Phys. Lett. 2005, 403, 205; (e)M. I.

Ranasinghe, M. W. Hager, C. B. Gorman, T. Goddson III, J. Phys. Chem. B 2004, 108,

8543; (f) W.-S. Li, D.-L. Jiang, T. Aida, Angew. Chem. Int. Ed. 2004, 43, 2943;

(g) B. Huang, M. A. Prantil, T. L. Gustafson, J. R. Parquette, J. Am. Chem. Soc.

2003, 125, 14518; (h) O. P. Varnavski, J. C. Ostrowski, L. Sukhomlinova, R. J. Twieg,

G. C. Bazan, T. Goodson III, J. Am. Chem. Soc. 2002, 124, 1736; (i) M. Lor, R. De, S.

Jordens, G. De Belder, G. Schweitzer, M. Cotlet, J. Hofkens, T. Weil, A. Herrmann, K.

M€ullen, M. Van Der Auweraer, F. C. De Schryver, J. Phys. Chem. A 2002, 106, 2083; (l)

M.-S. Choi, T.Aida, T.Yamazaki, I. Yamazaki,Chem.Eur. J. 2002,8, 2668; (m)M.Maus,

S.Mitra,M. Lor, J. Hofkens, T.Weil, A.Herrmann,K.M€ullen, F. C. De Schryver, J. Phys.
Chem. A 2001, 105, 3961; (n)K. L.Yeow,K. P.Ghiggino, J. N.H. Reek,M. J. Crossley, A.

W.Bosman,A. P.H. J. Schenning, E.W.Meijer, J. Phys. Chem. B 2000, 104, 2596; (o)D.-

L. Jiang, T. Aida, J. Am. Chem. Soc. 1998, 120, 10895.

[10] P.M. R. Paulo,R. Gronheid, F. C. De Schryver, S.M. B.Costa,Macromolecules 2003, 36,

9135.

[11] J. R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd edition, Springer, New

York, 2006.

[12] J. A. Levitt, D. R.Matthews, S.M.Ameer-Beg,K. Suhling,Curr. Opin. Biotechnol. 2009,

20, 28.

[13] G. Bergamini, P. Ceroni, V. Balzani,M. DelMar Villavieja, R. Kandre, I. Zhun, O. Lukin,

ChemPhysChem. 2006, 7, 1980.

[14] B. Schartel, V.Wachtendorf,M.Grell, D.D. C. Bradley,M.Hennecke,Phys. Rev. B 1999,

60, 277.

[15] H. H. Jaff�e, M. Orchin, Theory and Application of Ultraviolet Spectroscopy, Chapter 12,

John Wiley and Sons, Inc. London, 1964.

[16] G. Bergamini, P. Ceroni, V. Balzani, R. Kandre, O. Lukin, ChemPhysChem. 2009, 10,

265.

[17] W. Verheijen, J. Hofkens, B. Metten, J. Vercammen, R. Shukla, M. Smet, W. Dehaen, Y.

Engelborghs, F. De Schryver, Macromol. Chem. Phys. 2005, 206, 25.

[18] G. De Belder, G. Schweitzer, S. Jordens, M. Lor, S. Mitra, J. Hofkens, S. De Feyter, M.

Van derAuweraer, A.Herrmann, T.Weil, K.M€ullen, F. C. De Schryver,ChemPhysChem.
2001, 2, 49.

[19] F.V€ogtle, S.Gestermann, C.Kauffmann, P. Ceroni, V.Vicinelli, L. DeCola, V. Balzani, J.

Am. Chem. Soc. 1999, 121, 12161.

[20] T. F€orster, Discuss. Faraday Trans. 1959, 27, 7.

REFERENCES 365



[21] G. Teobaldi, F. Zerbetto, J. Am. Chem. Soc. 2003, 125, 7388.

[22] V. Vicinelli, G. Bergamini, P. Ceroni, V. Balzani, F. V€ogtle, O. Lukin, J. Phys. Chem. B
2007, 111, 6620.

[23] L. Serrano,A.Horovitz, B.Avron,M.Bycroft, A. R. Fersht,Biochemistry 1990, 29, 9343.

[24] V. Vicinelli, P. Ceroni, M. Maestri, M. Lazzari, V. Balzani, S.-K. Lee, J. van Heyst, F.

V€ogtle, Org. Biomol. Chem. 2004, 2, 2207.

[25] O. Mongin, T. R. Krishna, M. H. V. Wets, A.-M. Caminade, J.-P. Majoral, M. Blanchard-

Desce, Chem. Commun. 2006, 915.

[26] M. Guo, O. Varnavski, A. Narayanan, O. Mongin, J.-P. Majoral, M. Blanchard-Desce, T.

Goodson III, J. Phys. Chem. A 2009, 113, 4763.

[27] (a)M.-S. Choi, T. Aida, T. Yamazaki, I. Yamazaki,Chem. Eur. J. 2002, 8, 2668; (b)M.-S.

Choi, T. Aida, T. Yamazaki, I. Yamazaki, Angew. Chem. Int. Ed. 2001, 40, 3194.

[28] D.-L. Jiang, T. Aida, J. Am. Chem. Soc. 1998, 120, 10895.

[29] (a) U. Hahn, M. Gorka, F. V€ogtle, V. Vicinelli, P. Ceroni, M. Maestri, V. Balzani, Angew.

Chem. Int. Ed. 2002, 41, 3595; (b) V. Balzani, P. Ceroni, S. Gestermann, M. Gorka, C.

Kauffmann, F. V€ogtle, Tetrahedron 2002, 58, 629; (c) V. Balzani, P. Ceroni, S.

Gestermann, M. Gorka, C. Kauffmann, M. Maestri, F. V€ogtle, ChemPhysChem. 2000,
4, 224.

[30] (a) F. K€ohn, J. Hofkens, U.-M.Wiesler, M. Cotlet, M. van der Auweraer, K.M€ullen, F. C.
De Schryver, Chem. Eur. J. 2001, 7, 4126; (b) M. W. P. L. Baars, R. Kleppinger, M. H. J.

Koch, S.-L. Yeu, E.W.Meijer,Angew. Chem. Int. Ed. 2000, 39, 1285; (c) Z. Sideratou, D.

Tsiourvas, C. M. Paleos, Langmuir 2000, 16, 1766; (d) G. Pistolis, A. Malliaris, D.

Tsiourvas, C. M. Paleos, Chem. Eur. J. 1999, 5, 1440; (e) J. F. G. A. Jansen, E. M. M. de

Brabander-van den Berg, E. W. Meijer, Science 1994, 266, 1226.

[31] C. Saudan, V. Balzani, P. Ceroni, M. Gorka, M. Maestri, V. Vicinelli, F. V€ogtle,
Tetrahedron 2003, 59, 3845.

[32] C. Saudan, V. Balzani, M. Gorka, S.-K. Lee, J. van Heyst, M. Maestri, P. Ceroni, V.

Vicinelli, F. V€ogtle, Chem. Eur. J. 2004, 10, 899.

[33] B. Branchi, P. Ceroni, V. Balzani, M. C. Cartagena, F.-G. Kl€arner, T. Schrader, F. V€ogtle,
New J. Chem. 2009, 33, 397.

[34] B. Branchi, P. Ceroni, V. Balzani, G. Bergamini, F.-G. Kl€arner, F. V€ogtle, Chem. Eur. J.
2009, 15, 7876.

[35] B. Branchi, G. Bergamini, L. Fiandro, P. Ceroni, A. Alvino, G. Doddi, F. V€ogtle,
F.-G. Kl€arner, Dalton Trans. 2011, 40, 1356.

366 DENDRIMERS AND FLUORESCENCE DEPOLARIZATION



12
SINGLE-MOLECULE SPECTROSCOPY
OF DENDRIMER SYSTEMS

TOM VOSCH

Nano-Science Center, Department of Chemistry, University of Copenhagen,

Universitetsparken 5, 2100 Copenhagen, Denmark

12.1 SINGLE-MOLECULE DETECTION AND SPECTROSCOPY

The most commonly used way to optically detect a single molecule is through

fluorescence, and hence this method is known as single-molecule fluorescence

spectroscopy (SMFS) [1–3]. SMFS is generally performed by using confocal or

wide-field fluorescence microscopy, which both have their specific advantages and

disadvantages. In addition, scanning near-field optical microscopy (SNOM or

NSOM) can also be used, which can provide a subdiffraction optical resolution

(between 10 and 100 nm) and topological information at the same time [4–7].

Drawbacks of SNOM are the less user-friendly operation and the limited depth

information (maximum up to 300 nm). Recent developments have made it possible

to also achieve subdiffraction resolution images with confocal and wide-field

microscopy [8–14]. The only other common detectable optical signal from single

molecules is surface enhanced Raman scattering but this technique requires the

presence of a metallic (commonly silver) plasmonic particle [15–17]. We will limit

ourselves here to confocal and wide-field fluorescence microscopy. In order to

detect fluorescence from a single molecule, the fluorescence intensity of the

molecule should be well above the background. This background can originate

from inelastic scattering and from impurity fluorescence in the solvents, cover

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.

367



glasses, optics and of course from the dark counts generated by the detector. Only a

limited number of fluorescent molecules possesses the (photo)physical properties

like molar absorption coefficient (e), quantum yield of fluorescence (Kfl) and

photostability necessary for single-molecule experiments. In general, the lower

limit of the e�Kfl product, at the applied excitation wavelength, is set at

20,000M�1 cm�1. However, as a result of autofluorescence, optical density, and

so on, these spectroscopic requirements are also a function of the specific sample

and wavelength used. It is fair to say that nowadays the two most widely used

fluorescence microscopy modes to detect and study single molecules are confocal

microscopy and wide-field microscopy (Figure 12.1). In confocal microscopy,

the objective lens focuses the excitation light to a diffraction limited spot. The

fluorescence generated by a single molecule residing in the confocal volume is

collected by the same objective lens. Before reaching the detector, the fluorescence

light passes appropriate filters and a pinhole, rejecting background fluorescence

and out of focus light, respectively. The emitted fluorescence can be measured by a

point detector, such as an avalanche photodiode (APD), which very efficiently

FIGURE 12.1 (a) Confocal fluorescence microscopy setup. The excitation light is focused

via an objective lens into a diffraction limited spot. The fluorescence light from the spot is

collected by the same objective and passed through optical filters to remove excitation and

scattering light. A pinhole is inserted at an image plane to reject scattering/fluorescence light

that is not incident from the focal point. Finally, photons are detected by anAPD. (b)Wide-field

fluorescence microscopy setup. A collimated laser beam is focused into the back-focal plane of

the objective to realize a uniform field of illumination. The emission is collected through the

same objective and, after passing through filters to remove excitation and scattering light,

imaged onto the CCD detector. Reproduced from Ref. [26] with permission of the Royal

Society of Chemistry.
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detects photons while having a low dark current, resulting in a good signal-to-noise

ratio (SNR). The good SNR is also resulting from the extremely small excitation

volume (femtoliters) since scattering is minimized in this way. With the confocal

technique one molecule is studied at a time, and when imaging of extended areas is

required, this is possible by scanning the sample with respect to the laser focus

point or vice versa. In addition to measuring fluorescence intensities of single

molecules, using pulsed excitation light and proper electronics allows to measure

fluorescence decay times of single molecules (at the subnanosecond time scale) at

the same time. Emission spectra can be measured with a CCD (charge coupled

device) camera combined with a polychromator. The confocal approach is mainly

useful to get highly temporally resolved (from microseconds on) dynamic data on

individual molecules for extended periods of time, if the photostability of the

system under study allows for this. Nowadays, measuring many parameters at once

(lifetime, intensity, spectra, polarization, etc.) in a multiparametric approach is

standard [18]. The confocal approach is also used in fluorescence correlation

spectroscopy (FCS) [19,20]. In FCS, the excitation beam is focused in solution and

one waits for fluorescent molecules to pass by. The basic principle behind FCS is

that the detected fluorescence will fluctuate as molecules diffuse through the

confocal volume element. A correlation analysis of the fluctuating intensity signal

yields the diffusion constant of the system under study averaged over a large

population of molecules [21,22].

In wide-field microscopy a CCD camera is used to record movies of the events

taking place in the several hundred square micrometers large excitation area. The

resolvable spots are again diffraction limited, but now represent a larger excitation

volume due to a decreased resolution, mainly in the z-direction, reducing the SNR.

The time resolution for large domain imaging is limited by the frame transfer rate of

the used CCD camera (millisecond or submillisecond range) and is lower than for the

aforementioned point detectors. A way to increase the SNR ratio in wide-field

microscopy is by using total internal reflection (TIRF) illumination, which implies

excitation by an evanescent field [23]. The reduced thickness of the excitation volume

results in an increased SNR. Wide-field microscopes are most commonly used to

study diffusion and other dynamic processes taking place over an extended area. An

additional advantage is that many molecules can be studied in parallel; hence

statistically relevant numbers of molecules can be sampled much faster than in a

confocal approach.

Many modifications exist on the two general schemes elaborated above. For

confocal microscopy pulsed interleaved excitation [24], that is, the sequential

excitation of the sample with different wavelengths, for example, can be readily

implemented. In FCS one can work with two foci at a fixed distance in order to get

artifact-free diffusion data [25]. For wide field, TIRF (or quasi-TIRF) has already

been mentioned. Other modifications such as a stroboscopic illumination [11] or

deliberately working out of focus (vide infra) are becoming routine modes of

microscopy. To conclude one can say that the system under interrogation and the

response onewants to obtain dictate how the two fundamental approaches, wide field

or confocal, are adapted to accommodate a specific experiment.
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12.2 DENDRIMERS CONTAINING SINGLE CHROMOPHORES AS

NANOSCALE REPORTERS

12.2.1 Introduction

By monitoring their fluorescence, single chromophores can serve as sensitive

reporters of the local environment [27–32]. In the same way, dendrimers containing

single chromophores in the core or at the rim can also serve as sensitive reporters of

motion as well as polarity changes of their immediate surroundings. The covalent

incorporation of chromophores into the center leads to macromolecular architectures

of well-defined sizes (see Figure 12.2 for an example) [33]. By adjusting the

polyphenylene shell, nanoemitters of well-defined size can be obtained. Figure 12.2

depicts the transition from a molecular perylene diimide (PDI) emitter 1 to a third-

generation dendrimer with a PDI in the center 4. An increase of the number of

FIGURE12.2 2D structures of themolecular PDI emitter. The transition from the emitter 1 to

the nanoscopic dendritic emitters 2 with four branches of first generation, 3 with second

generation, and 4with third-generation polyphenylene dendrimer branches is shown. 4a shows

the 2D structure of a third-generation dendrimer with PDI in the center and 4b represents a

visualization of the 3D structure of the same molecule.
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polyphenylene rings results in a step-wise augmentation of the sizes of the

nanoemitters from 3.1 nm for the first, 4.7 nm for the second and 6.1 nm for

the third-generation dendrimers (Figure 12.2, PDI chromophores 2, 3, and 4,

respectively).

Since the diffusion coefficient reflects the capacity of a single nanoemitter to

diffuse freely in a given environment, the ability to synthesize emitters of defined sizes

allows the detection of changes in the surrounding nanoenvironment such as viscosity

and free volume.

12.3 DEFOCUSED WIDE-FIELD IMAGING OF REPORTER

MOLECULES FOR PROBING LOCAL MOBILITY IN

POLYMER FILMS

There are severalways of determining the 3Dorientation of singlemolecules [34–37].

One of them is by using defocused wide-field imaging, which has the advantage that it

allows for collecting data and determining the exact 3D orientation for multiple

molecules at the same time [36,38–40]. Compared to the previously described wide-

field microscopy technique, here the sample is positioned 1mm from where it is

focused toward the objective. As a result of the defocusing the images display the

angular distribution of the emitted fluorescence of the single molecule, which is

mapped as a spatial distribution of intensity, reflecting the 3D molecular orienta-

tion [38]. The obtained defocused images are analyzed in order to determine

molecular orientation in each image frame by pattern matching. In this approach

the obtained frames are fitted to a database of calculated orientation patterns by least-

square fitting. The accuracy of the determined orientation depends on the signal to

noise ratio [38]. Figure 12.3 shows three single PDI containing dendrimer molecules

of compound 2 embedded in a polymethylacrylate (PMA) polymer (glass transition

temperature Tg¼ 281K) film at 295K that are relatively close to each other.

Figure 12.3b–d shows the projection maps for molecules 1–3 shown in

Figure 12.3a, respectively. The defocused images were obtained with 1 s integration

and 0.4 s interval time.

Two different types of behavior can be observed in the maps. Molecule 2

(Figure 12.3c) exhibits fast rotations with no preference for any orientation. On the

other hand, molecules 1 and 3 are temporarily locked in one orientation and

occasionally jumps to a completely different orientation occur. For example, mol-

ecule 1 is first oriented in the region indicated by the black line but undergoes a jump in

orientation, indicated by the red line, after 970 s. Molecule 3 shows an even more

complex behavior: though it is locked in three different orientations for 1760 s, it starts

rotating in a rather wide range of angles afterwards. From that point on, completely

different rotational dynamics are observed. This clearly reflects temporal heteroge-

neity of polymer relaxations.Most interestingly, molecule 3 passes through the initial

region on the projection map, observed between 0 and 190 s and indicated in black,

when jumping from the green region into the red region after 890 s. These results

indicate temporal heterogeneity and may point to a memory effect in polymer
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relaxation at the dimension of the probe molecule, meaning approximately 3 nm. By

using single-molecule fluorescence detection techniques and the appropriate reporter

molecules, more information about polymer dynamics, relaxation and the drastic

viscosity changes that occur around the glass-transition temperature can be stud-

ied [26,30,36,41–43].

12.4 REPORTER MOLECULES FOR PROBING DIFFUSION IN

POLYMERIZATION REACTIONS

Recently, single-molecule spectroscopy was used to study the bulk radical polymer-

ization of polystyrene by detecting changes of the diffusion constants of PDI

containing dendrimers acting as probes [44]; a combination of FCS and wide-field

FIGURE 12.3 (a) Three single molecules of compound 2 embedded in a PMA polymer

film at 295 K. (b–d) Projection maps for molecule 1–3, respectively. The red lines indicate

the x–y image plane and blue line is the optical (z) axis: (b) 0–960 s (black) and 960–2380 s

(red). (c) 0 until end (blue). (d) 0–190 s (black), 190–895 s (green), 895–1763 s (red), and

1763–2940 (blue). Copyright from Ref. [36]. (See the color version of this figure in Color

Plates section.)
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single-molecule tracking was used to collect data. In connection with the above-

mentioned basic notion that the mobility of molecules changes during the

polymerization process, the diffusion times of themacromolecular emitter compound

4 was studied. The dynamic range that can be covered by both methods overlaps,

allowing following the full conversion (denoted here asU, ranging from0 to 1, 1 being

full conversion) in the polymerization process based on single-molecule fluorescence

measurements (see Figure 12.4).

Compound 4 was used for studying the polymerization of styrene in the absence

and presence of a 1,4-divinylbenzene cross-linker [44]. In the absence of a cross-

linker, compound 4 diffuses freely in the surrounding medium (see Figure 12.5).

The FCS autocorrelation curves can be fitted with one diffusion time up to high

conversion (0.83). The resulting values of the diffusion constant D, decreasing with

increasing U, are shown as gray circles in Figure 12.4a and b (same data set). The

acceptable fits with one D value indicate that translational diffusion of the dyes is

rather homogeneous.

A second set of experiments focused on the diffusion in polymer networks. For that

purpose, the above-mentioned experimental conditions were repeated with addition

of 1% and 3% DVB cross-linker, respectively. At low U when using 1% of DVB,

autocorrelation curves and diffusion constants were similar to the experiment without

DVB. However, when gelation started, the FCS curves could only be fitted with two

diffusion constants as indicated by the triangles (fast: green, slow: red; black circles:

weighted average) in Figure 12.4. The fast component can be related to still freely

moving reportermoleculeswhile the slow component is related to the trapped reporter

molecules. When using 3% of DVB, gelation started earlier than at 1% and the D

values that were lower at similarU. Also here the FCS curves could be best fitted with

two diffusion constants.

As the speed of diffusion decreases as a function of the conversion rate, a point

will be reached when FCS measurements are no longer adequate and the single

molecules can be tracked by the wide-field detection (dotted line in Figure 12.4). The

yellow tracks in the left-side image of Figure 12.5 indicate the location the individual

molecules of compound 4 for the case when no cross-linker is present. They can be

seen still moving unhindered at 0.64U. In the presence of a cross-linker at similar

conversion (0.65U), the motion of the compound 4 reporter molecules describes the

onset of heterogeneity that arises during the formation of a network. In the wide-field

measurements this heterogeneity can be directly visualized as a fraction of the

molecules is clearly trapped by its nanoenvironment while the remainder of the

molecules seems to diffuse unhindered at the same time. The latter is depicted in

the right-side image of Figure 12.5 showing reporter molecules barely move (red

tracks) and some that are still mobile (yellow tracks).

These investigations can be extended to other polymerization systems such as

interpenetrating networks and nanocomposites during their formation process. This

particular kind of study will provide a deeper understanding of the factors that control

heterogeneities in a polymerization process. With this knowledge it may be possible

to attain a better control over polymerization and the properties of the resulting

polymers and polymer networks.
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12.5 REDOX/ELECTRON TRANSFER PROBES

Studying electron transfer with single-molecule fluorescence microscopy is chal-

lenging since in contrast to fluorescence resonance energy transfer where fluores-

cence is emitted mainly from the acceptor chromophore, a highly efficient electron

transfer usually leads to a strong quenching of the fluorescence of the emitting

chromophore. Thus, reports on single-molecule photo-induced electron transfer are

rather limited in number [45–47]. A particular situation of electron transfer refers to

the casewhen the locally excited state (LES) and the charge-separated state (CSS) are

close in energy. In this case, upon excitation, the LES deactivates mainly via forward

FIGURE 12.5 (Left side) Wide-field image at 0.64U and schematic representation of

compound 4 without the presence of DVB cross-linker. (Right side) Wide-field image at

0.65U and schematic representation of compound 4 with 1% of DVB cross-linker present. For

the schematic representation, the dyes are shown as circles for which the color indicates their

current velocity (white: too fast for detection bywide-fieldmicroscopy, yellow: slow enough for

wide-field microscopy, red: very slow/immobilized). Copyright from Ref. [44]. (See the color

version of this figure in Color Plates section.)
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electron transfer to the CSS and, if the radiationless deactivation of the CSS to the

ground state (GS) is inefficient (see Figure 12.6), the CSS decays via the LES by

backward electron transfer. As a net result, the emitted fluorescence is delayed but can

retain a high quantum yield [48–50].

In order to explore photo-induced electron transfer via delayed fluorescence,

polyphenylene dendrimers can be used, which allow for the introduction of electron

donating and accepting groups in the center as well as in the periphery [48,49,52–55].

In view of the exponential distance dependence of the electron transfer process, the

structural rigidity provided by the polyphenylenes represents a key feature to control

distance between the donor and acceptor moieties. Redox-active triphenylamine

(TPA) groups, which are widely used as electron-donor materials [56,57], can be

introduced into the bay region of PDI (see Figure 12.7) [52]. The distance between the

PDI electron acceptor and the TPA donors was varied at the nanoscalewith increasing

dendrimer generations.

FIGURE 12.6 (a) Scheme of forward and backward electron transfer resulting in delayed

fluorescence: LES: local excited state, GS: ground state, CSS: charge-separated state, kforw: rate

constant forward electron transfer, kback: rate constant backward electron transfer, kCSS-GS: rate

constant from charge-separated state to ground state. Copyright from Ref. [51].

FIGURE12.7 First-, second-, and third-generation polyphenylene dendrimers (5, 6, 7) based

on a PDI core with 4, 8, 16 TPA groups at the periphery, respectively.
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FIGURE12.8 (a) Singlemolecule of compound 7 in Zeonex binned at 500 photons per decay

and analyzed as amonoexponential. (b) Decay time of a single molecule of compound 7 binned

at 10,000 photons per decay and analyzed with biexponential fit. (c) The long time component

of the decay in figure (b) binned at 500 photons per decay. (d) Lifetime image of single

molecules of compound 6 in polystyrene. Copyright from Ref. [51]. (See the color version of

this figure in Color Plates section.)

Figure 12.8a shows the fluorescence decay time trajectory of a single molecule of

compound 7 in Zeonex, in which the molecule does not undergo electron transfer,

using bins of 500 photons for which decay times were estimated by maximum

likelihood estimation (MLE) fitting with amonoexponential model [58,59]. The trace

shows no decay time fluctuations during the measurement. In contrast, when a single

molecule of compound 7 is measured in polystyrene, fluctuations are seen in both

forward and backward electron transfer-related decay times (Figure 12.8b) [53,55].

Here, single-molecule decay times were estimated from bins of 10,000 photons by

MLE fitting with a biexponential model accounting for forward and backward

electron transfer to determine accurately both short and long decay times. Fluctua-

tions are even clearer to see in the backward electron transfer-related decay times

when analyzed in bins of 500 photons per decay (Figure 12.8c). They are much

broader than the expected standard deviation from MLE and than the decay time

fluctuation of singlemolecules of compound 7 in Zeonex. These observed fluctuations

were shown to be induced, on the one hand, by conformational changes in the

dendrimer structure and, on the other hand, by polymer chain reorientations in the

vicinity of the observed single molecules. Conformational changes have been linked

to libration [60]. For example, changes in the torsional angle of adjacent phenyl rings

located in the dendritic branches near the donor moiety transferring the charge. This

torsional motion has as a net result a change in the through bond D–A coupling and

thus induces decay time fluctuations in milliseconds time scale. Polymer chain

reorientation resulted in changes in the local polarity and hence to changes in the

solvation of the CSS. As a result, switching between different donor moieties within a

singlemoleculewas enabled andwas shown contributing to fluctuations in decay time

in the time scale of seconds.

By using single molecules of compound 6 as example, fluorescence lifetime

images (FLIM, see Figure 12.8d) [61] can be constructed, allowing to visualize
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directly that molecules display delayed fluorescence [49] Molecules with significant

longer decay time than 6 ns can be considered as having backward electron transfer

(colored yellow/green).

12.6 DENDRIMERS AS SCAFFOLDS FOR STUDYING ENERGY

TRANSFER PROCESSES IN MULTICHROMOPHORIC SYSTEMS

12.6.1 Introduction

In this section, we will see how dendrimers can act as a synthetic multichromophoric

model system that can be used to study energy transfer processes and excited-state

interactions. The study of these excited-state dynamics and multichromophoric

interactions plays an important role in the understanding of biological systems (like

the Light Harvesting 2 complex, DsRed, allophycocyanines, etc.) [62–67] and

material science applications (like for example MEH-PPV for organic light emitting

diodes LEDs) [68–70]. Again the single-molecule detection and spectroscopy aspect

will be highlighted.

12.6.2 F€orster Type Energy Transfer Processes

Before going into detail on the experimental data it is maybe first important to briefly

review the processes that will be mentioned here. Also the role that the dendrimer

architecture plays will be highlighted. F€orster type energy transfer processes occur

when chromophores are in close proximity to each other (1–10 nm), and this transition

dipole–dipole interaction decreases with the distance to the sixth power [71]. The rate

constant for energy transfer kET can be expressed by Eq. 12.1 where kD is the decay

rate constant of the excited state of the donor,R is the interchromophoric distance, and

R0 is the F€orster radius. The F€orster radius is the distance at which the rate constants
for energy transfer and decay of the excited state of the donor are equal. This R0 value

can be calculated from experimental data by Eq. 12.2

kET ¼ kD
R0

R

� �6
ð12:1Þ

R6
0 ¼

9ðln 10Þ
128p5NA

k2FD

n4
J ð12:2Þ

In Eq 12.2, besides the presence of a number of constants, k2 is the orientation

factor, FD is the quantum yield of fluorescence of the donor in absence of the energy

transfer, J is the overlap integral between the donor emission spectrum (area under

the spectrum normalized to 1) and the absorption spectrum of the acceptor, n4 is the

refractive index of the medium to the fourth power. More details on the F€orster type
energy transfer equations and possible pitfalls can be found in a recent article [72].

The two important parameterswith respect to studying accurately energy transfer

processes are the distance R and the orientation factor k2. In order to determine
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exactly the rate constant for energy transfer, it is important to use rigid dendritic

structures since the rate constant for energy transfer depends on the sixth power of

the distance. The orientation factor k2, which varies between 0 and 4, represents the
orientation of the two transition dipole moments with respect to each other.

Although energy transfer will also occur in flexible systems like the polyarylether

dendrimer studied by Serin et al. [73] (see Figure 12.9), onewill obtain here average

values and one can expect a large distribution of rates when such system is studied at

the single-molecule level.

By using benzene units as building blocks, rigid and shape persistent polypheny-

lene dendrimers were synthesized by the research group of Prof. M€ullen [74–76].

These dendrimers have a high degree of structural organization, possible geometry

architectures, and offer the possibility to introduce chromophores at the rim,

center, or in the scaffold. Figure 12.10 shows a scheme of the design concepts to

achieve dendritic multichromophoric systems with varying numbers of PMI

chromophores, predefined geometries, different chromophore orientations and

varying chromophore distances [39,51,77–91]. The tetraphenylmethane core

ensures a higher structural rigidity as well as the formation of a globular

architecture, whereas the biphenyl core results in a higher degree of mobility

along the biphenyl unit as well as a more “pancake-like” architecture. In addition to

the number of chromophores, the orientation of the chromophores can be varied by

Perylene coreFluorol 7GACoumarin 2

FIGURE 12.9 Flexible polyarylether dendrimer studied by Serin et al. Reproduced from

Ref. [73] with permission of the Royal Society of Chemistry.

DENDRIMERS AS SCAFFOLDS FOR STUDYING ENERGY TRANSFER PROCESSES 379



attaching the PMI chromophores in the meta or para position of the outer phenyl

groups of the dendritic scaffold.

A further advantage of polyphenylene dendrimers is the absence of functional

groupswithin the dendritic scaffold. Thismakes themhighly chemically and thermally

stable. Also, the opportunity to modify the substitution pattern of the chromophores as

well as the scaffold of polyphenylene dendrimers allows for the precise adjustment of

chromophore distances and orientations. Polyphenylene dendrimers are optically inert

in the visible part of the spectrum, due to the twisting between the phenyl rings in the

dendritic building blocks. Polyphenylene dendrimers absorb light up to 350 nm,

depending on the generation considered and do not emit fluorescence above

450 nm [92]. As a result, they are an ideal scaffold since they do not interfere with

the energy transfer processes themselves, provided that the chromophores involved are

chosen to absorb and emit in the visible part of the spectrum. In this way, complex and

highly ordered multichromophore architectures were designed in which the energy is

collected and can be transferred in a directed fashion [77,93].

12.7 EXCITATION ENERGY TRANSFER BETWEEN

STRUCTURALLY IDENTICAL CHROMOPHORES

We will demonstrate in this section that excitation energy transfer processes

can be studied at the single-molecule level by making use of a first-generation

polyphenylene dendrimer system containing a sp3 carbon atom as a core and 1–4

Stepwise Increase of Flexibility and Chromophore Interactions Stepwise Increase of Flexibility and Chromophore Interactions y and Chromophore Interactions 

PMI

para-Substitution

O

PMI

meta-Substitution

Stepwise increase of flexibility and chromophore interactions 

O

Rigid

Globular

Pancake

Higher flexibility

4,8,16 PMIs (G1, G2, G3)

FIGURE 12.10 Overview over some of the building blocks to achieve dendritic multi-

chromophoric systems with varying numbers of PMI chromophores, predefined geometries,

different chromophore orientations and varying chromophore distances. In the top row the core

elements are depicted for creating the first-generation (G1) globular and pancake-like dendritic

structures containing four PMI chromophores. Second (G2) and third (G3) generations of this

core elements allow the attachment of 8 and 16 PMI chromophores, respectively. The bottom

row displays the building blocks used for attaching the PMI chromophores to the core elements.
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PMI chromophores at the rim (compounds 8–11, respectively, see Figure 12.11 for

chemical structure).

12.7.1 Energy Hopping

When twofluorescent chromophores are in close proximity (1–10 nm range) and there

is a weak interaction between their transition dipole moments, the F€orster model is

applicable [71]. The physical basis for this so-called F€orster resonant energy transfer
(FRET) involves the transfer of excitation energy from a donor to an acceptor of two

weakly coupled transition dipole moments. The process is best known for dedicated

donor and acceptor molecules; however, the original theory was derived for a system

inwhich the acceptor is chemically identical to the donormolecule. This phenomenon

is now commonly known as energy hopping or homo-FRET. For nonparallel oriented

chromophores, energy hopping can be experimentally determined by time-resolved

fluorescence depolarization experiments [94].

On the single-molecule level, hopping can be indirectly demonstrated by the

change in the orientation of emission polarization or emission dipole moment. By

measuring intensity trajectories of the parallel and perpendicular emitted fluorescence

of individual molecules of compound 11, one can visualize the energy hopping

process at the single-molecule level. The parallel and perpendicular components of

the stepwise changes in fluorescence intensity can be seen in Figure 12.12a. These

stepwise changes here can be explained by consecutive bleaching of the four PMI

chromophores. Figure 12.12b shows four distinct levels in the polarization trajectory,

p-value, of a single molecule of compound 11 embedded in Zeonex [51]. The

(a) (b)
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FIGURE 12.11 (a) Chemical structure of a first-generation polyphenylene dendrimer with a

carbon atom as core decorated with 4 PMI chromophores. The structures containing 1, 2, 3, and

4 PMI chromophores will be named compound 8, 9, 10, and 11, respectively. (b) Ground-state

absorption and S1 emission spectrum of the PMI chromophore (compound 8). The overlap

between the two spectra (dark area) indicates that energy hopping is possible when multiple

PMI chromophores are present (note that this is a schematic figure, and that for determining the

J value the area under the fluorescence curve needs to be normalized to 1).
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polarization trajectory and corresponding histogram (Figure 12.12c) displaying four

distinct p-values of this spatially well-defined system indicate that emission occurs

always from the chromophore that is lowest in energy at each point in time [80,95].

This energetically lowest PMI chromophore acts as a fluorescent trap while the other

chromophores are communicating via energy hopping to it, leading to discrete p-

values in the polarization trajectory. Based on the overlap between the ensemble

absorption and emission spectra (see Figure 12.11b), a F€orster radius of 4.78 nm can

be calculated [51,84,87]. The interchromophoric distances in compound 11 are well

within this radius, indicating that indeed energy hopping is very efficient. An

alternative way of demonstrating energy hopping can be done by rotating the

excitation polarization during the experiment (at a rate of a few Hz) and looking

whether the parallel and perpendicular components of the emission are in phase or

not [84,85,89]. If they are not in phase that means the chromophores emit indepen-

dently and there is no hopping to a specific emissive trap. If they are in phase and the

modulation of the parallel and perpendicular component of the emission does not go

down to zero, this indicates that there are multiple absorbers and one chromophore

acts as an emissive trap. If the modulation goes down to zero, this indicates that there

are eithermultiple parallel oriented chromophores that absorb and a single fluorescent

trap or that there is only one chromophore present. For example, when performing this
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FIGURE 12.12 (a) Example of a fluorescence intensity trajectory of a single molecule of

compound 11 where the parallel and perpendicular component were detected separately. (b)

Polarization value of the trace in panel a. (c) Histogram of the four p-value levels of the trace in

panel b. Copyright from Ref. [51]. (See the color version of this figure in Color Plates section.)
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experiment on single molecules of compound 9, 93% displayed in phase modulation

with an offset and 6% in phase modulation without an offset, demonstrating that

hopping to a fluorescent trap is clearly present [84].

That each chromophore in turn can eventually act as an energy sink can be further

demonstrated by measuring the orientation of the fluorescent trap by using a wide-

field defocusing technique that allows direct probing of the emission dipole orien-

tation [38]. Individual molecules of compound 11 were embedded in a Zeonex film.

The patterns shown in Figure 12.13 were observed during the indicated consecutive

period, while each image was obtained by integrating the signal during an exposure

time of 10 s. The emission pattern of a single molecule of compound 11 changes as

a function of time. The patterns provide direct evidence that the different chromo-

phores of compound 11 emit in time as different dipole orientations are observed

successively. By comparison of the recorded experimental patterns with simulated

patterns [38], we attribute, following the sequence shown in Figure 12.13, the first

pattern is due to a chromophore with an emission dipole oriented in plane along the

x-axis. The second pattern is due to another in-plane emission dipole with an angle

of � 45� with respect to the x-axis. The third and fourth patterns correspond to an out-
of-plane emission dipole and to an in-plane emission dipole with an angle of þ 45�

with respect to the x-axis, respectively [39].

12.8 SINGLET–SINGLET ANNIHILATION

When a multichromophoric system undergoes optical excitation under high photon

flux, two excited states (S1) can be present in a single molecule at the same time. If the

S1–S0 transition of one chromophore is in resonance with a S1–Sn transition of the

FIGURE 12.13 Series of emission patterns and corresponding simulated patterns for a single

molecule of compound 11 in a 25 nm Zeonex film. Images were recorded at 1 mm defocusing

and 10 s exposure time. Copyright from Ref. [39]. (See the color version of this figure in Color

Plates section.)
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other chromophore, energy transfer between the excited singlet states can occur. As

a result only one excited state remains in the multichromophoric system and this

process is often referred to as singlet–singlet annihilation. As depicted in

Figure 12.14b, there is a large overlap between the S1–Sn absorption spectrum and

S1 emission spectrum for the PMI chromophores in compound 11 (the singlet

absorption spectrum was measured by femtosecond transient absorption measure-

ments) [84]. The presence of singlet–singlet annihilation was proven before at

the ensemble level by means of femtosecond fluorescence upconversion and time-

resolved polychromatic femtosecond transient absorption measurements [96]. The

observation of singlet–singlet annihilation as a fast, excitation-intensity-dependent

decay component in time-resolved fluorescence measurements is impossible in

single-molecule spectroscopy due to the limited time resolution (300 ps) presently

provided by avalanche photodiodes used for detection. Unambiguous evidence for the

annihilation phenomenon can be obtained because for a single chromophore the

probability of emitting two consecutive photons drops to zero for time intervals

shorter than the excited-state decay time [97–99]. This property of the photon arrival

time statistics, termed photon antibunching, has been measured at room temperature

FIGURE 12.14 (a) Fluorescence intensity trajectory of a single molecule of compound 9 in

Zeonex, together with the coincidence graph of the first (a’) intensity level. (b) S1–Sn absorption

and S1 emission spectra of compound 8 in toluene. The overlap between the two spectra (dark

area) indicates that singlet–singlet annihilation is possible when multiple PMI chromophores

are present (note that this is a schematic figure, and that for determining the J value the area

under the fluorescence curve needs to be normalized to 1).
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under pulsed laser illumination for individual molecules by measuring and histo-

gramming the interphoton arrival times [84,85]. Hence, for a single emitter, the zero

peak, which represents pairs of fluorescence photons generated during the same laser

pulse, is necessarily vacant as long as the laser pulse width is much smaller than the

fluorescence decay time of the molecule. Thus, for multichromophoric systems under

pulsed excitation conditions, the absence of the peak at zero in the interphoton arrival

time distribution would indicate the existence of an efficient singlet–singlet annihi-

lation process. Figure 12.14a shows a fluorescence intensity trajectory of a single

molecule of compound 9 in Zeonex. Two intensity levels can be observed indicating

the presence of 2 consecutive bleaching chromophores. An interphoton arrival

histogram of the intensity level where the two chromophores are emitting is given

in Figure 12.14a0. The absence of the central peak shows that compound 9 acts as a

single emitter.

The quality of a multichromophoric structure as deterministic single photon

sources can be determined by calculating the so-called Mandel parameter and has

been reported extensively, not only for PMI but also for PDI chromophore containing

dendrimer systems [82–85,90,100,101].

12.9 SINGLET–TRIPLET AND SINGLET–RADICAL ION

ANNIHILATION

Direct excitation of one of the chromophores can lead also to intersystem crossing

(ISC) to the triplet state. Because of the relatively long lifetime of the triplet state, a

second chromophore can be excited while a first chromophore is still in the triplet

state. As a result, two excited states are present, a S1 and a T1 state. If the triplet state

exhibits transitions into higher excited triplet states, Tn, that are in resonance with

the S1 to S0 transition, energy transfer from the excited singlet state to the

energetically lower lying triplet state, can occur [84]. This process is often called

singlet–triplet annihilation. Such a process is not easy to see in bulk experiments but

manifests itself directly in single-molecule fluorescence trajectories as collective

on/off steps [84].

Figure 12.15a shows the spectral overlap of this singlet–triplet annihilation process

and in Figure 12.16c examples are presented for collective on/off jumps related to

singlet–triplet annihilation in compound 11. Note that careful analysis of the on/off

jumps corresponding to different intensity levels in multichromophoric systems can

result in quantitative information on intersystem crossing and even intersystem

crossing of higher excited states [82]. The latter will be demonstrated by single-

molecule data of compound 11. Figure 12.16a shows the fluorescence intensity and

lifetime trajectory of a single molecule of compound 11 that exhibits subsequent

photobleaching of the four chromophores. The stable fluorescence lifetime of 4.4 ns

throughout the trajectory indicates that strong coupling interactions are absent in

compound 11. Intensity fluctuations due to triplet formation in the different parts of

the trajectory can be analyzed by a fluorescence intensity correlation [102–105]. As

can be seen in Figure 12.16b, on-times increase from 2.2ms for the highest intensity
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level (I) to 120ms for the remaining chromophore (level IV), that is, an apparent

approximately 55-fold increase in on-times, which is substantially larger than the

factor of four arrived at based on the change in intensity. Evidently, triplet formation is

much more frequent in the first intensity levels when no photobleaching of the

chromophores has occurred and becomes less frequent with stepwise photobleaching

of the PMI chromophores. Concomitantly, off-times also increase from 208ms for
level I to 610 ms for level IV.

To explain the observed phenomena, a classical three level scheme involving only

the S0, S1, and T1 states is not sufficient. A nonlinear process involving higher excited

states Snmight play an important role in opening up new triplet-formation pathways.

Two such processes have been described in the literature: intersystem crossing is

sometimes very efficient from Sn, due to fortuitous matching of energies in higher

excited states [106–108], and singlet fission, a process known to occur in multi-

chromophoric systems such as organic crystals, conjugated polymers, and even light-

harvesting complexes [109–113]. Singlet fission refers to the conversion of one

singlet Sn into two triplets: Sn ! T1 þ T1. Although singlet fission can provide very

high triplet-formation rates, the relatively large distances between the chromophores

in the dendrimers investigated here renders this mechanism less likely. Here inter-

system crossing from Sn states seems the most likely explanation for the increased

number of on/off jumps in the fluorescence intensity trajectory, since high excitation

powers are used in single-molecule experiments, increasing the probability to

generate Sn states via singlet–singlet annihilation. As mentioned above, the triplet

lifetime toff, decreases with the number of chromophores (Figure 12.16b). Photo-

induced reverse intersystem crossing from Tn ! Sn has been demonstrated to be a

potential mechanism for the shortening of triplet lifetimes at the single-molecule

FIGURE 12.15 (a) Triplet absorption (T1–Tn) and S1 emission spectrum of compound 8 in

toluene. The overlap between the two spectra (dark area) indicates that singlet–triplet

annihilation is possible when multiple PMI chromophores are present (note that this is a

schematic figure, and that for determining the J value the area under the fluorescence curve

needs to be normalized to 1). (b) Radical anion absorption spectrum and S1 emission spectrum

of compound 8 in toluene. The overlap between the two spectra (dark area) indicates that

singlet–radical anion annihilation is possible when multiple PMI chromophores are present

(note that this is a schematic figure, and that for determining the J value the area under the

fluorescence curve needs to be normalized to 1).
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level [114–116]. Although thismechanism is already possible in systems containing a

single PMI chromophore (like compound 8) due to theT1 ! Tn absorbance at 488 nm

(see also Figure 12.15a) [84], the decrease of toff in compound 11 is promoted by

efficient singlet–triplet annihilation (S1 þ T1 ! S0 þ Tn) followed by reverse in-

tersystem crossing (Tn ! Sn). For the assignment of the additional triplet-formation

mechanism it is necessary to estimate its probability and rate constants based on a five-

level model as shown in Figure 12.16d. The model includes the singlet levels S0, S1,

Sn, and the triplet levels T1 and Tn, and the following pathways are present: (1)

excitation S0 ! S1 (kS0S1), (2) fluorescence S1 ! S0 (kfl), (3) singlet–singlet anni-

hilation S1 þ S1 ! S0 þ Sn (gSS), (4) intersystem crossing S1 ! T1 (kS1T1
), (5)

triplet formation from higher singlet states Sn ! Tn (ktf), (6) singlet–triplet annihi-

lation S1 þ T1 ! S0 þ Tn (gST), (7) reverse intersystem crossing T1 ! S0 (kT1S0 ),

(8) higher excited-state reverse intersystem crossing Tn ! Sn (kTnSn), and (9) internal

conversion from higher excited states (kIC).

Besides the above-mentioned on–off blinking process, there is an additional rare

event leading to longer fluorescence intermittence than the triplet off-times. The cause

of this is probably the formation of a radical anion on one of the PMIs [82,84]. This

radical anion can quench the fluorescence of the other PMIs by singlet–radical anion

energy transfer. Figure 12.15b shows the spectral overlap of this process and an

FIGURE 12.16 (a) Fluorescence intensity (count rate nc (kHz) vs. time t (s)) and decay time

(fluorescence decay time, t (ns) vs. time, t (s)) trajectory of a single molecule of compound 11.

(b) Second-order intensity correlation C(t) of the different intensity levels clearly demonstrat-

ing different off-times (triplet related) for different intensity levels. (c) Expanded view of the

first intensity level of a single molecule of compound 11, demonstrating short off-times (triplet

related) and one long off event (related to formation of a radical anion). (d) Kinetic scheme of

ground- and excited-state pathways of multichromophoric systems like compound 11.

Copyright from Ref. [82].
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example of a long collective off event from1.2 until 1.4 s is presented in Figure 12.16c.

This rare long off has also been observed for PDI and other chromophores, where

similarly a long off state can be observed. Depending on the environment, these longer

off events follow a power-law or exponential distribution [28,117–120].

12.10 EXCITATION ENERGY TRANSFER BETWEEN

STRUCTURALLY DIFFERENT CHROMOPHORES

The above-mentioned F€orster resonant energy transfer processes are also applicable
between structurally different chromophores. Here we will mainly focus on energy

transfer from chromophores with a high S0–S1 gap (donor) to chromophores with a

lower S0–S1 gap (acceptor). The term dyad/triad that will be used refers to a bi- or

multichromophoric system that bears two/three different types of chromophores,

respectively.

Polyphenylene dendrimers can again provide a rigid framework for the intro-

duction of chromophores into the center, the scaffold or the periphery, by using

similar design concepts as presented in the previous paragraph. Different rylene

dyes such as naphthalenemonoimides (NMI), PMI, and TDI chromophores can be

attached in this way and act as light-harvesting arrays for directional transfer of

excitation energy [87,121–125]. Nature has brought this principle to perfection, as

can be seen from the crystal structure of the light-harvesting antenna complex (LH2)

of the purple bacteriumRhodopseudomonas acidophila [126]. In biological systems

a combination of F€orster type energy transfer and strongly coupled chromophores

arrays is used to transfer energy over large distances [127,128]. On top, the

chromophore systems are protected from photobleaching by the presence of other

molecules like carotenoids.

Figure 12.17a shows the chemical structure of compound 12, a dendritic dyad with

a TDI chromophore in the center and PMI chromophores at the periphery, which has a

high photostability suitable for single-molecule experiments. An efficient, vectorial

energy transfer via an energy gradient from the periphery toward the center of the

FIGURE 12.17 (a) Chemical structure of compound 12 containing one TDI chromophore as

a core and 8 PMI chromophores at the rim. (b) Steady-state absorption and emission spectra

(excitation wavelength at 500 nm) of compound 12 in toluene.
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dendrimer was obtained for multichromophores based on this design concept.

Figure 12.17b shows the absorption and emission spectra of compound 12. Absorp-

tion features around 500 and 675 nm can be attributed to the PMI and TDI parts,

respectively. When exciting the PMI part at 500 nm, the emission is almost uniquely

coming from the TDI, indicating a very efficient energy transfer efficiency (see

Figure 12.17b). At the single-molecule level, the use of APDs with their limited time

resolution makes the detection of fast kinetic components of directional FRET from

the PMI to the TDI, as suggested by the ensemble solution time-resolved data,

impossible [129]. However, due to the excellent photostability and brightness of

compound 12, a multichannel plate detector (�23 ps response time) could be used,

which is more suited to detect a fast rise term if one uses appropriate reconvolution

procedures [91]. For each single molecule, all the detected photons from the acceptor

were used to build a decay histogram that was fitted with a biexponential model

function with positively and negatively contributing time constants by MLE fitting.

The residual graphs in Figure 12.18a show that a monoexponential fit does not fit

the datawell, whereas a biexponential fitwith a negative pre-exponential factor for the

short time constant gives a good result. In all cases, the ratio of the pre-exponential

factors accounting for the contributions of the recovered time constants was around

� 1.0� 0.2. This demonstrates that the excited state of the TDI part in compound 12

is built up only from FRET from the PMI chromophores. A typical analyzed single-

molecule decay from an individual molecule of compound 12 is given in

Figure 12.18a. The histogram of the rise components detected from 100 different

single molecules of compound 12 shows a broad distribution with a mean value of

48 ps (Figure 12.18b). This finding points to a broad range of FRET time constant

values at the single-molecule level that implies that there is a range of

interchromophoric distances and orientations between the donor and acceptor

chromophores in the dendrimers when immobilized in Zeonex [91].

FIGURE 12.18 (a) Top panel shows fluorescence decay histogram recorded with an

MCP–PMT detector of the acceptor emission from a single molecule of compound 12 in

Zeonex upon selective 488 nm excitation of the donors. The instrumental response function of

the system and the biexponential fit curve are also shown. The middle and bottom panels show

residual graphs for mono- (middle panel) and biexponential (bottom panel) fits. (b) Histogram

of the rise times of 100 single molecules of compound 12. Copyright from Ref. [91].
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The close proximity of the PMI to the TDI chromophores as well as the overlap

between the emission and absorption spectra facilitates energy transfer from the PMI

to the TDI chromophores aswas demonstrated by the steady state and single-molecule

data. In fact, the efficiency of this process is such that only TDI emission can be

observed in ensemble-level experiments, but no donor PMI emission, irrespective of

the excitation wavelength [130]. However, at high excitation intensities simultaneous

donor and acceptor emission can sometimes be observed [91,123]. An explanation of

this simultaneous emission could be exciton blockade. Exciton blockade occurs if two

donor chromophores are excited simultaneously then only one of these can transfer its

energy to the central TDI chromophore. The second excited PMI chromophore,

however, cannot transfer its energy to the excited TDI, and emits normally. The net

result is that both the donor and acceptor emit. This explanation however did not fully

explain the observed data at the single-molecule level [131]. It was found that

simultaneous donor and acceptor emission was more likely to occur after some of the

donor molecules in compound 12 had photobleached. Finally, it was also observed

that the donor and acceptor emission were uncorrelated, that is, the emission of a

donor or acceptor photon occurs in a stochastic fashion, with no apparent relation

between them. These findings showed that exciton blockade by itself was not a

satisfactory explanation for the simultaneous donor–acceptor emission. To fully

explain these observations, defocused wide-field imaging was performed, exciting

only the PMI chromophores, but separating the emission of the PMI and TDI

chromophores over two identical CCD cameras [124,131]. The defocused imaging

displayed that three different types of emission could be recovered: only acceptor,

only donor (after photobleaching of the acceptor), and simultaneous donor and

acceptor emission. After the acceptor had bleached, the donor emissionwould usually

be present as a single emission pattern only, indicating emission from a single donor

chromophore. However, there would be a progressive change to other emission

patterns until the last of the donor chromophores bleached. This can be explained by

the fact that some chromophores will have a lower energy than the others, and will act

as a preferential energy acceptor (see above). After the photobleaching of this lowest

energy chromophore another will take its place, until only a single donor chromo-

phore remains. Figure 12.19 shows images from two examples of single molecules of

compound 12 showing both emission from the PMI and TDI part, where the left

column shows the acceptor emission, and the right column shows the donor emission.

Details from these frames, showing emission patterns corresponding to simultaneous

donor and acceptor emission from the same molecule are shown in Figure 12.19b,

along with their fitted orientational patterns. In all the 15 measured molecules of

compound 12 that displayed this dual emissive behavior, the orientation of the donor

chromophore was perpendicular to that of the acceptor chromophore, which would

seriously hinder energy transfer between them.

Based on the confocal [91,131] and defocused imaging [124,131] the following

picture can be constructed: in intact dendrimers (no photobleached chromophores),

energy hopping among the donors ensures that the excitations end up at the acceptor,

even if unfavorably oriented donors are present in the dendritic molecule. Multiple

excitations within the dendrimer are quenched by very efficient singlet PMI–singlet
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PMI annihilation or by singlet PMI–singlet TDI annihilation, which leads to the

existence of only one excited chromophore, the acceptor. After photobleaching of a

number of donors, unfavorably oriented donors can become “isolated.” When these

donors are excited, theywill not undergoFRETnorwill they annihilatewith the excited

acceptor molecule, eventually populated via other donors, but relax to the ground state

by emission of fluorescence. Thus, the simultaneous donor–acceptor emission in the

dendritic systems arisesmainly fromunfavorably oriented donormolecules and only to

a minor extent from an exciton blockade resulting from multiple excitations.

A system devised for cascade energy transfer is the third-generation globular

polyphenylene dendrimer compound 13 (see Figure 12.20) bearing a TDI

FIGURE 12.19 (a) Defocused wide-field images of the same sample area but different

emission wavelengths, showing the emission and orientation of TDI (left) and PMI chromo-

phores (right). (b) Simultaneous emission from the dendrimer chromophores: each row

represents a different molecule. On the left the acceptor emission and fitted orientational

pattern are shown, while on the right side the donor emission and fitted pattern are shown. The

patterns indicate that the donor and acceptor chromophores are oriented perpendicular to one

another. Copyright fromRef. [131]. (See the color version of this figure in Color Plates section.)
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chromophore as a core, 4 PMI chromophores in the scaffold and 8NMI chromophores

at the periphery. This nanosized-emitter reveals a high degree of complexity since all

spatial locations, distances between the chromophores and their absorption and

emission spectra were adjusted carefully [132]. In this way, an efficient dendritic

triad was obtained absorbing light over the whole visible spectrum and showing

stepwise energy transfer over long distances from the periphery via the scaffold

toward the center of the dendrimer. The absorption spectrum and emission spectra

exciting in the NMI (360 nm), PMI (490 nm) and TDI (640 nm) region are given in

Figure 12.21. The low amount of fluorescence at 450 nm (NMI) and 550 nm (PMI)

indicate that very efficient energy transfer to the TDI is present.

According to the ensemble FRET data [123], highly efficient FRET is expected to

occur when probing single molecules of compound 13with 490 nm laser light. When

probing 100 molecules of compound 13, 83% shows exclusive emission in the TDI

channel, before complete photobleaching occurs (see Figure 12.22a, upper and lower

panels). For such molecules, the fractional intensity F (TDI channel divided by the

sum of the TDI and PMI channel) shows a constant value around unity

(Figure 12.22a), therefore proving that FRET occurs efficiently from the PMI units

to the TDI core. Following the trajectory of the fluorescence decay time and of the

fluorescence spectrum of these molecules, both parameters stay constant during the

measurement, suggesting emission is related to a single excited species, here the TDI

chromophore [91,130]. The fluorescence intensity in the TDI channel decreases in

a stepwise fashion because of successive photobleaching of the PMI donors

(Figure 12.22a, upper panel) [91,130] Fluorescence spectra detected from such

molecules peak around 680 nm (Figure 12.22b) and resemble, both in shape and in

peak position, the ensemble solution spectrum of the bare TDI chromophore [91,129].
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FIGURE 12.21 Absorption (black line) and fluorescence (line þ symbol) spectra of com-

pound 13 in toluene. Fluorescence spectra were recorded upon excitation at 360 nm (blue),

490 nm (green), or 640 nm (red). Copyright fromRef. [123]. (See the color version of this figure

in Color Plates section.)
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Fluorescence decay times detected in the TDI channel show values ranging from 3 ns

(fluorescence decay time of the bare TDI chromophore) up to 9 ns, similar to those

observed previously for single dyad molecules immobilized in Zeonex, that is,

dendrimers based on a TDI core and 4 PMI chromophores at the periphery [91].

For the dyad, a broad distribution of single-molecule fluorescence decay times

detected from the TDI core was connected with the presence of a distribution of

ground-state TDI conformers as a result of the torsion induced by the dendritic arms

attached to the core chromophore; therefore, similar reasoning can be invoked for

compound 13. The second subpopulation of triad molecules (17%) shows emission in

the PMI channel only after the bleaching of the TDI core (Figure 12.22c, upper and

lower panels). Bleaching of TDI is followed by the appearance of a single-molecule

FIGURE 12.22 Single-molecule fluorescence intensity trajectories on 490 nm excitation of

twomolecules of compound 13 in Zeonex.Detected photons in theTDI channel are colored red,

and those from the PMI channel are green. (a) Upper panel: trajectories of the fluorescence

intensity (red and green lines) and fractional intensity (gray line) from a single molecule of

compound 13. Lower panel: trajectories of the fluorescence decay time (red circles) and

emissionmaximum (black triangles) from the singlemolecule of compound 13 displayed in the

upper panel. (b) Fluorescence spectrum (3 s integration time) detected from the singlemolecule

displayed in panel a. (c) Upper panel: trajectories of the fluorescence intensity (red and green

lines) and fractional intensity (gray line) from a single molecule of compound 13. Lower panel:

trajectories of the fluorescence decay time (red and green circles) and emission maximum

(black triangles) from the single molecule of compound 13 displayed in the upper panel. (d)

Fluorescence spectrum (3 s integration time) detected from the single molecule displayed in

panel c after the bleaching of TDI. Copyright from Ref. [123].
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fluorescence spectrum peaking around 540 nm (Figure 12.22d). Such emission and

fluorescence decay time values of about 4 ns are characteristic for the PMI chromo-

phore [91,129]. The bleaching of TDI followed by emission from PMI is seen as a

change in the value of F from 1 to nearly 0 (Figure 12.22c, upper panel) and therefore

as a change in FRET efficiency from 100% to zero because of the disappearance

(photobleaching) of the acceptor chromophore.

In 5% of the probed single molecules of compound 13, the bleaching of the TDI

core is not followed by the emission from PMIs but from an intermediate species with

a fluorescence spectrumpeaking around 590 nm and as a result of thisF values around

0.5 are obtained for this intermediate species. This intermediate species is probably an

oxidized TDI chromophore with a reduced extent of conjugation and therefore with

spectrally blue-shifted absorption and emission properties compared to an undam-

aged TDI chromophore. After bleaching of the intermediate, fluorescence is mainly

detected in the PMI channel.

In order to probe the FRET dynamics from the NMI chromophores, single

molecules of compound 13were excited with 360 nm laser light and the fluorescence

emitted by the PMI and TDI chromophores was simultaneously monitored. Within a

population of 100 single molecules, compound 13 showed either exclusive TDI

emission (80%, Figure 12.23a) or TDI emission followed by activity in both channels

(20%, Figure 12.23c). None of the interrogated compound 13 molecules showed

emission solely in the PMI channel. Also it was observed that, for similar excitation

power, the survival time of single molecules of compound 13 excited at 360 nm is by

far shorter than that of the samemolecules excited at 490 nm. Figure 12.23b shows the

probability densities of the survival times for single molecules of compound 13

undergoing excitation at 360 nm (upper panel) and 490 nm (lower panel). Exponential

fits to the histograms from Figure 12.23b give time constants of 23 s (360 nm

excitation) and 158 s (490 nm excitation). This difference in survival times can be

explained by the difference in fluorescence quantum yield of 0.98 and 0.1 for PMI and

NMI, respectively. For NMI, assuming that nonradiative deactivation is mainly

related to triplet formation [133], for a quantum yield of fluorescence of about 0.1

and a fluorescence lifetime of 0.33 ns, the rate constant and the quantum yield for ISC

are estimated to be around 3� 1010 s�1 and 0.9, respectively.When NMI is part of the

triad and 360 nm excitation is used, NMI fluorescence is quenched from 0.33 to

0.04 ns by energy transfer to the TDI core, either directly or in a cascade fashion.

Therefore, for a single triad molecule, optical excitation of an NMI chromophorewill

open competitionmainly between triplet formation and direct energy transfer. Having

such a high quantum yield of triplet formation, the probability of photobleaching of an

NMI chromophore on 360 nm excitation becomes considerably higher than the

probability of photobleaching of a PMI chromophore on 490 nm excitation. Conse-

quently, the survival time of a single triad molecule becomes substantially shorter on

360 nm excitation than on 490 nm excitation (Figure 12.23b).

Shown in Figure 12.23c is an example of a single triad molecule where, on 360 nm

laser excitation, bleaching of the TDI is followed by activity in both TDI and PMI

channels. For thismolecule, bleaching ofTDI leads to a drop in the fractional intensity

from 1 to 0.5 (Figure 12.23c), pointing to the intermediate species that was also
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observed in the single-molecule experiments at 490 nm laser excitation [123]. On

360 nm excitation, 20% of the interrogated single triad molecules showed such an

intermediate species. The fluorescence emitted from the TDI side is the result of

excitation energy transfer from theNMI chromophores, either by direct transfer or via

stepwise transfer through a PMI. NMI chromophores have a high probability for

triplet formation and therefore a high chance to rapidly photobleach. The higher ISC

FIGURE 12.23 Single-molecule fluorescence intensity trajectories on 360 nm excitation of

twomolecules of compound 13 in Zeonex.Detected photons in theTDI channel are colored red,

and those from the PMI channel are green. (a) Trajectories of the fluorescence intensity (upper

panel, red and green lines) and fluorescence decay time (lower panel, red circles) from a single

molecule of compound 13. (b) Normalized probability densities of the survival time of single

triadmolecules on 360 nm pulsed excitation (upper panel) and 490 nm pulsed excitation (lower

panel). Also shown are exponential fits (line þ symbol) to the respective histograms. (c)

Trajectories of the fluorescence intensity (upper panel, red and green lines), fractional intensity

(upper panel, gray line), and fluorescence decay time (lower panel, red and green circles) from

another single molecule of compound 13. (d) Contour plot showing the correlation between the

single-molecule fluorescence decay times detected in the TDI and PMI channels in the region

from45 to 58 s shown in panel c, upper part. Copyright fromRef. [123]. (See the color version of

this figure in Color Plates section.)
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efficiency to the triplet state of NMI might lead to the creation of singlet oxygen that

can react with the core TDI, leading to the formation of the intermediate species.

Consequently, the chance for formation of the intermediate species will be higher if a

single triad molecule undergoes excitation at 360 nm than at 490 nm.
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DEGRADABLE DENDRIMERS

MARC GINGRAS
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of Marseille, 163 Av. de Luminy, Case 913, 13288 Marseille Cedex 09, France

The present chapter is a complement to a previous review on cleavable dendri-

mers [1] and stands from an academic–industrial research activity on dendrimer–

drug conjugates for drug delivery [2]. The purpose of this review is to emphasize a

new stage in the chemistry of dendrimers: their degradation, which came after many

efforts to assemble them in an efficient manner. A well-documented survey of the

literature will be presented for the first time in this fastly expanding field by using

some selected examples and applications. The degradability of dendrimers is a

modern topic, in our era of green chemistry and environmental concerns. The

current progress in this field suggests highly important uses to come from degrad-

able dendrimers, especially in life sciences, in nanoscience and in materials

chemistry.

13.1 INTRODUCTION AND HISTORICAL PERSPECTIVES

Dendrimers are considered as a modern and an elegant class of hyperbranched

macromolecules in polymer sciences [3]. They resemble tree-like molecular archi-

tectures built from repetitive monomers or chemical units with branching points,

radially connected to a template core. Among their main characteristics are the

possibilities for incorporating a large number of functions (outward and/or inward)

or some chemical units and exploiting a dense chemical environment and some internal

voids, which could serve to encapsulate some molecular entities (see below)

(Figure13.1).
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FIGURE 13.1 A dendrimer with its branching units, its core, and its internal voids. Modified

image taken from: http://www.nisenet.org/image/dendrimer (unknown author)

A hydrodynamic volume that could reach the nanometer scale is dictated by the

solvation conditions [4]: the core, the monomer units, the branching points, the

dendrons, the generation numbers, and the peripheral or the internal functions. Their

synthesis and a control of the “rigidity” of the chemical backbone units (with a

restricted degree of freedom) render possible a modulation of the shapes and their

persistence. As a consequence, they became some interesting nanosize objects and

ideal building blocks in the elaboration of higher chemical structures [5–7]. They are

currently found as nano objects, as nano templates in numerous applications,

including in nanomedicine. The links between dendrimers and nanochemistry in

the construction and in the manipulation of higher and more functional nano objects

and devices became an evidence over the recent years [8].

In contrast to most polymers, dendrimers are often considered as well-defined,

discrete macromolecules with a high degree of molecular uniformity and mono-

dispersity. In theory, those macromolecules can possess a definedmolecular structure

and a precise chemical formula especially at lower generations, like many small

molecules. Those features make them attractive for an easier characterization and

further evaluations [9] of their tailor-made properties, after building them from

numerous established synthetic strategies. A strong advantage over polydispersed

polymers is a better control of dispersity and less dependence on the polymerization

conditions. The latter are sometimes not easily reproducible, but needed for polymer

therapeutics [10]. This fact is especially important in nanomedicine and in drug

delivery (see below). The loading of active ingredients could also be more important

and precise, and the conjugation offers a better control over a slow drug release, a

better tissue targeting, and even a passive absorption in specific interfaces [11].

Moreover, they are often solvent soluble macromolecules with a lower viscosity
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than for linear polymers, with a somewhat controlled hydrophilic, lipophilic, or

amphiphilic character, without too much defects when made from a convergent

synthesis. Dense outward (and/or inward) functions generate specific properties and

utilities such as a polyvalent ligand, a molecular receptor, a molecular confinement, a

molecular translocator (vector), and so on. Multivalency, adhesive processes, am-

plification, recognition, additive or cooperative effects have all been demonstrated.

The expression “dendritic effects” was coined to illustrate those specific cooperative

behaviors coming from a multiple functionalization [12].

Historically [13], the discovery of dendrimers occurred at the end of the 1970s via a

repetitive sequence of addition reactions toward a molecular growth and branch-

ing [14], but the reports of the first discrete dendrimerswith a somewhatmonodisperse

high molecular weight occurred in the 1980s [15–17]. They remained for many years

a curiosity with a real synthetic challenge. Their purity and the establishment of their

structural integritywere questionedmany times among the scientific community. As a

consequence, those exigencies for a structural proof and purity indirectly helped to

improve our modern analytical methods (such as mass spectrometry and other

biophysical techniques) [18] and to the structural characterization of mid-size

macromolecules, which were at the frontier of polymer sciences, organic chemistry,

or chemical biology (a field sometimes called macromolecular organic chemistry).

For about two decades, many efforts in dendrimer chemistry have been primarily

focused on the synthesis, the evaluation of the properties, and the quest for useful

applications in various fields: organic, supramolecular chemistry, materials and

polymers science, life sciences, and nanosciences [19].

After many years of dendrimeric construction (even stated as “Lego�

chemistry”) [20,21], a few scientists realized their potential for encapsulating guest

molecules or functions [22], such as in the classic example of a “dendritic box” [23].

On the other hand, it was already noticed that solvent molecules occupied the internal

dendritic voids of those hyperbranched macromolecules. As a consequence, every-

thing was set to compare dendrimers to some “molecular sponges” and nanocarriers

of smaller guest molecules. In biomimicry, it is a situation similar to a substrate being

bound to the catalytic site of an enzyme, with a very specific internalization and

chemical environment (change of solvation, proximity of functional groups, molec-

ular ordering, etc.) [24,25]. It was the beginning of a new era demonstrating that

dendrimers are not only aesthetic molecules but also they could possess intriguing

properties, as vectors or as translocators. Among the pioneering applications of

encapsulation, were some assays for the binding of nucleic acids (DNA) and a

delivery inside cells [26–28]. Dendrimers could be compared to a nanocarrier of

polynucleic acids helping for crossing a cell membrane [29]. From the increasing

popularity of gene therapy, dendrimers have been quickly noticed as a powerful and

interesting class of DNA, si-RNA, and RNA vectors.

After such an exponential progress in the mid-1990s, the field of dendrimer

chemistry also took a leading research direction toward some biological applications,

as mentioned in earlier reviews [30–37]. Recent general reviews indicated a similar

trend [38–44], and new books [3]. Those large, complex, and multifunctional entities

could tackle the field of important biological objects, sometimes at a similar

molecular scale, and also because of their capacity for encapsulation. At a first
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glance, it seemed simpler to load molecules inside commercial or tailor-made

dendrimers. After all, many efforts were put forward to simplify the synthesis of

dendrimers in the quest for future applications, with a need for a larger scale

production. The (bio)degradation or the covalent cleavage of dendrimers was not

seen as a priority until the beginning of the twenty-first century.

From a historical perspective, the field of degradable dendrimers followed a period

after some major studies were achieved in the polymer field, including degradable

polymer therapeutics. Such a degradablemodel for polymers was originally proposed

by Ringsdorf in 1975 [45]. Other important reviews on that topics are available [46–

48]. The cleavage of dendrimers started during their early days when the scientific

community requested more structural evidences of the dendritic structures. The

involvement of modern mass spectrometry techniques (such as MALDI-TOF, ESI,

etc.) often present a major parent dendritic molecular ion. However, in a few cases, it

could fragment to a smaller ion. It remained a pure analytical observation of a

degradation. It was also found during the synthesis of PAMAM dendrimers that a

retro-Michael addition could lead to methyl acrylate and an amine [49]. Similar

observations of dendrimer defects can be observed during the synthesis of PPI

dendrimers, as indicated by some MALDI-TOF [50] or ESI [51] studies. An

interesting analytical study using 1H, 13C NMR, and GC, with a G0.5 PAMAM

(EDA-core) dendrimer in methanol at various temperatures from � 15 to 50�C
concluded for an equilibrium between a Michael, and a retro-Michael addition in

solution starting even at 4�C (Scheme 13.1) [52]. Higher temperatures shifted this

equilibrium toward the retro-Michael products and an increased degradation. It is a

demonstration that care must be taken against a degradation upon PAMAM storage

for a long period of time in order to avoid some changes in properties, such as for

vectorization. All in all, the degradability of dendrimers was clearly noticed many

years ago but it was not until the mid-1990s that some defined applications suggested

that their degradation could offer new perspectives in dendrimer chemistry.

In 1993, an early report mentioned the degradation of a hyperbranched polyester

dendrimer in the quest for a better characterization under a strongly basic conditions

(NaOH, THF, EtOH, H2O, reflux) [53]. After protecting the chain ends by stable

methoxy functions, the quantification of the recovered units permitted to evaluate the

degree of branching. However, the uncontrolled and irregular nature of the poly-

merization provided a polydispersity of 2.1, which is not representative of a

monodisperse, discrete, macromolecule (Scheme 13.2).

The first enzymatic degradations of dendrimers were disclosed in 1996, after a

depolymerization of a chiral polyester dendrimermade from (R)-3-hydroxy-butanoic

SCHEME 13.1 Degradation of PAMAM dendrimers at temperatures above 4�C by a retro-

Michael reaction [52].
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acid and trimesic acid [54]. Seebach and coworkers investigated themode of cleavage

of several dendrimers using various types of enzymes (Scheme 13.3). More details

will be given elsewhere in this chapter. In the same year, followed an in vitro gene

delivery by some degraded poly(amidoamine) (PAMAM) dendrimers, called

“fractured dendrimers,” obtained after a heat-treatment in a solvent [55].As described

above, we may suppose that many retro-Michael additions and other side-reactions

took place. Some degraded PAMAM dendrimers were more effective than the native

dendrimers. Starting from the experience on a fully degradable hyperbranched poly

SCHEME 13.2 Analysis of the degree of branching by degradation of poly(aryl ester)

dendrimers.

SCHEME 13.3 Enzymatic degradation of (R)-3-hydroxy-butanoic acid derivatives and

dendrimers.
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(organosiloxane) polymer in 1995 [56], a degradable polysiloxane dendrimer was

embedded into a methacrylate resin and an acidic hydrolysis allowed the degradation

of the dendrimer for making some nanocavities, in an analogy to molecular imprint-

ing [57]. Those four events made the early experimental history of a real intention to

use the degradable properties of a dendrimer or a hyperbranched polymer.

Early in the 1920s, only a few reports existed on degradable dendrimers. Some new

interests slowly grew up in 2000 from the first photorelease of somemolecular species

by a photo-induced covalent fragmentation where dendrimers could be seen as a

“covalent reservoir” of those species [58]. McGrath reinforced the concept of

“cleavable dendrimers” [59].

However, several circumstantial events almost happened in the same period, and

really propulsed the field of cleavable dendrimers toward an exponential production

of publications and patents, after breaking the news in many journals in 2003. Three

independent research groups lead by de Groot, Shabat, and McGrath investigated

some controlled chemical and biochemical means to cleave dendrimers by some

well-thought strategies involving cascade reactions and some initiators or triggers

(see below). A few expressions were put forward in many headlines of journals:

exploding dendrimers [60], self-immolative dendrimers [61], and self-destructive

dendrimers [62].

In 2007, the first compilation of literature data dedicated to degradable or cleavable

dendrimers was published by us [1]. Nowadays, a literature search (ISI Web of

Knowledge�, all databases) estimated to bemore than 135 publications the results of a

search with the terms “degradable or biodegradable dendrimers,” where degradation

and covalent cleavage of chemical bonds were declared as important factors. We can

roughly estimate to more than 1070 manuscripts (excluding patents) using the search

terms “dendrimers and drug delivery,” including 210 reviews with 25% (52) of the

production in 2008 and only a few ones published before 1999 (4). The number of

manuscripts exponentially increased from 1993, when a transfection of DNA with

PAMAM dendrimers was demonstrated [26]. Solely in 2008, 208 publications (20%)

were produced, compared to 25 in the year 2000 (2.3%). The vast majority of the

studies concerned the following domains: pharmacy, biochemistry, chemistry,

materials science, and oncology. However, the number of publications describing

the release of drugs by covalent bonds dissociation via a dendrimer–drug conjugate

is much less important, compared to a noncovalent drug delivery via an encap-

sulation (or an inclusion complex). As a comparative study [48], even if dendrimers

are excellent vectors and vehicles for drug transportation, the field of polymer

therapeutics [10,63–67] largely bypassed the number of publications in dendri-

mer-based delivery (roughly 7000 versus 1070). Relative to dendrimers, the field

of degradable polymers already acquired a certain scientific maturity many years

ago [68].

The development of degradable dendrimers could only progress after mastering

the synthetic strategies and the methodologies for making them, where many

chemical reactions for assembling dendrimers were specifically chosen for their

simplicity, for a neglected amount of by-products, for an easy purification and for

some high-yielding processes over multiple bonds formation, without too much
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dependence on steric effects (hopefully). The convergent, the divergent methods, and

other strategies for building dendrimers needed to be explored in depth. Having now

in hand some dendritic materials, degradability has been a next leading concept,

especially when green chemistry has become so popular. It already represents a

modern topic having lead to some major advancements in a varieties of applications:

tissue engineering, nanomedicine, drug delivery, photolithography, release of fra-

grances, and so on.

In a nut shell, the main objective of this chapter is to highlight an important new

stage in the development of dendrimers by providing a critical summary of the state-

of-the-art on cleavable or degradable dendrimer-conjugates using covalent bonds

dissociation and to provide a brief survey of some applications. Supramolecular

encapsulation of guest molecules or any supramolecular releases of a smaller guests

from a dendritic inclusion complex will not be at the center of the discussions in this

chapter, but will be mentioned when necessary. Due to their recent importance and a

fast development, this review will mainly focus on discrete dendritic entities, with a

well-defined monodisperse molecular structure, in such a way that polymers,

dendronized or hyperbranched polymers [69–73] or related dendronized supermo-

lecules [74–76]with a somewhat higher polydispersitywill voluntarily be put aside in

our survey of the literature. However, some analogies and comparisons to those

domains will bemadewhen needed, for instance, when comparingmolecular masses,

sizes, and architectures upon their properties or their biological activities.

13.2 TOWARD A “CONTROLLED” DENDRIMER-CONJUGATE

DISASSEMBLY

13.2.1 A Few Modes of Dendrimer-Conjugate Disassembly

Many creative thoughts involving dendritic degradation could be imagined. As shown

in Figures 13.2–13.8, we selected the most common dendrimer-conjugate disassem-

blies, which could be conceptually divided into seven main modes or limiting

cases [77]. This conceptual division is not exhaustive, other specific or borderline

cases might be operating.

13.2.1.1 Encapsulation of a Conjugate in a Dendrimer and Disassembly of the
Inclusion Complex Figure 13.2 represents some intradendritic guests, which are

entrapped by using a dendritic supramolecular encapsulation (noncovalent). After a

FIGURE 13.2 Encapsulation of a conjugate in a dendrimer and disassembly of the inclusion

complex.
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disassembly of this complex, the guest will be released. The substrates (guests) may

be neutral, charged (ionic), polar or nonpolar [78]. They could be located in the

dendritic internal voids, in the periphery or in a peripheral shell, such as in a concept of

a core–shell architecture [79].

13.2.1.2 Encapsulation of a Conjugate in a Dendrimer and Disassembly of the
Inclusion Complex After Cleavage of the Dendritic Scaffold The approach in

Figure 13.3 relies on the loading of a dendrimer with a substrate to make an inclusion

complex and then initiate the release of the guests from a covalent dissociation of the

dendrimer backbone, or the scaffold [80–82].

13.2.1.3 Supramolecular Assembly of the Conjugates on a Dendritic Surface and
Disassembly of the Complex This mode of release in Figure 13.4 mainly relies on

some electrostatic interactions at the surface of a dendrimer between its peripheral

functions and a complementary function from the substrate. It may involve some

separated charged species or some strong H-bondings such as in a salt bridge (as in a

weak base–weak acid interaction) [83].

13.2.1.4 Supramolecular Assembly of Dendrimers and Entrapment of the Con-
jugates Followed by a Disassembly of the Architecture In Figure 13.5, a supra-

molecular assembly of dendrimers is formed with some substrates entrapped in an

interdendriticmanner [84–86]. A noncovalent dislocation could deliver the entrapped

substrates [87].

13.2.1.5 Covalent Disassembly of a Dendrimer-Conjugate A covalent dis-

assembly of a dendritic architecture releases smaller chemical “fragments” or

molecular species, which could be neutral or charged (ionic). Several chemical

FIGURE 13.3 Encapsulation of a conjugate in a dendrimer and disassembly of the inclusion

complex after cleavage of the dendritic scaffold.

FIGURE 13.4 Supramolecular assembly of the conjugates on a dendritic surface and

disassembly of the complex.
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reactions must occur to break some bonds. It could also be called a chemical

degradation, via some elimination reactions, and the dendrimer fragmentation could

be complete or not. The degradation would usually be stepwise, as shown in

Figure 13.6.

13.2.1.6 Encapsulation of the Conjugates in a Core–Shell Dendrimer and a
Covalent Disassembly of the Shell will Release the Conjugates A core–shell

architecture concept is presented in Figure 13.7. A covalent mode of degradation

will promote the cleavageof somebonds and a disassembly of a dendritic shell. It could

then initiate a supramolecular disassembly of an inclusion complex. The dendritic

shell could be made from dense, tight dendritic peripheral labile functions [88–90]

(such as in a dendritic box [91]) or from a degradable covalent matrix [92].

FIGURE 13.5 Supramolecular assembly of dendrimers and entrapment of the conjugates

followed by a disassembly of the architecture.

FIGURE 13.6 Covalent disassembly of a dendrimer-conjugate.

FIGURE 13.7 Encapsulation of the conjugates in a core–shell dendrimer and a covalent

disassembly of the shell with a release of the conjugates.
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13.2.1.7 Covalently Bound or Encapsulated Conjugate in a Core–Shell Dendri-
mer andDisassembly of theComplex or Cleavage of the Internal Dendritic Scaffold
with the Release of the Conjugates in and out of a Stable Shell (Matrix) A core-

dendrimer is embedded into a chemically stable matrix in Figure 13.8. The guests

can be present in this core by encapsulation (inclusion complex). They have a

possibility for a slow diffusion inside and outside of the matrix. A second variant

is a possibility for a covalently bound conjugate to a core-dendrimer embedded into

the matrix. The cleavage of the core-dendrimer conjugate and/or the degradation

of the dendritic scaffold promotes a slow release of the substrate inside and outside of

the matrix cavity, after a selective degradation of the core-dendrimer [93].

In summary, the encapsulation mode (a) Figure 13.2 is probably the most common;

especially in drug delivery; then follows mode (d) Figure 13.6, which is often initiated

from a chemical, a biochemical, a photochemical, or a biological degradation. The

other modes (b) Figure 13.3, (c) Figure 13.4, (e) Figure 13.7, and (f) Figure 13.8 are

more recent and less reports could be found, although mode (e) (Figure 13.7) is

becomingvery popular for a transfection involvinga change to an acidic pH, such as in a

lysosome, after an endocytosis of the dendrimer-conjugate (pH 5.4 instead of 7.4 at a

physiological pH). This communication will mainly focus on the cleavage of covalent

bonds toward a degradation, excluding dendritic encapsulations, becausemany of them

were already reviewed, especially in the field of drug-delivery and nano oncology.

13.2.2 Nonconvalent Versus Covalent Modes of Dendrimer-Conjugate

Disassembly

In this section, wewill simplify the discussion on two main modes of dissociation: by

a noncovalent approach (a supramolecular encapsulation, an inclusion complex) [94]

or by a cleavage of some covalent bonds (a dendrimer–substrate conjugate). A few

reviews already compared both approaches [95–97].

Historically, among the early studies to load a dendrimer with a substrate

(covalently or not), the use of dendrimers for gene delivery by DNA encapsulation

has been one of the first applications. The commercial availability of PAMAM and

PEI dendrimers plus the efficiency in the transfection often encouraged such

experiments. The main advantage of encapsulating a guest molecule, compared to

a dendrimer-conjugate, is that no chemical reaction is needed to ligate the substrate to

FIGURE 13.8 Covalently-bound or encapsulated conjugate in a core–shell dendrimer and

disassembly of the complex or cleavage of the internal dendritic scaffold with a release of the

conjugates in and out of a stable shell.
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the dendrimer. It simplifies the process of loading and translocatingmolecules. Both

molecular partners need to bemixed together in a solution at a definedmolar ratio. It

also avoids some complicated chemoselective reactions between proper functional

groups of the dendrimers and the conjugate. Additionally, those functional groups

might not be present or inappropriately reactive on one or both partners. The

functional and chemical complexity of some substrates (for instance, a drug) might

discourage a covalent approach. As a consequence, only some specific classes of

conjugates could be used in a covalent mode, along with some specific functiona-

lized dendrimers.

On the other hand, the main drawbacks of a supramolecular encapsulation remain

the supramolecular complementarity and the specificity in binding between a

dendrimer and a molecular guest. In other words, there could be an incompatibility,

a disfavorable thermodynamic association; it then confers a specific association

constant for a dendrimers/guest assembly under specific conditions. Finding the right

partners is needed and it presents a limiting factor. To facilitate and to put in practice

such encapsulations, a surface modification [98] of the dendrimer by a PEGylation

(functionalization by some poly(ethylene glycol) linkers) [99–103] or by other

means, toward a delicate balance for hydrophobic/hydrophilic, polar/nonpolar,

ionic/neutral interactions might be needed. As for other classic examples of common

surface modifications, some acetylations or esterifications [104] were often used to

increase the loading capacity of the resulting dendrimer. It could also render more

biocompatible, less immunogenic, and less toxic PAMAM or other dendrimers,

especially those decorated by some free amino functions. To this end, we should also

cite a recent work of Haag and coworkers toward some “universal nanocarriers” by

new dendritic core–shell architectures [105] and a review amongstmany others [106].

Additionally, a chemical surface functionalization could help in the loading capacity

of the resulting dendrimer butwill also affect the transport ability, thewater-solubility,

the cellular uptake, the biodistribution (by passive or active targeting) and the

degradability by the living system. The dendritic protection of the encapsulated drug

(substrate) against some biological degradations could favorably modify the phar-

macokinetics, the pharmacodynamics, and has a strong influence on the drug

persistence in the blood stream. Those effects have been well known for many

decades in polymer therapeutics and in peptide chemistry.

One of the most important disadvantages of encapsulation include the variable

composition of the inclusion complex and the stability of the resulting supramolecular

assembly carried out invarious biological environments.Most often anyperturbations

of the dendritic shape, the ionic strength, pH, the conformation or the hydrodynamic

volume of the dendrimers will modify the kinetics of release and a disassembly of the

inclusion complex. Those factors might be hardly predictable, neither well controlled

in a complex living organism.

On the other hand, the covalent approachwill have its substrate tightly bound to the

dendritic architecture and some chemical reactions will have to occur before its

release. It confers a greater stability, and a predictability (at least in vitro) in the

degradation of the dendrimers, combined to a selection of labile bonds, branchings,

hydrophobicity, hydrophilicity, and other factors governing the degradation of
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dendrimers. The substrate loading is often more predictable and superior with

covalent reactions. Some purifications could also be more easily envisaged. Depend-

ing on the applications, the hydrophilicity/hydrophobicity, wetting properties, and the

water-solubilitywill often have to be controlled, depending on the substrate. A surface

functionalization by a PEGylation or the use of other hydrophilic linkers, combined to

the proper dendritic scaffold,might ensure a finalwater-soluble dendrimer-conjugate.

Overall, both approaches are complementary. The supramolecular approach looks

simpler at a first glance but the instability and the less predictable thermodynamic

supramolecular assembly might be discouraging compared to the covalent approach.

On the other hand, the covalent approach suffers from further synthetic efforts but

might provide a better control of the resulting effects. A chemical surface modifi-

cation renders the supramolecular approach at a similar level in terms of synthetic

efforts and purifications.

13.2.3 Some Parameters for Degradability (In Vitro)

This section will mainly focus on the hydrolytic degradability of dendrimers by

chemical, enzymatic means, or by using catalytic antibodies, but not via biodegra-

dation, which is directly related to the metabolism operating in living organisms.

There are a few reports on the stability and the degradation of dendrimers in life

sciences, including some studies of their metabolism and their biodegradation using

radioactive markers, and some novel imaging techniques using near-infrared nanop-

robes conjugated to dendritic aliphatic polyesters [107]. Additionally, most often this

section will not focus on a common deprotection or protection scheme used in

dendrimer synthesis, as some examples of degradation.

13.2.3.1 Stimulus or Triggers Up to the present, the degradation of dendrimers

has been initiated by common stimulus for breaking chemical bonds: (a) pH variation,

(b) enzymes, (c) catalytic antibodies, (d) light (single or double photon [108]

absorption), and various reactions with specific reagents. They comprise some

metal-mediated, redox, and thermal reactions. It is anticipated that any selective

and modern activation methods for cleaving a covalent bond could be useful,

especially if they are chemoselective and mild. Only recently, new dendrimers

preparations employed ultrasounds and microwaves [109,110]. Degradation using

those “nonconventional activation techniques” to voluntarily cleave or degrade

dendrimers are presently rare in the literature.

Hydrolysis bymeans of a pH variation or by the enzymatic uses of a depolymerase,

an esterase, a lipase, and a protease were among the first reports in the literature for

cleaving some monodisperse, discrete dendrimers [54]. Well before its time in

dendrimer chemistry, this report also described the first enzymatic degradations in

the literature and it clearly indicated that ester functions were adequate for such

enzymatic cleavages (as it was known for some degradable polyesters). Some

dendritic moieties could find their way to an enzymatic catalytic site in spite of

their peculiar degree of branching, their steric hindrance and their globular topology

(Scheme 13.3).
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o-Nitrobenzyl ether groups, already well-known as protective groups in synthesis,

were utilized as site-specific UV-photolabile linkages for the photolytic degradation

of dendrimers. The photocleavable dendrimers were first reported by McGrath and

coworkers in 2000 (Scheme 13.4) [58]. More details and references will be given in

the next sections. This field of study in dendrimer chemistry should find more

importance in the future for any 2-D and 3-D applications in submicro- and

nanotechnology (for instance, in resists chemistry and nanophotolithography or any

other light-driven smart nanodevices), and also in nanomedicine and cancer therapy.

Other ways to trigger some chemical degradations will be reported in details in the

next sections.

13.2.3.2 Labile Linkers and Functional Groups We can list a few common and

useful labile functional groups helping in the cleavage of dendrimers: esters, imino

groups (imines, hydrazones, etc.), acetals and ketals, carbamates [111], carbo-

nates [111], disulfides, amides, siloxanes, and so on. In general, it is known in tissue

engineering that polyester are fastly degraded and hydrolyzed compared to polyamide

or polyether [112]. Due to the large number of labile functions and to the numerous

publications on dendrimers, we will only report a few examples of linkages. The

author already apologizes if some works are not fully represented in this section.

13.2.3.3 Esters, Carbonates, and Carbamates Generally, esters are by far the

most used and potent labile linkers under physiological conditions (pH7.4).Most often

they offer a sustained release of an active ingredient over several hourswithout a severe

accumulation of the dendrimer or its degradation products in living organisms, because

of a sufficient biodegradation rate. Some biocompatible and degradable polyester

dendrimers (sometimes containing ketal units) [113] can be prepared [114,115], or

were made from commercial dendritic polyols such as PAMAM-OH, Boltorn�

(Perstorp) or polyglycerol dendrimers. Many of them can also be synthesized from

some natural metabolites or less toxic units [116–121]. In addition to a pH variation,

some enzymes (esterases, lipases, and few proteases) [122] were often successful for

degrading some architectures, including dendritic or star-shape polyesters previously

mentioned [54]. The work of Kambouris and Hawker used strongly basic hydrolytic

conditions (NaOH, EtOH/H2O, reflux conditions) to fully degrade a hyperbranched

poly(aryl ester) dendrimer [53]. Other polyarylesters might be degradable [123].

An interesting and systematic study fromHills and coworkers on some parameters

responsible for an enzymatic degradation of some hyperbranched polyesters poly-

mers was recently published [122]. Some comparisons could be made in branched

SCHEME 13.4 The first photolabile dendrimers [58].
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dendritic polyester chemistry [124,125]. In short, a Boltorn�-type core polyol reacted

with several types of fatty acids (with various chain lengths) under variable stoi-

chiometric ratios. The analysis of their degradation was followed after using a series

of six lipases. The parameters considered were end groups, temperatures, lipases,

degree of esterification, and the dendritic core degradation alone. The latter was not

significantly degraded probably because of some steric hindrance and the absence of

hydrophobic binding interactions. Therewas an influence on the type of alkane chains

and their length. The degradation was dependent on the number of fatty acid chains

bound to the dendritic core versus the remaining hydroxyl functions, it may be related

to a good balance for hydrophilicity/hydrophobicity.

Another study from some poly(e-caprolactone)s with a dendritic PAMAM-OH

core was pursued [126]. The conclusion reinforced the results from Hill’s on the

delicate balance of a hydrophilic/lipophilic composition of the dendrimer, upon its

degradation. A certain number of hydroxyl functions on the core helped in the

degradation rate.

A PEGylated bow-tie polyester dendrimer also containing some carbamate

linkages was tested against a slow hydrolytic degradation under physiological pH

at 7.4 or at pH5.0 (at 37�C) [127]. The PEGchains linked via a carbamate function to a

Boltorn�-type core were probably cleaved at pH 5.0. However, at higher pH, it seems

that some ester and carbamate functions could have been cleaved. The important point

is a selective excision of some constitutive elements (PEG chains) from the dendrimer

according to the pH and the choice of the labile functions.

Several drugs conjugated to some polyester dendrimers were tested for a slow drug

release. The syntheses of some star-shape and polyester dendrimers incorporating the

drug naproxenwere achieved.However, the authorsmentioned some enzymatic assays

but they were not included in the communication [128]. Similarly, some poly(ester)

star-shape dendrimers functionalized by L-Dopa at their periphery were synthesized

with some hydrolyzable diester linkages [129]. L-Dopa is a drug prescribed to treat the

Parkinson disease. However, the authors only mentioned a sequential degradation of

this prodrug. An anticancer drug such as paclitaxel conjugated to a G4 PAMAM-OH

dendrimer via a succinic acid diester linker was released with the help of an

esterase [130]. Finally, an antidepressant drug, venlafaxine, was conjugated to a

G2.5 PAMAM-CO2H via some esters linkages for releasing the drug at pH 7.4 [93].

Additionally, this conjugate was incorporated to an hydrogel, made from a polyacryl-

amide cross-linked with PEG, for a drug diffusion through this matrix.

As shown in a Section 13.3.11 on some applications in carbohydrate chemistry,

some examples of hydrolytic cleavages using a Boltorn�-type core as a soluble

support for carbohydrate synthesis and combinatorial chemistry were reported.

Another example on the cleavage of some carbohydrate units from a solid phase was

also reported with some photocleavable o-nitrobenzylic groups (see Section 13.3.11).

Among other researchers, Shabat and coworkers made uses of carbonate linkers

incorporated in some cleaving units for a cascade disassembly [131,132]. Similarly,

carbamates were also often described in the literature [133]. The latter two functions

are complementary and as useful as the ester linkage in the degradation of

dendrimers [134].
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Amides and Mixed Functions Some hyperbranched poly(ester-amide)s made from

gallic acid and some natural amino acids were investigated toward a hydrolytic (pH

variation) or an enzymatic degradation by proteinase K. They could be degraded by

both means in vitro at 37.5�C [135]. A recent study with amide, carbamate, and ester

linkers was reported. A poly(L-lysine) dendrimer was used as a template and it was

decorated with PEG chains, and 20(S)-camptothecin (CPT) as a common anticancer

drug. PEG chains were linked using a carbamate function and CPT by using

esters [136]. An in vitro hydrolysis in two buffers at a physiological pH 7.4 and pH

5.0 indicated a slow release of CPT over time; the drug seemed to be selectively

cleaved over carbamate and amide functions. In human plasma, a similar release was

observed at pH 7.4.

In a similar type of multifunctional peptide dendrimer containing only amide

functions, a methotrexate drug (a common anticancer drug) was bound to a poly(L-

lysine) dendrimer core, decorated by some PEG chains [137]. The latter were linked

via some amide functions. A thorough and extensive in vivo study was achieved and

the dendrimers were described as biodegradable.

Some degradations were reviewed formany (peptide) dendrimers containing some

amide linkers [138], however, this function is sometimes too stable for a sustained

drug delivery over time [139]. Nevertheless, it has found its way to deliver drugs from

a PAMAM or a polyglycerol [140] scaffold.

Amir and Shabat used phenylacetamide function and a penicillin-G-amidase to

trigger a cascade reaction to the complete degradation of a dendrimer in his concept of

a “self-immolative dendrimer” [141]. More details and references will be given in

Section 13.2.4.

Another work used the conjugation of a PAMAM or PEI core functionalized by a

shell of short poly(L-glutamic acid) as a dendritic biodegradable carrier, a folic acid

(as a target unit) and a near-infrared dye (as an imaging unit) [142]. A conjugation of

methotrexate and PAMAM dendrimers was achieved at a low drug payload using

amide linkages [143].

Acetals and Ketals (pH Responsive Dendrimers) Because acetals can usually be

cleaved under verymild acidic conditions, they have found their way as useful labile

linker for degradable polymers [144,145] and dendrimers. A study of the cleavage of

the acetal linkages for drug delivery was published [146]. For an instance, the

release of an anticancer drug such as doxorubicin can be triggered by a change of

pH [147]. A similar approach was used, but with a dendritic Boltorn� core linked to

a PEG chain for making micelles. Some acetals were installed at the periphery for

making a shell-type structure. Their hydrolytic cleavage under acidic conditions

makes those dendrimers pH sensitive for the release of encapsulated doxorubi-

cin [148]. A study of the degradation at pH 5.0, 7.4, and 9.0 (37�C, water:methanol

1:1) of such a dendronized structure (fourth generation) indicated from SEC

analysis that the molecular weight of the dendrimer steadily decreased with time

under neutral, and basic conditions but no change in the polymerMWwas observed

under acidic conditions. The conclusion was that the degradation mechanism

involved random ester cleavages [149].
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A pH responsive polyglycerol dendrimer was acetylated and used as a supramo-

lecular carrier of a Congo red dye. The latter inclusion complex was stable at basic or

neutral pH for months but the molecular cargo was released at pH <3 when the

acetylated shell was cleaved [90]. Ketals have been less often reported in the field of

cleavable dendrimers. They were interesting intermediates and protective groups in

the synthesis of “bow-tie dendrimers” [150].

Imino Functions (pH Responsive Dendrimers) Hydrazones were also useful as a

pH-sensitive linker for the release of methotrexate as an anticancer drug or folic acid

from some poly(aryl ether) dendrimers [151]. Another work using Boltorn�-type

polyester dendrimers also indicated that doxorubicin could be released using hy-

drazone linkers [115,152].

Imines are usually easily cleaved under acidic and almost neutral pH (especially

alkylated imines). Haag and coworkers used water-soluble pH responsive dendritic

core–shell nanocarriers of polar dyes based on the covalent attachment of PEG chains

to a PEI core dendrimer via some imino functions. This model helped to release the

encapsulated guest by cleaving the PEG chains [89]. In a similar manner, they used

imines with long alkyl chains with a Congo red dye as a guest. The sensitivity to pH

was higher than for acetals [90].

Disulfides (Redox Responsive Dendrimers) The disulfide linker has been reviewed

in the field of drug delivery, albeit without the involvement of dendrimers [153]. It has

already found several uses in medicinal chemistry and related biological fields.

Very recently, disulfides appeared as a useful linker in dendrimer chemistry that can

be cleaved under mild reductive conditions with thiols (glutathione, cysteine,

dithiothreitol, etc.). Most examples involved PAMAM-cystamine dendrimers. For

instance, some low molecular weight dendrons were used to bind DNA and release

their cargo by an in vitro reductionwith dithiothreitol (DTT), as amimic to glutathione

(GSH) found in the cytoplasm of a cell [154]. In this way, it could provide a new

generation of vectors for gene delivery with DNA. A PAMAM dendrimer conjugated

to N-acetylcysteine (NAC) via a disulfide linkage was reported [155]. NAC is a

neuroantiinflammatory and antioxidant therapeutic. The release ofNACafter reacting

with cysteine and GSH was successfully investigated at various pH. The release was

faster at physiological pH 7.4 compared to lysosomal pH 5. However, bovine serum

albumin containing a cysteine residue did not cleave the conjugate. In a similar study,

N-acetyl-L-cysteine (NAC) was conjugated to PAMAM dendrimers as cationic G4-

NH4 or anionic G3.5-CO2H PAMAM dendrimers and tested against intracellular

GSH. NAC was released within 1 h at GSH 10mM. The antioxidant properties were

also followed as an indirect measure of NAC release in microglial cells. A PAMAM

dendrimer was decorated with PEG and cysteines that could form disulfides at their

periphery [156]. Inclusion complexes were tried with rose bengal.

Cystamine core PAMAMdendrimers are commercially available. Their cleavage

of the disulfide function produces two thiolated dendrons. Curcumin, a spice in

South Asian cooking, was found to have anticancer, antiinflammatory, and anti-

oxidant properties. It was conjugated to a cystamine core PAMAMdendrimer [157].
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Reduction and cleavage of the disulfide lead to two thiolated dendrons having

conjugated curcumin. Additionally, the hydrolysis of the PAMAM–curcumin

conjugate could in theory release the spice by a cleavage of some ester functions.

Cystamine core PAMAMwas also cleaved and the thiolated dendronswere linked to

biotin andMRI (magnetic resonance imaging) and fluorescent agents [158]. During

the preparation of some antibody-conjugated PAMAM dendrimers, a disulfide

function was used [159].

Beside the use of PAMAM, melamine-base dendrimers incorporated a disulfide

linkage to a fluorescent dansyl group were reported [160]. The rate of exchange of

thiol-disulfide with dithiotreitol was dependent on the structures. Disulfides near the

core experienced a slower exchange because of steric hindrance and peripheral

disulfide functions exchanged more quickly.

Siloxanes and Other Silicon Derivatives Siloxane functions and some derivatives

are known to be biocompatible and cleavable under specific pH [161]. Among some

works, a hyperbranched poly(siloxysilane) degradation was already reported in

1995 [56] and other degradations of hyperbranched poly(silyl ester)s [162], a

dendritic carboranylsilanes [163], and a hybrid xerogel [164] were published.

Other Labile Functions Recently, 1,3,5-triazaadamantanes core dendrimers were

shown to be degradable under basic or acidic conditions [80,165]. Thiazolidine

linkages [166] and urea functions were also used [106].

13.2.3.4 Degree of Branching and Topology As for poly(ester) dendrimers,

especially from the work of Seebach et al. [54], it seems that a cleavage near a

branching point or a dendritic core is not always favorable for some enzymatic

cleavages. It may be explained because of a steric effect limiting the complexation of

the substrate to the enzyme and an access of the substrate (or a part of it) to the catalytic

center. As a consequence, the hydrolytic degradation started in the linear portion of

the star-shape substrate, the arms [167,168]. Furthermore, one might assume that a

star moleculewill be enzymatically hydrolyzed at the periphery, because of less steric

hindrance and a better access to the catalytic site. In another case related to the

experiment of Hills and coworkers [122] the poly(ester) Boltorn�-type core den-

drimer was not significantly degraded in the presence of lipases. It might be due to

some difficulties to cleave sterically hindered ester functions, but theywere also in the

proximity of a high degree of branching (the dendritic core).

Other poly(ester-amide) dendrimers were synthesized where the core contained

some amide functions. The synthesis and the degradation of some polylactide (PLA)

attached to a PAMAM core was investigated. It was found that unlike linear PLA of

similar molecular weight, they had a higher degradation rate which was explained by

shorter PLAchains, polar endgroups, and a higher hydrophilic environment (including

PAMAM hydrophilic effects) [169]. Some fragrances (citronellol and L-menthol)

could be released from the dendritic periphery from the cleavage of ester groups by the

uses of a lipase (pH7.2, 37�C)or a cutinase (pH7.8, 37�C) [170].Theester groupswere
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selectively cleaved in some dendrimers. The important conclusion is the decreasing

ability of the enzymes to interact with the substrates as the branching degree increases.

It also seemed related to the rigidity of dendrimers and to the steric hindrance. Higher

generation dendrimers behave poorly as a function of the generation number.

As for poly(amides) or peptide dendrimers, a general trend is that branching causes

of a slower degradation. There is a case where a linear poly(L-glutamic acid) was

degraded faster than a cored-PAMAM poly(L-glutamic acid) dendrimer in the

presence of the protease cathepsin B [142]. Another example described a greater

difficulty for proteases to cleave dendrimers. Tetrabranched peptides were shown to

be more stable and even protease and peptidase resistant to degradation. Monomeric

versus tetrabranched dendrimeric mimotope peptides were tested for a degradation in

plasma, in serum or with trypsin and chymotrypsin [171]. Another report on

antimicrobial dendrimeric peptides demonstrated the greater proteolytic stability of

a dendrimeric structure compared to the linear tetra- or octapeptides in the presence of

trypsin or chymotrypsin [172].

From a very limited set of data, the following trends are a general guidelines for the

enzymatic degradation of some dendritic macromolecules of similar molecular

weights, linkages, and repetitive monomeric composition:

(a) A cleavage in the proximity of a branching point is slower compared to a

cleavage of a linear substrate because of steric effects.

(b) An open dendritic structure of low generation number or a dendron might be

cleaved faster than a higher generation dendrimer because of an easier access

to a catalytic site of an enzyme and a larger conformational flexibility.

(c) The rate of cleavage of an open structure of a low generation dendrimer might

be slower than for a linear polymer, depending on a conformational flexibility

and the hydrophilicity.

(d) Higher dendritic generations with a dense periphery in a close shell will be

cleaved very slowly because of serious steric effects and a high degree of

branching. A conformational flexibility is also limited.

(e) A star-shape dendrimer, which has an intermediate topology and conforma-

tional flexibility between a linear polymer and a low generation dendrimer

would behave in a borderline case, but cleavage will first occur faster on a

linear structure, distant from the branching core.

(f) As for proteases, a proteolytic cleavage is slower for peptide dendritic

structures, compared to peptide linear structures.

Further data and model dendrimers would be needed to assert those trends solely

based on a few experimental data. Other effects might overcome those factors,

especially the hydrophilic/lipophilic or hydrophobic interactions, causing some

important conformational issues in dendrimers and polymer chemistry.

13.2.3.5 Surface Functionalization In the recent years, the modern concepts of

“multifunctional dendrimers” or “multifunctional dendritic nanodevices” were
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often put forward. The reader is referred to some excellent reviews [106,173,174].

That implies a profound surface functionalization of the dendrimers with some

functional units toward a “refinement” of the dendritic structures for a better

structure/activity relationship, cellular uptake, biocompatibility, targeting, imaging,

and bioactivity. Among many examples, the work of Schl€uter and coworkers used

a new type of poly(amidoamine) dendrimers decorated by amines, ammoniums,

t-Boc, carbobenzyloxy groups, natural amino acids, ethylene diamine, or dansyl

fluorescent labels [175]. They concluded that the surface functionalization grossly

influences the dendrimer toxicity and that the internal structure does not seem to play

a major role despite the fact that the interior of low generation dendrimers is

accessible. Another interesting nanodevice for cancer therapy was from Baker, Jr.

and coworkers using PAMAM as a template for introducing units such as metho-

trexate (MTX—anticancer drug), fluorescein isothiocyanate (FITC—fluorescent

unit), and folic acid [176].

In spite ofmanynewcomplex dendritic structures, further studieswill be necessary

to better understand their in vitro hydrolysis and their in vivo degradation. Some

general trends are proposed. For instance, a surface functionalization by a PEGylation

of PAMAM [177,178] poly(L-lysine) [137], or triazine dendrimers [179] could have a

drastic consequence on water-solubility, steric stabilization for preventing aggrega-

tion, cellular uptake (internalization) [180], targeting tissues, targeting organs, or

dendrimer-drug persistence in the blood. In short, it could provide a positive effect

while modifying the pharmacodynamics and the pharmacokinetics [181]. However, a

good balance between hydrophilicity and hydrophobicity of the surface is often

needed formany enzymes. All of those factors will directly affect the rate of release of

a drug in vivo and in vitro.

In general, a dendrimer surface modification by a PEGylation or an esterification

with long aliphatic chains usually provides a protective shell to the dendrimer and

prevent the hydrolytic enzymes to work efficiently. In the recent years, the

expression “core–shell dendrimers” was used in the literature to describe such

architectures.

Another example of such degradable dendrimerswas recently reported. They had a

Boltorn�-type polyester core and were covered by a mixed shell of PEG chains and

amino acids. The latter provided the anchoring points to PEG chains and for new

functions at the surface (such as doxorubicin) [182]. The hydrolysis of that dendrimer

was tested in a buffer at pH 7.4 and in human plasma at 37�C. Even if a degradation
occurred, the results and conditions were not optimized (a reconstituted plasma at

about pH9).Another example is given by using a-chymotrypsin for cleaving a peptide

dendrimer [93]. A recent work from PEGylated poly(L-lysine) dendrimers was

previously mentioned, albeit under hydrolytic conditions, without the addition of

enzymes [136].

13.2.3.6 Hydrophilicity and Charges It is reported that hydrophilic biomaterials

are quickly degraded compared to biomaterials containing hydrophobic units. For

instance, a glycolic acid–based dendrimer is known to degrade faster than a caproic

acid–based dendrimer [112]. Hydration and charge effects also play a role in
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increasing the rate of hydrolysis by promoting some local polar environments of the

dendrimer [149].

13.2.3.7 Generation Number and Size Hydrolysis of dendrimers is often faster

for lower generation dendrimers. Dendrons are even degraded faster than dendrimers

because of their open structure. It is found that the degradation rate depends upon the

steric hindrance, and the bulkiness of the structural elements. To some extent, a dense

and compact higher generation dendrimer apparently protects labile functions from

hydrolysis. For instance, the synthesis of some cationic dendrimers having ammo-

nium groups at their periphery and some ester functions as labile groups were studied.

Their hydrolysis occurred at 37�C in D2O. The important point is that the dendrons

were all cleaved after a month, but some dendrimers remained. A faster degradation

occurred with lower generation dendrimers fromG0 toG2 [183]. Dendrons with open

structures and a higher conformational mobility were thus hydrolyzed faster than

dendrimers. A similar general trendwas observed in the release of some fragrances by

Hayes and coworkers [170]. As for some innovativemeans to effect the degradation of

dendrimers,we can cite thework ofCordova and Janda in the surfacemodification and

the degradation of modified, polyester Boltorn�-type dendrons [184]. Catalytic

antibody 38C2 catalyzed a retro-aldol reaction for delivering some aldehyde func-

tions by an elimination reaction. To conclude, some parameters for the in vitro

degradation of dendrimers by a chemical or an enzymatic meanwere recently defined

for a few classes of dendrimers, especially for polyester dendrimers. There is a need to

better define those parameters for various classes of dendrimers and linkers. Some

rare systematic studies already opened the way to this field. It could provide an

important and selective way to modulate the properties of dendrimers, and a better

mode of using their ability as covalent nanocarriers. Additionally, if dendrimers are

building blocks for assembling higher architectures, there would be a need to

sculpture them in a proper way at a supramolecular level and the general rules to

do it must be clear and well identified.

13.2.4 Cleavable Units for a Cascade Disassembly

More specific and complex cleavable units, also called “chemical adaptor systems”

[185] incorporating some “molecular triggers” have been designed for some specific

cascade or domino reactions in the cleavage of dendrimers. Those cleavable units have

previously been described in the literature, before their uses in dendrimer chemistry.

For instance, Monneret and coworkers published some anticancer prodrugs with

similar self-immolative spacers (cleavable units) as those below, for the slow release

of doxorubicin (DOX) and 5-fluorouracil (5-FU), albeit without a dendritic scaf-

fold [186]. Another work was related to CPT [187]. The concept of cleavable units,

even in a cascade reaction, was already reported in some studies on an antibody-

directed enzyme prodrug therapy (ADEPT) [188] and in improved chemical strategies

for a better targeting in cancer therapy [189].

An important historical event for the promotion of molecular triggers involved

three independent research groups reporting some “chemical adaptors units” designed
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to release a molecular species (often a drug) via some cascade reactions from many

contiguous bond-breaking processes. By definition, a chemical adaptor or molecular

trigger is a molecular component inclusive of the dendrimer, that is especially

designed to initiate a directional cleavage of the latter at a starting point in the

macromolecule, after obeying to a stimuli (light, pH, metals, redox, etc.). In other

words, the resulting dendrimer is seen as a smart material or a molecular device ready

to fragment and to release a species when a specific signal is given. The specificity of

the signal, the efficiency in the sequential bond-breaking processes and the avoidance

of side reactions, are the key factors in those processes. It is important for some

medical applications such as in drug delivery, where the molecular fragments are well

defined and should be biocompatible, nontoxic, and easily degradable. Another

important point is their synthesis, which should avoid complicated strategies with

such sophisticated molecular systems.

Those concepts definitively launched the field of cleavable dendrimers and the

disassembly of dendritic backbones [190]. By analogy to polymers, it could be

compared to a depolymerization. Those chemical adaptors were incorporated in a

specific functional sequence and they can trigger a cascade dendritic cleavage in a

linear or in a geometric way, by using an external stimuli. This domino-type cleavage

could be promoted by a pH variation [90,115,135,139,148,191,192], photochemis-

try [58,108,193], transition metals [194,195], enzymes [54,134,141,142,196] (hy-

drolytic enzymes of esters, amides, and carbamates, etc.), catalytic antibo-

dies [184,191,197], a redox reaction [198], or a thermal process. Scheme 13.5 reports

a brief literature survey of some chemical adaptors, it was adapted from a previous

article [1].

The cleavage of dendrimers could proceed from partial removal of a few functions,

removal of specific sequences leading to a functional macromolecule, removal of

dendrons (or a part of them), or some advanced cleavages of the backbone toward a

full (bio)degradation into simple chemical species. In most cases, the release of a

molecule for a specific application was sought (such as an anticancer drug delivery).

Alternatively, the remaining dendritic backbone could be of some utilities for further

applications.

SCHEME 13.5 Chemical adaptors units and the external stimuli involved in a cleavage. The

arrow represents the initiating part of the cascade reactions.

TOWARD A “CONTROLLED” DENDRIMER-CONJUGATE DISASSEMBLY 423



In order to illustrate the concept of chemical adaptators, an example among many

others is a receiver-amplifier as a self-immolative dendritic device based on some

multiple triggering sites that are converging toward a final release of several identical

fluorescent products, called the reporters (6-aminoquinoline). They were produced

after a chemical decomposition of the dendritic backbone via some cascade reactions.

An amplifying signal of the degradation was thus observed after the multiple

molecular events, from the large number of fluorescent reporters released. The

triggering of this series of events was achieved after the cleavage of an amide bond

by an enzyme, penicillin-G-amidase [199].

13.3 A BRIEF SURVEY OF APPLICATIONS FROM DEGRADABLE

DENDRIMERS

Until now many applications involving cleavable dendrimers were sought, where the

degradability or the covalent cleavages are immediately responsible for the desired

properties. As for the survey of applications, mainly fundamental or academic

applications will be reported. As shown in Table 13.1, some recent applications of

cleavable dendrimers were found as nanocarriers for drug [200] and gene delivery,

pH responsive macromolecules [201], smart materials, (bio)degradable materials,

scaffolds for the release of fragrance and flavors, a matrix in tissue repairs, and

supramolecular nanocontainers. They were also used in diagnostic and imaging,

molecular imprinting, photoresist chemistry, or a scaffold for solid-phase carbohy-

drate chemistry. Among all of these reports, the main applications were related to the

fields of life sciences, such as in drug delivery and (bio)nanotechnology.

13.3.1 Dendrimer–Drug Conjugates to Fight Cancer

In contrast to classic low molecular weight pharmaceutical drugs, macromolecular

prodrugs are now being better considered and evaluated in medicinal chemis-

try [48,202]. Besides polymer therapeutics, dendrimer–drug conjugates have recent-

ly found a niche in the plethora of drug delivery systems, for instance to fight cancer.

The advantages of cell and tissue targeting, polytherapy, drug persistence in the

blood, enhanced permeation and retention (EPR) effect (see below), drug solubili-

zation, and drug nanocarriers brought by dendrimer-conjugates are now shaking the

ground of traditional medicine in the area of controlled drug release and nanome-

dicine [203] (nano oncology) [204,205]. Several routes for a drug administration are

also sought, including intravenous, skin penetration, and oral administration [11].

The purpose of this section is to illustrate the main applications, the properties, and

the advantages of degradable dendrimers as chemotherapeutics [206]. At first, we

will provide a brief summary of the many important parameters and concepts in the

pharmacodynamics and pharmacokinetics of dendrimer–drug conjugates [207].

Some general guidelines and selected examples for an efficient dendrimer-based

drug delivery will be presented.
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13.3.1.1 Importance of Dendritic Architectures and Constituting Units Due to

their simplified synthesis, hyperbranched or linear polymers have been used as

macromolecular scaffolds for many drug release applications. However, polydisper-

sity and reproducibility in the preparationmay lead to irreproducible pharmacokinetic

behaviors due to the variation of the molecular weight distribution profile and the

crystallinity. Nowadays, dendrimers are a promising class of drug scaffolds because

they are well-defined, monodisperse, easily soluble in many mediums, and well

characterized.Moreover, many classes of dendrimers are commercially available as a

scaffold (PAMAM, PEI, PPI, Boltorn,� and polyglycerol dendrimers). Additionally,

their architecture became a platform incorporating multiple drugs, targeting and

imaging units, and solubilizing groups. Size, generation number, and shape of

dendrimers will have a tremendous effect on the toxicity, their in vivo degradability,

and their rate of clearance in blood and tissues. Overall, the main objective is to use

low toxicity dendrimers with a high therapeutic index with common drugs already

on the market.

13.3.1.2 Biocompatibility and Toxicity of Dendrimers Biocompatibility was

defined as “the ability of a material to perform with an appropriate host response

in a specific application” [208]. A biocompatibility and a low toxicitymust be insured

by the peripheral functionalization (end groups) of the dendrimers, a sufficient rate of

degradation, and by a renal elimination, which depend on the dendrimer generation,

size, shape, and branching [209]. A delicate balance between clearance, degradabil-

ity, biodistribution, drug persistence, and drug accumulation is of high importance in

the pharmacodynamics and the pharmacokinetics. As for degradability and release of

a drug, a cleavable dendritic backbone often comes from the hydrolysis of some

linkages like amides, esters, and carbamates. The last two are preferred because of

their higher hydrolytic rates. For a low toxicity of the degradation products, some

constitutive units of the dendrimers are often natural metabolites (succinic acid,

glycerol, etc.). End groups and charges also play a major role in the toxicity. Capping

of dendrimers with PEG chains, glycerol, acetyl groups is often beneficial. PEG

chains often offer nonimmunogenic, biocompatible, water-soluble, and less toxic

dendrimers. As a general rule, neutral (acetyl, acetamide, glycidol, glycerol, PEG,

benzyloxycarbonyl, etc.) or anionic surface groups (carboxylates, sulfonates, phos-

phates, etc.) in dendrimers are preferred from cationic ones (free amines, some amino

acids, guanidine, ammonium groups, etc.) for less toxicity, for avoiding membrane

cell disruption and cell lyses [208]. Neutral or charged surfaces are often responsible

for a strong interaction with the membrane, as a first step toward drug intake by a

permeable cell membrane or by other mechanisms of cellular internalization. A few

recent systematic studies on the variation of the dendritic end groups versus toxicity

were achieved by the groups of Schl€uter [175] and Simanek [210].

13.3.1.3 Cellular Uptake of Dendrimer-Conjugates In contrast to low molecular

weight drugs commonly used on themarket,most dendrimers andmacromolecules are

believed to be internalized in cells via the endocytic pathways without involving a

membrane permeability mechanism, although some exceptions are known. As studied
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byAFMandfluorescence spectroscopy, on some lipid bilayers and onRat2 cells, some

cationic seventh-generation PAMAMdendrimers inducedmembrane damages and the

formation of holes [211,212]. Until now, a few systematic studies were achieved but it

is known that the surface functionalization, the conjugate architecture, the molecular

size, and the branching would be determinant for a cellular uptake mechanism by an

endosomal process. Confocal fluorescence microscopy has been of some help in the

understanding of cellular uptake and cell trafficking of the prodrug. Duncan and

coworkers studied the effect of linear or dendrimeric structures of PAMAM and PEI

on the binding, the endocytic capture, and the intracellular trafficking with a

Oregon green-conjugate [213–215]. Among other works, studies on surface-modified

PAMAMdendrimerswith long chain esters (lauroyl chains) or propanololwere studied

with FITC [104]. Other effects of surface functionality with charged species

were undertaken on the intracellular trafficking with A549 lung epithelial cells [98].

El-Sayed et al. studied G0–G4 PAMAM dendrimers with a fluorescent label across

some epithelial and endothelial barriers [216]. They found that the increase in

molecular weight and size resulted in an exponential increase of the extravasation

time across a microvascular endothelium.

13.3.1.4 Improving the Therapeutic Index of a Drug: Targeting, Biodistribution,
andDrug Persistence The targeting delivery of a drug prevents some side effects of

a chemotherapeutic drug toward healthy tissues and organs. It increases the therapeutic

index of an anticancer drug. As for targeting tumors, it was demonstrated many years

ago by Maeda and Matsumura [217,218] the concept of enhanced permeability and

retention of a drug in tumors (called EPR effect) as a passive targeting mode based on

the physical size of a macromolecular prodrug (5–100 nm) versus the large inter-

endothelial junction in cancerous tissue (estimated to be 500 nm) and its prolonged

residence time. In his original article, Maeda reported a fivefold increase in tumor

uptake by a polymeric chemotherapeutic. An EPR phenomena in tumors is physically

favorable compared to healthy tissues having smaller interendothelial junction

(5–8 nm), if the macromolecular size is sufficiently large for long blood circulation

time and a decrease rate of renal filtration and clearance (MWabout 3040 kDa). As for

the rate of clearance, it is mainly determined by the size, the shape, and the

conformation of the dendrimers versus the size and geometry of the glomerulus pore

of the kidneys. In other words, there is a physical accumulation of the drug in a tumor

because of a less efficient lymphatic drainage andmore permeable endovascular tissues

of a tumor, permitting the uptake of a larger prodrug, in contrast to healthy tissues. The

combined factors affecting clearance and biodistribution in organs have been recently

reviewed [219,220]. In summary, appropriate molecular weights, sizes, molecular

conformation, flexibility, and branching can increase blood circulation time and the

therapeutic index of a drug. Fr�echet and coworkers proposed the following general

guidelines based on a limited number of in vivo studies:

(a) Increasing the molecular weight of macromolecules diminishes the renal

filtration while increasing the persistence of a prodrug in the tumor and in the

blood stream.
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(b) An increase of branching diminishes the renal filtration and increases the

persistence of the dendritic prodrug.

(c) Rigid, globular macromolecules decrease the renal filtration and increase the

persistence of the prodrug in the blood stream compared to flexible and

elongated (chain) polymers.

(d) More rigid, tubular macromolecules could have a better pore penetration and a

higher accumulation in tumors.

As for an active targeting, several strategies have been put forward from the con-

jugation of some monoclonal antibodies or from some specific dendritic surface

functionalization with some targeting units, favoring cancer cell adhesion, recogni-

tion of the prodrugs and cell internalization. Among some common targeting units are

folic acid, biotin [221], neurotensin, and a cyclic peptide (cRGD) and some glyco-

sides [208]. These units (also called epitopes) are based on a specific recognition of

some receptors often overexpressed in some cancer cell lines (for instance, folic acid

is overexpressed in brain, human breast, and lung cancers).

13.3.1.5 Anticancer Dendrimer–Drug Conjugates An excellent review summa-

rized a collection of covalently bound anticancer drugs to a dendritic scaffold [222].

Some general reviews related to dendrimers in drug delivery are available, including

an important section on anticancer dendrimer conjugates [36,40,44,97,223–228].

Until now, many common anticancer drugs conjugated to dendrimers were

reported in the literature: doxorubicin (DOX), methotrexate (MTX), camptothecin

(CPT), etoposide, 5-fluorouracil (5-FU), and paclitaxel (taxol). The following sec-

tions will delineate a few representative examples of some anticancer dendritic

prodrugs using the covalent disassembly modes presented in Section 13.2.1. The

exampleswill also include some cleavable units for a cascade disassembly (molecular

triggers) by using a specific stimuli (for instance, a pH variation). A highlight

article [229] on self-immolative dendrimers [61] as some anticancer drug delivery

platforms based on an enzymatic triggering was reported by Shabat. Some cascade

cleavageswere presented for effecting the delivery of a single, double, or triple type of

drugs for a possible bi- or tritherapy.

Doxorubicin

O

OH

O
OHOH

OH

O

OCH3O

O

HO
NH2

Doxorubicin
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A few systems combined supramolecular encapsulation of a drug and a release after

some covalent bond cleavages of the dendritic shell [79]. Micelles made from

dendrimers involved supramolecular encapsulation and delivery of doxorubicin

(Scheme 13.6). The system comprised a PEG polymer coupled to a dendritic wedge

having cleavable esters, carbamates, and a shell of ketal/acetal functions. The drug

could be delivered after hydrolysis of the ketal/acetal functions under mild acidic

conditions, similar to the pH in endosomes,with the hope for a better delivery in cancer

cells. Another work made use of polyglycerol or PEI dendrimers functionalized by

ketals or imines that could also be hydrolyzed after reactions of the dendritic shell.

A doxorubicin dendritic prodrug was synthesized as a conjugate from a three-arm

PEGstar and polyester dendrons (Scheme13.7) [152].A free phenolic group at the core

allowed the use of radiolabeling (radioiodination). An acid labile hydrazone linkage

wasused for the covalent attachmentofdoxorubicin.This systemhadastablepolymeric

backbone, a low polydispersity, some water solubility, and a negligible toxicity. Some

biological evaluations were achieved in vitro and in vivo (with mice). Cell viability,

biodistribution, and the use of confocal microscopy were reported [115,152].

A degradable molecular system with a cleavable unit based on a para benzyloxy

phenyl ether and some carbamate linkers using a double trigger with logic gate “OR”

was proposed. Depending on the choice of two enzymes as a trigger for the molecular

events, either penicillin-G-amidase or antibody 38C2, it could promote the release of

DOX. The biological tests were achieved on the inhibition growth of the human

erythroleukemia cell line (HEL) [230].

Methotrexate (MTX)

N

N

N

N

N
H

CON 2H

COO 2H

NH2

H2N

Methotrexate

SCHEME 13.6 A doxorubicin polyester dendrimer complex having a cleavable acetal shell

for liberating the anticancer drug.
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Methotrexate is an antifolate drug used in the treatment of many kinds of cancers

and autoimmune diseases. It affects the metabolism of folic acid by inhibiting the

dihydrofolate reductase. Therefore, its mode of action is the inhibition of folic acid,

which is needed in the synthesis of nucleoside thymidine, required for DNA, RNA

synthesis, and consequently, it affects more rapidly dividing malignant cells.

Several poly(aryl ether) dendrons and G1, G2 dendrimers were synthesized and

functionalized by hydrazide functions at their periphery. The latter groups served to

conjugate folic acid (FA) or methotrexate (MTX) by the use of a pH-sensitive

hydrazone linker. This pioneer systemwas built fromaG2dendrimer for investigating

the release of methotrexate [151].

A more elaborate methotrexate conjugate made from PAMAM–MTX dendrimers

were reported as a statisticalmixturewhenMTXand PAMAMwere covalently bound

by using amide functions. The results of PAMAM conjugation diminished the

cytotoxicity and improved the therapeutic index of the drug toward sensitive or

resistant cancer cell lines [143].

Camptothecin (CPT)

OH

O

O

N

O

N

Camptothecin

SCHEME 13.7 Cleavable polyester-PEG dendrimer as a macromolecular doxorubicin

prodrug.
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Camptothecin (CPT) is a cytotoxic, poorly water-soluble polycyclic quinoline

alkaloid that inhibits the DNA enzyme topoisomerase I (topo I). CPT binds to topo I

and causesDNAdamage, which results in apoptosis. The search for newdrug delivery

systems for a selective chemotherapy lead to several articles by Shabat and coworkers.

It first started from the synthesis of a CPT-conjugate prodrug with a self-immolative

linker activated by an antibody catalysis [187] or an enzyme [197]. Penicillin-G-

amidase or catalytic antibody 38C2 triggered the release of CPT by hydrolysis of a

carbamate function. Cell growth inhibition assays indicated up to a 2250-fold

decrease in toxicity for the prodrug relative to the drug.

As a comparison to a dendritic prodrug, here is a description of a HPMA (N-(2-

hydroxypropyl)-methacrylamide) copolymer with some grafted molecular platforms

comprising a drug (CPT), a trigger site, and a targeting ligand (Scheme 13.8) [196e].

A self-immolative second-generation dendritic prodrug incorporating CPT, PEG

chains, and some cleavable units were synthesized with carbamate functional groups.

The latter PEG chains were installed via click chemistry. They helped in decreasing

the hydrophobic properties and avoided aggregates formation. The cleavage of the

dendrimer led to the release of CPT after an enzymatic triggering by penicillin-G-

amidase [231].

Paclitaxel (Taxol)

OH
N
H

Ph

Ph

O
O

O

O

BzO AcO

H O

OH

HO

AcO

Taxol

Preliminary studies on the cascade disintegration of elongated cleavable unitswere

achieved by de Groot et al. for releasing paclitaxel or DOX [134]. In this article, they

used an enzymatic triggering from human plasmin to cleave some linear prodrugs via

a double or a triple benzyloxycarbonyl spacer incorporating carbonate or carbamate

functions, and a combinationwith a bisamine cyclization spacer. It was shown that the

catalytic rates of the degradation were faster for a double or a triple spacer compared

to a single one. Dendrimers were not used in this study but prepared the groundwork

for a subsequent publication on dendrimer–drug conjugates. Similarly, another work

described the test of many prodrugs for their toxicity against many human tumor cell

lines. They could release paclitaxel after a bioreductive activation from nitro- or

azido-benzene derivatives and a carbonate linker [232].

de Groot et al. introduced some “cascade-release dendrimers” liberating paclitaxel

(taxol) with an amazing long range self-elimination chemical adaptor unit (a double

1,8-elimination). A reduction of a nitro to an amino function served as a redox trigger

to release two taxol molecules. This concept was extended to a higher generation

dendrimer releasing simultaneously four molecules of paclitaxel (Scheme 13.9)

[198b].
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A dendritic system based on the conjugation of G4 PAMAM-OH dendrimer with

paclitaxel was reported [130]. The linkage unit between paclitaxel and the dendrimer

used succinic acid for a better degradation via an ester function. A comparison of the

cytotoxicity of A2780 human ovarian carcinoma cells from the dendrimer, a linear

PEG–paclitaxel conjugate and the free drug was investigated. A 10-fold increase of

the dendrimer cytotoxicity was found compared to the free drug.

5-Fluorouracil

HN

H
N OO

F

5-Fluorouracil

5-Fluorouracil is a classic anticancer drug widely used for the treatment of

colorectal and pancreatic cancer for about 40 years. It mainly acts as a thymidylate

synthase inhibitor by interrupting this enzyme and blocks the synthesis of the

pyrimidine and thymidine, thus blocking DNA replication. The effect relies heavily

upon quickly dividing cells, which used their nucleotide synthesis. G0.5 to G5.5

PAMAM-type dendrimers having a cyclam core were synthesized as a basic mo-

lecular scaffold for making a 5-FU dendrimer-conjugate [192]. The hydrolysis of an

activated amide function in a phosphate buffer solution at pH 7.4 was studied but no

study in vitro or in vivo was achieved yet. A previous prodrug system, not using

dendrimers, based on a self-immolative glucoronide spacer (a cleavable unit) released

5-FU after treatment with a E. coli b-glucoronidase [186].

SCHEME 13.9 Cascade-release dendrimer liberating four paclitaxel (taxol) molecules upon

reduction.

A BRIEF SURVEY OF APPLICATIONS FROM DEGRADABLE DENDRIMERS 433



Etoposide
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This anticancer drug is an inhibitor of topoisomerase II and is currently used in the

therapy of lungs cancer, testicules cancer, leukemia, and glioblastoma. A first in vivo

study on a linear prodrug incorporating a cleavable unit released etoposide via some

cascade reactions [233]. The multiple events were triggered by a catalytic antibody

38C2 (a retro aldol). Another study prior to use dendrimers was achieved in the

presence of a carboxylesterase toward the hydrolysis of a prodrug containing a

carbonate function to be hydrolyzed [234].

13.3.1.6 Cancer Polytherapy with Dendrimers The concept of tritherapy against

cancer cells was reported in an elegant work of Shabat and coworkers using

camptothecin, doxorubicin, and etoposide attached to single chemical adaptor

unit [191]. Triggering the process by catalytic antibody 38C2, it was possible to

release three different drugs (CPT, DOX, and etoposide) in a cascade reaction. The

heterodendritic trimeric prodrug was more potent than individual monomeric drugs

when incubated with the antibody and tested against three cancer cell lines respon-

sible for leukemia (Scheme 13.10). This work was an extension of a similar

bioactivation method using self-immolative heterodendritic prodrugs in bitherapy

(DOX and CPT) [197b].

13.3.1.7 Multifunctional Anticancer Dendritic Platforms as Nanodevices The

most advanced and complex syntheses of dendritic nanodevices as a platform for a

selective drug delivery include several functional units bound to a commercial

dendritic scaffold (PAMAM, DAB, PEI, PPI, polyglycerol, Boltorn�) as shown in

Figure 13.9.

Each units could have a function for imaging (with a fluorescent ligand such as

FITC or a NIR ligand), for targeting cancer cells and tumors (folic acid, etc.), for

solubilizing the device (with some nontoxic, nonimmunogenic groups), for

transporting or for encapsulating a drug (PEG, alkyl chain, acetyl groups, etc.),

or for destroying cancer cells with an anticancer drug conjugate such as MTX,

DOX, CPT, and so on (Figure 13.10). For an excellent review in this field, Paleos

et al. gathered a nice compilation of such dendritic devices [106]. Tomalia et al.

also reported some guidelines for a multipurpose nanodevice for cancer therapy

and imaging [204].
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As for the targeting units, folic acid was often reported. It interacts with over-

expressed folate receptors on cancer cells. Neurotensin (a peptide) was also used in a

similar platform for fighting colon, pancreatic, prostate, and lung carcinomas [235]. A

cyclic peptide (cRGD) also made its way as a new targeting unit from the work of

Baker, Jr. and coworkers [236].

The nanodevice model containing folic acid and MTX linked to a PAMAM

scaffold is probably one of the most studied covalent combination in such a dendritic

platform from Baker et al. Another one made uses of a partially acetylated G5

PAMAM template, combined to an imaging agent (fluorescein isothiocyanate), folic

acid, and paclitaxel (taxol, an anticancer drug) [196a]. Ester linkageswere used for the

delivery of taxol. A similar platform used a combination of the same units as above,

excepted MTX as an anticancer drug and a partial acetylation of G5 PAMAM [176].

The ester linkage of MTX could be achieved via a glycidol linker. The latter also

helped to eliminate the peripheral NH2 groups for avoiding unwanted nonspecific

targetings. An amide link was also used to directly conjugate MTX to PAMAM.

A recent nanodevice model of diagnostic and imaging was based on a biodegrad-

able drug carrier from the coupling of PAMAMor PEI dendritic cores with some arms

of poly(L-glutamic acid), folic acid residues for targeting cancer cells, and a near-

infrared indocyanine dye [196c]. The resulting conjugate polymers could be degraded

by the endosomal enzyme cathepsin B and could selectively bind to tumor cells

expressing folate receptors. Radioiodination and fluorescence confocal microscopy

were also demonstrated for imaging cancer cells and the location and transport of a

dendritic platform incorporating doxorubicin (cell mapping of the platform) [148].

13.3.1.8 In Vivo Studies of Some Anticancer Dendritic Platforms as Nanodevices

DOX-Boltorn� Systems Among the first advanced in vivo studies on the biological

evaluation of dendrimer were some reports on the design and the synthesis of

Boltorn�-type polyester dendrimers for DOX delivery (Figure 13.11) [152].
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FIGURE13.10 Example of an assembly of the functional units on a dendritic platformwith a

G5 PAMAM core.
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The importance of this dendritic model relies on the access of several mono-

disperse architectures of various molecular weight, size, and shapes with a low

toxicity, a good biocompatibility, and a nonimmunogenicity. They incorporated

hydrophilic PEG chains and hydrolyzable ester linkages for insuring a metabolic

elimination of dendritic fragments.

At first, the dendritic polyesters degradation in vitro, their toxicity, and the in vivo

biodistribution in mice were studied [127]. The in vitro cytotoxicity of the polyesters

was negligible and the blood clearance was evaluated for three types of dendrimers.

The biodistribution in mice using radiolabeling (radioiodination) of all dendrimers

indicated some accumulation of those macromolecules in liver and intestines for the

dendrimers of generation 1, but not in vital organs such as heart, lungs, spleen, or

stomach. All other generations did not show an accumulation. The clearance rate in

the blood circulation was faster for smaller polyesters, but higher at macromolecular

weight>30–40 kDa and branching helped for longer plasma circulation times. In this

case, an accumulation of the dendrimer in tumors is important according to amodel of

renal filtration through some glomerular pores and the EPR effect. It represents one of

the first systematic studies between the molecular weight/architectures of dendrimers

and the pharmacokinetics for well-defined macromolecules. A summary of this work

was compiled in a recent review [220].

Among many applications, it was described that a single dose of an asymmetric

polyester bow-tie dendrimers loaded with 8–10wt.% DOX and conjugated to PEG

chains could curemice bearing C-26 colon carcinomas [237]. It is believed that one of

the important roles of PEG with a narrow polydispersity is to avoid aggregation, as a

steric stabilizer. The drug was linked by some pH-sensitive hydrazone functions. The

DOX–dendrimer conjugatewas eliminated from the serumwith a half-life of 16� 1 h

FIGURE 13.11 Example of some degradable polyester dendrimers (Boltorn�-PEG type).
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(<10min for free DOX) and its tumor uptake was ninefold higher than for the free

drug after 48 h. The maximum tolerated dose of the prodrug was 20mg/kg compared

to 6mg/kg for the free DOX. Overall, the therapeutic index of the DOX prodrug was

significantly better than for the free drug.

CPT-Poly(L-Lysine) Systems A more recent study involved a PEGylated core–

shell dendritic CPT conjugate with an excellent therapeutic index. A poly(L-lysine)

core dendrimerwas functionalized by aspartic acid as a linker towhichPEGchains and

CPT were covalently bound [136]. The conjugate had a molecular weight of 40 kDa

and a blood circulation half-life of 30.9� 8.8 h and a tumor uptake of 4.2%� 2.3 of the

injected dose per gram tissue. The free drug content was less than 1% in the blood after

30min and a tumor accumulation of 0.29� 0.04% was evaluated. A superior efficacy

was demonstrated in murine (C26) and human colon carcinoma (HT-29) tumor

models compared to no treatment. The in vitro hydrolysis was already reported.

MTX-Poly(L-Lysine) Systems A similar dendrimeric system from G3 to G5 incor-

porating a poly(L-lysine) core surrounded by covalently bound PEG chains and the

MTXdrugwas synthesized in order to study the pharmacokinetics and the tumor drug

retention in rats andmice [137]. The dendrimerswere radiolabeled using tritium (3H).

Conjugation ofMTX generally increased the blood clearance compared to a dendritic

system with PEG alone. In general, those dendrimer conjugates increase the lifetime

of MTX in the blood circulation. The increase of dendrimer generation number

decreased the blood clearance, the degradation, and the renal elimination. Some

studies were achieved with a dendritic molecular weight >20 kDa. Biodistribution

indicated that G3 and G4 dendrimers were mostly retained in the kidneys whereas G5

dendrimers were concentrated in the spleen and in the liver. As for the EPR effect on

tumors, retention of the prodrugwas shown in solidWalker256 andHT1080 tumors in

both rats (1–2% dose/g in tumor) and mice (11% dose/g in tumor).

Dendrimer Platinate AG3.5 PAMAM-CO2H scaffoldwas used for the conjugation

of cisplatin, a common anticancer drug generating biologically active diaqua-Pt

species. It was among the first in vivo studies in the literature. The biological activity

of the dendrimer conjugatewas compared to cisplatin [238]. In short, the advantages

of the dendrimer conjugate are as follows: a higher load of Pt (25% versus 3–8% in

other linear macromolecules), a higher maximum tolerated dose of Pt-dendrimer

(15mg/kg) compared to cisplatin (1mg/kg), a selective accumulation of Pt in solid

tumors, a lower toxicity, and a higher biological activity in some cancers. For

instance,melanomaB16F10 tumormodels inmicewere affected by Pt-dendrimer in

contrast to cisplatin.

13.3.2 Nonsteroidal Antiinflammatory Dendrimer–Drug Conjugates

Nonsteroidal antiinflammatory drugs (NSAIDs) are part of the most important drugs

on the market for fighting symptoms of inflammation in rheumatoid arthritis,
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osteoarthritis, postoperative pains, headaches, and so on. Rheumatoid arthritis is often

a severe, chronic, systemic inflammatory disorder that affects many tissues and

organs, but especially the joints and cartilages, causing somemobility problems. For a

sustain relief and a better drug delivery, the development of dendritic prodrugs was

sought after a covalent coupling of common drugs to a dendritic scaffold.

Several examples are known with ibuprofen [196c], naproxen [128,139,239],

5-amino salicylic acid (5-ASA) [240], and salicylic acid [241]. We have already

discussed about N-acetyl cystamine (NAS) in a previous section on disulfide linkers.

In the case of salicylic, the dendrimer was made of many salicylic acid units in its

backbone, and also at its periphery. It was able to sustain a slow delivery of the drug

for several days. As for ibuprofen, a G4 PAMAM scaffold was used and the

dendrimer-conjugate concentrated into the cytoplasm of the A549 cells. It provided

a higher activity, a higher local drug level at the inflammatory site.

HO

OHO

HO

OHO

NH2

(S)-(+)-naproxen(S)-ibuprofen5-Amino salicylic acidSalicylic acid

HO

O

H3C

OCH3

HO

O

CH3H H

The antiinflammatory naproxen drug was covalently bound on a PAMAM core for

making a polyester or a polyamide dendritic prodrug that could be cleaved by

esterases in plasma or by a pH variation (Figure 13.12). Naproxen was directly

linked via some amide or ester bonds, using a spacer as a solubilizing group such as

PEG or L-lactic acid. Again, this work confirmed that the amide linkagewas too stable

for a slow release of the drugs but the ester functions were slowly cleaved after many

hours. A test of a transepithelial permeability gave an enhancement of the drug

permeation. Another study reported the synthesis of a series of naproxen drugs

conjugated to some small polyols, using 3,5-dihydroxybenzoic acid for creating a

degree of branching [128]. There was a mention of some enzymatic studies but they

were not yet disclosed.

5-ASA modified PAMAM dendrimers were studied for their colonic delivery

behavior. The localized amount of drug, due to the enzyme azoreductase in the colon,

favored some colon-specific properties with a local release. Overall, the conjugation

of the NSAIDs with some dendrimers helped in their transport, their localization, and

FIGURE 13.12 Nonsteroidal-dendrimer conjugates containing (S)-(þ )-naproxen.
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offer a better control of drug release over time that could not be achieved by a

dendrimer encapsulation. Their sustained releasewas consistently better compared to

the free drugs or to the dendrimer inclusion complexes.

13.3.3 Steroidal–Dendrimer Conjugates

A few publications appeared in this field, one described the synthesis of star-like poly

(aryl ether) dendrimers with water-soluble PEG units, as potential drug carriers of

cholesterol. However, there was no demonstration of a drug-release activity [111].

Another one reported the conjugation of methylprednisolone to PAMAMdendrimers

via glutaric acid as a linker. Methylprednisolone is a steroid with some antiinflam-

matory properties, also useful to fight rheumatoid arthritis or some inflammatory

states related to an immunological response (it is also an immunosuppressor).

Fluorescence emission and flow cytometry indicated that the conjugate was rapidly

taken into someA549 human lung epithelial carcinoma cells, but the pharmacological

behaviors were similar to the free drug.

13.3.4 Antimicrobial–Dendrimer Conjugates

Many amine-terminated dendrimers incorporating ammonium groups at their pe-

riphery were found to have an antibacterial activities, without a delivery of an active

ingredient. However, penicillin V was covalently linked to G2.5 and G3 PAMAM

dendrimers via some PEG spacers by using amide or ester bonds. The bioactivity of

the conjugate was similar to the free penicillin V, even if the antimicrobial release did

not show any peculiarities [242].

13.3.5 Dendrimer-Based Degradable Biomaterials for Medical

Applications

Even if the main topic of this chapter concerns discrete, monodisperse dendrimers,

this section will provide a quick and brief summary of some degradable dendritic

polymers and biomaterials when needed. Degradable functional polymers have been

investigated for the past 50 years as medical devices and biomaterials [243–245].

However, new trends in dendrimer chemistry indicated some promising uses in those

directions in tissue engineering [112,246]. For instance, a review described some

dendritic macromers for hydrogel formation toward some materials for ophthalmic,

orthopedic, and biotech applications [247]. Another review reported some applica-

tions in tissue engineering: bone and cartilage tissues, corneal tissues, bioadhesive

sealants, and collagen mimics based on degradable dendrimers and hydrogels [248].

Finally, a review on ocular dendritic drug delivery systems was published [249].

New biodegradable and biocompatible materials are important for some biomed-

ical applications. Recently, Grinstaff and coworkers promoted the synthesis of some

“biodendrimers” incorporating some biocompatible and less toxic natural metabo-

lites or nonimmunogenic PEG chains, succinic acid, lactic acid, glycerol, myristic

acid, and some natural L-amino acids (L-phenyl alanine, L-lysine, L-cysteine, b-
alanine, etc.) as shown in Figure 13.13. Degradable dendritic poly(glycidols) were

A BRIEF SURVEY OF APPLICATIONS FROM DEGRADABLE DENDRIMERS 441



F
IG

U
R
E
1
3
.1
3

R
ep
re
se
n
ta
ti
v
e
st
ru
ct
u
re
s
o
f
so
m
e
b
io
d
en
d
ri
m
er
s.

442



also described [250]. In general, the biodendrimer/biopolymer must provide a

temporary matrix for cells, before the regeneration of tissues; it directs the arrange-

ment of some cells type to specific location within a matrix; it modulates the

biological activity in tissue repairs, and it must possess physical and mechanical

properties similar to the host-damaged tissue. Swelling of the biopolymer must be

minimized for geometrical reasons. Hydration is also important for the growth of the

tissues. A polyester matrix is known to quickly degrade and hydrolyze, compared to

polyamide or polyether. Depending on the degree of cross-linking, and because

dendrimers are good gelators, a hydrogel network usually satisfies the requisite

properties as a resorbable 3-D porous structure.

As for a cartilage tissue repair [251], a high water content, biocompatibility, and

the rate of degradation of the matrix material must be tuned to the synthesis of the

extracellular matrix. The role of photo-cross-linkable biodendrimer-based hydrogel

scaffolds was promoted as a mean to use methacrylated dendrimers for increasing

cross-linking and avoiding solvent swelling, which could be detrimental in the

adjustment of precise geometric entities. Multiple branching of a PEG3400 core to

polyester wedges offered a dendrimer with considerable degradability before the

cross-linked network breaks down, thus providing a better mechanical strength of

the materials (Scheme 13.11).

A similar concept for osteochondrial repair was used with some photo-cross-

linkable carbamate dendrimers incorporating PEG, succinic acid, glycerol, or

b-alanine with methacrylate units at the periphery [252].

As for some applications in ophthalmology, a review can be found on hydrogels for

corneal wound repair [253]. Grinstaff and coworkers used methacrylated bioden-

drimer wedges and PEG, which assisted in a corneal tissue repair or as an ocular

sealant for sutureless eye surgery [254–257]. It could also help to secure cataract

incisions [258] when using another synthetic strategy based on cross-linked

hydrogels made from some thiazolidine linkages [168] coming from an aldehyde

and polylysine/polycysteine peptide-based dendrons.

13.3.6 Dendrimer for the Release of Fragrances

The Firmenich company filed a patent in 2002 and published a first communication in

2003 on dendrimers able to slowly release a fragrance by the cleavage of chemical

SCHEME 13.11 Biodendrimer-based hydrogel scaffolds for cartilage tissue repair by photo-

cross-linkable methacrylated poly(glycerol succinic acid) dendrimers.
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bonds at the periphery of a dendrimer [259]. This strategy used a neigboring group

participation (as a 2-carbamoylbenzoate) for releasing of a tertiary alcohol, after the

hydrolysis at pH 7.6 of some poly(propylene imine) dendrimers. This concept of a

slow release of a fragrance and an odor is particularly important in this field. Their

investigation was highly detailed in a subsequent publication [260,261]. They

synthesized various dendritic shapes (linear and globular dendrimers) in order to

analyze a shape selective release. The following conclusions were drawn: (a) the size

and the topology of the dendrimers had only a limited impact on the kinetic of release

of the fragrance from this intramolecular cleavage; (b) suitable catalyzing groups and

solubility or dispersibility of the dendrimers in the reaction medium were important.

Branched cleavable poly(amide)s were used in the release of citronellol and

L-menthol (Scheme 13.12). The combination of amide functions incorporated in a

dendritic backbone, and the covalent attachment of the organoleptic compounds by

ester functions, enable the use of several enzymes. In that peculiar case, a choice was

made for a lipase (Candida cylindracea) and a cutinase (Fusarium solani pisii).

The investigations revealed a partial enzymatic cleavage of the ester functionalities,

which became more difficult as the branching, the rigidity, or the bulkiness of the

polyamide–fragrance conjugates increase [260].

The release of somevolatile aldehydes and ketoneswere produced by a reversible

hydrazone formation in a dynamic manner [262]. Even if dendrimers were not used,

it lead the way to future applications of some dynamic combinatorial fragrance

studies when using multivalent dendrimers. Other publications mentioning

dendrimers in the release of fragrances are related to inclusion complexes or

encapsulation [263].

13.3.7 Dendrimer–Pesticide Conjugates

There are a very limited number of applications of dendrimers involving pesticides,

conjugated in a covalent manner. One of the reasons is that pesticides do not often

possess the proper chemical functions or they might not be reactive enough to

promote a coupling to a dendrimer. Additionally, many of them are not much water-

soluble for making a formulation. A high loading of them onto a dendrimeric

scaffold might even lead to a worst solubility. A scarce and interesting work of

Majoral and coworkers indicated that phosphorus-based dendrimers could be linked

to fipronil (Aventis CropScience) and served as a slow release of pesticides over time

in the presence of water [264].

13.3.8 Thermolabile Dendrimers and Photoresists

As mentioned in the introduction, some PAMAM dendrimers could be thermally

degraded in a methanol solution by a retro-Michael addition at temperatures

above 4�C. After heating hydroxyl-terminated G3 and G4 PAMAM at 150�C on

some metal oxides supports, FTIR indicated a decrease of the amide band

intensity and some carboxylate species [265]. The thermal decomposition of
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G4.5 PAMAM (carboxylate surface) dendrimer containing platinum-complexes

was studied [266]. Similarly, G4 PAMAM-OH encapsulating platinum particles

were described [267].

Resist materials are used in lithography to fabricate electronic circuitry and

DRAM (dynamic random access memories). Using dendrimers with thermally labile

end groups (t-Boc), the first example of a chemically amplified lithography resist

materials based on dendrimers was created. With conventional e-beam irradiation,

sub-100 nm lithography produced lines in the 50–100 nm range. It is believed that the

dendritic shape compared to long polymeric chains is responsible for the increase in

resolution (Figure 13.14) [268]. A review on novel organic resists for nanoscale

imaging with chemically amplified cycloaliphatic resists was reported [269].

A new class of thermally responsive dendrimers were recently described. They

are based on a thermally reversible furan-maleimide Diels–Alder reaction with

some poly(aryl ether) dendrons [270,271]. The reversible reaction occurred above

90�C, but the reassembly of the dendrons was possible at 65�C for several days.

Other dendritic thermal decompositions and their mechanisms have been studied

but the applications were not described [272].

13.3.9 Redox Dendrimers

Redox-driven shaving dendrimers use a redox stimuli (with Na2S2O4) for cleaving

peripheral substituted quinone end groups. Reduction of the latter induced an

FIGURE 13.14 Dendrimers with thermally labile t-Boc groups are of use in chemically

amplified resist materials for sub-100 nm lithography.
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intramolecular nucleophilic cyclization which leads to the cleavage products in less

than 20min. This strategy could potentially be applied for the release of an

encapsulated guest (Scheme 13.13) [198a].

We can also include in this section dendrimers mentioning the reductive cleavage

of a disulfide linkage, as previously stated in the section on labile functions, and any

other dendrimers degraded by the use of molecular triggers activated from an

oxidation or a reduction.

13.3.10 Molecular Imprinting Using Core Dendrimers

In 1995 Moller and coworkers utilized a degradable hyperbranched poly(organosi-

loxane) polymer as a template for making molecular cavities in a matrix, albeit

without mentioning molecular imprinting [56]. A poly(organosiloxane) dendrimer

was embedded into a methacrylate resin and an acidic hydrolysis cleaved the core

dendrimer for making nanocavities [57]. This example is among the first ones on

molecular imprinting with dendrimers.

Since 1999, a series of reports were published by Zimmerman and coworkers on the

synthesis of functionalized cored dendrimers designed to produce a peripheral shell and

amatrix fromsome intramolecular ring-closingmetathesis (RCM) reactions [273,274].

Some reviews presenting this concept were published [275,276]. It involved a

“monomolecular imprinting” combined to a metathesis polymerization of homoally-

loxy terminated dendrimers with some interdendron cross-linkings and the formation

of a dendriticmatrix incorporating the dendritic core (a porphyrin, a trimesitoic acid, or

other cores) [277–280]. It could eventually be cleaved after hydrolyzing the ester

functionalities under basic aqueous conditions. The result is amolecular imprint (MIP)

of a dendritic core (a porphyrin or trimesoic acid) as a hollownanosphere. Thenovelties

in the field of molecular imprints relied on a controlled, reversible metathesis

polymerization, self-adjusting with the template dendritic core (as a scaffold) because

of an RCM equilibrium. It could produce less defects and more regular imprints

compared to a classic MIP formation. An impressive quantitative removal of the

dendritic core template was mentioned. The resulting imprint could be compared to a

receptor and the removed dendritic core, as a substrate (Scheme 13.14).

SCHEME13.13 Redox-shaving dendrimers based on the reduction of quinone derivatives as

some chemical adaptor units.
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Using the same principle, some cored dendrimers made from internal cross-links

were reported [281]. These nanomaterials could act as selective synthetic hosts of

guests similar to the extracted dendritic core, or as integrated chemosensors of

amines [282,283].

13.3.11 Carbohydrate-Based Dendrimers

Combinatorial solid-phase syntheses of dendritic glycoclusters were described as

a promising approach for studying the cluster effects in glycobiology and in

carbohydrate–protein interactions. As shown in Scheme 13.15, a dendritic wedge

containing peripheral galactosides was presented [284]. Using photochemistry, it was

possible to release the 8-mer glycodendrimer from the resin by a covalent bond

dissociation. A basic hydrolysis of the esters produced the 4-mer compounds. The

propargyloxy group functions could be cleaved by using a cobalt carbonyl complex

for generating the 2-mer products. In short, some orthogonalmethods for the selective

cleavage of a resin-bound glycodendrimer were reported.

Another versatile and soluble combinatorial dendritic system based on a polyester

Boltorn� dendritic support, used an o-nitrobenzylic photocleavable spacers and some

linked carbohydrate units. It was possible to cleave the dendrimer support and spacer

by using laser in MALDI-TOF MS or by a basic hydrolytic cleavage of the polyester

support. As for the last method, the carbohydrates residues can be recovered [285].

13.3.12 Dendrimers and Gas Release

An interesting and recent application was the generation of gases using degradable

dendrimers as a covalent reservoir of that gas. As for some biological applications and

studies, the release of nitric oxide was reported. It was achieved from a PAMAM

dendrimer containing some S-nitrosothiol functions at their periphery [286,287].

The mechanism of a diazeniumdiolate decomposition indicated a release under

physiological conditions (pH 7.4, 37�C) with a duration >16 h. As for another

application, although there was no conjugate synthesized and hence no real cleavage

of dendrimers, singlet oxygen was generated via a two-photon excited FRET method

using the proper chromophores and a porphyrin core dendrimer in an oxygen

atmosphere [288].

13.4 CONCLUSION

In the past fewyears, a new stagewas set in dendrimer chemistry from the development

of a modern class of dendrimers, which are cleavable or degradable with defined,

monodisperse and well-characterized structures. Because of those features, they are

now highly regarded compared to dendritic polymers, which often have a higher

polydispersity and the associated problems of synthetic reproducibility. The next step

in this development has focused on some “chemical adaptor units” (or cleavable units)
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for dendrimer disassembly by cascade reactions triggered by several external stimuli

such as light, redox reactions, enzymes, pH variation, and so on. Such results could be

compared to “smart materials” of use in various applications. Themost important ones

are in the fields of anticancer prodrugs and drug delivery. Recent biological evaluations

are extremely encouraging toward some new modes of biodistribution, cell targeting,

controlled release of drugs, and polytherapy while taking advantage of the EPR effect

and the dendritic scaffold. Dendrimers could be seen as some covalent nanocarriers of

some (bio)moleculeswhere the properties of themolecular scaffold can be tailor-made

for achieving a specific function. They have also brought new insights about tissue

repairs, diagnostic and imaging, molecular imprints, and photoresists. From the recent

exponential number of publications per year, it is anticipated that cleavable dendrimers

will bring a new dimension in dendrimer chemistry, especially in the fields of nano

oncology, nanomedicines, (bio)nanotechnology, supramolecular, andmaterials chem-

istry. This review is among the first ones dedicated to cleavable dendrimers from

covalent bonds disassembly and many more results are yet to come.
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14
PORPHYRIN DENDRIMERS AS
BIOLOGICAL OXYGEN SENSORS

SERGEI A. VINOGRADOV AND DAVID F. WILSON

Department of Biochemistry and Biophysics, University of Pennsylvania,

PA 19104, Philadelphia, USA

14.1 INTRODUCTION

The growing interest in dendrimers over the past years has been due to their unique

molecular design, which offers numerous possibilities in catalysis, construction of

nanoscale electro-optical devices, drug delivery, and other applications [1]. Although

very attractive from the point of view of basic research, the mass monodispersity and

monodispersity of physical properties of dendrimers comes at a high cost of

multistage synthesis, which often diminishes the practicality of dendritic materials.

Indeed, in only a few applications have the unique structural characteristics of

dendrimers been able to justify the tedious synthetic and purification procedures,

which often lead to a preference for imperfect, but much less expensive hyper-

branched polymers.

In such applications, monodispersity must prevail over cost considerations, and

this requirement is often met in biological sensing and medicine. For example, in

medical imaging it is highly desirable that physical properties of imaging agents are

distributedwithin a narrow range; otherwise, heterogeneity of image tracers can result

in reduced resolution of the imaging modality. It is also important that exogenous

probes or contrast agents have well-defined, reproducible and predictable biodis-

tributions, which is most readily achieved through the use of monodisperse materials.

In this context, it is not surprising that magnetic resonance imaging using dendritic

contrast agents was one of the first proposed uses of dendrimers [2].
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Twounique features of dendritic architecture are especially appealing for design of

imaging tracers: the ability to encapsulate and “protect” the central coremotif, and the

ability to enhance a selectedmolecular property throughmultiplying functionalities at

the dendrimer periphery (or in the interior). Over the years, dendritic encapsulation

has received tremendous attention in different areas of chemistry [3,4]. For design of

imaging agents it offers a convenient way to isolate the sensor moiety from

components of biological systems, improve its solubility and minimize potential

toxicity. On the other hand, the ability to place multiple functional units at the

periphery of a dendrimer makes it possible to modulate the core nanoenvironment,

and by doing so fine-tune the core properties to meet the requirements of the imaging

application. In addition, peripheral modification with groups of different charge and

hydrophobicity provides a method for controlling solubility, in vivo distribution and

excretability of imaging agents.

In this chapter we focus on the construction of molecular probes for imaging

oxygen in biological systems, which has been the central topic of our research in the

past several years. Phosphorescent imaging probes are based on porphyrin dendri-

mers—a class of functional macromolecules reminiscent of heme-containing pro-

teins, in which hemes are buried deep inside polypeptide macrostructures and

protected from direct interactions with solvent and solutes. Mimicking the protein

matrix, hydrophobic dendritic wedges in porphyrin dendrimers modulate properties

of the encapsulated cores and control the accessibility of the cores to small molecules.

Not surprisingly, porphyrin dendrimers have continuously attracted attention in light

harvesting, electron transfer (ET), host–guest chemistry, photodynamic therapy and

many other areas of research. Their synthesis and use in these applications have been

recently covered in excellent comprehensive reviews [5,6].

In porphyrin-based oxygen probes, dendrimers serve to provide well-defined

nanoenvironments for optically active cores, that is, Pt or Pd porphyrins, and to create

an interface between phosphorescent cores of the probes and biological systems.Most

importantly, folded dendritic matrix enables control over the kinetic accessibility of

metalloporphyrins for small quencher molecules (oxygen)—a property much needed

for tuning the sensitivity and the dynamic range of the oxygen measurement method.

Below, after a brief description of the principles of the oxygen imaging method

based on quenching of phosphorescence, we formulate the requirements for in vivo

oxygen probes and describe molecular oxygen sensors-based Pd and Pt porphyrin

(PtP) dendrimers. We then address probes designed specifically for two-photon (2P)

oxygenmicroscopy—amode of oxygen imaging in vivo in three dimensionswith near

diffraction-limited resolution. Examples of applications of porphyrin dendrimers in

oxygen sensing and imaging are featured in the end of the chapter.

14.2 PRINCIPLES OF THE PHOSPHORESCENCE QUENCHING

METHOD AND REQUIREMENTS TO IN VIVO OXYGEN PROBES

Methods formeasurement and imaging of oxygen play a central role in quantification of

cellularmetabolism and understanding tissue physiology [7,8]. A number of approaches
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to oxygen measurements in biological systems have been proposed in the past [9–13],

but all of them need continuous development in order to satisfy diverse needs of

biomedical research. Oxygen-dependent quenching of phosphorescence [14], or simply

phosphorescence quenching, is an optical technique, suitable for oxygen measurements

in the physiological pO2 (partial pressure of oxygen) range. Originally proposed in 1987

for in vitro oxygen sensing [14], phosphorescence quenching soon thereafter was

implemented for local in vivo single-point oxygen measurements [15] and planar

2-D imaging [16]. Currently, high-resolution microscopy [17,18] and 3-D tomography

[19–21] of oxygen are being developed. The characteristic features of phosphorescence

quenching include excellent specificity, submillisecond temporal response, high sen-

sitivity, especially at low oxygen concentrations and relative simplicity of implemen-

tation. This method is being increasingly applied in biological research, driving the

development and continuous improvement of phosphorescent probes.

Phosphorescence quenching relies on the ability of molecular oxygen, which is a

triplet molecule in the ground state (O2X
3Sg

� ), to react with molecules in their

excited states, quenching their luminescence [22]. Collisional quenching is much less

probable on the time scale of singlet excited states (nanoseconds) than of triplet states

(microseconds to milliseconds), making phosphorescence significantly more sensi-

tive to oxygen than fluorescence. Assuming a large excess of oxygen relative to the

concentration of triplet emitters—a condition typically met in biological environ-

ments—the dependence of the phosphorescence intensity and lifetime on oxygen

concentration follows the Stern–Volmer relationship:

I0=I ¼ t0=t ¼ 1þKSV½O2� ð14:1Þ
where I and t are the phosphorescence intensity and the lifetime at oxygen concen-

tration [O2] and in the absence of oxygen (I0, t0); and KSV is the Stern–Volmer

quenching constant. In practice, using lifetime t as the analytical signal for [O2] is

more accurate, because the lifetime is independent of the probe distribution and of any

other chromophores present in the biological system.

It is customary to express oxygen content in the units of pressure (mmHg) rather

than concentration (M),1 since in the majority of biological experiments partial

pressure of oxygen (pO2) is the actually controlled experimental parameter. We

assume that theHenry’s lawholds in the physiological range of oxygen concentration:

[O2]¼ a� pO2, where a is the oxygen solubility coefficient (M/mmHg) for the bulk

phase. Considering KSV¼ k2t0, where k2 is the bimolecular rate constant for the

quenching reaction, Eq. 14.1 can be rewritten as

1=t ¼ 1=t0þ kq � pO2 ð14:2Þ
where kq¼ ak2 and has the units of mmHg�1 s�1.

1 At 298 K and the air pressure of 760mmHg (oxygen fraction in the air is 21% or 159.6mmHg), air-

equilibrated aqueous solutions are 252mM in O2 [23]. Here for simplicity we neglect the pressure of water

vapor above the solution, although at higher temperatures it will rise and, consequently, the partial pressure

of oxygen (pO2) will decrease.
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Eq. 14.2 contains two parameters specific to the molecule of the probe: constant kq
and lifetime t0. Their interplay defines the sensitivity and the dynamic range of the

method. For analytical purposes, it is desirable that the measurement parameter,

which in our case is the phosphorescence lifetime t, spans the largest possible interval
of values throughout the range of analyte concentrations, assuring highest possible

measurement resolution. To quantify the dynamic range of lifetimeswe use parameter

R¼ (t0 � tair)/t0, where t0 (pO2¼ 0mmHg) and tair (pO2¼ 159.6mmHg) are the

maximal and the minimal values of the phosphorescence lifetimes in physiological

experiments.Another important parameter is the signal-to-noise ratio (SNR),which is

obviously higher for probes with larger emission quantum yields (assuming the same

emission wavelengths).

Pt and Pd porphyrins are typically used as phosphorescent chromophores for

oxygen measurements in biological systems (see below). Triplet lifetimes of Pd

porphyrins in deoxygenated solutions at ambient temperatures are in the range of

hundreds of microseconds, and their phosphorescence quantum yields in the absence

of oxygen (f0) are typically 0.05–0.1 [24]. For Pt porphyrins the corresponding

values are tens of microseconds and 0.10–0.25 [24,25], respectively. Constants kq
for “unprotected” metalloporphyrins in aqueous solutions are �3000mmHg�1 s�1.
To illustrate how quenching constants kq and lifetimes t0 affect oxygen measure-

ments, consider two probes, Pd tetraphenylporphyrin (PdP) and PtP, representing

some arbitrary Pd and Pt porphyrins: t0(PdP)¼ 500 ms, t0(PtP)¼ 50 ms; f0(PdP)

¼ 0.05, f0(PtP)¼ 0.10, where subscript “0” indicates pO2¼ 0mmHg. Graphs in

Figure 14.1 show how the phosphorescence lifetimes (a) and quantum yields (b) of

these probes change throughout the physiological pO2 range.

When the quenching constant is high, for example, kq¼ 3000mmHg�1 s�1 (solid
lines in the graphs), the lifetime of PdP decreases from t0¼ 500 ms to tair¼ 2.1 ms,
resulting in a large dynamic range (R� 0.996). However, between about 20mmHg

and air saturation, the lifetime changes by nomore than 3%of the total value, between
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FIGURE 14.1 Dependencies of phosphorescence lifetimes (a) and quantum yields (b) for

arbitrary Pd (black) and Pt (gray) porphyrins with two different quenching constants: kq¼
3000mmHg�1 s�1 (solid line) and kq¼ 100mmHg�1 s�1 (dashed line).
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16 and 2.1 ms (Figure 14.1a). Moreover, already at 10mmHg the probe’s quantum

yield becomes extremely low (f< 0.003) due to the excessive quenching. Conse-

quently, a probe-like PdP would be useful only in a very low range of oxygen

concentrations, probably not higher than at pO2� 5mmHg.

Due to its higher quantum yield and shorter t0, probe PtP can be used up to about

50mmHg (t¼ 5.9 ms), but above that limit its lifetime also changes very weakly, by

nomore than�3 ms. The lifetime dynamic range of PtP (R� 0.96) is not very different

from that of PdP; but if the quenching constant were to decrease, which is inevitable

upon binding of the probe to proteins in vivo (see below), this probe would become

weakly sensitive to changes in oxygenation. This last scenario is illustrated by the plot

corresponding to kq¼ 100mmHg�1 s�1 (Figure 14.1a, dashed gray line), which

reveals a rather small dynamic range R� 0.44. Notably, for probes with short

lifetimes, for example, t0� 1 ms (typical of Ru2þ (bpy)3 and similar complexes [26]),

the dynamic range becomes unacceptably small (R� 0.02), which corresponds to

mapping the entire physiological pO2 range (�0–160mmHg) onto�20 ns-interval of
lifetimes, on average �125 ps/mmHg.

It is clear that for higher sensitivity probes with greater t0s are preferred, but only if
their phosphorescence changes gradually instead of being highly quenched already at

very low oxygen concentrations. Such adjustment of sensitivity can be achieved by

varying constants kq as shown in Figure 14.2. For example, at kq¼ 100mmHg�1 s�1

(Figure 14.1a), probe PdP still shows adequate dynamic range (R¼ 0.89), while its

quantum yield even at the air saturation is large enough to permit oxygen measure-

ments (Figure 14.1b). Notably, in some cases, when the signal strength is particularly

critical, such as in scanning microscopy applications (see below), probes with higher
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quantum yields can be preferred even at the expense of sensitivity, especially if only

qualitative information about pO2 is required. Overall, it is clear that control over the

values of the quenching constants and the ability to keep them unaltered in

measurement environments is the key to accurate oxygen measurements.

Phosphorescence quenching by oxygen typically occurs much faster than the

diffusion of the reactants and formation of encounter complexes; and in the majority

of cases, diffusion can be considered the rate-limiting step for oxygen quenching

reaction [22]. By altering oxygen diffusion coefficients in the local vicinity of the

phosphorescent chromophores, constants kq can be regulated. Such tuning can be

achieved by means of dendritic encapsulation.

Additional requirements for phosphorescent probes for biological imaging of

oxygen include lack of toxicity and preferably excretability from the blood upon

completion of imaging. Globular uncharged molecules with molecular weights up

to about 15 kDa are usually excretable by the kidney [27]. If a probe satisfies this

criterion and remains confined to the intravascular space (does not diffuse out of

the blood vessels), it is likely to be removed from the blood by the kidney-

mediated dialysis, and the possibility of long-term toxicity effects can be avoided.

Of course, for animal studies, excretability is not as stringent requirement,

whereas confinement to a particular tissue compartment (intravascular, intersti-

tial, or intracellular) can be very important. In that case, probes of larger sizes may

become advantageous.

The above requirements lead to amolecular design (Figure 14.2), which comprises

a bright phosphorescent chromophore with sufficiently long triplet lifetime t0 and a

protective jacket, whose purpose is to constrain oxygen diffusion in the local

environment of the chromophore. The periphery of the probe must be hydrophilic

and inert in order to prevent interactions with components of the biological system

(e.g., biomacromolecules, cellular membranes). The overall size of the molecule

should be large enough to prevent probe leakage through the vascular walls, but yet

small enough to allow removal through the kidney, if excretability is desired.

14.3 EARLY PHOSPHORESCENT PROBES

The originally proposed phosphorescent probes for biological oxygen imaging were

based on simple derivatives of Pd-porphyrins, Pd-meso-tetracarboxyphenylporphyrin

(PdTCPP) (Figure 14.3a) being perhaps the most common example [7]. Porphyrins,

being relatively hydrophobic chromophores, had to be prebound to serum albumin

(usually bovine albumin) in order to enhance their solubility and prevent aggregation.

Substantial research has been generated using albumin bound probes, demonstrating

broad applicability of the technology, but simultaneously revealing limitations due to

the use of the exogenous protein, which became a part of the injected material.

Nevertheless, it is important to recognize that practically all modes of phosphores-

cence quenching method were first demonstrated using simple porphyrin-based

albumin bound probes, such as PdTCPP and Green 2W [28,29] (Figure 14.3).
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In order to avoid the need for prebinding to albumin, phosphorescent chromo-

phores have to be made water soluble in the physiological pH range. Unfortunately,

porphyrins modified with simple ionic groups (SO3
� , CO2

� , NH3
þ ) or neutral

hydrophilic residues, such as small oligoethyleneglycols [30], are still prone to

aggregation. In addition, when injected systemically, porphyrins, as well as other

small-molecule luminescent probes (e.g., Ru(bpy)3þ -like complexes) [31], become

unevenly distributed throughout the tissue, where they bind to many biological

targets. Local environments of probemolecules bound to different proteins are highly

heterogeneous, resulting in unpredictable distributions of oxygen quenching con-

stants kq (Eq. 14.2). As a result, the response of the phosphorescence to oxygen cannot

be interpreted quantitatively.

The problem of keeping the diffusional accessibility of the phosphorescent

chromophore to oxygen in biological environments constant throughout the studied

object and the calibration unchanging, is by far the biggest challenge in the design of

phosphorescent oxygen probes. Moreover, this problem is inherent in all methods

relying on kinetics of oxygen diffusion. To overcome this difficulty, design of a

molecular oxygen sensor entails construction of a well-defined microenvironment

around the phosphorescent chromophore in order to isolate it from interactions with

other molecules, except for oxygen. Dendritic encapsulation [3,4] arguably provides

one of the most straightforward ways to construct monodisperse, well-defined

molecular jackets around luminescent chromophores [32,33].

14.4 PHOSPHORESCENT CORES OF DENDRITIC

OXYGEN PROBES

The key photophysical properties required for biological oxygen sensing are

strong absorption, preferably in the near-infrared region of the spectrum (from
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FIGURE 14.3 Simple water-soluble derivatives of phosphorescent Pd porphyrins used

originally as complexes with serum albumin for oxygen measurements by phosphorescence

quenching: Pd-meso-tetracarboxyphenylporphyrin (PdTCPP) (a) and polysulfonato derivative

of Pd tetraphenyltetrabenzoporphyrin (Green 2W).
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�630 to �900 nm) to minimize the interference by the natural tissue chromo-

phores (e.g., heme containing proteins, carotenoids), and strong long-lived

phosphorescence in solutions at ambient temperatures. Very few chromophores

possess such properties. Among them, Ru2þ (bpy)3 and related complexes emit

from their MLCT states, whose lifetimes are usually in the range of several

microseconds [26]. Metalloporphyrins (e.g., Figure 14.3) emit from (p–p�)3 states
and exhibit significantly longer triplet lifetimes [24], thus possessing much higher

intrinsic sensitivity to oxygen.

Regular meso-tetraarylated Pt and Pd porphyrins with various peripheral sub-

stituents can be readily synthesized via, for example, the Lindsey [34] or Senge [35]

methods. Thermodynamic stabilities of these complexes are extremely high [36],

entirely precluding release of free metal ions into biological environments and

associated toxicity. The major drawback of using regular Pt and Pd porphyrins for

in vivo applications is that their absorption bands, the so-called Q-bands, are

positioned in the visible range (lQ� 520–530 nm; e� 20,000M�1 cm�1), thus over-
lapping with absorption of naturally occurring chromophores. Still, absorption in the

visible region may be useful in planar wide-field phosphorescence imaging, where

less diffuse nature of excitation serves to improve spatial resolution. In addition,

absorption near 500 nm overlaps with emission of many 2P chromophores, which is

useful in construction of F€orster-type resonance energy transfer (FRET)-enhanced

probes for two-photon oxygen microscopy (see below) [17].

Many porphyrinoids possess near-infrared absorption bands [37]; however, very

few have characteristics appropriate for oxygen sensing [28,38]. The most useful

today are derivatives of so-called laterally p-extended (or p-expanded) porphyrins.
Lateral p-extension of Pt and Pd porphyrins by annealing their pyrrole residues with
external aromatic rings results in chromophores with dramatically red-shifted ab-

sorption bands and strong room-temperature phosphorescence [28,39,40]. Structures

and absorption and emission spectra of PdP, Pd tetraphenyltetrabenzoporphyrin

(PdTBP), and Pd tetraphenyltetranaphthoporphyrin (PdTNP), are shown as examples

in Figure 14.4.2 The spectra of Pt analogs are very similar in shape, but blue-shifted

by �10–15 nm compared to those of Pd counterparts.

The absorption bands of regular porphyrins, TBPs and TNPs, when taken

together, cover practically the entire UV-vis-NIR range, presenting multiple

opportunities for excitation. The absorption Q-bands of TBPs and TNPs are shifted

to the red, that is, into the region between�630 and�950 nm, where the absorption

of endogenous chromophores is significantly diminished [41]. The oscillator

strengths of these bands are remarkably high (eQ� 100,000M�1 cm�1 for PdTBP;
eQ> 300,000M�1 cm�1 for PdTNP), making TBPs and TNPs especially well

suitable for optical tomographic applications [19]. An important feature of all

porphyrin-based probes is their very large separation between the absorption and

phosphorescence, achievable via excitation at the Soret bands (e.g., 9329 cm�1 for

2 meso-Tetrarylated porphyrins, tetrabenzoporphyrins, and tetranaphthoporphyrins are usually abbreviated

as Ar4P, Ar4TBP, and Ar4TNP, respectively, in order to distinguish them from meso-unsubstituted

analogues. Here we refer only to meso-tetraarylated macrocycles, and therefore we omit the prefix “Ar4.”
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PdP). Efficient S2 ! S1 internal conversion [42], combined with extremely high

extinction coefficients of S0–S2 transitions (�3� 105M�1 cm�1) makes this path-

way superior to the direct S0–S1 excitation in those cases when near-UV radiation

can be sustained by the biological object.

Until very recently, synthesis of p-extended porphyrins presented a challenging

problem. All synthetic methods were based on high temperature condensations

between phthalimide (or naphthalimide) and arylacetic acids, or similar donors of

benzo- and phenyl groups [43–45]. The harsh conditions of condensation (melting at

300–400�C) allowed for only a few inert substituents, such as alkyl groups or

halogens [46], to be introduced into the porphyrin macrocycle. In addition, low

yields and complex, inseparablemixtures of productsmade this approach impractical.

The newly emerged approaches to p-extended porphyrins rely on the Barton–

Zardmethodology [47] for synthesis of porphyrinogenic pyrroles, which give rise to

precursor porphyrins requiring final aromatization. Two methods have been de-

veloped into practical synthetic schemes: one making use of retro-Diels–Alder

reaction [48,49], another relying on simple and efficient oxidative aromatization

strategy [50,51]. The latter method is being used today to synthesize tetrabenzo- and

tetranapthoporphyrins [52,53] for construction of phosphorescent oxygen probes,

as well as in several other applications [54–57].

Although meso-tetraarylated p-extended porphyrins are most common, primarily

because of the solubility considerations, meso-unsubstituted TBPs and TNPs, which

in fact have higher phosphorescence quantum yields and longer lifetimes, can also be

synthesized via the oxidative aromatization method [58]. Furthermore, recent intro-

duction of 4,7-dihydroisoindole [59] paved a practical route to 5,15-diaryl-TBPs [60].

The latter porphyrins are especially attractive for construction of oxygen probes, as

they combine higher emissivity [61] with the possibility of attaching dendrons to

the anchor points in the meso-aryl rings, which is lacking in meso-unsubstituted
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porphyrins. Notably, examples of porphyrin dendrimers based on 5,15-diarylporphyrins

are well known [62,63].

14.5 POLYGLUTAMIC PD PORPHYRIN DENDRIMERS

Polyglutamic Pd porphyrin dendrimers [64–66] made up the first generation of

dendritic oxygen probes. To practitioners in field these probes are known as Oxyphors

R2 and G2, which over the years have been used in many biological studies [67]. The

idea to use dendritic encapsulation to protect the triplet states of Pd porphyrins from

oxygen quenching was inspired by the pioneering work of Aida et al. [68], who

showed that dendritic wedges, attached to the meso-aryl groups on Zn tetraarylpor-

phyrin, were capable of “caging” the core and shielding it from quenchers of

fluorescence. As we began working on the synthesis of polyglutamic Pd porphyrin

dendrimers, reports from the Diederich group [62,63] revealed that Newkome-type

poly(ester-amide) dendrons, which are similar to polyglutamates in composition,

indeed created hydrophobic local environments around encapsulated Fe porphyrins in

aqueous solutions. Approximately in parallel with our first publication [64], Balzani

and coworkers reported attenuation of oxygen quenching of luminescence in a series

of dendritic Ru bypyridines [69], confirming that dendritic encapsulation indeed

could be a viable way to build phosphorescent oxygen probes with controllable

quenching parameters.

The choice of L-glutamic acid as a building block was largely motivated by its

accessibility and biological compatibility. Dendritic polyglutamates resemble in

composition heme-proteins, and yet are unlikely to be enzymatically degraded or

targeted by the immune system in vivo. On the other hand, even if partial decom-

position of polyglutamates were to occur, glutamic acid monomers are unlikely to

show toxicity. In addition, ease of modification of peripheral carboxyls with various

functional groups was attractive from the point of view of fine-tuning the solubility of

the construct, depending on the intended application.

Although convergent synthesis of polyglutamic dendrons had been already

published by Twyman et al. [70], in our original work we followed the divergent

path. On the one hand, the presence of strongly colored porphyrin cores facilitated

chromatographic purifications of intermediate dendrimers; on the other hand, it was

unclear if higher generation dendrons (>3) would be accessible by the convergent

method. Later, however, at least for preparation of lower generation dendrimers [71],

we switched entirely to the convergent route, especially after developing a high-yield

synthesis of gen 23 triglutamic dendron using the CDMT coupling chemistry [72].

The synthesized polyglutamic Pd porphyrin dendrimers [65] are depicted in

Figure 14.5. The compounds are described by the general formula PdP-(GlunOH)4,

where n¼ 1–4 (dendrimer generation) and GlunOH is the glutamic layer. Further

3 Here and throughout the text we use abbreviations “gen 1,” “gen 2,” etc., to designate dendritic

generations.
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throughout the text we will use similar abbreviations to designate porphyrin den-

drimers of different types and generations, terminated by different groups.

Pd porphyrin dendrimers shown in Figure 14.5 exhibit strong phosphorescence in

deoxygenated aqueous solutions (lmax� 690 nm, t0� 700–800 ms). Considering

large separation between the carboxyl groups on the core porphyrin (�18 A�
across the porphyrin macrocycle) and relatively small size of the glutamic

monomer, the dendrimers were assumed to adopt quite open architectures up

to rather high generations (n> 6), still allowing for access of oxygen to the core

and substantial quenching of the phosphorescence. Indeed, in DMF there was

practically no difference in the values of the quenching constants kq
(Figure 14.6a) between the unprotected core (PdTCPP) and all the dendrimers

in the series. Oxygen quenching in this case was still presumably limited by the

rate of oxygen diffusion through the solvent, and deviations caused by the

dendritic shells were negligible (	500mmHg�1 s�1) as compared to the absolute

values (kq� 8000–10,000mmHg�1 s�1).
In contrast, in water kq values dropped significantly with increase in the

dendrimer size (Figure 14.4b), approximately 1000–1500mmHg�1 s�1 per gen-

eration. Overall, from gen 0 (PdTCPP) to gen 4 dendrimer, the absolute kq values

decreased 4–5 times.

Large variation between shielding capabilities of dendrimers in water and DMF

suggested that depending on the solvent properties, the polyglutamic branches

adopted either sparse or compact conformations, altering the barriers of oxygen

diffusion to the porphyrin core to a different extent (Figure 14.6). It was therefore

reasonable to conclude that the interaction of the dendrimer with the solvent is one of

the key factors determining the degree of protection that the dendrimer offers to the

core porphyrin. In much the same way as proteins fold in water, hiding their

hydrophobic residues inside the macrostructure, more hydrophobic dendrimers fold
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more tightly around the core porphyrin, resulting in a decrease of the oxygen

quenching constants.

From the practical point of view, the oxygen quenching constant of even gen

4 polyglutamic Pd porphyrin dendrimer (kq� 1000mmHg�1 s�1 in water) was still

significantly higher than required for the biological application. Indeed, at such high

quenching constants, only low pO2 values, about 0–50mmHg, can be sampled with

adequate accuracy. Fortunately, carboxylate terminated polyglutamic dendrimers,
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1–4) in DMF (a, R¼All) and water (b, R¼H) solutions at 22�C [65]. G1–G4 refer to dendritic

generations (gen 1 – gen 4). Below: hydrophobic folding of dendrons in water restricts oxygen

access to encapsulated cores.
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especially of lower generations, were found to interact strongly with albumin, and

that, combined with their excellent aqueous solubility, was the key to their success

as oxygen probes. At concentrations of albumin�1–2% (by mass), which are lower

than typically met in blood plasma, and concentrations of porphyrin dendrimers

�10�6–10�5M, which are typically used in oxygen measurements, polyglutamic

Pd porphyrin dendrimers form complexes with albumin. These complexes have

quenching constants of 200–300mmHg�1 s�1 and are suitable for measurements in

the physiological pO2 range. Thus, the necessity for prebinding the probes to foreign

albumin was eliminated, and gen 2 polyglutamic Pd porphyrin dendrimer, Oxyphor

R2 (Figure 14.7) [65], became a popular probe for intravascular oxygen measure-

ments. Later, a similar probe based on PdTBP, termed Oxyphor G2 [66], was

synthesized and proved to be a useful near-infrared analog ofOxyphor R2 [67]. Both

Oxyphors are stable in aqueous solutions, can be stored for prolonged periods of

time and can be injected directly into the blood, where they rapidly bind to

endogenous albumin and become distributed throughout the vascular system,

permitting physiological oxygen measurements.

Themain limitation of polyglutamic oxygen probes is that they can be used only in

albumin-rich environments, such as blood plasma. Even in the blood, incomplete

binding, typically occurring at higher probe concentrations (above �10�5M), can

lead to heterogeneous responses and compromise oxygen measurements. This

situation is especially frequently met in scanning microscopy applications, where

low emission intensities encourage use of exceedingly high concentrations of the

probe [73], often leading to poorly interpretable decay data.

Another potential difficulty associated with polyglutamic probes is related to the

structural inhomogeneity of their adducts with albumin. These are complex

macromolecular structures, existing in solutions in multiple conformations. Each

conformation is characterized by its own triplet lifetime t0 and, more importantly,
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by its own accessibility of the phosphorescent core to oxygen, bringing about

multitude of constants kq. As a result, phosphorescence decays of polyglutamic

probes in the blood are by default nonsingle exponential. The only rigorous way to

describe these decays is to carry out phosphorescence lifetime distribution analysis,

such as that based on the maximum entropy method (MEM) [74]. However, for the

purpose of oxygenmeasurements it is appropriate to use “apparent” lifetimes, which

are theweighted averages derived from underlying lifetime distributions. Averaging

can be done, for example, by fitting a nonsingle-exponential decay using two-,

three- or higher exponential models and deriving the intensity-weighted average

lifetimes. Alternatively, one can use single-exponential fitting, which would

generate poorer residuals, but would be more robust due to the fewer number of

fitting parameters. Single-exponential fitting in this regard can be considered an

alternative form of averaging.

The drawbacks associated with use of dendritic polyglutamic porphyrins clearly

show that probes with albumin-independent phosphorescence lifetimes and oxygen

quenching constantswould greatly simplify data analysis and broaden applicability of

the method (e.g., make possible measurements in albumin-free environments).

Although polyglutamic dendrimers in the end were incapable of providing sufficient

shielding to porphyrins, experiments performedwith thesemolecules implied that the

composition of the dendritic matrix is at least as important for shielding as the

dendrimer size. This result served as a starting point for more systematic studies of

the interplay between the dendrimer composition, size, and encapsulating efficiency,

as measured by oxygen diffusion and quenching of phosphorescence.

14.6 INFLUENCE OF SIZE AND COMPOSITION OF DENDRITIC

MATRIX ON OXYGEN SHIELDING EFFICIENCY

In order to determine which dendrimers provide optimal attenuation of oxygen

quenching of porphyrin phosphorescence a study was performed [75], which

involved three types of porphyrin dendrimers: Fr�echet-type poly(aryl ethers) [76],

Newkome-type poly(ether amides) [77,78], and polyglutamates [65] (Figure 14.8).

Fr�echet-type dendrimers (Fr) are composed of less polar monomers, and thus they

were assumed to be the most hydrophobic in the selected group. In addition, their

folding in aqueous environments was expected to be facilitated by p–p-stacking
interactions. Because of the same branching number (BN¼ 2) and close molecular

weights of the monomers, poly(aryl ethers) (MW¼ 105), and polyglutamates

(MW¼ 112) exhibit essentially the same mass increase per dendritic generation.

Newkome poly(ether amides) (MW¼ 285, BN¼ 3), on the other hand, are similar to

polyglutamates in chemical composition, but have much larger mass increase per

generation. All three dendrimers are relatively flexible, and therefore substantial

conformational changes could be expected in solvents of different polarities.

Pd-meta-octahydroxyphenylporphyrin and Pd-meta-octacarboxyphenylporphyrin,

compatible with either Williamson (Fr) or peptide (Nw, Glu) chemistries, were used

as phosphorescent cores. The studies were performed in DMF, THF, and water. To
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ensure appropriate aqueous solubility, termini of the dendrimers were modified with

oligoethyleneglycol residues, which rendered uncharged molecules soluble both in

organic solvents and in water.

In organic solvents, decrease in the quenching rateswas found to be consistent with

increase in the dendrimer size, and these changes were rather insignificant. As

expected, bulkier poly(ether amides) exhibit a stronger effect, but still the decrease

in the quenching was only about 75% for gen 2 dendrimer, whoseweight is more than

12 kDa, that is more than 12 times that of the core porphyrin. Notably, in the case of

polyglutamic derivatives of PdTCPP (Figures 14.5 and 14.6), dendrons were attached

to the para-positions on the meso-aryl rings of the porphyrin, extending out of the

macrocycle instead of covering it from above and below, and thus the shield effect was

much weaker for the same size dendrons.

A much larger difference in quenching rates was observed in water. Relative

efficiencies of quenching, expressed as ratios of quenching constants of dendrimers

versus unprotected cores, are plotted in Figure 14.9 as a function of the dendrimer

molecular weight. Poly(aryl ether) dendrimers were found to provide by far greater

protection from oxygen than polyglutamates and poly(ester amides). For example,

gen 2 Fr�echet-type dendrons are about 10 times more effective in shielding than

similar in size gen 2 polyglutamates, and even more effective than the significantly

larger gen 2 poly(ether amides) (Figure 14.6). Within the Fr�echet-series, the quench-
ing constant decreased by �30 times between gen 0 and gen 3 compounds. Thus, it
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Pd porphyrin dendrimers for oxygen quenching studies. n¼ 0–2, BN: branching number [75].

R¼H, Et, PEG350 (polyethyleneglycol monomethyl ether, average MW 350).
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became apparent that in polar solvents (water), composition of the dendritic matrix

affects the encapsulation efficiency much more than does the dendrimer size.

The overall effect of a hydrophobic dendritic cage surrounding the porphyrin is a

decrease in the oxygen quenching constant kq (Eq. 14.2). It is important to realize that

the latter is a product of the quencher solubility and its diffusion coefficient, which are

both modulated by the porphyrin nanoenvironment. If the solubility of oxygen in the

bulk solvent (e.g.,water) is lower than that in thematrix of the dendrimer, the dendrimer

may in principle serve as a “concentrator” of oxygen. Nevertheless, the decrease in the

diffusion coefficient effectively offsets the increase in its local concentration. Hydro-

phobic dendritic branches fold, their mobility becomes restricted and that prevents

oxygenmolecules fromfreely diffusing to the triplet core (Figure 14.10).As a result, the

diffusion rate of oxygen in the body of the dendrimer (kdendq ) becomes significantly

lower than that in water (kH2O
q ). Importantly, this effect should not be confused with

increase in the density. The density of the folded dendrimer is likely lower than that of

water; however, the constrained dynamics of the branches has much larger impact on

the diffusion than the density.

The practical outcome of these comparative studies was that dendrimers con-

structed from aromatic building blocks potentially have much higher shielding

efficiency in aqueous environments than do other types of dendrimers. In addition,

we determined that in order to prevent interaction of dendrimers with biological

macromolecules, their periphery should be modified with PEG residues (see below).

These findings guided our subsequent development of fully protected phosphorescent

oxygen sensors.
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FIGURE 14.9 Relative efficiencies of oxygen quenching for PEGylated dendrimers

(Figure 14.8) in aqueous solutions. G1–G3 refer to dendritic generations (gen 1 – gen 3).
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q - quenching constant for Pd porphyrin-dendrimer; KP

q - quenching constant for unprotected

(gen 0) porphyrin [75].
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14.7 EFFECT OF THE DENDRIMER OUTER LAYER

As mentioned earlier, it is critically important that quenching properties of phospho-

rescent probes do not change in the presence of blood plasma proteins and other

biological macromolecules. Quenching constants of all carboxylate-terminated por-

phyrin dendrimers (Figure 14.8), however,were found tobehighly sensitive to albumin.

For example, kq of gen 2 Fr�echet-type porphyrin dendrimer in albumin solution (2% by

mass) is five times lower (30mmHg�1 s�1) than that in the albumin-free aqueous buffer

(151mmHg�1 s�1).4 On the contrary, quenching of porphyrin dendrimers modified

with oligoethyleneglycol residues (PEG350, average MW¼ 350) appeared to be

unaffected by serum proteins. Thus, kq of the PEGylated analog of gen 2 Fr�echet-
type porphyrin dendrimer was found to have the same value (130mmHg�1 s�1) in the
presence and in the absence of albumin [75].

It is important to distinguish between the effect of hydrophobic dendrons and the

effect of external PEG residues.While the latter also contribute to the protection from

quenching, especially at early dendritic generations, the net effect of PEGs is very

small compared to the shielding by dendritic branches. Moreover, the PEG effect

rapidly levels off with extension of linear chains. This notion was supported, for

example, by oxygen quenching measurements in a series of star-shaped amphiplilic

diblock copolymers with Pd porphyrin cores [79]. It was shown by this study that
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4 The value of the quenching constant for PdP-(Fr2OH)8 in the aqueous buffer was probably affected by

aggregation, as revealed by the broadened absorption spectra.
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external PEG chains as large as 300,000Da have practically no effect on oxygen

quenching constants of these molecules.

In addition to being able to prevent interactions of dendrimers with proteins,

peripheral PEG groups also strongly affect biodistribution and rate of excretion of

dendritic macromolecules [80,81]. In pilot experiments we determined that Oxyphor

R2 peripherally modified with PEG350 residues was excreted from the blood of mice

within minutes after injection. In contrast, Oxyphor R2, which binds to albumin,

remained in the blood for several hours. It is expected that increasing the length of the

PEG chainswill increase in vivo circulation lifetimes of the dendritic probes and at the

same time prevent their diffusion out of the blood vessels into the interstitial space.

Therefore, peripheral PEGylation should make it possible to build phosphorescent

probes of virtually any size without affecting their oxygen sensitivity.

14.8 ARYL-GLYCINE DENDRIMERS AND FULLY PROTECTED

PHOSPHORESCENT PROBES

From the application point of view, Fr�echet-type poly(aryl ether) dendrimers seemed

ideal candidates for construction of phosphorescent oxygen probes. However, synthesis

of Fr�echet-type dendrons is expensive, mainly because their purification involves

gradient chromatography. Therefore, we looked for a practical alternative to Fr�echet-
type dendrimers, that is, dendrimers that could be synthesized in bulk quantities from

inexpensive aromatic building blocks and purified without chromatography.

Among known dendrimers with aromatic backbones, dendritic arylamides [82]

seemed very attractive because of their high chemical stability, low cost and effective

protocols available for their assembly [83,84]. In particular, arylamide dendrimers

based on 5-aminoisophthalic acid (5-AIPA) were among the first reported dendritic

macromolecules [85,86], although, a number of problems were associated with the

use of this building block as well. These problems come mainly from the low

nucleophilicity of its amino group and impeded internal rotations of the resulting

arylamide skeleton, causing poor solubility and difficulties in characterization of the

resulting dendrimers. A way to make the focal functionality more reactive and to

simultaneously increase the flexibility of the dendritic backbone is to extend the

amino-end in the 5-AIPA molecule by a flexible fragment, terminated with an

aliphatic amine. This possibility was explored by constructing aryl-glycine (AG)

dendrons and dendrimers [87].

The abbreviations beloware used to designate aryl-glycine dendrons anddendrimers.

Dendrons:X-AGnR, where AGdenotes the dendritic aryl-glycine skeleton, n is the

dendrimer generation number, X is the focal functionality and R is the terminal

group.

Dendrimers: C-(AGnR)m, where C denotes the dendrimer core, AG denotes the

dendritic aryl-glycine skeleton, n is the generation number, R is the terminal

group and m is the number of dendritic wedges attached to the core.
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The developed synthesis of AG dendrons relies on the classic Fischer’s haloacyl

halide method [88] for the synthesis of building blocks 1 and 2 in Figure 14.11.

This scheme is inexpensive and easily scalable to multigram quantities. Neither of

the intermediate products needs to be isolated and purified. They can be introduced

into the following transformations directly from the preceding syntheses, following

the precipitation upon acidification or evaporation of the solvent. Building blocks 1
and 2 are obtained in high yields and isolated by precipitation/crystallization.

Synthesis of AGdendrons in principle also can be implemented using the Fischer’s

method [87], however, a more robust scheme is based on a coupling-deprotection

sequence employing the peptide-coupling reactions (Figure 14.12) [89].
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The coupling chemistry used in the original implementation was based on

CDMT/NMM coupling (CDMT, 2-chloro-4,6-dimethoxy-1,3,5-triazine; NMM,

N-methylmorpholine) [90]. It allows synthesis of pure gen 2 dendron in high yield

(84%), but HBTU/DIPEA chemistry was found generally more effective, especially

at higher generations. Using HBTU/DIPEA, gen 3 AG dendron could be isolated

without chromatographic purifications in 97% yield. Overall, the developed approach

is inexpensive, has a broad scope and allowsmodification of the dendrimer periphery,

interior, focal functionality and/or internal topology, without changing the basic

chemistry. For example, if primary amines R0-NH2 are used instead of ammonia in the

synthesis of building blocks in Figure 14.11, groups R0 will automatically become

included in the dendrimer interior.

AG dendrons were found to bewell suited for encapsulation of metalloporphyrins,

giving rise to a new generation of fully protected phosphorescent oxygen probes [89].

The optimized synthetic assembly of the dendritic probes, consisting of the attach-

ment of dendrons to the core porphyrins, hydrolysis of the peripheral ester groups and

modification of the peripheral carboxyls with polyethyleneglycol residues, is shown

in Figure 14.13. The structure of a selected probe molecule, PdTBP-(AG2OPEG)8 is

also shown in the figure.

Each step of the sequence was carefully optimized in order to ensure maximal

yields and monodispersity of the probes. Porphyrins modified with AG1 and AG2

dendrons could be isolated in high purity, but modification of porphyrins with AG3

dendrons proved extremely challenging, always yieldingmixtures of dendrimers with

six, seven, and eight dendritic branches. The peripheral ester groups were hydrolyzed

using a special two-step procedure [89], which in parallel destroys unreacted

dendrons, making it possible to entirely avoid chromatographic purifications. The

resulting peripheral carboxyl groups on the dendrimers are esterified with PEG

residues of the desired length, and simple reprecipitation from THF upon addition of

diethyl ether gives pure PEGylated dendrimers.

Photophysical properties (Table 14.1) ofAGdendrimers practicallymatch those of

the unprotected cores (Figure 14.2). However, both absorption and emission spectra

revealed some degree of aggregation in gen 0 and gen 1. In aqueous solutions, the

phosphorescence lifetimes (t0) and the quantum yields (f) of the probes somewhat

increase with an increase in the dendrimer generation.

Phosphorescence quantum yields depend on the rates of singlet internal conver-

sion, intersystem crossing, radiative and nonradiative relaxation of the triplet state,

and intra- and intermolecular quenching processes. Since in Pt and Pd porphyrins

S1 ! T1 intersystem crossing is extremely fast (1011–1012 s�1) [25], the yield of the
triplet state is unlikely to be influenced by the substituents. Likewise, the radiative rate

of the triplet emission is intrinsic to the chromophore [91] and should not dependent

dramatically on the dendrimer generation. In contrast, nonradiative processes are

subject to changes induced by the substituents and the environment, which may

influence porphyrin’s vibrational flexibility and its accessibility to various quenching

species. Due to aggregation of gen 0 and gen 1 dendrimers, triplet–triplet self-

quenchingmay be a result of their lower than expected phosphorescence yields. In gen

2 and especially gen 3 dendrimers, although the latter were not ideal, cores are much
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better encapsulated and consequently are much less likely to experience intermo-

lecular porphyrin-to-porphyrin contacts. In addition, better encapsulation can lead to

a less quenching by the solvent and/or less efficient nonradiative T1 ! S0 relaxation.

The rate of the latter is determined by themagnitude of the spin-orbit coupling, which

in p-extended porphyrins is strongly affected by the macrocycle vibrations [61].

Increase in the size of the dendrimer and tighter confinement of the porphyrin inside

the folded dendrimermay contribute to the decreased flexibility of themacrocycle and

lower the rate of its nonradiative decay.

The effect of dendritic encapsulation on phosphorescence quenching by oxygen in

the series of Pt porphyrin–AG dendrimers is exemplified in Figure 14.14a.

TABLE 14.1 Photophysical Properties of Selected Phosphorescent Probes Based on Pt

and Pd Porphyrin–AG Dendrimers

Gen Compound Absorption,

l (nm) Phosphorescencea
kq

(mmHg� 1 s� 1)b

lmax

(nm)
fa t0

(ms)

0 PtP-OPEGb 389 520 682 0.05 37 1208	 15

1 PtP-(AG1OPEG)8 390 520 681 0.09 48 521	 3

2 PtP-(AG2OPEG)8 398 516 671 0.14 53 120	 3

2 PdP-(AG2OPEG)8 403 532 708 0.07 720 97	 4

3 PtP-(AG3OPEG)8 409 515 664 0.18 66 66.6	 0.2

2 PtTBP-(AG2OPEG)8 432 621 791 0.24 54 171	 5

2 PdTBP-(AG2OPEG)8 446 635 816 0.03 270 122	 5

aQuantum yields and lifetimes are measured in deoxygenated aqueous solutions.
bMeasured using �2 mM solution of the probe in 50mM phosphate buffer, pH¼ 7.4, 23�C.
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FIGURE 14.14 (a) Stern–Volmer oxygen quenching plots of Pt porphyrin dendrimers in

aqueous solutions. The solid lines show the fits of the data to the Stern–Volmer equation. (b)

Stern–Volmer plots of gen 2 dendrimer in phosphate buffer solution and in rat blood at 36.9�C.
Inset: measurements at air saturation taken at 1min intervals during 80 h [89].
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The slopes of Stern–Volmer plots decrease significantly with an increase in the

dendrimer generation. Overall, between gen 0 and gen 3 the quenching rate drops by

nearly 20 times, that is 5 times more than in the series of glutamic dendrimers

(Figure 14.4). The magnitude of the attenuation effect is similar to that of poly(aryl

ether) dendrimers. As a result quenching constants and lifetimes of gen 2Pd porphyrin

dendrimers arewell suited for biological oxygenmeasurements. These probes exhibit

good dynamic range and excellent sensitivity. For example, in the case of PdP-based

gen 2 dendrimer the relative sensitivity coefficient R (see above) is as high as 0.9.

An important property of PEG-coated AG porphyrin dendrimers is that their

oxygen quenching constants kq and lifetimes t0 are completely insensitive to the

presence of biological macromolecules. For example, PdTBP-based gen 2 dendrimer

was titrated in the rat blood plasma at physiological temperature (36.9�C). To avoid

coagulation, the blood was treated with small amount of heparin, and the red blood

cells removed by centrifugation in order to facilitate equilibration of the solution with

air. The resulting Stern–Volmer plot was superimposed on the plot obtained at

identical conditions (36.9�C) in aqueous phosphate buffer at pH 7.2 containing no

proteins (Figure 14.14b). This result clearly shows that the probe constants are

unaffected by the blood plasma components. Readings by the dendritic probes at

constant temperatures and oxygen concentrations are extremely stable

(Figure 14.14b, inset). The solutions show no traces of decomposition (change in

absorption) when measurements are performed as frequently as every 1min over

2–3 days periods.

The fully protected dendritic porphyrin-based oxygen probes described in this

section open up many new possibilities for noninvasive studies of tissue oxygenation

and metabolism using phosphorescence quenching. These probes also can be utilized

in various in vitro assays and cell culture studies, as they do not require repetitive

calibrations and thus provide a superior alternative to commonly used oxygen

electrodes and optodes. Further validation of the developed technology will include

detailed investigation of probe’s biodistributions, phototoxicity, and pharmacokinet-

ics in order to evaluate their potential in clinical imaging.

14.9 TWO-PHOTON-ENHANCED DENDRITIC OXYGEN PROBES

The ability to image oxygen in three dimensions with microscopic resolution would

be extremely attractive for a number of areas of biology and medicine, including

neuroscience, ophthalmology, diabetes, and cancer. Oxygen levels can vary between

individual tissue microcompartments compartments, and the ability to quantify

changes in partial oxygen pressure between and within these compartments at the

microscopic level would provide invaluable information for physiological research.

In spite of this need, no existing technology today provides means for high-resolution

oxygen microscopy with 3-D capability. The natural synergy between phosphores-

cence quenching with 2P microscopy [92] has the potential to fulfill this niche.

2P excitation offers several advantages over linear methods, such as improved

depth resolution for 3-D imaging and reduced risk of photodamage [93]. Due to the
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highly localized nature of the excitation volume in two-photon microscopy,

photochemical damage induced by bleaching of the probe and various quenching

reactions is confined to the near focus volume—a feature especially important

for phosphorescence lifetime imaging. The main difficulty in combining phospho-

rescence lifetime imagingwith two-photonmicroscopy is that Pt and Pd porphyrins,

as well as all other chromophores used for oxygen sensing, possess extremely low

two-photon absorption (2PA) cross sections s2,
5 necessitating exceedingly high

excitation powers, long acquisition periods, and/or unacceptably high probe

concentrations [73,94].

The most straightforward way to overcome this limitation would be to use

phosphorescent chromophores with higher 2PA cross sections. Much attention has

been given in the past years to nonlinear absorption in tetrapyrroles. 2PA cross section

of the tetrapyrrolemacrocycle can indeed be increased up to thousands ofGMunits by

appropriate substitution, conjugation, and oligomerization [95,96]. Unfortunately,

such modifications also typically affect the emissivity of the triplet states and/or

hamper triplet production.

An alternative approach to enhancement of 2PA-induced phosphorescence in

metalloporphyrins without directly altering their electronic properties would be to

harvest the excitation energy by an electronically separate antenna and to pass it onto

the phosphorescent core via intramolecular FRET [97]. In such an antenna-core

system constructed around a dendrimer, the latter would regulate the rate of oxygen

diffusion to the core, just as in the regular dendritic probes (see above), while the

dendrimer termini would control the probe biodistribution. A cartoon illustrating this

idea is shown in Figure 14.15.

As an example (Figure 14.15) consider a Ti:Sapphire laser producing high

intensity radiation at around 800 nm, which excites 2P transitions at twice the

frequency, that is, near 400 nm. After the 2P states of the antenna (aS2P) are populated

and have internally converted into the lowest excited singlet state aS1, the excess

energy is transferred to the core. The F€orster energy transfer mechanism assumes that

the fluorescence (aS1 ! aS0) of the donor (2P antenna) overlaps with an absorption

band cSn cS0 (n¼ 1, 2, . . .) of the acceptor (core). Therefore, the core must possess

linear absorption band(s) somewhere in the region extending to the red from 400 nm.

Exact positions of these bands are defined by the Stokes shift of the fluorescence of the

antenna relative to its absorption at 400 nm. The FRET from the antenna to the core

results either in the population of its singlet excited state cS1, which is depopulated via

the intersystem crossing (isc) to yield the triplet state cT1, resulting in either oxygen

quenching or phosphorescence.

The original models of two-photon-enhanced phosphorescent probes were based

on adducts of Pt tetra- or octacarboxyphenylporphyrins and coumarins [97].Although

coumarins are rather moderate 2P absorbers, their 2PA cross sections (tens of GM

units) are still higher than of Pt porphyrins, and the emission of some coumarins, for

5 The quantity s2, commonly referred to as the “two-photon absorption cross-section,” is the proportion-

ality coefficient between the photon absorption rate permolecule and the time averaged square of the photon

flux. s2 is measured in GM (G€oppert–Mayer) units: 1GM¼ 10�50 cm4 s/photon.
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example of coumarin-343 (C343), is compatible with Q-band absorption of Pt

porphyrins (lmax¼ 510 nm, e¼ 25,800M�1 cm�1), suggesting high efficiency FRET.
C343 fluoresces with quantum yield ffl¼ 0.75 in DMF and its s2 value is about

25GM. Four C343 moieties can be attached to PtTCPP via ethylenediamine linkers

using standard peptide chemistry, giving a simple FRET-enhanced two-photon-

absorbing phosphorescent probe (Figure 14.16).
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FIGURE 14.15 Scheme of a two-photon-enhanced phosphorescent oxygen sensor, its

Jablonski diagram and related wavelength scale. (See the color version of this figure in Color

Plates section.)
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FIGURE 14.16 Pt porphyrin (PtP)–coumarin-343 (C343) adduct and its 2PA-induced

phosphorescence spectra. The action cross-section spectrum for the phosphorescence of the

adduct is increased 7.6 times compared to the parent Pt porphyrin. The inset shows quadratic

power dependence of the phosphorescence upon excitation by 100 fs pulses from a regenerative

amplifier (780 nm, 1 kHz, unfocused beam).
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In this case, FRET occurred onto the Q-band of the porphyrin with 0.78

efficiency. The phosphorescence quantum yield was found to be 0.65, close to that

of the parent Pt porphyrin (0.75), while the phosphorescence upon 2P-excitation

was enhanced �7.6 times. Interestingly, increase in the 2P-induced phosphores-

cence in this model compound was about four times lower than what was expected

from the ratio of 2PA cross sections of the antenna and the core Pt porphyrin. In

this regard, the data on dendritic 2P-enhanced triplet constructs for PDT [98,99]

complement our findings that only a very small enhancement compared to

expected was gained via 2PA-induced FRET onto porphyrins.

Next, a prototype dendritic oxygen sensor was synthesized by attaching four AG

dendrons to a tetra-coumarin-343 adduct (Figure 14.17) [97]. As expected, AG

dendrons bring the quenching constant into the desired range (332mmHg�1 s�1), and
by increasing the size of the dendrons quenching could be further attenuated.

The FRET efficiency in this molecule was still quite high (fFRET¼ 0.78), but

the phosphorescence quantum yield (fphos¼ 0.02) was significantly lower than
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that in the simpler compound in Figure 14.16, suggesting that other pathways of

energy dissipation exist and may be important for the design of 2P-enhanced

phosphorescent sensors. The measurements performed on the compound with

the number of antenna fragments doubled (Figure 14.18) fully agreed with this

assumption. While the quantum yield of FRET in this Pt porphyrin octa-

coumarin-343 construct was still high (fFRET¼ 0.9), the yield of phosphores-

cence was extremely low (fphos¼ 0.0065), most likely due to the competing

electron transfer involving the long-lived triplet state of the Pt porphyrin and

C343-antenna.

In this molecule, C343 fragments are attached to the meta-positions in the

meso-aryl rings on the PtP core via flexible linkers, while the reduction potential

of the octacarboxy core is lower than that of the tetracarboxy core due to the

electron-withdrawing effect of carboxyl groups. The combined effect is that

the ET process in this case is significantly more effective than in the case of the

tetra-C343 adduct. In order to avoid this undesirable ET, the redox potentials of

the core and the antenna need to be adjusted; and the antenna fragments need to be

placed far enough from the core, but still within the F€orster radius r0, so that the

probability of the ET is minimized, while the efficiency of FRET remains high. It

is, therefore, reasonable to assign an additional role to the dendrimer in two-

photon oxygen probes. Namely, the dendrimer should provide a supporting

distance-tuning matrix, in which the active elements of the device (antenna and

the core) would be positioned at optimal distances from one another to ensure the

desired energy distribution.

The interplay between 2PA, FRET, and ET processes and phosphorescence was

studied using model bichromophoric systems based on PtTBPs and rhodamine B

(RhB) derivatives [100]. RhB is a significantly stronger 2P absorber than C343.
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Its 2PA cross section at 840 nmwas originally reported to be 200GM [101], although

later studies report significantly lower values [102]. RhB derivatives strongly

fluoresce in aqueous solutions (ffl¼ 0.3–0.7), and their fluorescence overlaps with

the absorptionQ-band of PtTBP (e¼ 90,000M�1 cm�1). As a result, F€orster r0 for the
pair PtTBP–RhB is 54A

�
, which gives a plenty of flexibility for positioning the

chromophores at a distance from each other but within r0.

The studies performed on PtTBP–RhB adducts with short linkers (10–15A
�
)

between the edges of the chromophores revealed that PtTBP phosphorescence in

these compounds is severely quenched (fphos< 0.01), presumably due to electron

transfer from the PtTBP triplet state onto RhB. However, when the chromophores

were separated by rigid nonconducting linkers, unwanted electron transfer pro-

cesses could be almost entirely prevented. Using a helix made of 10 proline

residues, PtTBP and RhBs could be placed at distances large enough to prevent

electron transfer (>40A
�
), but still within the r0¼ 54A

�
. One of the synthesized

adducts is shown in Figure 14.19 together with its photophysical data. It is

apparent from the numbers that by increasing the distance between the chromo-

phores ET involving the PtTBP triplet was greatly diminished, while the FRET

efficiency remained very high.

Systematic photoelectrochemical and photophysical studies involving different

phosphorescent metalloporphyrins and different 2PA dyes capable of FRET onto

the porphyrins, including dyes specifically designed for 2P applications, have been
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performed in order to find an ultimate pair with minimal driving force for the photo-

induced ET [103]. All the special 2P dyes, however, were found to induce strong

reductive quenching of porphyrin triplet states via ET, whereas C343 was found to

be the least effective quencher. Simultaneously, we found that PtP modified with

4-alkoxyphenyl groups was the least efficient electron acceptor in the photo-induced

ET reaction involving C343 as a reducing agent.

To evaluate the effect of dendritic branches as “insulators” from ET, Pt-meso-

tetra(4-alkoxyphenyl)porphyrin-based AG dendrimers of three successive gen-

erations (gen 1 – gen 3) were synthesized and decorated at the periphery with

several C343-antenna fragments. Gen 3 branches were determined to be optimal,

as they allowed adequate separation between C343 units and the core to prevent

most of the ET, while providing necessary protection from oxygen and making it

possible to use more of solubilizing methoxypolyethyleneglycol (PEG) groups for

modification of the dendrimer periphery. We also found that using PEG350 units

did not bring the desired high aqueous solubility, but that longer PEG fragments

gave probes with good solubility and no evidence of aggregation in aqueous

solutions [104].

Combining distance tuning and redox tuning resulted in a dendritic two-photon-

enhanced oxygen probe, PtP–C343, which integrates in a single molecular construct

all the characteristics required from a probe for biological oxygen imaging

(Figure 14.20) [17].

Molecular modeling revealed that in PtP–C343 even in its fully unfolded state,

C343 units are separated from the PtP core by distances shorter than the F€orster
radius (r0¼ 46A

�
). Nevertheless, the experimental FRET efficiency did not exceed

75%, which is likely due to the partial quenching of the C343 singlet state by the

residual ET (see Figure 14.18). The folded AG dendrimer, surrounding the PtP

core, is anticipated to provide an insulating layer between the chromophores. As a

result, the phosphorescence quantum yield of Pt-C343 (fp¼ 0.10) is only slightly

below that of the PtP dendrimer without C343-antenna (fp¼ 0.13). Upon 2P

excitation (lex¼ 840 nm, 110 fs, 76MHz repetition rate, average power 0.5mW,

focused beam), the C343-antenna in PtP–C343 enhanced phosphorescence inten-

sity nearly 25-fold compared to the reference Pt porphyrin. The quenching

constant of the probe is independent of pH and concentration. A convenient extra

feature of PtP–C343 is the residual fluorescence of C343-antenna. C343 fluores-

cence is well spectrally resolved from PtP phosphorescence and is completely

insensitive to oxygen because of its short lifetime (tfl¼ 0.21 ns). This signal can

provide reference for ratiometric oxygen sensing, but more importantly it can be

used in scanning two-photon microscopy applications for fast mapping of the

object morphology.

This first example of a two-photon-enhanced dendritic oxygen probe demon-

strates how dendrimer can be used for both encapsulation of a functional moiety

and distance tuning in functional polychromophoric systems. PtP–C343 has been

tested in imaging of oxygen inside cells [17] and currently it is being used

extensively in vivo.
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14.10 APPLICATIONS OF DENDRITIC OXYGEN PROBES

14.10.1 Single-Point Oxygen Measurements

The examples of single-point tissue oxygen measurements using dendritic oxygen

probes range from sampling relatively large tissue volumes, when near-infrared

excitation is delivered to the surface of the object and diffuses deep into the tissue, to

highly localized measurements performed in confocal-like fashion. Oxyphor R2 has

been used to assess oxygenation in the skeletal muscle and particularly in the

diaphragm with the purpose to studying the role oxygen in diaphragm physiology

and biochemistry [105]. This probe also has been used in a wide range of studies

addressing the effects of hypoxia and ischemia on the brain metabolism [106].

Microscopic highly localized measurements of vascular pO2 have been performed

with an aid ofOxyphorR2 in the brain [73,107], in the ratmesentery [108] and in some

other tissues [109] in order to quantify microvascular and tissue oxygen gradients. In

addition, Oxyphor R2 has been used to measure oxygen consumption by isolated

mouse b-cell islets [110].
Immediately after its appearance, Oxyphor G2 was enthusiastically adopted in

hypoxia/ischemia studies, where it has significant advantage over Oxyphor R2

due to the ability of near-infrared excitation to sample deeper brain regions [111].

To study cortical and subcortical microvascular oxygenation in rat kidney, a dual-

wavelength phosphorimetric approach has been developed [112], which relies

on the difference between the tissue penetration depth of 450 and 635 nm light,

both of which can be used to excite phosphorescence of Oxyphor G2 [113].

Subsequently, Oxyphor G2 has been used extensively in renal oxygenation

studies [114]. Near-infrared absorbing probes based on polyglutamic and AG

dendrimers have been used to measure oxygen distributions in murine tu-

mors [115] and in skeletal muscle [116], including extravascular oxygen dis-

tributions. In addition, Pd tetrabenzoporphyrin–AG dendrimer (Oxyphor G3) has

been recently used to measure oxygenation in experiments with isolated perfused

rat heart [117].

Below some examples of imaging using dendritic phosphorescent probes, includ-

ing wide-field and confocal imaging, are shown. For examples of two-photon and

tomographic imaging the reader referred to the original publications [17,19]. All

examples shown are limited by the studies performed by the author’s groups

independently or in direct collaborations with other laboratories.

14.10.2 Microscopic Imaging of Oxygen in the Mouse Eye

Such diseases of the eye as diabetic retinopathy, retinopathy of prematurity, sickle cell

disease, age-related macular degeneration, have regional hypoxia as either a primary

causative or early contributory factor. Regions of hypoxia are likely to appear before

there is significant irreversible tissue injury. Therefore, information about retinal

oxygenation may be extremely valuable both clinically and for understanding the

basic physiology of the disease.
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Oxygen dependent quenching of phosphorescence has been applied from its early

days to image oxygen in the eye [118]. Some more recent examples include

application of dendritic polyglutamic probes, such as Oxyphor R2 [119]. An

important advance in the technology was made by Shonat et al. [120], who

implemented frequency-domain approach to image phosphorescence in wide field

in the retinal tissue. This approachwas later refined in our laboratory to image oxygen

with microscopic resolution in the mouse eye using gen 2 polyglutamic Pd tetra-

benzoporphyrin dendrimer (Oxyphor G2, Figure 14.7) [121].

The probe was excited at its Soret band (450 nm) in order to induce phosphores-

cence only in the superficial layers for higher resolution. The phosphorescence

intensity and lifetime images from the retinal vascular bed (Figure 14.21) show that

the vessel structure can be easily identified and that the arteriols and venules can be

distinguished solely based on their pO2 levels (Figure 14.21d). The imaging reso-

lution in this case was �5–10 mm.

One of the goals of this study was to test the method’s ability to detect eye injury

due to the pathology involving microvessel failure, where blockage of a capillary

would result only in local hypoxic regions no more than 10–100 mm in diameter.

Localized injuries, about 75 mm in diameter, were created by way of laser photo-

coagulation, assisted by indocyanine green dye (ICG). The injury was restricted

to the microvessels within the focal area. The resulting pO2 maps are shown in

Figure 14.22.

FIGURE14.21 Maps of the phosphorescence intensity (a), goodness of fit shown byR-factor

(b), phosphorescence lifetime (c), and oxygen pressure (d). The maps correspond to a region

whose physical dimensions are 0.92mm� 1.2mm [121]. Reproduced with permission from

the Optical Society of America. (See the color version of this figure in Color Plates section.)
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The regions of the injury can be easily seen as circular areas. The absence of

significant leakage of the probe from the vessels was confirmed by measurements

made over a 1 h period following the injection, during which the size and the oxygen

profile of the region of hypoxia remained constant. As expected, the oxygen pressure

in the injury core is extremely low.

These results demonstrate that dendritic phosphors, such as Oxyphor G2, are very

useful for obtaining maps of oxygen distribution in the eye, opening up possibilities

for studies of experimental rodent models of eye diseases.

14.10.3 Imaging Tumor Hypoxia

There is a large amount of evidence that hypoxia plays a central role in proliferation of

cancer. Uncontrollable growth of blood vessels in tumors is associated with poor

tissue oxygenation, the degree of which reflects physiological status of tumors,

correlates with their metastatic potential and affects outcomes of various therapies.

Hypoxia is widely spread in both primary tumors and in their metastases [122].

During tumor growth, an increasingly compromised blood supply generally results in

a tumor oxygen tension of 0–20mmHg, compared to 30–70mmHg in normal

tissues [123]. In addition to chronic diffusion-limited hypoxia, tumors also frequently

exhibit transient hypoxia—a transient state caused by fluctuations in individual vessel

perfusion.

Phosphorescence quenching has been used to image hypoxia in tumors using

dendritic probes Oxyphor R2 [124] and G2 [125]. Dorsal window tumor model in

small rodents is especially well suited for optical imaging [126], since the tumor

grows between two thin glass slides in a chamber clipped to the back of a live animal,

allowing for effective optical sectioning.

In recent experiments in collaboration with the Dewhirst laboratory (Duke), the

dorsal window model was used to image hypoxia in mice using a gen 2 Pd

tetrabenzoporphyrin–AG dendrimer (Figure 14.23), modified with PEG residues. The

probe was injected iv, and the imaging was performed in wide-field epiluminescent

FIGURE 14.22 Oxygen pressure maps of the region containing two laser coagulation spots

(left) and a region centered on one of the spots (right). Reproduced with permission from the

Optical Society of America. (See the color version of this figure in Color Plates section.)
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setup using LED-based (LumiLed, 635 nm, 1W) for excitation and gated ICCD for

detection of phosphorescence.

The tumor in the image (Figure 14.23b) is located in the upper right region, and it

is severely hypoxic (c), with pO2 values in the center close to zero. In order to

determine how the tumor (in another animal) and the normal surrounding tissue

would react to the changes in pO2 in the inhaled gas, the mouse was given carbogen

(O2:CO2¼ 95:5) to breath, and pO2 images were taken at�15 s intervals (d). While

the normal tissue reoxygenates quite effectively, the tumor remains severely

hypoxic in spite of the high pO2 in the inhaled gas mixture. The pO2 histogram

(e) reiterates this point, showing that regions of hypoxia are present in the imaged

tissue regardless of the amount of oxygen in the inhaled gas mixture. This result

suggests, among other things, that special attention must be devoted to tumor

oxygenation in those cancer therapies that rely on oxygen as a cotreatment (e.g.,

PDT). The ability to quantify oxygen in tumors prior to and during the treatment

using dendritic phosphorescent probes might be extremely useful asset in devel-

opment of therapy protocols.

14.10.4 Imaging of Phosphorescence in the Brain

Brain activity is critically dependent on having an adequate supply of oxygen, but

many aspects of the regulation of the oxygen supply are still not well understood.

Phosphorescence quenching is well suited for measurements of oxygen in the

FIGURE 14.23 Imaging tumor hypoxia in a mouse dorsal window tumor model using

Oxyphor G3 (gen 2 Pd tetrabenzoporphyrin–AG dendrimer). Anesthetized animal with dorsal

window clipped to its back (a). The tumor is growing between the two glass plates, and it can be

seen in the upper right area of the transmitted light image (b). pO2 image of the tumor area (c).

pO2 images during carbogen (O2:CO2¼ 95:5) breathing cycle (d). Histograms of oxygen

images (e). (See the color version of this figure in Color Plates section.)
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brain [106,107,127]. As an illustration, image of pO2 in the rat brain, obtained using

Oxyphor R2 and wide-field time-domain microscopy setup, is shown in

Figure 14.24 [128].

More recent developments include high-resolution functional pO2 measurements

in the brain by way of confocal microscopy (Figure 14.25) [18].

FIGURE 14.24 Formation of the pO2 image (a), (b), and (c) phosphorescence intensity

images at different time delays with respect to the laser pulse. (d) Measurement and single

exponential decay lifetime (t) fit of the phosphorescence intensity at point A marked with the

cross in (a). (e) In vitro calibration of Oxyphor R2 at high concentration (4� 10�5M). (f) pO2

image was obtained based on the probe calibration and lifetime values in each pixel. Arterial

pO2 measured during the experiment was �106mmHg. Scale bar is 1mm [128].

FIGURE 14.25 (a) CCD image of cranial window in a rat with confocal angiogram overlaid

and region of functional activation identified in green. (b) Color-coded angiogram of micro-

vessels in rat somatosensory cortex, with identified locations for pO2 measurement [18]. (See

the color version of this figure in Color Plates section.)
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The above examples demonstrate applicability of the method to the functional

studies involving hemodynamic response to neuronal stimulation, holding promise

for improving our understanding of the physiological basis of functional magnetic

resonance imaging.

14.11 CONCLUSION

The construction of porphyrin-based dendritic oxygen probes once again demon-

strates the versatility of dendritic encapsulation as method for controlling the

chromophore environment. Dendritic encapsulation has been used to optimize the

properties of phosphorescent probes for oxygen measurements in tissue; including

the sensitivity to quenching by oxygen, the permeability through biological

membranes, and the solubility in biological media. Using a multilayered modular

design, dendritic oxygen probes have been tailored to many different modes of

oxygen measurement application, from point measurements to high-resolution

microscopic imaging and 3-D tomography using infrared light. The described

design provide a versatile framework for controlling the properties of phosphores-

cent oxygen sensors, tailoring them to meet the requirements of almost any

applications requiring accurate measurement of oxygen.
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PEPTIDE DENDRIMERS AS
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15.1 INTRODUCTION

Dendrimers have been suggested early on as synthetic macromolecular analogs of

proteins [1–4], in particular enzymes [5,6]. Indeed the tree-like dendrimer topology

produces macromolecules that are expected to adopt a protein-like globular

structure without the need for folding, thus circumventing an important obstacle

in artificial protein design [7]. Most synthetic work with dendrimers has however

remained quite distant from proteins for two reasons: (1) the building blocks used

for dendrimers are quite different from the proteinogenic a-amino acids; (2) the use

of fixed branching structures with changes possible only at the dendrimer core or at

the periphery strongly limits structural variations compared to natural proteins

where changes occur by amino acid substitution throughout the structure. For

instance in early work by Denkewalter and coworkers with poly-lysine dendri-

mers [8] and in the multiple antigenic peptides by Tam and coworkers [9], a poly-

lysine tree is used for the only purpose of providing multivalency without reference

to artificial protein design.

In this chapter, we review our approach to peptide dendrimers as artificial

proteins [10]. The work is based on the combinatorial solid-phase synthesis of

peptide sequences featuring diamino acids branching points at every 2nd, 3rd, or

4th position to obtain peptide dendrimers that can be easily varied at the core, within

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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the branches, and at the branches’ ends (Figure 15.1). These peptide dendrimers are

identical to proteins in terms of composition and only differ in their topology.

Furthermore, they can be optimized iteratively by amino acid substitutions in a

manner similar to the natural evolution of proteins. We present our progress toward

protein-like functions in the area of artificial enzymes, metal binding, and glyco-

peptide dendrimers, as well as structural studies by spectroscopic and molecular

modeling methods.
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FIGURE 15.1 Synthesis and structure of the third-generation peptide dendrimer C11

(AcHisSer)8(DapHisLeu)4(DapLysVal)2DapIleValNH2 (Dap¼ branching L-2,3-diaminopro-

panoic acid) identified by screening as an esterase dendrimer [14].
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15.2 SOLID PHASE AND COMBINATORIAL SYNTHESIS

15.2.1 SPPS of Peptide Dendrimers and Their Combinatorial Libraries

Solution phase synthesis and convergent syntheses are usually preferred for den-

drimer assembly to minimize sterical hindrance and purification problems. Contrary

to these principles, we found that peptide dendrimers up to the fourth generation can

be obtained in good yields and purities by a divergent synthesis protocol on solid

support under the standard conditions of solid phase peptide synthesis with Fmoc-

protected amino acid building blocks (Fmoc-SPPS) [11,12]. The dendrimer core is

constituted by the C-terminal amino acids which are coupled first to the solid support.

Branching proceeds as diamino acids are added along the sequence. A typical

dendrimer of third generation with branches, 2 amino acids in length is assembled

in 11 coupling steps for a total of 37 amino acids and an average molecular weight

of 4400Da, as shown for the esterase dendrimer C11 (AcHisSer)8(DapHisLeu)4
(DapLysVal)2DapIleValNH2 (Figure 15.1).

The isolated yields of peptide dendrimer obtained from Fmoc-SPPS after side-

chain deprotection, cleavage from the solid support, and purification by reverse-phase

HPLC are comparable to the yields for linear peptides of similar size. As for linear

peptides, the isolated yields are influenced by the amino acid sequence and by the

physico-chemical properties of the product. In particular strongly hydrophobic

sequences may be difficult or impossible to purify due to their lack of solubility in

any solvent. Overall, many “well-behaved” peptide dendrimers comprising a good

balance of charged, polar, and hydrophobic amino acids, are readily accessible by

SPPS. Peptide dendrimer synthesis is also facilitated by the commercial availability of

amino acid building blocks for Fmoc-SPPS at reasonable prices, which renders the

synthesis quite affordable and potentially scalable using the existing industrial

infrastructure for SPPS.

The split-and-mix protocol for assembling peptide libraries by SPPS [13], which

was a founding experiment in combinatorial chemistry, can be applied to prepare the

corresponding peptide dendrimer libraries on solid support [14]. In these so-called

“one-bead-one-compound” (OBOC) libraries, each bead of the solid support carries

only one possible sequence, yet a large number of different sequences are assembled

simultaneously in the course of the synthesis. The number of different sequences

accessible in a split-and-mix synthesis is limited by the number of beads used in the

SPPS synthesis batch. A typical synthesis batch of 500mg of 90 mm diameter beads

contains approximately one million beads, which imposes a limit of 100,000

sequences for the library size to ensure 10-fold coverage of sequence space.

15.2.2 Activity Screening

OBOC libraries are typically tested for activity using a bead-staining assay [15]. Such

assays include binding assays with a labeled or colored ligand, for example, vitamin

B12, and catalysis assays looking for conversion of a chromogenic or fluorogenic

substrate adsorbed on the beads, such as the hydrolysis of acyloxypyrene trisulfonate
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1 producing the green fluorescent hydroxypyrene trisulfonate 2 (Figure 15.4) used for

the discovery of dendrimer C11 above (Figure 15.2a). The conditions of such assays

must be carefully optimized to obtain a differentiated response among the library

beads. Under optimized conditions, “positive” beads are those showing the strongest

staining reaction even using dilute staining reagent for short assay times, while

“negative” beads are those that remain unstained even under forcing conditions such

as excess staining reagent for extended periods of time.

FIGURE 15.2 (a) On-bead assay with 8-butyryloxypyrene-1,3,6-trisulfonate 1 leading to the

identification of dendrimerC11 [14]. Microscopic picture under illumination with UV 365 nm.

Beads were soaked with 80mM 1 (structure in Figure 15.4) in aq. 20mM bis-tris pH 6.0 and

spread out in a petri-dish. The bead surrounded by a bright halo in the upper right center of the

image contains a catalytic sequence. (b) Off-bead assay used for an SAR study of the single-site

esterase dendrimer RG3 (AcTyrThr)8 (DapTrpGly)4(DapArgSer)2DapHisSerNH2. Photo-

graph of a silica gel plate impregnated with 80mM of substrate 1 in bis-tris buffer pH 6.0

in contact with photolyzed beads of a combinatorial library [17]. (See the color version of this

figure in Color Plates section.)
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On-bead activity assays may be subject to artifacts presumably caused by the very

high concentration of compound on the solid support [16]. Activities visible on the

bead thus often disappear once the compound is cleaved from the support and tested in

solution. To allow direct screening of our OBOC libraries in solution, we have

established a so-called “off-bead” screening protocol inwhich the peptide dendrimers

are cleaved from the solid support by photolysis of a photolabile linker. The cleaved

dendrimer then diffuses in the underlying silica gel plate that is impregnated with the

assay reagent, for example, a fluorogenic substrate [17]. In this manner, beads

carrying active peptide dendrimers are identified by the halo formed on the matrix

surrounding the beads, as shown for the identification of esterase peptide dendrimers

(Figure 15.2b).

The results ofOBOC library screening are analyzed by determining the structure of

the compounds present on either the “positive” hits, the “negative” hits, or a random

selection of beads. From such analysis, a structure–activity relationship may emerge

leading to the identification of active compounds. Importantly, results from library

screening must be confirmed by resynthesis, purification, and testing of pure sub-

stances. For example, the esterase dendrimer RG3 (AcTyrThr)8(DapTrpGly)4
(DapArgSer)2DapHisSerNH2 and its analog HG3 (AcIlePro)8(DapIleThr)4
(DapHisAla)2DapHisLeuNH2 were initially identified by testing a focused “core-

active site” combinatorial library featuring catalytic residues at the core positions only

using an on-bead activity assay with the fluorogenic 8-butyryloxypyrene-1,3,6-

trisulfonate 1 [18]. A subsequent investigation of the same combinatorial library

using an off-bead activity assay confirmed the esterase activity ofRG3 andHG3with

acyloxypyrene trisulfonates.17The off-bead assay also allowed to analyze the negative

hits, which revealed that activity of the catalytic histidine residues at the dendrimer

core is controlled by the nature of the residues in the dendrimer outer branches. Thus,

histidine-containing peptide dendrimers were also found in the nonhits, but these

contained anionic residues in the outer dendrimer branches. Resynthesis confirmed

the absence of activity in these histidine-containing anionic dendrimers, for example,

D16 (AcGluThr)8(DapGluPhe)4(DapHisLeu)2DapHisAspNH2, which simply lack

any binding to the trianionic substrate, while partly anionic dendrimers such as D14

(AcIleThr)8(DapIlePro)4(DapHisAsp)2DapArgLeuNH2 are active but have weak

substrate binding (high KM).

15.2.3 TAGSFREE Decoding of Combinatorial Libraries

One of the bottlenecks in testingOBOC libraries is the identification of the structure

of the compounds on the beads. This can be realized by either reading an encoding

tag that has been separately introduced on the bead or analyzing the bead directly by

mass spectrometry or, in the case of linear peptidewith a freeN-terminus, by Edman

microsequencing [19]. These methods are complex, expensive, and mostly not

applicable to peptide dendrimers. To circumvent these limitations, we have

developed a library design algorithm for OBOC libraries of peptides and peptide

dendrimers called TAGSFREE, which allows direct sequence determination from

the total amino acid analysis (AAA) of the bead [20]. AAA is a one-step
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quantification of amino acids by acidic hydrolysis and separation of their phenyl

thiourea derivatives by HPLC.

For peptide dendrimers, the TAGSFREE algorithm simply imposes to use each

amino acid only twice in the course of the library synthesis in two successive branches

of the dendrimer.14 The amount of an amino acid in the AAA of a synthesis bead then

indicates if and in which branch the amino acid is present in the dendrimer. AAA also

provides a composition analysis that is useful to identify beads that are empty or

carry incomplete sequences, thus helping to avoid false positives. We have used
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TAGSFREE for many different peptide dendrimer combinatorial libraries and thus

tested probably the largest number of dendrimers ever prepared by any method

so far. One of the most spectacular applications of the TAGSFREE design is a

390,625-member combinatorial library of glycopeptide dendrimers with variable

multivalency and variable branch length based on the silent encoding of amino

acid deletions made possible by the AAA, which lead to the identification of

dendrimerKT1 cFuc4(LysArgLeu)2DapArgIlePheLeuNH2 as a potent lectin ligand

(Figure 15.3) [21].

15.3 ENZYME MODELS

From the point of view of synthetic chemists, enzyme catalysis is one of the most

fascinating properties of natural proteins, which calls for the study of synthetic

models of enzymes [22]. Enzyme catalysis results from cooperativity between

different amino acids and cofactors within the protein. Considering that arranging

amino acids in a dendritic framework primarily enforces spatial proximity, peptide

dendrimers seem particularly well suited to investigate such cooperativity effects.

Within the SPPS combinatorial approach chosen for the assembly of peptide

dendrimers, investigating catalysis should be realized by library screening, which

is facilitated by numerous and efficient high-throughput assays available to

measure enzyme-catalyzed reactions [23]. Dendrimer libraries for catalysis are

designed to display amino acid residues with known catalytic properties for the

reaction under study.

Our work so far has concerned histidine-containing ester hydrolysis catalysts as

above, and amine-functionalized dendrimers that catalyze aldol reactions via en-

amine or enolate mechanisms.10We have also investigated peptide dendrimer models

of metalloproteins, namely peptide dendrimers that bind vitamin B12 by coordination

at cobalt of a nucleophilic residue at the dendrimer core [24], and the binding of Fe(II)

to bipyridine-containing peptide dendrimers [25]. All of these systems operate in

aqueous environment under conditions that are typical for enzyme-catalyzed pro-

cesses. Catalytic and binding properties are governed by dendrimer size and the nature

and position of the amino acid residues within the branches. Results indicate that

multivalency, hydrophobic and electrostatic effects are key parameters influencing

binding and catalysis in these peptide dendrimers. Optimization of catalysis and

binding is possible by amino acid substitutions.

15.3.1 Dendritic Effects

Dendritic effects in catalysis are understood as a variation of catalytic efficiency as the

dendrimer size increases. In the first approach toward catalytic dendrimers, catalytic

groups are displayed in multiple copies at the dendrimer surface. Favorable

cooperative effects between these groups might enhance catalysis compared to a

monovalent or lower valency system. However,multivalency often also induces steric

crowding that can block substrate access and decrease catalytic efficiency [10a].
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Multivalent display of histidine residues favors catalysis in peptide dendrimers

hydrolyzing fluorogenic ester substrates. The effect was directly apparent during our

first study realized with a small library of peptide dendrimers featuring the catalytic

triad amino acids aspartate, histidine, and serine in various combinations, which lead

to peptide dendrimers catalyzing the hydrolysis of quinolium esters [26]. The

dendritic effects were characterized in detail in a dendrimer series assembled by

iteration of the (HisSer)2Dap dendron (Dap¼ branching L-2,3-diaminopropanoic

acid). These dendrimers catalyzed the fluorogenic hydrolysis of acyloxypyrene

trisulfonates (Figure 15.4) [27]. The catalytic proficiency kcat/KM increased sharply
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show a strong positive dendritic effect in the catalytic hydrolysis of acyloxypyrene

trisulfonate 1.
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in higher generation dendrimers. The positive dendritic effect on catalysis lead to a

remarkable rate acceleration of kcat/kuncat¼ 39,000 with the fourth-generation den-

drimer G4 (AcHisSer)16(DapHisSer)8(DapHisSer)4(DapHisSer)2DapHisSerNH2

and substrate 1. This corresponds to a 1200-fold increase in reactivity per histidine

residue when compared to 4-methylimidazole as reference monovalent catalyst.

Isothermal titration calorimetry showed that the esterase dendrimer G4 and its

lower generation analogs bind one substrate molecule for three histidine residues.

The ester substrate 1 binds the dendrimer approximately 10-fold stronger than the

hydroxypyrene trisulfonate reaction product 2 by hydrophobic interactions between

the acyl group and the dendrimer interior, which avoids product inhibition and allows

multiple turnover to take place. Acid–base titration showed a significant spread in the

pKa values of histidine side chains toward lower values within the dendrimer [28].

This suggests that the positive dendritic effect is caused in part by allowing the

coexistence of protonated and free base forms of the histidine side chains in the same

dendrimer. The protonated histidine favors electrostatic binding of the anionic

substrate 1, while the free base form is necessary to promote nucleophilic or general

base catalyzed cleavage of the ester.

A similar positive dendritic effect by multivalent display of catalytic groups was

observed in aldolase peptide dendrimers with N-terminal proline residues, for exam-

ple, L2K7 (ProLys)8(DapSerArg)4(DapbAlaVal)2DapTyrLeuNH2 (Figure 15.5),

which were investigated for catalysis of the coupling of acetone and cyclohexanone

to 4-nitrobenzaldehyde and dihydroxyacetone to 4-bromobenzaldehyde to form the

corresponding aldols [29]. The catalytic sequences were identified by on-bead

screening of a combinatorial library using either staining with a dye-labeled 1,3-

diketone to mark enamine-reactive amino groups, or the fluorogenic substrate dihy-

droxyacetone coumarin ether to detect enolization catalysis [30]. Iteration of the

(ProLys)2Dap and (ProThr)2Dap dendrons identified in active sequences to form

dendrimers offirst, second, and third generation showed that the activity perN-terminal

proline for acetone aldolization was highest for the tetravalent second-generation

dendrimersR1G2 (ProThr)4(DapProThr)2DapProThrNH2 andR2G2 (ProLys)4(Dap-

ProLys)2DapProLysNH2. Trapping of the enamine intermediate with acetone by

reduction gave no reaction of lysine side chains and alkylation of 50% of the N-

terminal prolines, suggesting that the multivalency effect was caused by cooperativity

between pairs of proline residues, with one residue forming the enamine and the other

acting as general acid–base catalyst in the aldol reaction.

15.3.2 Hydrophobic and Electrostatic Effects

Hydrophobic and electrostatic effects controlled dendrimer binding to the acylox-

ypyrene trisulfonates 1–3 in themultivalent esterase dendrimers such asG4 discussed

above (Figure 15.4). These factors also determined the properties of three series of

peptide dendrimers designed to mimic enzymes with a single active site. These

dendrimers are equipped with catalytic residues at the dendrimer core, while amino

acids in the outer dendrimer branches modulate global properties such as charges and

hydrophobicity.
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The first case concerns peptide dendrimer RG3 (AcTyrThr)8(DapTrpGly)4
(DapArgSer)2DapHisSerNH2 catalyzing the hydrolysis of acyloxypyrene

trisulfonates. Its catalytic site consists of two cationic arginines at position X4 for

substrate binding and one nucleophilic histidine at the core position X2 for

ester cleavage (Figure 15.2) [18]. Structure–activity relationship studies showed that

the catalytic proficiency kcat/KM for the hydrolysis of ester 1 increased in the

seriesRG0AcArgSerAlaHisSerNH2 ! RG1 (AcArgSer)2DapHisSerNH2 ! RG2

(AcTrpGly)4(DapArgSer)2DapHisSerNH2 ! RG3. Addition of the outer dendrimer

branches containing aromatic residues lowers the KM values (stronger substrate
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binding)without affecting the catalytic rate constant kcat. Direct hydrophobic contacts

between the aromatic residues in the outer dendrimer branches and the substrate are

supported by substrate docking studies (Figure 15.11) [31]. On the other hand and as

discussed above, catalysis by these dendrimers was entirely inhibited by the presence

of anionic residues in the outer dendrimer branches due to reduced substrate binding,

as in dendrimerD16 (AcGluThr)8(DapGluPhe)4(DapHisLeu)2DapHisAspNH2 [17].

In the second case, the effect of electrostatic charges on dendrimer properties was

seen in peptide dendrimers selected as ligands for vitamin B12. The third-generation

peptide dendrimer B1 (AcGluSer)8(DapGluAla)4(LysAmbTyr)2DapCysAspNH2

(Amb¼ 4-aminomethyl benzoic acid) and its core-histidine analog B1H

(AcGluSer)8(DapGluAla)4(LysAmbTyr)2DapHisAspNH2 were identified as potent

ligand for vitamin B12 through an on-bead binding assay of the “core-active site”

library mentioned above, followed by secondary combinatorial optimization

(Figure 15.6) [24a]. The primary binding interaction in these dendrimers is coor-

dination of the core nucleophilic thiol or imidazole group to cobalt. Strikingly,

binding is also controlled by the electrostatic charge in the outer dendrimer branches.

Multiple anionic glutamate residues in the outer brancheswere clearly selected by the
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on-bead binding assay with vitamin B12. The effects appeared to be kinetic in

nature. Indeed, the cationic analog B1K (AcLysSer)8(DapLysAla)4(LysAmbTyr)2-
DapCysLeuNH2 where the 12 glutamate residues have been replaced by cationic

lysines did not show measurable binding to vitamin B12 due to an extremely slow

binding equilibrium, and the neutral glutamine analog N3 (AcGlnSer)8(DapGln-

Ala)4(DapAmbTyr)2DapCysAspNH2 showed stronger and slower binding compared

to B1 [24c].

In the third case, a similar control of metal coordination by charged residues was

encountered in peptide dendrimers bearing a bipyridine ligand at their core [25]. In

this system, multiple negative charges in the outer dendrimer branches of den-

drimer E1 (AcGluThr)4(DapGluVal)2DapBipbAlaAspNH2 (Bip¼ 50-amino-2,20-
bipyridine-5-carboxylic acid) (7 negative charges) and G1 (AcLysAla)4(DapGlu-

Pro)2DapGlyBipGlyLeuNH2 (2 negative and 4 positive charges) lead to the

formation of stable ternary complexes with Fe(II) Fe(E1)3 (Ka¼ 3.1� 1014M�3)

and Fe(G1)3 (Ka¼ 1.1� 1015M�3). However, no complexation took place when

multiple positive charges and no negative charges were present in the outer

branches as in dendrimer E2 (AcArgLys)4(DapHisVal)2DapBipAmbTyrNH2 (8

positive charges), an effect which is probably also caused by kinetic inhibition of

metal coordination.

15.3.3 Optimization by Amino Acid Substitution

A broad variety of Fmoc-protected amino acids, including proteinogenic and non-

natural amino acids in both enantiomeric forms, are commercially available and

can be used to vary the structure of any peptide dendrimer. This allows the

straightforward design and synthesis of dendrimer combinatorial libraries and

the preparation of analogs. In the absence of significant technical hurdles in the

process, in particular by the use of the TAGSFREE design algorithm to facilitate

analysis (see above) [20], iterative cycles of library design, synthesis, and func-

tional selection offer a viable approach to discover and optimize peptide dendri-

mers for any given function. Dendrimer optimization by this process is related to

the Darwinian evolution by mutagenesis and selection, which leads to functional

proteins in nature.

Activity optimization by analog synthesis can be exemplified by the multivalent

esterase dendrimers derived from the (HisSer)2Dap dendron (Figure 15.4) [27]. A

series of 32 analogs of the third-generation peptide dendrimer G3 (AcHisSer)8
(DapHisSer)4(DapHisSer)2DapHisSerNH2 incorporating designed structural

changes such as selected shuffling of amino acids between positions and addition

or deletion of key residues uncovered structure–activity relationships that were not

apparent from the initial study of dendritic effects in catalysis [28]. In particular,

while the number of histidine residues primarily controlled substrate binding (KM),

the catalytic rate constant kcat depend on the particular arrangement of histidine in the

peptide dendrimer, and the nature of the other amino acids. The SAR study identified

dendrimerA3C (AcHisThr)8(DapHisThr)4(DapHisThr)2DapHisThrNH2 as themost

active dendrimer. In this dendrimer, the serine residues have been exchanged
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throughout by threonine. This simple substitution lead to a fivefold increase in the

catalytic rate constant up to kcat/kuncat¼ 90,000 (kcat¼ 1.3min�1) for substrate 2.

15.4 GLYCOPEPTIDE DENDRIMERS

Due to their size, peptide dendrimer analogs of proteins should be optimally suited to

perturb protein–protein and carbohydrate–protein interactions. An initial study

toward this goal was carried out focusing on lectin–glycoprotein interactions [32].

Lectins are ubiquitous proteins that bind to the terminal carbohydrates of glyco-

proteins or glycolipids by weak but specific binding sites. Lectins usually possess

multiple binding sites and form oligomers, allowing avidity effects to enhance

binding to carbohydrate epitopes displayed in polyvalent format on cell surfaces.

Multivalent carbohydrate ligands generally bind strongly to lectins by virtue of such

multivalency effects [33,34].

In the case of peptide dendrimers, one can expect that attaching carbohydrates at

the end of the peptide dendrimer sequence should produce multivalent lectin-specific

ligands inwhich binding by the carbohydratemoiety can be fine-tuned by the nature of

the amino acid residues in the peptide dendrimer branches. These residues should at

least determine the physicochemical properties of the dendrimers such as aqueous

solubility, hydrophobicity, and charge, and at best engage in secondary binding

interactions with the lectin. These hypotheses were borne out in practice in the study

of fucosylated peptide dendrimer ligands to the bacterial lectin LecB as discussed

below.

15.4.1 Synthesis of Glycopeptide Dendrimers

While the preparation of natural glycopeptides requires sophisticated chemical or

enzymatic glycosylation chemistry, the decoration of synthetic macromolecules with

carbohydrates is often more conveniently realized by reacting preassembled glyco-

sidic building blocks by simpler coupling chemistries. In an initial synthetic study

aimed at the dendrimer-mediated delivery of colchicine to cancer cells, three different

strategies were investigated to obtain glycopeptide dendrimers [35]. The first

approach used oxime bond formation between a multivalent aldehyde-terminated

peptide dendrimer and an oxyamine-functionalized glycoside, as reported previously

for the glycosylation of peptides [36] and peptide dendrimers [37]. The second

approach used reductive alkylation of the free N-terminus with lactose [38], a method

previously known for modifying whole proteins [39] and reported for the synthesis of

glycodendrimers [40]. The third approach involved amide bond formation between an

acetyl-protected glycosidic carboxylic acid building block and the N-termini of the

peptide dendrimer directly on the solid support. Although this third approach required

multigram quantities of carbohydrate building blocks, the synthesis was the most

practical because it required only a single chromatographic purification and yielded

products of excellent purity. For example, the N-acetyl-glucosamine terminated

peptide dendrimer colchicine conjugate 30, which shows selective cytotoxicity to

cancer cells, was obtained by this approach (Figure 15.7).
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15.4.2 Lectin Binding

The selection of glycopeptide dendrimer ligands for lectins was applied to the case of

the fucose-specific lectin B from the human pathogenic bacterium Pseudomonas

aeruginosa [41]. In the first step, an on-bead lectin assay was used to screen

combinatorial libraries of glycopeptide dendrimers bearing an N-terminal c-fucoside

residue. In this assay, the solid support beads are incubated with the labeled lectin in

the presence of fucose as a competitive ligand. The beads are then washed to remove

unbound lectin, and stained by revealing the labeled lectin by a secondary reagent.

Under optimized assay conditions, less than 5% of the beads showed strong staining.

The control, nonfucosylated library showed no staining under the same conditions,

and the staining intensity was reduced in the presence of high fucose concentrations,

showing that the assay revealed specific binding between the dendrimers and the

lectin. The assaywas used to select lectin-binding fucosyl-peptide dendrimers such as

FD2 (cFucLysProLeu)4(LysPheLysIle)2LysHisIleNH2 (Figure 15.8).

While on-bead assays are useful for the initial identification ligands, the quan-

tification of the lectin–dendrimer interactions are carried out with purified ligands in

solution. In our study of lecB-ligands, we used an enzyme-linked lectin assay (ELLA)

in which the dendrimer competes in solution with a polymeric biotinylated fucose

ligand for binding to the lectin adsorbed on the surface of microtiter plate wells [42].

The competitive binding is revealed by detection of immobilized biotin by secondary
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staining. The ELLAwas used to confirm the activity of positive hits from the on-bead

screening, and to carry out more detailed SAR studies, in particular regarding a

possible dendritic effect on binding. Thus, fragments of the most potent dendrimer

FD2 (cFucLysProLeu)4(LysPheLysIle)2LysHisIleNH2 consisting of only the outer

branches, such as 2G1 (cFuc-LysProLeu)2LysPheLysIleNH2, showed much weaker

binding than FD2 itself. Increasing multivalency from tetravalent to octavalent by

redesigning the sequence of FD2 gave dendrimer 2G3 (cFucLysPro)8(LysLeuPhe)4
(LysLysIle)2LysHisIleNH2, which showed an even stronger binding to lecB

(IC50¼ 25 nM) [43].

15.4.3 Inhibition of P. aeruginosa Biofilms

P. aeruginosa causes lethal lung infections in immunocompromised patients and

those suffering from cystic fibrosis or cancer. Tissue attachment and the formation of

biofilms are essential steps in the process that also increase the antibiotic resistance of

the pathogen [44]. The glycopeptide dendrimer FD2 and several analogs inhibit

biofilm formation and efficiently disperse established biofilms in cultures of several

P. aeruginosa strains including antibiotic-resistant isolates (Figure 15.9) [45]. The

effect is not mediated by cytotoxicity since bacterial growth is unaffected by the

ligands. Control experiments with lecB-deletion mutants and dendrimers that are not

ligands of lectin B show that biofilm inhibition requires both a potent ligand and lectin

B expression, suggesting that the effect is indeed caused by binding of the ligand to the
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lectin. This antibiofilm effect mediated by a lectin B ligand is unprecedented and

suggests a new therapeutic approach to control P. aeruginosa infections.

15.5 STRUCTURE OF PEPTIDE DENDRIMERS

Almost all dendrimers described in the literature are assembled from building blocks

containing freely rotatable bonds in their backbone, leading to conformationally

flexible macromolecules whose structural determination by crystallography or NMR

is difficult or impossible. Molecular dynamics simulations have been performed on

various dendrimer types to understand their structural properties [46], in particular

with poly(amidoamine) (PAMAM) dendrimers [47]. These investigations confirm the

conformational flexibility of dendrimers and suggest substantial back folding of

external branches inducing a high density located between the core and the periphery

leaving some of the inner parts of the dendrimer accessible. Inspired by these reports,

we have used molecular dynamics and spectroscopic methods to study the con-

formational behavior of peptide dendrimers and their relationship to protein struc-

tures in terms of compactness, folding, and stability. It should be noted that in contrast

to most proteins, peptide dendrimers do not undergo irreversible denaturation,

generally do not form precipitates or aggregates, and remain active even after

prolonged heating in boiling water, as evidenced for esterolytic peptide dendrimers

such as C11 (AcHisSer)8(DapHisLeu)4(DapLysVal)2DapIleValNH2 (Figure 15.1).

15.5.1 Peptide Dendrimers as Molten Globules

1H-NMR spectra of peptide dendrimers generally show sharp signals without cross-

peaks in ROESY experiments, suggesting the existence of multiple and rapidly

FIGURE 15.9 Biofilm inhibition with a-nitrophenyl fucoside (a-NPF, 0.5mM) and FD2

(0.05mM) ofPseudomonas aeruginosa strainswild type (PAO1),DlecBmutant (PAO1DlecB),
and three clinical strains (A014, A021, A035).
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equilibrating conformers. The conformational flexibility of peptide dendrimer was

also apparent in studies of second- and third-generation dendrimers such as 3

(AcAspSer)8(DapSerHis)4(DapPheLeu)2DapCysPheNH2 as single dendrimers or as

cystine-bridged dimers adsorbed onAu(111) surface and imaged by STMat air, under

UHV, or in solution [48]. The images showed the dendrimers as globular features with

dimensions suggesting an extended flattened conformation (6� 9 nm2 for 3), forming

both single globules and ordered arrays on the surface. FurthermoreCDandFTIRdata

show thatmost peptide dendrimers lack typical protein-like secondary structures such

as a-helices or b-sheets and consist mostly of random coils [31].

Systematic determination of hydrodynamic radii by diffusion NMR in single site

esterase dendrimer RG3 (AcTyrThr)8(DapTrpGly)4(DapArgSer)2DapHisSerNH2

and analogs showed that these dendrimers exist in a monomeric, nonaggregated

state in aqueous solution at millimolar concentration, and that they have a compact-

ness comparable to molten globules indicative of partial packing only [18]. A similar

trend was observed in vitamin B12 binding dendrimers such as B1 (AcGluSer)8
(DapGluAla)4(LysAmbTyr)2DapCysAspNH2 (Figure 15.6) [24]. In this case, there

was no increase in the hydrodynamic radius upon binding to the vitamin, suggesting

that part of the binding affinity is caused by hydrophobic collapse of the dendrimer

around the vitamin. The hydrophobic collapse is consistent with the formation of a

more stable and compact vitamin B12 dendrimer complex by the glutamine

dendrimer N3 (AcGlnSer)8(DapGlnAla)4(DapAmbTyr)2DapCysAspNH2 com-

pared to its parent glutamate analog N1 (AcGluSer)8(DapGluAla)4(DapAmbTyr)2
DapCysAspNH2 [24c].

Proteolytic cleavage sites in proteins are found at exposed, disordered loops, while

the protein interior is protected fromdegradation. Trypsin and chymotrypsin cleavage

sites were found to be essentially stable toward proteolytic cleavage when placed in

the first and second-generation branches of third-generation peptide dendrimer with

only one amino acid per branch and a compact 2,3-diaminopropanoic acid branching

unit, such as in peptide dendrimerD18B (AcGlu)8(DapPhe)4(DapArg)2DapLeuNH2,

which is resistant to proteolysis while the corresponding linear peptide L18

AcGluAlaPheAlaArgAlaLeuNH2 is rapidly cleaved (Figure 15.10) [49]. By

contrast, more open dendrimers containing di- and tripeptide branches, such as

D1 (AcGlyPhePro)4(DapHypArg
#Met)2Dap-SerGlybAlaNH2, were cleaved by

proteases, although much slower than the corresponding linear peptides, showing

that these dendrimers are conformationally very flexible and that amino acids

within the topological interior can be exposed at the surface and interact tightly

with proteins.

15.5.2 Molecular Dynamics and Docking Studies

We have carried out a molecular dynamics (MD) and docking studies with the single-

site esterase peptide dendrimer RG3 (AcTyrThr)8(DapTrpGly)4(DapArgSer)2
DapHisSerNH2 and its analogs to better understand the origin of the increase in

catalytic proficiency observed upon addition of the outer dendritic branches to the

catalytic core [31]. The GROMACS [50] program was adapted to accept dendritic
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peptide sequences using a customized topology manipulation kit. Low energy

conformers were generated by gradual cooling from 800 to 200K from 20 different

starting high-energy conformations. The structural models obtained reproduced the

hydrodynamic radius determined by diffusion NMR across dendrimers of various

sizes and indicative of amolten globule state. Analysis of structural features in the low

energy conformers generated by MD showed only 0.3 backbone hydrogen bonds per

residue, which is much lower than the number of one backbone hydrogen bond per

residue found in secondary structure elements of folded proteins, and might explain

the conformational flexibility of peptide dendrimers.

The structural models of the single-site esterase peptide dendrimers RG3

(AcTyrThr)8(DapTrpGly)4(DapArgSer)2DapHisSerNH2 and HG3 (AcIlePro)8
(DapIleThr)4(DapHisAla)2DapHisLeuNH2 produced by MD showed that the pair

of cationic residues at position X3 (His or Arg) and the catalytic histidine residue at

position X1 appear on the dendrimer surface. Docking of butyryloxypyrene trisulfo-

nate 1 showed the formation of at least one salt bridge between one of the substrate

sulfonate groups and one of the cationic residues at position X3 on the dendrimer. In

addition, many low energy poses obtained by docking suitably positioned the reactive

ester group of substrate 1 in proximity to the catalytic histidine residue at X1 in an

orientation suitable for esterolysis.
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Interestingly, docking of substrate 1 to the esterase dendrimerRG3, which shows a

positive dendritic effect in catalysis, shows frequent contacts between the pyrene

trisulfonate and the aromatic side chains of the residues in the outer dendrimer layers.

By contrast, substrate–dendrimer interactionsmostly occurwith the core residues in

the case of dendrimer HG3, which showed essentially no dendritic effect in

catalysis. Docking thus suggests that the increase in catalytic proficiency observed

in dendrimer RG3 upon addition of the aromatic outer dendrimer branches is

caused by a direct binding interaction with the substrate. The difference in

substrate–dendrimer interactions between RG3 and HG3 is illustrated by docking

poses in Figure 15.11. The positive effect of the aromatic residues on catalysis in

RG3was conserved when the pair of arginine residues at X3 was exchanged for two

histidine residues, resulting in a catalytically more efficient peptide dendrimer

RG3H (AcTyrThr)8(DapTrpGly)4(DapHisSer)2DapHisSerNH2, which a maxi-

mum rate acceleration of kcat/kuncat¼ 1500 for the hydrolysis of butyryloxypyrene

trisulfonate 1 at its optimal pH 5.5 [51].

MD were also carried out for the antibiofilm glycopeptide dendrimer FD2 [45].

The structural model obtained also suggests a molten globule state, as confirmed by

diffusion NMR. The MD model was combined with the experimentally determined

crystal structure of the complex between the terminal glycosylated tripeptide arm

2G0 cFucLysProLeuNH2 of the dendrimer and lectin B. The resulting model of the

protein–dendrimer complex showed that the dendrimers could only bind to one fucose

binding site per dendrimer (Figure 15.12). Isothermal titration calorimetry data,

however, showed binding by two of the four fucose residues per dendrimer. Divalent

binding is probably realized by bridging two different lectins to form aggregates. This

hypothesis is supported by the observation of such aggregates in vitro during

attempted crystallization of the dendrimer–lectin complex. The formation of such

aggregates could also explain the antibiofilm action of the dendrimer since they

effectively neutralize the lectin.

FIGURE 15.11 Docking poses of substrate 1 to peptide dendrimer RG3 and HG3. The

dendrimer is shown in surface representation color-coded by generation number (red¼G0,

blue¼G1, green¼G2, black¼G3). Substrate carbons are represented in green, nitrogens in

blue, oxygens in red, and sulfurs in yellow. (See the color version of this figure in Color Plates

section.)
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15.5.3 a-Helical Peptide Dendrimers

The structural models of peptide dendrimers obtained by MD showed a general low

frequency of backbone H-bonds per residue, which might explain the conforma-

tional flexibility and the molten globule state of the dendrimers. These models

suggest that the direct design of secondary structure elements might be necessary to

obtain more compactly folded peptide dendrimers. This concept was tested by

introducing branching lysine residues into the sequence of a-helical linear peptides,
which lead to the identification of the second-generation peptide dendrimer D3
(AcAlaMetGluAla)4(LysLysLeuMetGlu)2LysMetLysLeuAlaNH2 existing in an a-
helical conformation [52]. This peptide dendrimer shows higher a-helical content
that its linear analog L3 AcAlaMetgluAlaAlaLysLeuMetGluAlaMetLysLeuAlaNH2,

and a remarkable stability against pH-induced denaturation and thermal aggregation.

FIGURE 15.12 Structural model of the dendrimer FD2–LecB complex obtained by molec-

ular dynamics and energy minimization. The Ca2þ ions are shown in magenta and indicate the

location of the fucose-binding pocket. Three binding sites are shown with the resolved fucosyl

residues of the tripeptide 2G0 cFucLysProLeuNH2 and the fourth site is modeled with

dendrimer FD2. (See the color version of this figure in Color Plates section.)
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MD suggests that the dendrimer consists of a core a-helix that is surrounded and

stabilized by the dendritic branches. This approachmight be generally useful to design

fully folded peptide dendrimer analogs of proteins.

15.6 CONCLUSION AND OUTLOOK

The investigation of peptide dendrimers as protein models offers a new insight into

artificial protein-like systems. The approach is particularly straightforward since it

capitalizes on solid-phase peptide synthesis and its combinatorial version for

synthesis and functional optimization. The dendritic design produces macromole-

cules that adopt a protein-like globular conformation even without folding. Peptide

dendrimers are quite stable against thermal denaturation and proteolytic degradation,

properties that are quite difficult to obtain in proteins. Our work so far concerned

enzymemodel studies, including esterases, aldolases, andmetal cofactor binding, and

biofilm inhibitionwith glycopeptide dendrimers. Future challenges include the design

of stable dendritic secondary structures, the synthesis of larger peptide dendrimers

that are closer to proteins in terms of their size, and the continuing exploration of

protein-like functions in peptide dendrimers.
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16.1 INTRODUCTION

Most publications about dendrimers and dendritic structures concern organic den-

drimers, in particular those having a nitrogen atomat each branching point such as poly

(amidoamine) (PAMAM) [1] and poly(propyleneimine) (PPI) dendrimers [2]. How-

ever, heteroatom-containing dendrimers [3], possessing one heteroatom (in particular

P and Si) at each branching point, attract an increasing interest since the pioneering

works reported by Rebrov et al. in 1989 for poly(organosilane) dendrimers [4], and by

Engel and coworkers in 1990 for poly(phosphonium) dendrimers [5]. We described in

1994 the first neutral phosphorus dendrimers (poly(thiophosphoryl)) [6]. Since that

time we have published about 260 papers in this field, we have developed several

methods of synthesis and we have found many applications in various fields. After a

first part remembering important aspects concerning the synthesis of phosphorus-

containing dendrimers, this chapter will emphasize their applications in three main

fields: catalysis, (nano)materials, and biology.

Designing Dendrimers, Edited by Sebastiano Campagna, Paola Ceroni, Fausto Puntoriero.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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16.2 SYNTHESESOF PHOSPHORUS-CONTAININGDENDRIMERS

Besides our own work, a few other groups have reported the synthesis of phosphorus-

containing dendrimers.We havementioned in the introduction the poly(phosphonium)

dendrimers proposed by Engel and coworkers [5]. This first two-step method consists

of the cleavage of ether linkages byMe3SiI to afford an alkyliodide,which is used in the

second step for alkylating a phosphine possessing three ether groups. This process was

applied up to the third generation (dendrimer 1-G3), and it allows multiplying by 3 the

number of end groups at each generation (instead of 2 in most cases) (Figure 16.1).

Small poly(phosphine) dendrimers were reported by DuBois and coworkers [7]; they

were obtained by a radical addition of primary phosphines to the vinyl group of

FIGURE 16.1 Chemical structures of various types of phosphorus dendrimers.
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phosphonates. Reduction of the phosphonates by lithium aluminum hydride afforded

again primary phosphines. This synthesis was carried out up to the second generation

2-G2. Largerpoly(phosphine)dendrimerswereproposedbyKakkar andcoworkers [8];

the first step of the synthesis consisted of the aminosilanization of alcohol end groups;

the second step is a controlled acid-based hydrolysis of the aminosilanes by a single

OH of P[(CH2)3OH]3. The synthesis was carried out up to the third generation 3-G3.

Characterization of these compounds indicates dendrimer rather than hyperbranched

growth, despite the possibility of multiple reactions of P[(CH2)3OH]3. The use of

phosphoramidites as building blocks for the synthesis of phosphorus dendrimers was

developed by Roy [9] and by Salamonczyk et al. [10]; both methods afford poly

(phosphate) dendrimers. The first method consists of coupling a phosphoramidite

bearing siloxane groups with alcohol end groups, followed by oxidation. The

second step of this method is the deprotection of the siloxane. Repeating twice

both steps affords the second generation 4-G2, which can be functionalized by N-

acetylgalactosamine [9]. The secondmethod of the synthesis of phosphate dendrimers

is related to the previous one; it consists first of the reaction of a triol with a

phosphoramidite possessing acetate groups, followed by oxidation with elemental

sulfur [10]. The second step is the deprotection of the acetates to afford the polyols of

the next generation. The repetition of both steps was carried out up to the fifth

generation 5-G5. The same type of method is also usable for the synthesis of

dendrimers possessing selenium, oxygen [11] or boron hydride [12] instead of sulfur

linked to phosphorus. It is even possible to build original dendrimers possessing a

different type of phosphate at each generation, chosen between P¼S, P¼Se, and P¼O,

affording layered dendrimers [13] (Figure 16.1).

However, the most generally used method of synthesis of phosphorus-dendrimers

is the one we described in 1994 [6]. It consists in applying a two-step reiterative

process using successively 4-hydroxybenzaldehyde in basic conditions and

H2NNMeP(S)Cl2 (Scheme 16.1). Both steps generate only NaCl and H2O as by-

products and are quantitative. This process gave rise to the highest generation well

characterized obtained up to now for any type of dendrimers (generation 12, 6-

G12) [14]. It is also the highest generation obtainable from a practical point of view

(the twelfth generation is the last one soluble) and from a theoretical point of view,

due to the fact that the number of end groups increasesmore rapidly than the free space

available for them for high generations, preventing full substitutions.

These reactions can be applied starting from various cores, in particular N3P3Cl6
instead of P(S)Cl3 (compounds 7-Gn, Scheme 16.1) [15], but also from a phthalo-

cyanine core [16]. In fact any type of compound possessing aldehyde or PCl functions

can be used as core, even an oligomer [17]. 4-Hydroxybenzaldehyde can be also

replaced by any type of compound possessing both a phenol and an aldehyde, for

instance the azobenzene derivative HOC6H4�N¼N�C6H4CHO [18].

Aldehydes and P(S)Cl2 are the terminal groups of these series of dendrimers, both

being among the most reactive groups in organic chemistry and phosphorus chem-

istry, respectively. Thus, we have carried out a lot of reactions starting from these end

groups [19]; most of them were selected for obtaining special properties or applica-

tions, which will be emphasized later. These end groups allowed us to propose also
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a new concept in dendrimer chemistry, that we called “multiplurifunctionalization.”

Indeed, a series of compounds having two, three, or even four different terminal

groups linked to each branching point of the surfacewas obtained, thanks to the very

special reactivity of the P(X)Cl2 end groups (X¼O, S). The grafting of several types

of functional groups at each reactive site of the surface can be accomplished using

the specific monosubstitution of functionalized amines to P(X)Cl2 end groups.

Dendrimers of type 8-Gn possessing three types of end groups (Cl, NH, propargyl)

were obtained up to the seventh generation. The remaining Cl is able to react with

phenols such as hydroxybenzaldehyde only when X¼O, to afford another type of

trifunctional dendrimers 9-Gn, possessing NH, propargyl, and aldehyde end groups.

The fourth terminal group is obtained from 9-Gn by a Wittig reaction between

Ph3PCHCN and the aldehydes, to afford dendrimers 10-Gn. The four types of

functional end groups are secondary amine, propargyl, alkene, and nitrile groups

(Scheme 16.2) [20].

After our first method of synthesis shown in Scheme 16.1, we have also proposed

several other types of synthesis of phosphorus dendrimers, including in particular the

creation of P¼N�P¼S linkages at one, several, or all generations. These linkages are

easily obtained by Staudinger reactions between phosphines and phosphorus azides.

These reactions are quantitative and generate N2 as the sole by-products, thus they are

SCHEME 16.1
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particularly attractive for the synthesis of dendrimers. In our first methods, phos-

phorus dendrimers including these linkages necessitate three steps to build one

generation, starting from aldehyde groups: (i) condensation of methylhydrazine,

(ii) reaction with either Ph2PCl in basic conditions [21] or with Ph2PCH2OH [22], and

(iii) Staudinger reaction between the phosphine end groups and an azido dialdehyde,

which affords again aldehydes as end groups. The repetition of these three steps was

carried out up to the third generation 11-G3 (Scheme 16.3). Itmust be emphasized that

this three-step method is fully compatible with the two-step method shown in

Scheme 16.1, because both afford aldehyde terminal groups. It means that the

P¼N�P¼S linkages can be introduced at one or several layers, where desired when

applying the two-step process.

The presence of P¼N�P¼S linkages inside dendrimers led to the most original

type of dendritic structures described up to now. Indeed, these linkages have a

mesomeric form (þP�N¼P�S� ) in which a negative charge is located on sulfur.

Due to this particular structure, these linkages are able to undergo a specific alkylation

on sulfur with alkyl triflates [22], eventually functionalized [23]. This reaction is

SCHEME 16.2
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compatiblewith the presence of the other P¼S groups in the dendrimer, which are not

alkylated. The alkylation of sulfur of dendrimer 12-G3, having one layer of

P¼N�P¼S groups, induces a weakening of the phosphorus–sulfur bond. The P�S

bond can be easily cleaved by a nucleophilic phosphine such as P(NMe2)3, affording

tricoordinated phosphorus atoms (PIII) inside the structure (dendrimer 13-G3). These

PIII are able to react in Staudinger reactions with various functionalized azides,

allowing the internal functionalization for instance with primary amines, or iso-

thiocyanates [24], or pyrene derivatives [25]. However, the most interesting function

to be grafted in this way is aldehyde, using N3P(S)(OC6H4CHO)2 (dendrimer 14c-

G3); the condensation of the aldehydes with primary amines allowed the functiona-

lization by macrocycles or azides (dendrimers 15-e-f-G3) [24] (Scheme 16.4).

A lot of reactions can be performed starting from these aldehyde internal groups,

and in particular the methods of synthesis of phosphorus dendrimers shown in

Schemes 16.1 and 16.3 can be used now inside these dendrimers. The two-step

method was applied up to the growing of four generations inside the dendrimer

14c-G3 (Scheme 16.5). The largest compound synthesized (16-G3G4) possesses 48

phenoxy end groups coming from the initial dendrimer, and 96 aldehyde end groups,

coming from the reactivity inside the dendrimer, and the growing of new

branches [26]. The three-step process can be applied to the dendrimer 14c-G3 to

afford dendrimer 17-G3G4 in which two different types of branches are forced to

coexist, but keep their own properties (Scheme 16.6) [26]. Up to now, no other type of

dendrimer (including organic dendrimers) has been able to afford so original

structures. The reactivity of both types of branches is different, as illustrated by the

reactivity of gold; only the newly synthesized branches, which possess P¼N�P¼S

linkages are able to complex gold on P(S), whereas the other branches are not able,

affording compound 18-G3G4 [27].

Another way for obtaining highly sophisticated dendritic structures consists in

using dendrons (also called dendritic wedges), possessing as core a vinyl group

activated by a P¼N�P¼S group (such as 19a,b-G3) with another dendron posses-

sing a primary amine as core (such as 20c,d-G3).Michael addition can be performed

with these dendrons. This reaction is compatible with several types of end groups,

as shown by the obtaining of the “Janus” species 21ac-G3G3 and 21bd-G3G3.

SCHEME 16.3
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SCHEME 16.4

SCHEME 16.5
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The former one is particularly interesting, because it possesses 16 diphenylpho-

sphino groups on one side. The reaction of 16 equiv. of dendron 22-G3 via

Staudinger reactions afforded the dendritic species 23, which possesses two types

of end groups, that are 16 phenoxy groups on one side and 512 dimethylamino

groups on the other side (Scheme 16.7) [28].

Figure 16.2 displays the various types of dendritic structures (dendrimers, den-

drons, and special dendritic architectures) built with one phosphorus atom at each

branching point synthesized up to now, thanks to the extraordinary versatility of the

chemistry of phosphorus.

SCHEME 16.6

SCHEME 16.7
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Obviously, most of these dendritic structures are obtained by lengthy processes,

thus we have tried to findmore rapidmethods of synthesis of dendrimers, in particular

bymultiplying the number of terminal groups at each synthetic step, and not every two

or three steps as shown previously. We applied orthogonal coupling strategies, based

on the use of two types of branched units bearing complementary functions, namely

AB2 and CD2 monomers, where A reacts only with D, and B reacts only with C. In

order to save time, quantitative reactions without protecting groups and activating

agents are desirable. Two reactions are particularly useful for synthesizing phospho-

rus dendrimers, as shown previously: condensation reactions and Staudinger reac-

tions. Thus, the goal is to synthesize compounds inwhichA is NH2,B is PPh2,C is N3,

and D is CHO. This goal was first achieved by designing compounds H2NNMeP(S)

(OC6H4PPh2)2 (AB2) and N3P(S)(OC6H4CHO)2 (CD2). Starting from a trialdehyde

core (D3 type), the reaction of theAB2monomer affords the first generation, then the

reaction with the CD2 monomer affords directly the second generation. Using again

the AB2, then the CD2 monomers affords the fourth generation of the layered

dendrimers 24-G4. In this series, the dendrimers have either aldehydes or phosphines

as terminal groups. This method is very powerful and quantitative, and generates only

N2 and H2O as by-products, thus it was even possible to synthesize the fourth

generation in a one-pot (but multistep) process, adding periodically strictly stoichio-

metric amounts of reagents (Scheme 16.8) [29].

The same concept can be extended to monomers having a larger number of

functional groups. In particular, N3P3Cl6 offers the opportunity to differentiate the

reactivity of one Cl among six, in order to graft specifically either one or five

FIGURE 16.2 Various dendritic structures having phosphorus at each branching point.
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functions. AB5 and CD5 monomers based on the cyclotriphosphazene scaffold

were synthesized in this way. Each step of the synthesis of dendrimers with AB5

and CD5 monomers needed several days to go to completion, and the synthesis

was stopped at the third generation 25-G3; no attempt was made to synthesize the

next generation, due to the steric hindrance of the third generation outer shell

(Scheme 16.9) [30].

In order to shortenmore the synthetic process, hyperbranched polymers appear as a

tempting alternative to dendrimers, due to their straightforward one-pot synthesis.

Thus, we designed a protected branched monomer having two types of functions in a

1:2 ratio, in which the deprotected functions react readily intermolecularly. The

Staudinger reaction is chosen, due to the absence of by-products and to its high yield.

The monomer bears one azide and two protected phosphines that are deprotected by

bases. Various hyperbranched polymers were obtained, with various molar masses

and distribution, depending on the temperature, the reaction time, the solvent, the

concentration, and the type of amine used for the deprotection. However, the degree of

branching was found very high and practically identical (0.83–0.85), irrespective of

SCHEME 16.9

SCHEME 16.8
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the conditions used (Scheme 16.10). The polydispersity is very high for these

hyperbranched polymers (from 1.5 to 8, depending on the sample), and the properties,

for instance concerning the intrinsic viscosity that slowly increaseswith themolecular

weight, are different from those expected for dendrimers. In order to see if these

differences were due to the topological structure or to the chemical structure,

dendrimers issued from the same monomer were also synthesized by a stepwise

process (Scheme 16.10). The series of compounds 26-Gn have the normal behavior

expected for dendrimers, in particular concerning the very low polydispersity (the

highest value is 1.029 for 26-G5) and the variation of intrinsic viscosity with

molecular weight (a bell-shaped curve). It can be inferred from these results that

the replacement of dendrimers by hyperbranched polymers having the same chemical

composition might not be a good solution in many cases, the physicochemical

properties being too different [31].

After these synthetic aspects, we focused our interest on the potential uses of

these phosphorus-containing dendrimers. In practically all cases, the dendrimers

SCHEME 16.10
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shown in Scheme 16.1 were used, mainly those built from the cyclotriphosphazene

core (series 7-Gn) suitably functionalized on the surface, depending on the

properties desired [32]. Several properties that will be displayed in the following

paragraphs are also known for other types of dendrimers. However in some cases,

and especially concerning some biological properties, these phosphorus dendrimers

display very unique properties.

16.3 ORGANOMETALLIC DERIVATIVES OF PHOSPHORUS

DENDRIMERS AND THEIR USE AS CATALYSTS

The use of dendrimers as catalysts was recognized very early, with the aim of

combining both the advantages of homogeneous catalysts (solubility) and hetero-

geneous catalysts (easy recovery), without their disadvantages. The first example

dates back to 1994, using organic dendrimers [33]. Several reviews have covered this

topic [34], but only very few concern phosphorus dendritic catalyst [35]. In many

cases phosphorus derivatives (phosphines) are used to complex the metal, but the

dendritic backbone does not contain phosphorus in their structure. In this chapter, we

will focus only on the case of dendritic catalysts built from phosphorus-containing

dendrimers. The first example in this field also dates back to 1994, when the palladium

complex of the phosphorus dendrimers 2-Gn was used for the electrocatalyzed

reduction of CO2 to CO [7]. Later on, the rhodium complexes of the dendrimers

3-Gn were found efficient catalysts for olefin hydrogenation in a 1:200 metal-to-

substrate ratio. The efficiency of the dendrimer was found similar to that of

monomeric complexes, but the advantages of these dendritic catalysts are their easy

separation and reuse [8].

We have also contributed to this field, but in first attemptsweweremainly interested

in organometallic chemistry and not in catalysis; several phosphorus dendrimers

having metallic derivatives as end groups [36] or in their internal structure [37] were

synthesized for this purpose. When using them later on as catalysts, we generally

choose to graft the catalytic complexes at the periphery, as terminal groups of

dendrimers. It must be emphasized that in all cases, the molar percentage of catalyst

that is indicated is themolar percentage ofmetal, with onemetal per ligating site on the

dendrimer. In this way it is possible to compare directly the efficiency of a monomer

and of a dendrimer. In our first example of catalysis,wewanted to compare the catalytic

efficiency depending on the location of the catalytic sites. For this purpose, we grafted

amino diphosphine ligands either at the surface of dendrimers or at the core of

dendrons. The RuH2(PPh3)2 complex 27-G3was used for Knoevenagel condensations

and diastereoselective Michael additions. In the latter case, the dendron 28-G3 having

one RuH2(PPh3)2 complex at the core was also tested. No difference in the diastereos-

electivity was observed when compared to the dendrimer, and to the monomer

(Figure 16.3). The PdCl2 complex of the third-generation dendrimer shown in

Figure 16.3 was used as catalyst in Stille couplings. In all these cases, it was possible

to recover and reuse twice the dendritic catalyst, without any significant loss of activity

in marked contrast with the behavior of the corresponding monomer [38].
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In another example of amino diphosphine ligands as terminal groups of phos-

phorus dendrimers, wewanted to compare the influence of a local steric hindrance on

the efficiency of the catalysis, depending on the generation. For this purpose, the

diphosphino dendrimers 29-Gn and 30-Gn were synthesized, and their palladium

complexes used in Sonogashira reactions. In the case of the nonhindered dendrimer

29-Gn, a slight increase of the efficiency of the catalysis was observed on going from

the monomer 29 to the third generation 29-G3 (slightly positive dendritic effect); in

contrast, a detrimental influence of the generationwas observed in the case of themore

hindered compounds 30-Gn from the first to the third generation (Figure 16.4).

These experiments were carried out in mild conditions, and were found very tolerant

to large amounts of water (more than 30% of water as solvent with acetonitrile) [39].

FIGURE 16.4 Influence of the generation on catalyzed Sonogashira reactions.

FIGURE 16.3 Influence of the location of catalytic site(s) on Michael additions.
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As shown above, the activity measured for the dendrimers was comparable or

slightly higher than that of the monomers in many cases, but no general rules can be

deduced concerning the efficiency of a dendritic catalyst. We have synthesized and

complexed iminophosphine derivatives, in particular the monomeric palladium

complex 31 and the first-generation dendrimer 31-G1. Comparison of their efficiency

for various Stille couplings was really puzzling (see Figure 16.5). Measurements of

the rate of conversion by 1H NMR show that in case (a) the monomer is more efficient

than the dendrimer, in case (b) the monomer and the dendrimer have the same

efficiency, and in case (c) the dendrimer ismore efficient. However, the real difference

between 31 and 31-G1 is that the latter can be recovered and reused, but not

the former [40].

Another example of iminophosphine (compound 32-G3) derived from

(2S)-2-amino-1-(diphenylphosphinyl)-3-methylbutane was complexed in situ by

[Pd(Z3-C3H5)Cl]2. This catalyst was used in asymmetric allylic alkylations of rac-

(E)-diphenyl-2-propenyl acetate and pivalate. This reaction necessitates also a base

(BSA) and an acetate salt; better results were obtained with LiOAc than with KOAc.

The percentage of conversion, the yield of isolated 2-(1,3-diphenylallyl)-malonic acid

dimethyl ester, and its enantiomeric excess were measured in each case, and were

found good to very good (ee from90 to 95%) (Figure 16.6). Furthermore, the dendritic

catalyst can be recovered and reused at least two times, with almost the same

efficiency [41].

The last example of phosphine dendrimers that we have synthesized was obtained

by grafting the water-soluble PTA ligand (1,3,5-triaza-7-phosphaadamantane)

as terminal groups of generations 1–3. Their ruthenium complexes (compounds

33-Gn) were used as catalysts in aqueous media for two types of experiments. A

slightly positive dendritic effect on the regioselectivity was observed for hydration

of alkynes, and a large positive dendritic effect was observed in the biphasic

FIGURE 16.5 Monomer versus generation 1 dendrimer for catalyzing Stille couplings.
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(water/heptane)-catalyzed isomerization of allylic alcohols to ketones (from 38% of

conversion with the monomer 33, 63% with the first-generation dendrimer 33-G1, to

98% with the third generation 33-G3). The products were easily isolated and the

catalyst could be reused several times, even the first generation (Figure 16.7) [42].

The best example of positive dendritic effect was obtained for the coupling of

pyrazole, catalyzed by the copper complexes of pyridineimine-ended phosphorus

dendrimers. Copper is a cheap and practically nontoxic metal, which is a very

attractive alternative to transition metals. However, the monomer 34 is totally

inefficient to catalyze this reaction, starting from either iodo- or bromobenzene. In

sharp contrast, the dendrimers 34-Gn enabled quantitative conversion of substrate into

FIGURE 16.7 Role of the generation and recycling in aqueous media for alcohols

isomerization.

FIGURE 16.6 Influence of cocatalyst and generation for catalyzed asymmetric allylic

alkylation.
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product within 20 h at 80�C,when starting from iodobenzene.When starting from less

reactive bromobenzene, the best catalytic activity was obtained in the presence of the

third-generation dendritic ligand 34-G3, phenylpyrazole being obtained in 80% yield

after 20 h at 80�C (Figure 16.8). We have also demonstrated specific advantages for

copper(I) catalysis of the very important O- and N-arylation and vinylation of phenol

and pyrazole using these copper dendritic complexes, for which the highest yields

under the mildest conditions were used [43].

Another example of copper-catalyzed reactions was provided by dendrimers

ended by bisoxazoline ligands attached via “click” reactions, from generation 1 to

generation 3. These macromolecules were evaluated in copper(II)-catalyzed asym-

metric benzoylations, starting from two different diols. Dendrimers 35-G1 and 35-G2

afford good yields and enantioselectivities in both cases, whereas the third generation

has a detrimental influence on the enantioselectivity. The copper(II)-catalysts could

be readily recovered and reused in several cycles (Figure 16.9) [44].

FIGURE 16.9 Cu(II) dendritic complexes and their reuse for catalyzed asymmetric

benzoylations.

FIGURE 16.8 Copper(I) dendritic complexes for the catalyzed coupling of pyrazole.
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The last example in the field of catalysis is at the border withmaterials. Phosphorus

dendrimers containing on their surfaces 15-membered azamacrocycles were synthe-

sized up to the fourth generation (dendrimers 36a,b-G0, 36b-G1, 36b-G4), and their

coordinating ability to palladium(0) atoms was tested. Depending mainly on the

amount of Pd(0) used, either discrete complexes or new nanoparticulated materials

were obtained, where nanoparticles are stabilized by the dendrimers of the zero, first,

or fourth generation.No reduction process of palladium(II) saltswas needed to prepare

nanoparticles of 2.5–7.9 nm diameter. These complexes and nanoparticles were used

for the Mizoroki–Heck reaction; in all cases, the catalyst could be recovered and

reused several times. The Pd-complex of 36a-G0 displays constant catalytic activity

with recycling, whereas the Pd-nanoparticles stabilized with 36a-G0 displays an

increasing catalytic efficiency with recycling; this could be related to a decrease in the

nanoparticles size, observed by electron microscopy (Scheme 16.11) [45].

16.4 PHOSPHORUS DENDRIMERS FOR THE ELABORATION

OR MODIFICATION OF (NANO)MATERIALS

The development of nanomaterials is presently one of the major challenges for

materials chemistry. In this perspective, nanosized molecules and particularly

dendrimers are attracting a considerable attention. Indeed, dendrimers can play a

key role in the chemical construction of periodic mesostructures synthesized by the

cooperative assembly and organization of organic and inorganic components. We

have already published twomain reviews in this field [46]; themost important findings

using phosphorus dendrimers will be highlighted in the next paragraphs.

SCHEME 16.11
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Phosphorus dendrimers are usable to create new silica materials controlled at the

nanometric scale. The concomitant use of the positively charged dendrimers 37-Gn or

38-Gn (up to generation 8), cationic surfactants (cetyltrimethylammonium bromide

(CTAB)) and sodium silicate in water allowed the synthesis of mesostructured

nanoporous silica including dendrimers. We have shown that relatively important

amounts of dendrimers (up to 26% in weight) can be incorporated into hexagonal

silica phases during the structuring process. In these conditions, the inclusion of

dendrimers does not modify the honeycomb structure characteristic of the MCM-41

phase, as well as its narrow pore size distribution of about 25A
�
and its specific surface

(Figure 16.10, left). These hybrid nanocomposites possess original properties, in

particular the unprecedented possibility to selectively remove the surfactant while

keeping the dendrimer inside the material, while noncovalently linked. Furthermore,

all the dendrimers, and particularly their end groups are fully accessible [47].

In another approach to functionalized silica, we have covalently grafted dendrons

39-G3 functionalized by Si(OEt)3 at their core. The cohydrolysis and polyconden-

sation of these macromolecules with a defined and varying number of equivalents of

tetraethoxysilane (TEOS)was carried out via sol–gel protocol, giving rise to dendron-

silica xerogels. The texture (porosity) ofmaterialswas determined byBET (Brunauer,

Emmett, and Teller) measurements. A narrow pore size distribution was obtained in

several cases (Figure 16.10, right). As the type of terminal groups of the dendrons can

be easily varied, this process allowed the synthesis of numerous types of functio-

nalized silica; we have in particular used as terminal groups of these dendrons

phosphines, dyes, nitriles, and amines [48].

Besides silica, less classical periodic hybrid organic–inorganic materials with

hierarchical structures and complex forms were obtained using as nanobuilding

FIGURE16.10 Positively chargeddendrimers, and neutral dendrons, used for the elaboration

of functionalized silica.
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blocks the first-generation dendrimers 40-G1 (alcohol terminal groups) or 41-G1

(carboxylic acid terminal groups) and the structurally well-defined Ti-organo-oxo

cluster Ti16O16(OEt)32. The hybrid interface is created by trans alcoholysis in the case

of the alcohol tips, and by bridging carboxylates in the case of acidic tips. In both cases

a bicontinuous hybrid gel in which the titanium clusters are regularly spaced by the

dendrimers was obtained (Scheme 16.12) [49].

Another type of organization was observed when some polycationic dendrimers

such as 37-Gn or 42-Gn (both possessing amide terminal groups) were left for days in

water. Indeed, solid hydrogels can be obtained in both cases, even when using

amounts of dendrimers as small as 0.25% inweight inwater; the gels thus obtained are

solid at room temperature though they contain 99.75% of water (Figure 16.11, left).

During the gelation process, large amounts of various types of hydrosoluble sub-

stances (for instance up to 30% in weight of nickel acetate) can be incorporated.

Around 70,000watermolecules are estimated to be gelled by amolecule of dendrimer

of generation 4 (37-G4, 42-G4), that is gelation of about 1200� 1400 molecules of

water per terminal ammonium or pyridinium unit, regardless of the generation

considered [50]. The same gelation phenomenon was observed with nanolatexes

coated with dendrons possessing the same types of terminal groups as 42-Gn [51].

Dendrimers 42-Gn were also used for obtaining macroscopic fibers. As shown in

Figure 16.11 (right), a concentrated solution (10% in weight) of dendrimer in water

was put in a syringe equipped with a kinked needle and linked to a step motor.

The dendrimer solution contained in the syringe was continuously injected into a

SCHEME 16.12

FIGURE 16.11 Hydrogels and fibers obtained from pyridinium-ended dendrimers.
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40 cm-long cell containing a flocculating solution (10wt% La(NO3)3 in water). The

so-produced fiber was left 1 h in the solution then taken and analyzed. Mechanical

measurements showed that dendrimer fibers exhibit an elastic behavior (reversible

deformation of 3%, same order of magnitude than nylon and cotton fibers), followed

by the rupture of the fiber above 9GPa, whereas typical polymer fibers exhibit an

irreversible deformation before rupture [52].

The stabilization of metal clusters by suitable ligands has allowed to make them

isolable compounds, but the presence of this ligand shell modify the electronic

properties, thus obtaining and organizing bare clusters appears highly desirable, but

also highly challenging. The Au55 cluster is in particular very attractive for nanoe-

lectronic devices, but numerous previous attempts to generate it failed and gave only

crystals ofAu13. In sharp contrast, dendrimers 43-Gn possessing thiol terminal groups

were able to peel off the PPh3 ligands and the chlorine of Au55(PPh3)12Cl6, while

keeping the Au55 structure, then to organize the bare Au55, which coalesce in

nanocrystals of (Au55)1, the dendrimer acting as template for crystallization. The

best results were obtained with the fourth generation 43-G4 (Figure 16.12) [53].

The same phenomenonwas observed later when the same dendrimer was deposited as

thin layer on a silicon surface. Interaction of these dendrimer films with solutions of

Au55(PPh3)12Cl6 also produced nanocrystals of (Au55)1 [54]. Very recently, we

have used another type of dendrimer (44-Gn, ended bymacrocycles closely related to

36b-Gn) for performing also two different organizational roles. When interacting

with Pt(dba)3, these dendrimers first induce the formation of Pt(0) nanoparticles, then

organize them in hyperbranched networks of coalesced Pt-nanoparticles, for which

FIGURE 16.12 Pt nanoparticles and their organization, both induced by the dendrimers.
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both the size and the degree of branching vary with the generation of the dendrimer.

The largest networks were obtained with 44-G4 (Figure 16.12) [55].

Another important field of research in materials chemistry consists in modifying

the surface of an existing material by the deposition of organic thin films. Various

techniques were already applied using phosphorus dendrimers; the first examples that

we will see consists of obtaining modified electrodes, using dendrimers possessing

electroactive groups in their structure. Dendrimers 45-Gn (n¼ 0–4) possess bithio-

phene terminal groups that are electropolymerizable, leading to electrodes irrevers-

iblymodified by a dark blue filmon the anode. This film is an electroactive conjugated

polydendritic polymer, which remains electroactive in aqueous media, particularly

when elaborated from the highest generations [56]. On the other hand, the electro-

deposition of dendrimers 46-G3, possessing 24 TTF-crown ethers as terminal groups,

is fully reversible. This dendrimermodified electrode is usable for the electrochemical

sensing of a metal cation (i.e., Ba2þ), as shown in Figure 16.13 (upper part), which

displays the changes of the electrochemical response upon increasing concentrations

of Ba2þ [57]. However, one of the most popular electroactive derivatives is certainly

ferrocene, thanks to its robustness and its full electrochemical reversibility in many

cases. It has been linked very often to dendrimers, generally as terminal groups [58].

In the particular case of phosphorus dendrimers,we have grafted ferrocene derivatives

as terminal groups, but also as core and in the interior; in all cases a blue film was

reversibly deposited onto the electrode [59]. Themost original examples are shown in

Figure 16.13: ferrocenes functionalized by aldehydes were grafted as terminal groups

FIGURE 16.13 Various types of electrochemically active phosphorus dendrimers.
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of the third, the fifth and the ninth-generation dendrimer 47-Gn, then the aldehydes

were reacted as shown previously in Scheme 16.1, to afford the generations nþ 1 and

n þ 2. This concept is illustrated in Figure 16.13 (lower part) for the fifth generation

47-G5, leading then to sixth (47-G5þ 1), then the seventh (47-G5þ 2)-generation

dendrimers. Progressive burying of the ferrocene inside the dendritic structure

induces two differences in the electrochemical response: first, the rate of the electronic

transfer decreases when the redox centers are more confined within the interior of

the dendrimer; second, the reversibility of the system decreases with the increase

of the generation of the dendrimer within the same series [60].

In connection with these electroactive dendrimers, we have synthesized the series

of fluorescent dendrimers 48-Gn (n¼ 1–4) bearing pyrene derivatives as terminal

groups. The fluorescence intensity increased with the generation, and this series of

compounds was used for the elaboration of organic light emitting diodes (OLEDs).

The dendrimers are incorporated in poly(vinylcarbazole) and constitute the emitting

(electroluminescent) layer, as shown in Figure 16.14 [61].

Another very important way to modify the surface of materials at the nanometric

scale consists in using the “layer-by-layer” (LBL) deposition of positively and

negatively charged entities [62]. Dendrimers having either positive charges (ammo-

niums, 38-G4) or negative charges (carboxylates, 49-G4) on their end groups were

used for the coating of various surfaces such as microspheres to generate micro-

capsules [63], and glass in particular for the culture of neurons [64].

This LBL technique using ionic interactions was in particular applied for the

elaboration of nanotubes of dendrimers. Ordered porous alumina templates

(Figure 16.15a) were coated by immersion successively in water solutions of

negatively charged dendrimers 49-G4, then positively charged dendrimers 38-G4.

Bilayers of dendrimers were deposited by alternately immersing the templates in the

corresponding solutions. Removal of the inorganic template was performed without

destroying the dendrimers and afforded nanotubes that are the replica of the pores

(400 nm width, 80 mm length, Figure 16.15b) [65]. The same methodology was used

later with negatively charged quantum dots (QDs, fluorescent nanocrystals) emitting

at 561, 594, and 614 nm, instead of the negatively charged dendrimers. Nanotubes

FIGURE 16.14 OLEDs elaborated from fluorescent dendrimers.
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containing a single type of QD were first prepared; as expected, their photolumi-

nescence (PL) emission spectra appear at the expected wavelengths depending on

the QDs used. Then, nanotubes containing multiple types of QDs were prepared.

Their PL emission spectra show exclusively an emission peak centered at 614 nm,

originating from QD614, indicating that an efficient excitation energy transfer

takes place from the larger bandgap QDs to the ones with lower band energy

(Figure 16.15c). This is a key feature for the enhanced detection sensitivity of DNA

hybridization inside the nanotubes. Hybridization was carried out with amino

group-functionalized probe DNA with Cy5-labeled complementary 15-mer DNA

oligonucleotides. The measured normalized PL emission spectra display an intense

shoulder at about 670 nm, originating from Cy5 that can be attributed to excitation

energy transfers by FRET from the QDs to the Cy5. The results suggest that NTs

containing a cascaded-energy-transfer architecture have potential utility for the

detection of trace amounts of DNA [66].

Surfaces of materials can be modified also by covalently linking dendrimers.

Themain advantage of using dendrimers instead of simplemonomers is the number of

anchoring points afforded by the dendrimer, which enhances the stability of the

interfaces; this is particularly interesting for detector applications. We have synthe-

sized the fluorescent small dendrimer 50-G1 incorporating reactive phosphonate

FIGURE 16.15 Nanotubes made by LBL deposition of charged dendrimers and quantum

dots; their use for the detection of trace amounts of DNA.
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groups able to be anchored to a nanocrystalline titania mesostructured film. The

resulting hybrid functionalized films are brightly fluorescent, which makes these

devices quite attractive for use as sensors. Indeed, the formation of hydrogen bonds

between alcohols and the carbonyl groups of the fluo-tag induces a quenching effect.

Figure 16.16 shows that the dendrimers grafted to the films display high quenching

efficiency toward phenolic OH moieties, especially those from resorcinol and 2-

nitroresorcinol, with less than 1% of fluorescence remaining. This effect is attributed

to the increased spatial proximity of the fluorescent molecules that makes the

formation of hydrogen bonds between the hydroxyl moieties of the quenchers and

the carbonyl groups of the dendrimer easy [67].

We have also elaborated very sensitive biological sensors by the covalent grafting

of aldehyde terminated dendrimers onto aminosilanized glass slides. The contribution

of phosphorus dendrimers to the field of bioarrays began in 1999, with the immo-

bilization of a protein (human serum albumin (HSA)) [68]. AFM (atomic force

microscopy) images of the slides showed a total coverage of the surface by dendrimers

6-G5
0, and the presence of the HSA clusters (Figure 16.17).

Having in hand such methodology, it was later on developed for the elaboration

of DNAmicroarrays that we called “dendrislides.” Several generations of dendrimers

7-Gn
0 were tested, and the best results concerning the signal-to-noise ratio were

obtainedwith generations 4–7, thus generation 4was chosen, because it ismore easily

synthesized than higher generations. To quantify the target/probe hybridization

sensitivity, “dendrislides” and 12 commercially available glass slides were spotted

with a 35 mer oligonucleotide, then hybridized with increasing concentrations of a

Cy5-labeled 15mer oligonucleotide complementary to the probe, from 0.001 to

100 nM. At target concentrations 0.001 nM of DNA, a fluorescence signal was still

quantifiable only using the dendrislides elaborated with 7-G4
0 (Figure 16.17) [69].

Reusability of the dendrislides was also tested and was found excellent even after

10 hybridization/stripping cycles [70]. The same concept was developed later for

liposomes arrays [71] and for the elaboration of sensitive piezoelectric mass-

sensing devices [72].

FIGURE 16.16 A chemical sensor for phenols, elaborated with a fluorescent dendrimer.
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16.5 BIOLOGICAL PROPERTIES OF PHOSPHORUS

DENDRIMERS

One of the most active areas of research about dendrimers concerns their biological

properties, and numerous reviews in this field have been published recently [73].

Obviously, the first main point concerns the solubility in water [74], which is often

achieved by grafting positively or negatively charged substituents as terminal groups,

or PEG (polyethyleneglycol) chains. Two main different types of uses of dendrimers

in biology can be distinguished: either the dendrimer is used for diagnosis (often by

fluorescence) or the dendrimer is used for treatment (the dendrimer is the carrier of a

drug or has its own activity). We have explored both types of properties using

phosphorus dendrimers.

In the field of diagnosis, we have synthesized phosphorus dendrimers possessing as

core a fluorophore specially engineered to be excited by two photons. Two-photon

excited fluorescence is based on a nonlinear optical phenomenon, which is rapidly

gaining popularity, due to a highly spatially confined excitation, an intrinsic three-

dimensional resolution [75], and an increased penetration depth in tissues with

reduced photodamages thanks to excitation in the near-infrared region. Even if most

of the work in this field is done with quantum dots (inorganic crystals, for instance of

type shown in Figure 16.15), phosphorus dendrimers linked to organic fluorophores

possessing two-photon absorption (TPA) properties can be considered as an organic

FIGURE 16.17 Very sensitive biochips elaborated with phosphorus dendrimers.
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alternative to inorganic quantum dots [76]. The second-generation dendrimer 51-G2

injected intravenously to a rat allowed the imaging of the vascular network in the

dorsal part of the rat olfactory bulb, at a depth of about 200 mm (left image in

Figure 16.18) [77]. Analogously, the second-generation dendrimer 52-G2 possessing

a green emitter TPA fluorophore as core was used for intracardiac injection in a

Xenopus tadpole, allowing imaging of the blood vessels of the tail (right image in

Figure 16.18) [78].

Concerning the use of dendrimers for treating diseases, polycationic dendrimers

have been recognized very early as useful synthetic vectors for transfection [79] and a

huge quantity of publications was generated by this topic [80]. We have shown that

the transfection efficiency of the phosphorus dendrimers having multiple ammonium

terminal groups depends on the reversibility of protonation: tertiary ammonium

groups are less toxic and more efficient than quaternary ammonium groups,

presumably due to the adaptability of tertiary ammonium groups to pH (amine/

ammonium). In addition, we have shown that the generation of the dendrimers has an

important influence on the transfection efficiency,with the fourth generation being the

best compromise between the transfection efficiency and the time needed to syn-

thesize the dendrimer. The first experiments were done with dendrimers 38-Gn as

transfecting agents of the luciferase gene within 3T3 cells (Figure 16.19, left

part) [81], then within human cells [82], and we have recently tested the efficiency

of series of dendrimers with diverse types of ammonium terminal groups (pyrrolidine,

morpholine, methyl piperazine, or phenyl piperazine) [83].

Dendrimers 38-Gn were also found efficient antiprion agents. Prion disorders are

fatal neurodegenerative disorders involving conformational changes from the normal

cellular form of prion protein to an infectious scrapie isoform (PrPSc), leading to the

formation of fibrils (amyloid-like structures). ScN2a cells infected with the scrapie

strain 22Lwere treatedwith various amounts of dendrimers 38-Gn, and analyzed after

3 days. The relative amount of PrPScmeasured for treated cells compared to untreated

FIGURE 16.18 TPA fluorophores in the structure of dendrimers used for biological imaging.
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cells, depending on the concentration and the generation of the dendrimer 38-Gn is

shown in Figure 16.19 (right part), by the disappearance of the black bars. The

efficiency of the anti-PrPSc agents is 38-G4> 38-G5> 38-G3. The most efficient

dendrimer (38-G4) was then used against other strains of prions, including Bovine

Spongiform Encephalopathy (“mad cow” disease) and was also found efficient in all

cases. Furthermore, the cured cells show a persistent reduction in the PrPSc levels, and

no transmission of infectivity was observed when the treated cells were used to

“infect” healthy cells. In view of these important preliminary results, dendrimer

38-G4 was tested with mice infected. Two days after contamination, a series of mice

received an injection of 100 mg of 38-G4, which was repeated every 2 days for

1month. The amount of PrPSc detected in the spleen of the treated mice compared to

untreated mice shows a diminishing of 80% of the amount of PrPSc [84]. Recently,

it was shown that dendrimer 38-G4 interact with heparin, and that these interactions

are responsible for the indirect mechanism of inhibiting the fibrils formation by

dendrimers [85].

Besides polycationic dendrimers, polyanionic phosphorus dendrimers were

also shown to possess interesting biological properties. The polyanionic dendrimers

53-Gn were obtained by reaction of the carboxylic acid end groups of dendrimer

41-Gn with an aminosugar analog of galactosylceramide. This species forms

spontaneously bilayer vesicles in water by self-assembly [86], and possesses an

anti-HIV activity. Indeed, these compounds were designed as multisite analogs of

galactosylceramide, a glycolipid having a specific affinity for the V3 loop region of

the gp120 viral envelope protein of HIV-1, with the aim of blocking HIV infection

prior the entry of the virus into human cells. Antiviral assays on these supra-

molecular entities (generations 0, 1, and 2), built from either a trifunctional (53-G1,

53-G2) or a hexafunctional core (53-G0, 53-G1), have shown the crucial role played

FIGURE 16.19 Transfection efficiency and antiprion activity of cationic phosphorus

dendrimers.
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by the multivalency, the lipophilicity, but also the shape on the biological activity

(Figure 16.20) [87].

The last example of biological uses of phosphorus dendrimers concerns their

influence toward immune blood cells. Peripheral blood immune cells are easily

accessible andwidespread in thewhole body, thus they are a target of choice for trying

to increase their fighting efficiency against bacterial, viral, or parasitic infections, and

even against cancers. We have demonstrated that some phosphorus-containing

dendrimers are able to promote human monocytes activation [88], possess anti-

inflammatory properties for the human myeloid cell lineage [89], and are able to

increase the efficiency of the IL2-dependent proliferation of human Natural

Killer (NK) cells [90]. Indeed, phosphonates grafted to the surface of phosphorus-

containing dendrimers possess the unexpected property to dramatically and selec-

tively promote the multiplication of human NK cells. Depending on the size of the

dendrimers, the type, the number, and even the geometry of the end groups they bear,

large differences in their bioactivity were observed. Themultiplication up to 500-fold

in certain cases was obtained, particularly using dendrimer 55-G1, and is unprece-

dented (Figure 16.21). Furthermore, the bioactivity of the NK cells generated in the

FIGURE 16.20 Anti-HIV properties of dendrimers depending on the generation and the

shape.
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presence of dendrimers is not modified. Cultures with these dendrimers preserve

autologous lymphocytes, and did not induce activation or inhibition of the NK cells

lytic response, nor compromise direct toxicity for their target cells, as shown in

Figure 16.21 for the Burkitt lymphoma, but also for dozens of lymphoma and

carcinoma cells strains. In view of the importance of these findings, we began a

detailed QSAR (quantitative structure–activity relationship) study, by varying in

particular the type of phosphonate terminal groups [91], or their density [92].

16.6 CONCLUSION

This chapter demonstrates that phosphorus-containing dendrimers constitute a

specific class of dendrimers easily tunable due to the extraordinary versatility of

phosphorus chemistry, and having a high potential of properties and uses. The

versatility is demonstrated in particular with the synthesis of series of dendritic

molecules whose complexity is unattainable up to now using other types of synthetic

methodologies, without phosphorus; it is in particular illustrated by the reactivity

inside the branches of phosphorus dendrimers after their synthesis. The reactivity of

the end groups of these phosphorus dendrimers has also allowed the grafting of a

tremendous number of type of functional groups. The variety of these end groups

allowed studying potential applications of these dendrimers in three main fields: (i)

catalysis, (ii) (nano)materials, and (iii) biology.

(i) The main advantage of using dendrimers in catalysis in general concerns their

easy recovery, which can be an important criterion when pure products are

needed, or when the catalyst is expensive; efforts are now focused on finding

positive dendritic effects, on using cheap and nontoxic metals (or even no

metals), and on using ecofriendly solvents (ethanol,water, super critical fluids).

FIGURE 16.21 Multiplication of Natural Killer cells using phosphorus dendrimers and the

biological efficiency of the NK cells thus generated.
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(ii) A lot of work concerning the organization of matter at the nanometer scale has

been carried out using phosphorus dendrimers, either to create new and

organized nanomaterials or to modify the surface of pre-existing materials

at the nanometric scale. In particular, functionalized silica, hydrogels, mod-

ified electrodes, chemical sensors, OLEDs, original organic nanotubes and

microcapsules, exclusively made of dendrimers were obtained. In between

materials and biology, very sensitive, stable, and reusable DNA-chips

elaborated from phosphorus dendrimers were obtained and their industrial

production is currently under development.

(iii) Tests in the field of biology concerning the cytotoxicity were reassuring, and

allowed the use of phosphorus dendrimers both for diagnosis and for treatment

of various diseases. Especially engineered fluorophore having two-photon

absorption properties used as core of dendrimers allowed imaging vascular

networks, whereas suitably functionalized phosphorus dendrimers are usable

as transfection agents, as antiprion and anti-HIV agents, and for promoting

themultiplication of human immune blood cells. Thus, we have demonstrated

that phosphorus dendrimers have a very important potential of development

for biological uses that will be one of the major fields of applications of

phosphorus dendrimers in the next years.
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INDEX

ABn-building block, 35

Acetonitrile (ACN), 169, 208, 211, 354,

355, 541

N-Acetyl cystamine (NAS), 440

N-Acetyl-L-cysteine (NAC), 418

Acid–base titration, 513

Adamantane-branched monomers, 75–76

Aldolase dendrimers, 514

Alkylferrocenyl dendrimer, 236, 237

Amide protons, chemical shifts

of, 231

Amidoferrocenyl dendrimers, 224, 236

Amine-terminated dendrimers, 441

based nano scaffolding, 13

Amine-terminated G4-PAMAM

dendrimers, 255

32-Amine-terminated G4 polyamide

dendrimer, 49

synthesis, 50

Amino diphosphine ligands, 540, 541

p-Aminophenol (pAP), 254

p-Aminophenyl phosphate (pAPP), 254

Amperometric sensors, 240, 247, 252

limitation, 242

Annealed device, 274, 276

J-V-L characteristics, 277

Antenna effect, 287

Anthracene sidewalls

local motions of, 361

Antibiofilm effect, mediated by a lectin B

ligand, 520

Antibiofilm glycopeptide dendrimer, 523

Antibodydirected enzyme prodrug therapy

(ADEPT), 422

Anticancer dendrimer–drug

conjugates, 428–434

camptothecin (CPT), 430–431

doxorubicin, 428–429

etoposide, 434

5-fluorouracil, 433

methotrexate (MTX), 429–430

paclitaxel (Taxol), 431–433

Anticancer drug, 423, 434

branched macromolecules delivering

camptothecin, 432

conjugated to a G4 PAMAM-OH

dendrimer via, 416

conjugated to dendrimers, 428
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Anticancer drug (Continued )

doxorubicin polyester dendrimer

complex, 429

generating biologically active diaqua-Pt

species, 439

heterodendritic dendrimer prodrug

demonstrating tritherapy by, 435

Antiinflammatory naproxen drug

covalently bound on a PAMAM core, 440

Approximate nanoscale dimensions, 29

Aqueous media, generation and

recycling, 543

Artificial proteins, 6, 8

Aryl-branched monomers, 72–75, 82–84

Aryl ether dendrimer, 52–53

synthesis, 54

Aryl-glycine dendrimers, 480

aryl-glycine porphyrin dendrimers

synthesis and modification, 483

effect of dendritic encapsulation, 484

for encapsulation of

metalloporphyrins, 482

optimized synthetic assembly of the

dendritic probes, 482

phosphorescence quantum yield, 482

photophysical properties, 482, 483

synthesis, 481

Association constants, 162–164, 170, 171,

208, 209, 234, 413

Astruc’s benzylated-cored ferrocenyl

dendrimers, 226

Asymmetric dendrimers

PA dendrimers, chemical structure, 285

perylenetetracarboxydiimides containing

dendrimer, 149

with Ru-core, 148

Atomic force microscopy (AFM), 128,

287, 552

Atomic hydrophobicity parameters, 104

Atom mimicry, 3, 25

Atom transfer radical polymerization

(ATRP), 107, 145

Au55 cluster, 548

Aufbau processes, 29

Au nanoparticles (AuNPs). See Gold

nanoparticles

Avalanche photodiode (APD), 368

Avidin-conjugated alkaline phosphatase

(Av-ALP), 254

Back-electron transfer, 323

Back folding phenomenon, 320

Bare gold electrodes, 202

Behera’s amine, 62, 75, 198, 199

Bell-shaped curve, 539

Benesi-Hildebrand equation, 163

Benzyl chloride, 52, 53

Bienzymatic GOx/HRP/dendrimer

layers/ network, 247

Bimolecular quenching rate constants, 201

Binding affinity, 170, 521

Biodendrimers, 441

based hydrogel scaffolds, 443

for cartilage tissue repair, 443

representative structures of, 442

Biological sensing, 463

Bis(triisopropylsilylethynylbenzene)-

2-propanone, 124

Bis(triisopropylsilylethynyl)-benzil, 124

Bis-Zn(II)-porphyrinic receptor, axial

coordination, 171

Block copolymers synthesis, 252

Boiled spaghetti strands, 304

Boltorn-type polyester dendrimers, 418

Bottom-up strategies, 303

to build a mesophase structure from

organometallic complexes, 303

Bovine serum albumin (BSA), 247, 418

Bovine spongiform encephalopathy,

dendrimer used for, 555

BPP34C10 complexes, 208

Branch-cell multiplicity, 6

Branched monomers, 85

Broad absorption spectrum, 285–287

Bromination, 52, 82

2-Bromo-2-methylpropionic ester

groups, 145

Bulk heterojunction solar cell (BHJSC), 292,

293

Bulk heterojunction structure, 329

Burkitt lymphoma, use of phosphorus

dendrimers, 557

tert-Butyl esters, 76, 198, 200

t-Butyl-protected fullerodendron, 184

Calibration graphs, 234

Calixarene-branched monomers, 77–78

Camptothecin (CPT), 417, 428, 430, 431, 434

Candida cylindracea, 444
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Carbazole dendrimer (CzD), 327, 328

Carbon nanotubes (CNTs), 255

1,1-Carbonyl diimidazole, 40

Carbosilane containing dendrimers, 222

N-b-Carboxyethyl-L-aspartic acid, 86

Carboxylic acid

activation of, 46

amidation with, 60

esterification, 184

Fc-Ds immobilized on, 254

function of the C60 building block, 182

ionization of the peripheral, 201

polyanionic dendrimers obtained by

reaction of, 555

quantitative yields by reaction of, 182

reaction of diol with, 184

surface, 79

synthesis of polyphenylene dendrimers

with, 141

terminated dendrimers, 20, 473

Carpet technology, 113

Cascade-release dendrimers, 431

Catalyzed asymmetric allylic alkylation

cocatalyst and generation for, 543

C-branched monomers, 59, 79–82

aryl C-based, 68–69

methanetricarboxylate-based, 61

neopentane-based, 68

nitromethane-based, 61–64

pentaerythritol-based, 64–67

tetraphenylmethane-based, 69–70

TRIS-based, 59–61

CD2 monomers, 537

CDMT/NMM coupling, 482

Cetyltrimethylammonium bromide

(CTAB), 546

Charge coupled device (CCD) camera, 369

emission spectra, measurement, 369

wide-field microscopy, 369

Charged dendrimers, 546, 550

LBL deposition, 551

Charged dendronized polymer, 99

cross-sectional geometries, 100

Charged quantum dots (QDs), 550

Charge-separated state (CSS), 375, 376

Charge-separating reaction, 330

efficiency, 328

rate constants, 171

upon photoexcitation, 328

Charge-transfer absorption band,

diagnostic, 169

Chemical sensor, 552

Chemical vapor deposition (CVD), 318, 327

2-Chloro-4,6-dimethoxy-1,3,5-triazine, 482

Chow’s Fr�echet-based dendrimers, 215

Chromophore-chromophore

interactions, 265, 267

Chromophores, 151, 383

acceptor, 375

containing dendrimers, 139

dendrimers containing single, 370

dendrimers with two-photon

absorbing, 355

dendritic encapsulation, 498

for DLEDs, 270

DPP chromophore, 348

electro- and photoactive, 161

emitting, 375

hydrophobic chromophores, 468

luminescent chromophores, 469

multiple covalent dendritic

encapsulation, 134

NMI chromophores, 392, 395, 396

chemical structure of, 392

optical excitation of, 395

as perylene tetracarboxydiimide, 151

phosphorescent chromophores, 466, 468,

469, 486

PMI chromophores, 380, 382, 384, 386,

387, 389–391, 395, 396

Ru–bipy complexes, 150

stable Langmuir films with, 175

structurally different, 388

structurally identical, 380

TDI chromophores, 390, 391, 393, 394

TP chromophores, 356

Circular dichroism (CD), 110

Circular DNA, 114

Circular plasmid, 114

Citronellol dendrimer, 444

Cleavable dendrimers, 403, 408, 418, 423,

424, 425

Close-packing dendrimer architecture, 322

Cobaltocenium-based receptors, 240

Cobaltocenium-containing dendrimers, 203

Collisional quenching, 465

Combinatorial libraries, 2

Comb-like OEG blocks, 108

INDEX 565



Comb-like polymethacrylates, 106

Commission Internationale de l’Eclairage

(CIE) coordinates, 274, 275, 277

Complex photophysical process, 291

Composite films, 151

Conduction band (CB), 169

Confocal fluorescencemicroscopy setup, 368

Confocal technique, 369

Congo red dye, 418

Consecutive one-electron reduction

processes, 204

Control of critical nanoscale design

parameters (CNDPs), 7–8

Conventional polyelectrolytes, 100

Convergent method, 318

Conversion efficiency, 329

Coordination constants, 313

Copper-catalyzed reactions, 544

Copper(I) dendritic complexes, 544

Coupling chemistry, 482

Covalent bonds dissociation, 409

CPT-poly(L-lysine) systems, 439

Critical nanoscale design parameters

(CNDPs), 3, 4

Cross-linked polymers, 4

Cyclic phenylazomethine (CPA) core, 327

Cyclic voltammetry, 228, 234, 244

Cyclic voltammograms (CVs), 221, 243

oxidation and reduction peak

separation, 325

presence of peripheral amidoferrocene

units, 244

b�Cyclodextrin, 207

Cyclopentadienone chemistry, 147

Cyclopentadienones, 123–126

Cyclosiloxane-based polymers, 249

Cyclotrimerization, 186, 273

Cyclotriveratrylene (CTV)

derivatives, 162, 163

receptors, 166

Cystamine core PAMAM, 419

Cytotoxic colchicine glycopeptide dendrimer

conjugate, 518

Dalton’s first table of elemental atoms, 2

Dansylamine (DA), photophysical

parameters, 200

Dansyl-containing dendrimers,

photophysical parameters, 200

DCM solution, 211, 212, 214

3-D dendritic structures, 277, 278

Degradable dendrimers, 403

applications, survey of, 424–450

anticancer dendrimer–drug

conjugates, 428–434

anticancer dendritic platforms, in vivo

studies of, 437–439

antimicrobial–dendrimer

conjugates, 441

biocompatibility and toxicity, 426

cancer polytherapy, 434

carbohydrate-based dendrimers, 450

dendrimer-based degradable

biomaterials, for medical,

441–443

dendrimer-conjugates, cellular uptake

of, 426–427

dendrimer–drug conjugates, to fight

cancer, 424

dendrimer–pesticide conjugates, 444

dendritic architectures, importance

of, 426

gas release, 450

molecular imprinting, using core

dendrimers, 447–450

multifunctional anticancer dendritic

platforms, 434–437

nonexhaustive list of, 425

nonsteroidal antiinflammatory drugs

(NSAIDs), 439–441

redox dendrimers, 446–447

release of fragrances, 443–444

steroidal–dendrimer conjugates, 441

targeting, biodistribution, and drug

persistence, 427–428

thermolabile dendrimers, and

photoresists, 444

cascade disassembly, cleavable units

for, 422–424

controlled dendrimer-conjugate

disassembly, 409–424

backbone/scaffold, 410

core–shell, 411–412

covalent disassembly of, 410–412

covalently bound/encapsulated

conjugate, 412

encapsulation of, 409

supramolecular assembly of, 410
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green chemistry, and environmental

concerns, 403

historical perspectives of, 403–409

nonconvalent vs. covalent modes

of, 412–414

parameters for

degree of branching and

topology, 419–420

esters, carbonates, and

carbamates, 415–419

generation number and size, 422

hydrophilicity and charges, 421–422

labile functional groups, 415

stimulus/triggers, 414–415

surface functionalization, 420–421

Degradable dendritic poly(glycidols), 441

Dehydroquinic acid, 86

Dendrimer-based intrinsic viscosities, 24

Dendrimer based light-emitting diodes

(DLEDs), 267

devices, 273

materials

chemical structures, 268

development in, 268

single-bond-linked chromophores

for, 270

Dendrimer-based metal–organic

semiconducting materials

advantages, 328

Dendrimer-coated QMB sensors

Dendrimer-encapsulated platinum

clusters, 315

Dendrimer–fullerene type nano-

compounds, 3–4, 20

Dendrimer–GOx modified electrodes

applications, 245

Dendrimers, 167, 320

anti-HIV properties, 556

cancer polytherapy, 434

chemical structures, 275

containing core, examples, 319

containing luminescent, 343

components, 341

dimerization, 215

with 1,4-dioxo-3,6-diphenylpyrrolo[3,4-c]

pyrrole (DPP) core

G3DPPN/G3DPPC, 349

time-dependent properties, 348–349

3-D structures, 122

enzymatic degradations of, 406

hydrodynamic properties of, 344

with its branching units, 404

mass and size uniformity, 10

monomolecular imprinting , concept

of, 448

with multiple luminescent units, 349

containing multiple dansyl units at

periphery, 349

outer layer, quenching

properties, 479–480

PAMAM, degradation of, 406

with peripheral porphyrin subunits, 168

pH responsive, 418

platinate, 439

poly(amidoamine) (PAMAM), 407

poly(aryl ester), degradation of, 407

with p-pentaphenyl core, 346

steady-state properties, 347–348

with p-terphenyl core, 344

steady-state properties, 345–346

time-dependent properties, 346

rapid synthesis, 40–44

redox responsive, 418–419

(R)-3-hydroxy-butanoic acid, enzymatic

degradation of, 407

with single luminescent unit, 344

structure, schematic representation, 264

with thermally labile t-Boc groups, 446

Dendrimer synthesis, 5

accelerated approaches, 38–40

convergent method, 36, 37

facile synthetic route by, 46–47

divergent method, 36, 37

facile synthetic route by, 47–49

double exponential growth synthesis of

dendrimer, 39

double-stage synthesis of dendrimer, 38

hierarchical assembly, 5

hydrosilylation of a nona-allyl dendritic

core, 42

industrial large-scale synthesis, 42

one-pot allyl-terminated dendrimer

synthesis, 42

orthogonal coupling strategy, 39, 40

synthesis of G1 dendrimer, 49

synthesis of hyperbranched polymer, 36

thio-ether dendrimers using thiol-ene click

chemistry, 44
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Dendrimers (Continued )

totadpole dendrimer, facile synthetic

route, 49–51

triazole dendrimers using click

chemistry, 43

Dendritic carbohydrate clusters

solid-phase synthesis of, 449

with three types of orthogonally cleavable

fragments, 449

Dendritic catalysts, 540

advantages, 540

Dendritic CTV derivatives, 164

Dendritic encapsulation, 469

Dendritic glycoclusters, solid-phase

syntheses, 450

Dendritic hexa-substituted fullerenes, 171

Dendritic ligands, 279, 309, 544

Dendritic liquid-crystalline

fulleropyrrolidines, 176, 177

Dendritic macromolecules, 219, 225, 229,

332, 480

enzymatic degradation of, 420

Dendritic molecules, architectural

features, 249

Dendritic multichromophoric systems, 379

PMI chromophores, 380

Dendritic oxygen probes

applications, 493

imaging of phosphorescence in the

brain, 496–498

imaging tumor hypoxia, 495–496

microscopic imaging of

oxygen, 493–495

single-point oxygen

measurements, 493

phosphorescent cores of, 469–472

Dendritic phenylazomethines (DPAs), 309

p-conjugation in, 324

encapsulating effect, 324

structures, 310

system, 328

Dendritic polyesters degradation in vitro, 438

Dendritic polymers. See Dendronized

polymers

Dendritic receptors, 162, 164, 224

Dendritic thickness, 100

Dendritic wedges, 534

Dendronized block copolymers

(DBCP), 106, 108

Dendronized polymers, 4, 95, 233, 549

AFM height image of coprepared

polymers, 101

characterization effort, 102

chemical structures with branching

multiplicities, 98

cryo-TEM images, 106

for single molecule chemistry, 111–114

bottom-up approach, 112–113

move-connect-prove

sequence, 113–114

prepared on HOPG/carpet-modified

HOPG, 111

tapping-mode AFM images, 112

synthesis route, 96

active ester amidation, 102

homologous series, 102

RAFT polymerization, 101

thermoresponsive, 106

typical transition curves, 105

Dendron-rod molecules synthesis, 53

Dexter energy transfer (ET) mechanism, 281

Diaminobutane-based-based dendrimers

containing ferrocenyl and

pentamethylferrocenyl units, 227

ferrocenyl dendrimer, 233

functionalization, 230

poly(propyleneimine) dendrimers, 225,

229, 231, 233

generations, 244

use, 246

Diaminobutane-based (DAB) poly

(propyleneimine) amidoferrocenyl

dendrimers, 224

Dibloc fullerodendrimers, 173

Diblock globular fullerodendrimers

synthesis, 173

2,3-Dibromo-3,4-dihydroxybenzyl

alcohol, 86

Dichloromethane (DCM), 211

dendrimer and eosin, 358

eosin (as tetrabutyl ammonium

salt), 360

polarity, 211

Dichloromethane/propylene glycol

(DCM/PGly), 350, 352

Dichloromethane solutions, 360

steady-state anisotropy values for, 360

Dichlororuthenium derivative, 148
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N,N0�Dicyclohexylcarbodiimide (DCC)-

mediated esterification, 182

Diels–Alder cycloaddition, 122, 123

Diels–Alder reaction, 446

Diferrocenyl complex, 1HNMR

spectrum, 229

Diffusion coefficient, 371

Diffusion-ordered NMR spectroscopy, 289

Dihydrogenphosphate

anion, 225, 233, 234, 241

recognition by ferrocenyl dendrimer 5

receptor, 223

Dihydroxyacetone, 513

3,5-Dihydroxylbenzylalcohol, 52

3,5-Dihydroxymethylbenzoate, 52

Dimethoxybenzene units, 358

4-Dimethylaminopyridine (DMAP), 182

1,10Dimethylferrocene reoxidises GOx, 246

1,4-Dioxo-3,6-diphenylpyrrolo[3,4-c]

pyrrole (DPP) core

G3DPPN/G3DPPC, 349

time-dependent properties, 348–349

Diphenylcyclopentaphenanthrenone

dendrimer, 152

1,3-Diphenyl-2-propanone, 124

Discrete supramolecular dendrimers

assembly, 46

building blocks, 45

Disulfide functionalized dendrimer, 150, 151

Dithiothreitol (DTT), 418

Divergent method, 35, 38, 318, 409

characteristic feature, 36

facile synthetic route by, 47

for stable shape persistent dendrimers, 122

synthesis of early dendrimers, 318

1,4-Divinylbenzene (DVB) cross-linker, 374

wide-field image, 375

1,10-Divinylferrocene
Pt-catalyzed hydrosilylation of, 237

1,10-Divinyl(octamethyl)ferrocene

Pt-catalyzed hydrosilylation of, 237

DNA microarrays, 552

DNA purification, 145

Donor–acceptor systems, 332

liquid-crystalline ordering, 176

Double hydrogen-bonding interaction, 228

Doxorubicin (DOX), 422, 428

Doxorubicin (DOX)–dendrimer

conjugate, 438

DPAG4-Por molecular modeling, 324

Drug delivery, 408, 412, 423, 424, 440, 463

commercial dendritic scaffold, 434

dendrimers in, 428

ocular dendritic, 441

platforms based on an enzymatic

triggering, 428

Dye-sensitized solar cell (DSSC), 293,

328, 330

Dynamic light-scattering (DLS)

measurement, 289

Einstein spheroid, 24

Electrochemically active phosphorus

dendrimers, 549, 550

Electrochemical sensors

organometallic dendrimers

in biosensors construction, 241–257

organometallic dendrimers as ion

sensors, 220–241

organometallic dendrimers in biosensors

construction

DAB-based metallocenyl

dendrimers, 244–249

dendritic hyperbranched

macromolecules, 249

dendronized polymers, 249–253

ferrocenyl silicon-based

dendrimers, 242–244

ferrocenyl-tethered poly(amidoamine)

dendrimers, 253–255

immunosensors, 255–257

redox-active organometallic

dendrimers, 219

Electroluminescence (EL) device, 267, 327

Electron acceptor, 292

Electron-shuttling redox couples, 242

Electron transfer (ET), 464

biological, 220

heterogeneous, 202, 203, 207, 214

implemented in the photovoltaic

cell, 328

from the lowest fullerene singlet

level, 181, 188

mediator of, 256

processes, 196, 202, 331

rates of, 198

redox/electron transfer probes, 375–378

related decay times, 377
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Electron transfer (Continued )

with single-molecule fluorescence

microscopy, 375

thermodynamics, 190

Electron-transporting materials, 329

Elemental periodicity, 1

Emission spectra, 369

Emission transition dipole, 347

Encapsulating effect

characteristics of dendrimers, 318

of DPA, 324–325

Energy transfer (ET) mechanism, 281,

284, 285

Enhanced permeation and retention (EPR)

effect, 424, 427

spectrum, 165

Enzyme-amplified immunosensor, 256

Enzyme models, 511

dendritic effects in catalysis, 511–513

aldolase dendrimers, 514

esterase dendrimers, 512

hydrophobic, and electrostatic

effects, 513–516

optimization by amino acid

substitution, 516–517

Eosin fluorescence decay, 361

Eosin/G4B concentration ratio, 360

Equilibrium association constants, for

complex formation, 208, 209

Esterase dendrimers, 512, 523

Esterification, 150

Esterolysis, 522

Ether-based dendronized polymers, 109

Ethyl a-cyano-
a-ethoxycarbonylpropylglutarate, 86

Ethynyl-carrying cores, 124

Excitation energy transfer (EET)

management, 321

between structurally identical

chromophores, 380–383

Excitation energy transfer processes

for larger bandgap QDs to lower band

energy, 551

between structurally different

chromophores, 388–397

between structurally identical

chromophores, 380

energy hopping, 381–383

Extended dendron, 284

External quantum efficiency

(EQE), 266

Fc/Fcþ system

redox potential, 234

Fc oxidation wave, 224

64-Fe(I) dendrimer

acetonitrile solution, 165

Ferrocenyl dendrimers, 204, 243

Ferrocenyl group, redox activity, 213

Ferrocenyl-modified hyperbranched

polyethers, 238

Ferrocenyl/octamethylferrocenyl

cyclosiloxane, 239

Ferrocenyl-tethered PAMAM dendrimers

(Fc-Ds), 253

Ferrocenyl–urea dendrimers, 225

Ferrocenyl–urea-terminated DAB-based

dendrimers, 227

Fine-controlled metal assembly

in dendrimers, 303–332

First-generation dendrimer, 176

DAB-based amidoferrocenyl dendrimer

encapsulation, schematic

representation, 229

mesogenic moiety in, 176

First-generation polyphenylene

dendrimers, 127

with different cores, 127

Flexible dendrimers, polybenzylether

(Fr�echet type), 324

Flexible polyarylether dendrimer, 379

Fluorescence

anisotropy decay, 342, 346, 347, 354,

356, 357

anisotropy depends on competition

between, 355

anisotropy measurements, 343, 344

on the clip fluorescence, 361

self-assembly process, 361

confocal microscopy, 437

emission, 441

microscopy, 367

spectra, 393

steady-state and time-resolved anisotropy

of, 346

two-photon excited, 553
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Fluorescence correlation spectroscopy

(FCS), 369

autocorrelation curves, 373

confocal approach, 369

diffusion constant, dependence of, 374

Fluorescence depolarization, 342, 349, 350,

357, 358, 363

guest mobility, and energy migration, 358

mechanisms of, 350

Fluorescence intensity

trajectories of, 382, 384, 396

vs. time and lifetime, 387

Fluorescence lifetime images (FLIM), 377

Fluorescent components, 321

Fluorescent dendrimers

based on molecular design, 197

bearing pyrene derivatives as terminal

groups, 550

chemical sensor for phenols, elaborated

with, 552

dendrimers containing carboxylic acid

groups on periphery, 200

OLEDs elaborated from, 550

research work on, 201

Fluorescent nanocrystals, 550

Fluorescent polymers, 152

Fluorescent resonance energy transfer

(FRET), 321, 551

Fluorophores, 134, 145, 151, 201, 342

absorption and emission spectra of, 349

dansyl fluorophore, 350, 354

dendritic structure containing, 350

especially engineered, 558

for fluorescence anisotropy

measurements, 342

phosphorus dendrimers linked to, 553

rate of deactivation of, 343

S fluorophores, 355

TPA fluorophores, 554

5-Fluorouracil (5-FU), 422, 433

Folded peptide dendrimer analogs of

proteins, 525

F€orster energy transfer (ET)mechanism, 281

F€orster equation, 350
F€orster resonant energy transfer, 321, 381,

389, 392, 395, 488, 490, 491, 551

Fourth-generation PA dendrimer, 282, 283

Fourth-generation poly(propylene amine)

dendrimer

periphery with dimethoxybenzene

units, 359

Fourth-generation thiophene dendrimer, 286

Fr�echet dendrimers, 204, 209, 281, 476

aryl ether dendrimer, 52

dendritic branch, 167

polyaryl-ether dendrimers, 122

space-filling properties, 210

Fucosyl peptide dendrimer, 519

Fullerene-functionalized dendrimer, 175

Fullerene-rich dendrimers, 182–190, 183,

187, 188

convergent synthesis, 183–190

divergent synthesis, 182–183

preparation, 186

Fullerenes, 4, 19, 20, 161

covalent fullerene-containing

dendrimers, 171–190

dendrimerswith fullerenecore, 171–182

fullerene-rich dendrimers, 182–190

dendrimers, supramolecular chemistry

with, 162–171

host–guest chemistry with, 162–165

self-assembly on dendritic

templates, 165–171

Fullerodendrimers, 185, 189

first triplet excited state, lifetime, 179

Langmuir films, 174

Langmuir studies, 175

with peripheral OPV units, 181

photo-induced processes, 180

photophysical properties, 178, 180

preparation, 184

pressure/area (P/A) isotherms, 174

Functionalized Fc dendrimers (Fc-Ds), 254

Functionalized surfaces, 142–147

Functionalized triptycene monomers, 86

Fusarium solani pisii, 444

Fusidic acids, 86

Gel permeation chromatography, 187

Generalized protocols

for dendrimer construction, 59

Gen 2 polyglutamic Pd porphyrin

dendrimers, 475

Glassy carbon electrode (GCE), 237, 316

CV, 225

disk electrode, 246

OSWV curves for, 234
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Globular protein size scaling, 8

Glucose oxidase (GOx), 243, 244

Glycopeptide dendrimers. See also Peptide

dendrimers

cytotoxic colchicine glycopeptide

dendrimer conjugate, 518

fucosyl peptide dendrimer, 519

lectin binding, 518–519

P. aeruginosa biofilms,

inhibition, 519–520

synthesis, 517

GnD dendrimers, 354

Gold nanoparticles (AuNPs), 254

clusterization with, 330

cored silylferrocenyl dendrimer, 236

G5 PAMAM core

dendritic platform, 437

partial acetylation, 437

Graphene molecules, 133

Gr€atzel-type dye-sensitized solar cell

(DSSC), 292

g-Scale synthesis, of high-generation

dendronized polymers, 95

G2S energy migration, 354

Half-wave potentials, 211, 213

Hard and soft particle nano-element, 19

Helical dendronized polymers, 109–110

Helvoic acids, 86

Henry’s law, 465

Heteroatom-containing dendrimers, 529

Heterodendritic dendrimer prodrug, 435

Heteroditopic receptors, design and

synthesis, 229

Heterometallic dendrimers, 244

1,2,3,4,5,6-Hexakis(4-ethynylphenyl)

benzene), 125

Hierarchical control of self-assembly, 12

Highest occupied molecular orbital

(HOMO), 266

Hole-transport (HT), 376

Homogeneous catalysts, advantages, 540

Horner–Wadsworth–Emmons reactions, 274

Horse heart cytochrome c, 197

Horseradish peroxidase (HRP), 247

Host–guest complexes, formation, 162, 163

Host-guest interactions, 208, 209

Host–guest systems, 318

Human erythroleukemia cell line (HEL), 429

Human natural killer (NK) cells, IL2-

dependent proliferation

phosphorus-containing dendrimers, role

of, 556

Hybrid dendrimers

Fr�echet–Newkome dendrimers,

structures, 210, 213

voltammetric behavior, 212

Hybrid nanocomposites, 546

Hydrogen-bonding interactions, 225

Hydrophilicity, 103

structure parameters determining, 103

Hydrophobically folded dendrimer, 479

oxygen diffusion, and phosphorescence

quenching rate, 479

Hydrophobic dendritic cage, 478

Hydrophobic ferrocenyl dendrimers, 202

Hydrosilylation

Karstedt-catalyzed, 250, 252

of nona-allyl dendritic core using, 42

Pt-catalyzed, 237

reactions of vinylferrocene, 221

Williamson reaction followed by, 236

1-Hydroxybenzotriazole (HOBt), 184

4-Hydroxy-3,5-dibromobenzyl alcohol, 86

Hyperbranched ferrocenyl

polymers, 237–238

Hyperbranched polymers, 35, 539

synthesis, 36

Hystereses, 104

Immobilized enzyme, 241

Immunosensors, 255–257

development, 255

sandwich-type electrochemical, 256, 257

using redox mediation of Fc-D, 256

Incident photon-to-photocurrent efficiency

(IPCE), 169

Indocyanine green dye (ICG), 494

Insulators, 491

Intersystem crossing (ISC), 385

Intervalence charge transfer (IVCT), 305

Intra-dendrimer chromophore–chromophore

interactions, 152

Intrinsic viscosity, 24

Ir-containing dendrimers, 279

Iridium(III) complex, 153

Iridium(III) dendrimer, 153

Isothermal titration calorimetry, 513
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Kamat’s method, 169

Karstedt-catalyzed hydrosilylation

reactions, 250

Lactate oxidase sensor, 251

Langmuir films, 174

LB films, UV-vis spectra, 175

LB technique, 175

LCST values, 106

lecB-deletion mutants, 519

Lectin–dendrimer interactions, 518

Ligand-to-metal charge transfer

(LMCT), 305

Light-capturing chromophores, 281

Light emitting diodes (LEDs), 378

devices, 321

Light-emitting materials, 320–321

Light energy conversion systems

energy-level diagram, 169

Light-harvesting antenna complex

(LH2), 388

Light-harvesting (LH) dendrimers, 281, 291

preparation, 180

Linear macromolecules, 95

Liquid-crystalline CTV–C60 host–guest

complex, 165

Liquid-crystalline fullerene–OPV

conjugates, 178

Liquid-crystalline fullerodendrimer, 176

Local excited state (LES), 375, 376

Lower critical solution temperatures

(LCSTs), 103

Lowest unoccupied molecular orbital

(LUMO), 266

Luminescent chromophores, 469

Luminescent dendrimers, 341, 343

Luminescent quantum yield (LQY), 266,

272

Lysine-rich histones, 145

Macrocyclic-branched monomers, 76–77

Macromolecular architecture, 4

Macromolecular chemistry, 1

Macromolecular light-emitting

materials, 320

Macromolecular organic chemistry, 405

Macromolecule–metal architecture, 304

Macromolecule–metal hybridization, 303

dendrimer architecture, 306

Macromonomer

chemical structures of crown ether-based

dendronized polymers, 109

disadvantage, 97, 99

first/second-generation

macromonomers, 109

highly branched, synthesis, 96

spontaneous polymerization, 110

structure, 102

Magnetic beads (MBs), 254

MALDI-TOF mass spectrometry, 182, 200

Mansfield–Tomalia–Rakesh equation, 20

Marcus parabola, 190

Mass spectrometry, 214

Maximum entropy method (MEM), 476

Maximum likelihood estimation (MLE), 377

MCP–PMT detector, 389

fluorescence decay histogram, 389

Megamers, 20

Meijer-type dendrimers, 6, 9

Mesophase molecular packing structures

fabrication, 305

Metal-assembling dendrimers

architecture, 306

DPAs, fine-controlled metal assembling

in, 309–312

multicoordination

determination, 312–313

multicoordination equilibria, 306–309

synthesis and principles, 306–313

Metal-assembling macromolecules

general strategies, 317–320

light-emitting materials, 320–321

materials for electron/hole

transporting, 323

materials for energy

transduction, 321–322

photochemistry, 317–323

Metal chalcogenide nanocrystals, 4

Metal clusters

stabilization, 548

Metal-containing proteins, 305

Metal ions, 107

Metallodendrimers, 306

developement, 220

Metalloporphyrins, 464, 466, 486

Metalloproteins

molecular 3-D coordination

structures, 322
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Metal/metal-oxide nanoparticles

fine synthesis, 313–317

Pt nanoparticles, synthesis and

characterization, 315–316

strategy, 313–314

TiO2 nanoparticles, synthesis and

characterization of, 316–317

Metal nanocluster–dendrimer, 21

Metal nanocluster synthesis, 314

Metal nanoparticles, 314

Metal-organic hybrid nanostructures

fabrication techniques, 304

Metal oxide nanocrystals, 4, 19

Metal-to-ligand charge transfer

(MLCT), 305, 467, 470

Methanofullerene C61(CO2Et)2, 164

Methotrexate (MTX), 428, 430

4-Methylimidazole, 513

Methylmethacrylate, 96

N-Methylmorpholine, 482

Michael additions, 534, 541

Michaelis–Menten analysis, 243, 244

Mitsunobu reaction, 52

and of solid support system, 52

Mixed ferrocene–cobaltocenium dendrimers

synthesis, 245

Molecular dynamic (MD), 110, 190, 324,

520, 521, 524

Molecular imprint (MIP), 408, 424, 447–450

Molecular simulations, 24

PAMAM dendrimers, 10

Molten globule state, of dendrimers, 524

Monodisperse materials, 463

Monodisperse nanoscale materials, 2

Monodisperse N-butylated

oligo(p-benzamide)s, 49

synthesis of, 51

Monodispersity, 463

Monoenzymatic sensors, glucose calibration

plots, 248

Morphology-dependent antenna

properties, 357

M€ossbauer spectrum, 165

MTX-poly(L-lysine) systems, 439

Multichromophore system, 328

Multichromophoric dendrimers, 147

Multichromophoric systems, 383, 385, 388.

See also Chromophores

energy transfer processes, scaffolds for

F€orster type energy transfer

processes, 378–380

Multicoordination equilibrium system, 308

Multifunctional dendritic nanodevices, 420

Multilayered GOx–Fc-D network

schematic organization, 254

Multiplurifunctionalization, 532

Multiporphyrin system, 322

fullerene–porphyrin conjugates, 168

with peripheral porphyrin subunits, 168,

169

Multiwalled carbon nanotubes

(MWCNTs), 255

screen printed electrode (SPE), 255

NAD/NADH-dependent

dehydrogenases, 252

Nanocatalyst-based electrochemical

immunoassay, 256

Nano-compounds

dendrimer–metal ligation type, 3–4

dendrimer–metal nano-cluster type, 4

Nanodevice model

folic acid and MTX, 437

Nano-element categories, 3

Nanomaterials, 1, 2, 305, 314

act as selective synthetic hosts,

450, 545

CNTs, for development of, 255

development, 545

organized, 558

Nano-matter dendrimer structures, 6–7

Nanometer-sized dendrimers, 122

Nano-periodic property patterns, 24, 25

Nano-physicochemical properties, 6

Nanoscale electro-optical devices, 463

Nanoscale processing devices, 6

Nanoscale sterically induced stoichiometries

(N-SIS), 14

Nanoscience, 2

Naphthalenedicarboxymonoimids (NMI)s,

147

fluorescence, 395

Naphthalenemonoimides, 388

National Television System Committee

standard, 275

Natural photosynthetic process, 280

Neighboring coordination constants, 312

Neurotensin, 428
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Neutral amide-substituted ferrocene

receptors, 224

Neutral phosphorus dendrimers, 529

Newkome dendrons, 199, 201, 205, 209,

211, 214

space-filling properties, 210

Newkome-type poly(ether amides), 476

Nicotinamide dinucleotide (NADH)

cofactor, 253

4-Nitrobenzaldehyde, 513

a-Nitrophenyl fucoside, 520

NMI chromophores. See Chromophores

NMR spectroscopy, 102, 103, 214, 241, 289

Nonconventional activation techniques, 414

Nonlinear optics (NLO), 295

Nonsteroidal antiinflammatory

dendrimer–drug

conjugates, 439–441

Nonsteroidal-dendrimer conjugates, 440

Nucleophilic phosphine, 534

Oblate spheroid model, 289

Octamethylated ferrocenyl dendrimeric

mediators, 248

Octamethylferrocenylimine dendrimers

synthesis, 232

Octanuclear dendrimers, 243

Oligoethylene glycols (OEGs), 103

Oligoethylene glycols (OEGs)-based

dendronized polymers, 103

chemical structures, 104

transmittance vs. temperature, 105

Oligophenylenevinylene (OPV), 176, 180,

190

Oligo(thienylenevinylene) (OTV)-truxene

dendrimers

absorption spectra, 295

chemical structures, 294

Oligo-(thienylethynylene)s (OTEs), 287

Oligo-(thienylethynylene)s (OTEs)-truxene

dendrimers, 293

One-bead-one-compound (OBOC)

libraries, 507

One-pot process, 537

On–off blinking process, 387

Open core dendrimers, 196, 197

based on newkome dendrons, 197–209

electroactive open core

dendrimers, 201–204

fluorescent open core

dendrimers, 200–201

viologen-containing open core

dendrimers, 204–209

hybrid Fr�echet–Newkome dendrimerswith

viologen core, 212–214

hydrogen bonding open core

dendrimers, 214–215

molecular design, 207

redox and fluorescent, 195–216

Open core ferrocenyl-containing

dendrimers, 203

Open core Fr�echet dendrimers

viologen-containing, 207

Optical rotation (OR), 110

Organic field-effect transistors

(OFETs), 263, 267, 285

Organic light-emitting diodes (OLEDs)

devices, 153, 263, 266–267, 277,

278, 305, 326–331, 550

application in, 323, 325

applications, 151–153

cell, 328

components, 328

configuration, illustration, 266

operation mechanism, 266

Organic solar cells (OSCs), 292–295

Organic thin-layer solar cells, 317

Orthogonal coupling strategies, 537

Osteryoung square-wave voltammogram

(OSWV), 225, 233, 234, 237

Oxidative cyclodehydrogenation, 132

Oxidoreductase, 241

Oxygenation, 467, 485, 493, 495, 496

Oxygen-dependent quenching of

phosphorescence, 465

Oxygen measurement, 464

Oxygen pressure maps, 495

Oxygen quenching for PEGylated

dendrimers, 478

Oxygen reduction reaction (ORR), 315

correlation between kinetic current

density, 316

Oxygen shielding efficiency

influence of size and

composition, 476–479

Oxygen solubility coefficient, 465

Oxyphor R2. See Gen 2 polyglutamic Pd

porphyrin dendrimers
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Paclitaxel (taxol) molecules, 433

PAMAM dendrimers, 7, 10, 11, 20, 24, 28,

253, 255, 324, 418, 419, 427, 433,

440, 446, 520

antiinflammatory naproxen drugs

covalently bound on, 440

5-ASAmodifiedPAMAMdendrimers, 440

core–shell architecture, 21

degradation, 406

G5 PAMAM core, 437

molecular 3-D structures, 324

molecular simulations, 10

tapping mode AFM images, 18

Tomalia-type PAMAM dendrimer

series, 15

transmission electron micrographs

(TEMs), 11

Partial pressure of oxygen (pO2), 465

Pauson–Khand conditions, 186

P850 cytochrome, 322

Pd-complex, 545

Pd-meso-tetracarboxyphenylporphyrin

(PdTCPP), 468, 469

Pd-meta-octacarboxyphenylporphyrin, 476

Pd-meta-octahydroxyphenylporphyrin, 476

Pd-porphyrins, 468

Pd tetraphenylporphyrin (PdP), 466

PEDOT-PSS, 323

PEG-coated AG porphyrin dendrimers, 485

PEG polymer, 429

PEGylated bow-tie polyester dendrimer, 416

PEGylation, 413, 414

Penicillamine (PCA) biosensor, 255

Penicillin-G-amidase, 432

Pentamethylamidoferrocenyl

dendrimers, 224

p-Pentaphenyl core P

dendrimers with, 347

Peptide dendrimers, 420

activity screening, 507–509

as artificial proteins, 505

combinatorial libraries, 507

TAGSFREE decoding, 509–511

conformational flexibility, 521

a-helical peptide dendrimers, 524–525

ligands of vitamin B12, 515

molecular dynamics, and docking

studies, 521–523

as molten globules, 520–521

OBOC libraries, 507

on-bead assay with 8-butyryloxypyrene-

1,3,6-trisulfonate, 508

standard conditions Fmoc-SPPS, 507

structure, 520

third-generation, synthesis and

structure, 506

Perylendiimide, 147

Perylene diimide (PDI) emitter, 370

diffusion constants of, 372

2D structures of, 370

Perylenetetracarboxydiimides, 148, 151

Phenylacetylene (PA) dendrimer, 267–268,

284

[6,6]-Phenyl-C61-butyric acid methyl ester

(PCBM), 292

1,3,5-Phenylene-based dendron, 270

Phloracetophenone, 86

Phophorhydrazides, 40

Phosphine dendrimers, 542

Phosphines, 40

Phosphorescence quenching, 465, 468

collisional quenching, 465

dependencies of phosphorescence

lifetimes, 466

early phosphorescent probes, 468–469

higher sensitivity probes with, 467

principles, 464–468

“protected” phosphorescent sensors, 467

Pt and Pd porphyrins, 465

quenching constant high, 466

requirements for phosphorescent

probes, 468

Stern–Volmer relationship, 465

in vitro oxygen sensing, 465

Phosphorescent chromophores, 466

Phosphorescent dyes, 277

Phosphorescent imaging probes, 464

Phosphorescent Pd porphyrin

dendrimers, 469

buildingblocks, foroxygenquenching, 477

Phosphorescent probes, 468–469

Phosphorus dendrimers, 529–558

biological properties, 553–557

for elaboration/modification of (nano)

materials, 545–553

one-pot divergent synthesis, 41

organometallic derivatives, used as

catalysts, 540–545
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sensitive biochips elaborated with, 553

synthesis, 530–540, 534

types, chemical structures, 530

Photoactive molecular devices, 190

Photochemical devices, 305

applications, 323–331

light-emitting diodes, 326–328

molecular devices, ultrathin organic film

fabrication, 323–325

solar cells, 328–331

Photodynamic therapy, 464

Photo-induced electron transfer, 376

Photoluminescence (PL) spectra, 267

Photophysical processes, 295

interpretation, 265

Photosynthetic unit (PU), 280

schematic representation, 281

Phthalocyanine-branched monomers, 79

Physical properties of dendrimers, 23–25

Platinum nanoparticles, 548

hyperbranched networks of

coalesced, 548

and organization, both induced by the

dendrimers, 548

size control, 314–315

synthesis and characterization

of, 316–317

Platinum subnanoparticle, 315–316

Platinum wire electrode

SEM micrographs, 248

PMI annihilation, 391

PMI channel, 394, 396

PMI chromophores, 380, 382, 384, 386, 387,

389–391, 395, 396

chemical structure of, 388, 392

defocused wide-field images of, 391

photobleaching of, 386

PMI–singlet, 390

Polyamide dendrimer, 44–46, 420

branched third-generation, 46

rapid synthesis, 48

synthetic route for

32-amine-terminated G4 polyamide

dendrimer, 49, 50

Poly(amidoamine) dendrimers

type of, 421

Poly(amidoamine) (PAMAM)

dendrimers, 195, 253, 314, 324, 529

frameworks, 255

Poly(aryl amide) dendrimer, 45

orthogonal synthesis, 47

Poly(aryl ether) dendrimers, 477

Poly(aryl-glycine) (AG) dendrons, 481

Polybenzyl aryl ether dendritic wedges

characteristic emission, 167

Polybenzyl ether dendrimers

branching shell, 162

functionalization with, 165

Polybutadiene (PB) block, 252

Polycarbonate dendrimer, 41

one-pot convergent synthesis, 41

Polycationic dendrimers, 547

Polycyclic aromatic hydrocarbon (PAH), 152

Polydendritic polymer, 549

Polyelectrolytes, 113

Poly(ester amides), 477

Polyester Boltorn dendritic, 450

Poly(ester) dendrimers, 419

Polyester-PEG dendrimer

as macromolecular doxorubicin

prodrug, 430

Polyesters, 35

in vitro cytotoxicity of, 438

Poly(ether ketone)s, 35

Polyethers, 35

Polyethylene glycol

viscous medium of, 357

Polyethyleneglycol (PEG), 553

Polyglutamates, 476, 477

Polyglutamic Pd porphyrin

dendrimers, 472–476

Polyglycerol dendrimers, 415

Poly(3-hexylthienylenevinylene), 293

Poly(3-hexylthiophene) (P3HT), 292, 293

Polylactide (PLA), 419

Poly-lysine dendrimers, 505

Polymer films

golden electroactive ferrocenyl

dendritic, 233

probing local mobility in, 371–372

reversible and stable redox reactions, 250

wide-field imaging of, 371–373

Polymerization reactions

probing diffusion, reporter molecules

for, 372–375

Polymers, 4, 35, 100, 106

chain reorientation, 377

relaxations, heterogeneity of, 371
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Polymer system

complexity and heterogeneity, 264

Polymethylacrylate (PMA) polymer, 371

single molecules of, 372

Poly(N-isopropylacrylamide)

(PNiPAM), 106

Poly(organosiloxane) dendrimer, 447

Polyphenylene dendrimers (PPDs), 121,

122, 125, 270–271, 380

based core–shell nanoparticles, 146

chemical structures, 271

compound, third-generation, 391

desymmetrization approaches, 147–150

Diels–Alder induced growth reaction, 130

dimer nature, 131

divergent synthesis, 126

first-generation

chemical structures of, 381

first-, second-, and third-generation, 376

with functional cores, 133–137

functionalized scaffold of, 137–142

hydrophobic, for sensing of volatile

organic compounds, 150

linear extended cyclopentadienone (leCP)

branching unit, 130

MALDI-TOF, for proving structural

perfection, 129

standard NMR spectroscopy, for

characterizing single proton, 129

synthesis, 122, 123

terphenyl extended CP units, stepwise

synthesis, 130

third generation, 153

Poly(phenylenepyridyl) dendrimer, 142

Polyphenylenes, 35, 132, 135, 376

Poly(phosphine) dendrimers, 530, 531

Poly(phosphonium) dendrimers, 529, 530

Poly(propylene amine) dendrimers, 350,

351, 353, 358

G2D–G5D, 350–351

steady-state fluorescence anisotropy, 352

steady-state properties, 350

Poly(propyleneimine) (PPI)

dendrimers, 182, 529

Poly(siloxysilane) degradation, 419

Polystyrene, 49, 146, 228, 346, 377

Polystyrene (PS) block, 252

Porphyrin-based albumin bound probes, 468

Porphyrin-based oxygen probes, 464

Porphyrin-branched monomers, 78–79

Porphyrin core dendrimer, 450

Porphyrin dendrimers, 464, 472, 475, 479

supramolecular complexes, 169

Positive dendritic effect, 541

Positively charged dendrimers, 546

PPh3 ligands, 548

Protected phosphorescent sensors, 467

Protein–dendrimer complex, 523

Pt/C catalyst (platinum nanopoarticle on

carbon support), 316

Pt clusters, TEM image, 315

Pt or Pd porphyrins, 464

Pt porphyrin–AG dendrimers, 484

Stern–Volmer oxygen quenching

plots, 484

Pt tetrabenzoporphyrin, 490

Pyrenyl dendrimers, 201

Pyridineimine-ended phosphorus

dendrimers, 543

Pyridinium-ended dendrimers

hydrogels and fibers obtained from, 547

Pyrrole-functionalized ferrocenyl dendrimer

synthesis, 233

Quantitative structure–activity relationship

QSAR, 557

Quantized shapes of dendrimers, 11–12

Quantized surface chemistry, 12

Quantum dots (QDs), 121, 553

LBL deposition, 551

types, 551

Quantum-size TiO2 nanodot

schematic representation, 317

Quartz micro balance (QMB), 150

Quasiperiodic lattices, 13

Quenching

constant, 466, 467, 478

intra- and intermolecular, 482

intramolecular fluorescence, 152

luminescence, 134

oxygen, 468, 469, 474

phosphorescence, 464, 465, 479, 484, 495

species, 321

Radioiodination, 437

RAFT polymerization technique, 107

Raman scattering, 367

Red algae, 86
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Redox-active ferrocenyl dendrimers, 221

Redox-active organometallic

dendrimers, 220

Redox-active triphenylamine (TPA)

groups, 376

Redox copolymers, 253

Redox/electron transfer probes, 375–378

Redox homopolymer, 251

Redox proteins, 197

Redox-shaving dendrimers

quinone derivatives, reduction of, 447

Refractive index, 24

Repetitive Friedel–Crafts acetylation

reaction, 273

Resin-bound glycodendrimer, 450

Reversible aggregate formation, 108

Reversible oxidation processes,

characteristic, 231

Rhodamine B, 489, 490

Rhodopseudomonas acidophila, 388

Ring-closing metathesis (RCM)
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Supramolecular dendrimers, 236
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Supramolecular system, 342

Surface immobilized conducting polymers

development, 231

Surface modification techniques

layer-by-layer (LBL) assembly, 304

self-assembling monolayer (SAM)

assembly, 304
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Taper-like dendrons, 12

Templated metal salt nanocrystal–

dendrimer, 23

Template polymerization region, 6
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defocused wide-field images of, 391

core, 147

1,4,8,11-Tetraazacyclotetradecane (cyclam)

core, 361

anthracene sidewalls, 362
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quantum size effect, 23
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COLOR PLATES



FIGURE 1.9 Molecular simulations for [core:NH3]; (G¼ 0–5); {dendri-poly(amidoamine)-

(NH2)n} (PAMAM) dendrimers and a generational comparison of hydrodynamic diameters.
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FIGURE 5.4 The generation-induced changes of the maximum radius of standard poly-

phenylenes TPM-G1–5 and those with linear triphenylene extended dendrons TPM-leG1–7.



FIGURE7.2 A schematic representation of horse heart cytochrome c showing the location of

its redox active site, partially buried inside the protein framework.

FIGURE 9.26 (a) Absorption spectra of dendrimers 29, 30, 31, and compound 10 in THF

solution (10�7M) at room temperature. (See text for full caption.)

FIGURE 9.27 AFM images and height profiles of the individual dendrimer molecule 31 on

mica from a 3 nM solution. Reproduced by permission of the American Chemical Society [48].



FIGURE10.3 (a)Amodel of amulticoordination equilibrium systembased on a four-layered

dendrimer. (See text for full caption.)

FIGURE 10.8 Transmission electronmicrograph (TEM) image of Pt clusters (left: Pt12, Center:

Pt28, right: Pt60) synthesized in a phenylazomethine dendrimer template (TPM-DPA-G4).



FIGURE 10.10 Schematic representation of the quantum-size TiO2 nanodot on a surface

synthesized using a dendrimer template.

FIGURE 10.14 Molecular 3-D coordination structures of metalloproteins playing an im-

portant role in the photosynthetic reaction center. (See text for full caption.)



FIGURE12.3 (a) Three singlemolecules of compound 2 embedded in a PMApolymer filmat

295K. (b–d) Projection maps for molecule 1–3, respectively. (See text for full caption.)
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FIGURE 12.5 (Left side) Wide-field image at 0.64U and schematic representation of

compound 4 without the presence of DVB cross-linker. (See text for full caption.)

FIGURE12.8 (a) Singlemolecule of compound 7 in Zeonex binned at 500 photons per decay

and analyzed as a monoexponential. (See text for full caption.)
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FIGURE 12.12 (a) Example of a fluorescence intensity trajectory of a single molecule of

compound 11where the parallel and perpendicular component where detected separately. (See

text for full caption.)

FIGURE 12.13 Series of emission patterns and corresponding simulated patterns for a single

molecule of compound 11 in a 25 nm Zeonex film. (See text for full caption.)



FIGURE 12.19 (a) Defocused wide-field images of the same sample area but different

emission wavelengths, showing the emission and orientation of TDI (left) and PMI chromo-

phores (right). (See text for full caption.)
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FIGURE 12.21 Absorption (black line) and fluorescence (line þ symbol) spectra of com-

pound 13 in toluene. (See text for full caption.)

FIGURE 12.23 Single-molecule fluorescence intensity trajectories on 360 nm excitation of

two molecules of compound 13 in Zeonex. (See text for full caption.)
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FIGURE 14.21 Maps of the phosphorescence intensity (a), goodness of fit shown byR-factor

(b), phosphorescence lifetime (c), and oxygen pressure (d). The maps correspond to a region

whose physical dimensions are 0.92mm� 1.2mm [121].

FIGURE 14.22 Oxygen pressure maps of the region containing two laser coagulation spots

(left) and a region centered on one of the spots (right).



FIGURE 14.23 Imaging tumor hypoxia in a mouse dorsal window tumor model using

Oxyphor G3 (gen 2 Pd tetrabenzoporphyrin–AG dendrimer). (See text for full caption.)



FIGURE 14.25 (a) CCD image of cranial window in a rat with confocal angiogram overlaid

and region of functional activation identified in green. (b) Color-coded angiogram of micro-

vessels in rat somatosensory cortex, with identified locations for pO2 measurement [18].



FIGURE 15.2 (a) On-bead assay with 8-butyryloxypyrene-1,3,6-trisulfonate 1 leading to the

identification of dendrimer C11 [14]. (See text for full caption.)



FIGURE 15.11 Docking poses of substrate 1 to peptide dendrimer RG3 and HG3. The

dendrimer is shown in surface representation color-coded by generation number (red¼G0,

blue¼G1, green¼G2, black¼G3). Substrate carbons are represented in green, nitrogens in

blue, oxygens in red, and sulfurs in yellow.



FIGURE 15.12 Structural model of the dendrimer FD2–LecB complex obtained by molec-

ular dynamics and energy minimization. The Ca2þ ions are shown in magenta and indicate the

location of the fucose-binding pocket. Three binding sites are shown with the resolved fucosyl

residues of the tripeptide 2G0 cFucLysProLeuNH2 and the fourth site is modeled with

dendrimer FD2.
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