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1. Dendrimers. I. Fréchet, Jean M. J. II. Tomalia, Donald A. III. Series.
TP1180.D45 D46 2001
668.9—dc21 2001045497

British Library Cataloguing in Publication data

A catalogue record for this book is available from the British Library

Cover art by Dr Stefan Hecht, University of California, Berkeley.

ISBN 0-471-63850-1

Typeset in 10/12pt Times from the author’s disks by Vision Typesetting, Manchester
Printed and bound in Great Britain by Biddles Ltd, Guildford and King’s Lynn
This book is printed on acid-free paper responsibly manufactured from sustainable forestry, in
which at least two trees are planted for each one used for paper production.



Contents

Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix
Series Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxv
A Brief Historical Perspective . . . . . . . . . . . . . . . . . . . . . . . . xxvii
D. A. Tomalia and J.M. J. Fréchet
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Series Preface

The Wiley Series in Polymer Science aims to cover topics in polymer science
where significant advances have been made over the past decade. Key features of
the series will be developing areas and new frontiers in polymer science and
technology. Emerging fields with strong growth potential for the twenty-first
century such as nanotechnology, photopolymers, electro-optic polymers etc. will
be covered. Additionally, those polymer classes in which important new mem-
bers have appeared in recent years will be revisited to provide a comprehensive
update.
Written by foremost experts in the field from industry and academia, these

books place particular emphasis on structure—property relationships of poly-
mers and manufacturing technologies as well as their practical and novel appli-
cations. The aim of each book in the series is to provide readers with an in-depth
treatment of the state-of-the-art in that field of polymer technology. Collectively,
the series will provide a definitive library of the latest advances in the major
polymer families as well as significant new fields of development in polymer
science.
This approach will lead to a better understanding and improve the cross

fertilization of ideas between scientists and engineers of many disciplines. The
series will be of interest to all polymer scientists and engineers, providing
excellent up-to-date coverage of diverse topics in polymer science, and thus will
serve as an invaluable ongoing reference collection for any technical library.

John Scheirs
June 1997
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A Brief Historical Perspective

D. A. TOMALIA AND J. M. J. FRÉCHET

The dendritic architecture is perhaps one of the most pervasive topologies
observed on our planet. Innumerable examples of these patterns [1] may be
found in both abiotic systems (e.g. lightning patterns [1], snow crystals, tribu-
tary/erosion fractals), as well as in the biological world (e.g. tree branching/roots,
plant/animal vasculatory systems, neurons) [2]. In biological systems, these
dendritic patterns may be found at dimensional length scales measured inmeters
(trees), millimeters/centimeters (fungi) or microns (neurons) as illustrated in
Figure 1. The reasons for such extensive mimicry of these dendritic topologies at
virtually all dimensional length scales is not entirely clear. However, one might
speculate that these are evolutionary architectures that have been optimized
over the past several billion years to provide structures manifesting maximum
interfaces for optimum energy extraction/distribution, nutrient extraction/dis-
tribution and information storage/retrieval.
The first inspiration for synthesizing molecular level tree-like structures evol-

ved from a lifetime hobby enjoyed by one of the editors (D.A.T.) as a horticultur-
ist/tree grower [3]. The first successful laboratory synthesis of such dendritic
complexity did not occur until the late 1970s. It required a significant digression
from traditional polymerization strategies with realignment to new perspectives.
These perspectives utilized major new synthesis concepts that have led to nearly
monodispersed synthetic macromolecules. The result was a new core—shell mac-
romolecular architecture, now recognized as dendrimers.
The concept of repetitive growth with branching was first reported in 1978 by

Vögtle [4] (University of Bonn, Germany) who applied it to the construction of
low molecular weight amines. This was followed closely by the parallel and
independent development of the divergent, macromolecular synthesis of true
dendrimers in the Tomalia Group [5,6] (Dow Chemical Company). The first
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Figure 1 (a) Coniferous and deciduous trees with root systems, (b) fungal
anatomy and (c) giant interneuron of a cockroach.

paper [6] describing in great detail the preparation of poly(amidoamine) de-
ndrimers appeared in 1985, the same year a communication reported the syn-
thesis of arborols [7] by Newkome et al. (Louisiana State University).
The divergent methodology based on acrylate monomers was discovered in

1979 and developed in the Dow laboratories during the period of 1979—85. It did
not suffer from the problem of low yields, purity, or purification encountered by
Vögtle in his ‘cascade’ synthesis, and afforded the first family of well character-
ized dendrimers. Poly(amidoamine) (PAMAM) dendrimers with molecular
weights ranging from several hundred to over 1 million Daltons (i.e., Gener-
ations 1—13) were prepared in high yields. This original methodology was so
successful that today it still constitutes the preferred commercial route to the
trademarked Starburst® dendrimer family.
In contrast, the divergent iterative methodology involving acrylonitrile used

by the Vögtle group [4] was plagued by low yields and product isolation
difficulties and could not be used to produce molecules large enough to exhibit
the unique properties that are now associated with the term ‘dendrimer’. It was
only a decade and a half later that two research groups Wörner/Mülhaupt [8]
(FreiburgUniv.) and de Brabander-vanden Berg/Meijer [9] (DSM), were able to
develop a vastly enhanced modification of the Vögtle approach to prepare true
poly(propyleneimine) (PPI) dendrimers. The route developed by the DSMgroup
is particularly notable as it also constitutes a viable commercial route to this
family of aliphatic amine dendrimers.
Since the ‘dendrimers’ discovery occurred in a Dow corporate laboratory, the

period 1979—1983 was spent filing many of the original dendrimer ‘composition
of matter’ patents [62—71]. The key Dow Starburst® dendrimer research team
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Figure 2 Original Dow dendrimer research team (l.-r back row: Pat Smith,
Steve Martin, Mark Hall, John Ryder; front row: Jim Dewald, Don Tomalia,
George Kallos, Jesse Roeck (photo taken (1982) in Dow’s Functional Polymer
Research Laboratory, 1710 Bldg, Midland, MI where first complete series of
PAMAM dendrimers (G=1–7) were synthesized)

members associated with this initial research and development effort are shown
in Figure 2. It was not until 1983, that corporate approval was given for the first
public presentation of this work (by D.A.T.) at the Winter Polymer Gordon
Conference in January (1983) (Santa Barbara, CA). It was after attending this
Conference that deGennes predicted the fundamental dendrimer surface conges-
tion properties that are now referred to as the ‘de Gennes [10] dense packing’
phenomenon. Excitement and controversy generated at this Gordon Conference
concerning this new class of monodispersed dendritic architecture led to an
intense schedule of invited lectures during 1984—1985 which included: The
Akron Polymer Lecture Series (April 1984), American Chemical Society Great
Lakes/Central Regional Meeting (May 1984) and the 1st International Polymer
Conference, Society of Polymer Science Japan, in Kyoto (August, 1984). The first
use of the term ‘dendrimer‘ to describe this new class of polymers, appeared in the
form of several abstracts published during that year. The first SPSJ International
Polymer Conference preprint [5] and the seminal full paper [6] that followed
describe the preparation of dendrimers and their use as fundamental building
blocks that may be covalently bridged to form poly(dendrimers) or so-called
‘starburst polymers’ as shown in Figure 3.
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Figure 3 Abstract of first full paper (reference 6) describing dendrimers

After the appearance of the seminal 1985 paper from the Tomalia group, there
was an enormous amount of intrinsic interest in dendritic polymer architecture.
On the other hand, there was substantial resistance to accepting research results
for publication by many of the major scientific journals, some of the reasons
cited by the critics of that period included the following:

1. How can one be certain the highermolecular weight dendrimers (i.e.,�G�2)
are as monodispersed as proposed?

2. Dendrimers are no different than ‘microgels’ —they are probably highly cross-
linked particles akin to latexes,
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Table 1 Early refereed publications on dendritic molecules (1978—91)

Year Lead authors References

From cascade growth to dendrimers
1978 Vögtle 4
1982 Maciejewski 11
1983 de Gennes 10
1985—1990 Tomalia/Turro/Goddard 6, 12—22
1985—1990 Newkome/Baker 7, 23—25
1990—1991 Fréchet/Hawker 26—29
1990 Miller/Neenan 30—31

Random Hyperbranched Polymers
1988 Odian/Tomalia 32
1988/1990 Kim/Webster 33
1991 Fréchet/Hawker 34

Dendrigraft/Arborescent Polymers
1991 Tomalia 35
1991 Gauthier/Möller 36

3. It is difficult to believe that one can chemically advance from generation to
generation (i.e., especiallý G�2) without substantial intramolecular cycliz-
ation and crosslinking,

4. Dendrimers are not really discrete chemical structures — they are non-descript
materials,

5. Dendrimers are not expected to manifest any unique properties that cannot
be found in microgels or latexes,

6. Backfolding of terminal chain ends into the interior of dendrimer will prohibit
any ‘guest-host’ properties — expectations for unimolecular micelle-like prop-
erties are absurd!

7. Since little chain entanglement would be expected from these structures, one
would expect poor bulk properties compared to traditional linear random
coil polymers.

In spite of this difficult acceptance, it is quite remarkable to note that by the end
of 1990 about two dozen publications on dendrimers had appeared in refereed
journals. By the end of 1991 the rate of publication of dendrimer papers had
started to climb markedly while there still were only three papers on random
hyperbranched polymers and two on dendrigraft or arborescent polymers. The
courage, persistence and credibility of many key scientists listed in Table 1
during that period, set the stage for the explosive acceptance and recognition of
dendritic polymers over the next decade.
Several key events also contributed to this transformation. This included an

invitation by D. Seebach and H. Ringsdorf to present the ‘dendritic polymer
concepts’ at the prestigious Bürgenstock Conference in Switzerland (May, 1987).
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This lecture exposed these rather revolutionary concepts to an ‘‘elite scientific
community’’ in Europe. Secondly, an invitation by Dr. P. Golitz (Editor,Angew.
Chem.) to publish an important review [20] entitled ‘Starburst dendrimers: mol-
ecular-level control of size, shape, surface chemistry, topology and flexibility from
atoms to macroscopic matter’ provided broad exposure to the basic concepts
underlying dendrimer chemistry. Finally, important contributions by key re-
searchers significantly expanded the realm of dendrimer chemistry with the
‘convergent synthesis’ approach of Fréchet and Hawker [37] (Figure 4), as well
as the systematic and critical photophysical characterization of Turro et al [38].
Influenced by Tomalia’s seminal 1985 paper and stimulated by discussions

with Richard Turner, then of the Eastman Kodak Company, dendrimer work at
Cornell University was initiated by one of the editors (J.M.J.F.) in 1987—8. These
were exciting times as the generous $2M gift by IBM Corporation to spur
research in polymer chemistry had enabled the assembly of an outstanding
research team within the Fréchet laboratory, leading to discoveries that in-
cluded: Itsuno’s polymer-supported chiral catalysts [39—40], Stover’s NMR
method for the characterization of crosslinked reactive polymer beads [41],
Kato’s self-assembly [42—43] of functional small molecules and supramolecular
polymeric liquid crystals by hydrogen bonding, Cameron’s photogeneration of
bases for microlithography [44—45], Matuszczak’s new design for chemically
amplified deep-UV photoresists [46—47], and of course Hawker’s convergent
synthesis [26—27, 37] of dendrimers.
While repetitive syntheses of both linear and branched [4,48] small molecules

and even macromolecules were not new (e.g. preparation of linear oligopeptides
or branched polylysine [48]), Tomalia’s dendrimers were clearly novel and had
something special to offer: features and properties that develop as a function of
size. We now know that the ‘dendritic state’, and the properties derived from it,
are only accessed with certain symmetrical geometries once a critical size has
been reached and the molecule adopts a globular shape encapsulating its core or
focal point. Fréchet’s initial ‘learning’ efforts were directed toward divergent
syntheses of aromatic polyamide dendrimers and poly(propyleneimine) (PPI)
cascade molecules [4]. These were soon abandoned due to severe problems of
purification and the prevalent occurrence of stunted growth or structural defects.
It was clear that only a few structures, such as Tomalia’s poly(amidoamine)
(PAMAM) dendrimers would lend themselves to controlled divergent growth.
The ‘convergent’ methodology for dendrimers synthesis was developed in the

period 1988—9 soon after two very gifted postdoctoral fellows, Craig Hawker
and Athena Philippides, joined Jean Fréchet at Cornell. The convergent growth
approach, first demonstrated with polyether dendrimers, is probably best de-
scribed as an ‘organic chemist‘ approach to globular macromolecules as it
affords outstanding control over growth, structure, and functionality. Instead of
expanding a core molecule ‘outwards’ in divergent fashion through an ever
increasing number of peripheral coupling steps, the convergent growth starts at
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Figure 4 Members of the 1988–89 Cornell University team at a recent reunion:
from right to left; back row, Dr Craig Hawker (IBM Almaden Research Labora-
tory), Prof. Takashi Kato (University of Tokyo); front row: Prof. Jean Fréchet
(University of California, Berkeley), Prof. KarenWooley (Washington University)

what will become the periphery of the molecule proceeding ‘inwards’ to afford
building blocks (dendrons) that are subsequently coupled to a branching mono-
mer through reaction of a single reactive group located at their focal point’. This
allows for a drastic reduction in the amount of reagents used and enables
intermediate purification at each step of growth, leading to single molecular
entities. More importantly, the convergent growth allows unparalleled control
over functionality at specified locations of the growing macromolecule and it
provides access to numerous novel architectures through the attachment of
dendrons to other molecules. This has led to innovative dendrimers consisting of
different blocks, dendrimers with chemically varied layers or encapsulated func-
tional entities, dendrimers with differentiated ‘surface‘ functionalities, as well as
to hybrid linear dendritic macromolecules and ‘dendronized‘ macromolecules.
The initial presentation [37] of convergently grown dendrimers was made in

1989 at the IUPAC Symposium on Macromolecules in Seoul, Korea. Here
again, following initial patent filings, publication of the work was delayed very
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Figure 5 Schematics of dendrimer growth by the divergent and the convergent
methods

significantly, by the thoroughly negative reception of the work by one referee,
said to be ‘an expert in the field’ who thought it ‘improbable that such precise
molecules could actually have been prepared by the process described’. Soon
after initial publication [26—27] of the work by Hawker and Fréchet that finally
took place in 1990, the convergent synthesis of an aromatic polyester was
reported by Neenan and Miller [30—31], while Hawker, working with a bright
young graduate student, Karen Wooley, demonstrated the unique versatility of
the convergent method with the preparation of dendrimers having differentiated
functionalities [28,29]. Within a few months, the Cornell ‘dendrimer’ group now
including Hawker, Wooley, Uhrich, Gitsov, Boegeman and Lee made use of the
convergent synthesis to prepare and polymerize the first dendritic macro-
monomers [49,50], develop the first true hybrid macromolecules [51,52] con-
sisting of a linear polymer block with either one or two dendrimers chain ends,
develop the first double stage convergent synthesis [53] and a variety of novel
polymer architectures based on dendritic building blocks [54,55]. Closely re-
lated work also produced the first solid-phase synthesis [56] of a dendritic
molecule, as well as the first hyperbranched polyester [34] obtained by one-step
polycondensation.
Today the convergent approach to dendrimer synthesis has taken its place

alongside Tomalia’s divergent approach as one of the two seminal routes to this
important new family of macromolecules and, within the past decade alone,
hundreds of publicationsmaking use of the convergent synthesis, frequently with
building blocks now known as ‘Fréchet-type dendrons’, have appeared. Figure 5
illustrates dendrimer growth by both the divergent and the convergent method-
ologies.
Among numerous events that contributed to the further acceptance of the
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dendrimers as discrete entities with remarkable structural precision was the
development of mass spectrometric techniques for application in protein charac-
terization. Mass spectrometry (MS) was shown to be useful for the precise
determination of protein molecular weights (up to 10� Daltons) using electros-
pray and later MALDI-TOF techniques. By utilizing these techniques, it was
possible to demonstrate unequivocally that all dendrimer constructions obeyed
mathematically defined mass growth rules that could be documented routinely
by MS techniques. This technological breakthrough as well as critical size
exclusion chromatography [22,27,57], light scattering/viscosity [58], photo-
physical [38], electron microscopy [59], gel/capillary electrophoresis [60],
atomic force microscopy [61], and other assorted measurements have exhaus-
tively verified the principles of ‘dendritic growth and amplification’ while also
illustrating some of the unusual properties that result from the dendritic state.
Beginning in the early 1990s, an overwhelming international interest in the

dendritic polymer field has become apparent as manifested by research publica-
tions, reviews, monographs and patents that numbered in the 100s during the
period 1990—95 then grew to thousands since 1995. While a decade ago, lectures
on dendrimers were still rather scarce, the last five or six years have witnessed
two major ‘dendrimer’ symposia at meetings of the American Chemical Society
(ACS) in Chicago (1995) and Las Vegas (1998) that gathered very large interna-
tional audiences. In 1999 the ‘First International Dendrimer Conference’ was
held in Frankfurt (Germany) under the auspices of DECHEMA. The year 2001
saw another international symposium including more than 150 invited lectures
and communications devoted to dendritic polymers at the San Diego ACS
meeting while the ‘Second International Dendrimer Conference’ will take place
in Tokyo.
In bringing this historical perspective to closure, it is important to share an

extraordinary moment that Donald Tomalia experienced at the First Society of
Polymer Science Japan International Polymer Conference in Kyoto (August
1984). Professor Paul Flory, who was not only the most prominent polymer
scientist in attendance, but also presented the key plenary lecture for the confer-
ence. All invited speakers, were lodged at the KyotoGrand Hotel. As such, many
of us had the extraordinary opportunity to walk and talk with this celebrity on
our many trips to the Kyoto Kaikan (lecture hall). On the other hand, I was one
of the many eager, young scientists who had just presented some very intriguing,
but nevertheless, ‘non-traditional’ dendrimer data to an audience of largely
traditional polymer scientists. Needless to say, during these group walks there
was considerable discussion. Many questions were raised during these dis-
cussions. For example, ‘Is a dendrimer really a polymer?’ ‘How could we possibly
force monomers to bond according to mathematically defined rules?’ Because of
their dimensions, ‘Are dendrimers hazardous?’ ‘Do we really need a polymer
such as a dendrimer?’ ‘Do dendrimers really exist?’ Although I knew Flory
attended the dendrimer lecture and he listened to these questions with interest,
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Figure 6 Representation of the four major classes of macromolecular architec-
tures

his comments were very sparse during these discussions. This troubled me, until
on one very special occasion as we were making the walk alone, he shared with
me twomemorable perspectives that have remained withme until this day. First,
he consoled me by advisingme not to be troubled by many of these questions. As
he stated it, historically, few revolutionary findings in science are ever accepted
without a predictable period of rejection. With a grin, he said dendrimers
certainly qualify on that issue. Secondly, and perhaps more profound were his
perspectives on polymeric architecture. He stated it simply — ‘Architecture is a
consequence of special atom relationships and just as observed for small mol-
ecules, different properties should be expected for new polymeric architectures.’
As such, dendrimers and other highly branched topologies should be expected to
exhibit new and perhaps unexpected physical/chemical properties. He then
challenged me with the following comment — ‘If you have indeed synthesized
these new dendritic architectures and you believe in them — then your job and
your destiny will be to demonstrate these new properties, understand them and
then attempt to predict the relationship between these parameters. Unfortunate-
ly, Prof. Flory passed away unexpectedly in the autumn of 1986 and the oppor-
tunity for further discussions was lost.
Some 17 years later, many of these predictions are turning into experimental

reality as many of these questions are being answered in each new publication or
patent that appears on dendritic architecture. Presently, dendritic polymers are
recognized as the fourth major class of polymeric architecture consisting of three
subsets that are based on degree of structural control, namely: (a) random
hyperbranched polymers, (b) dendrigraft polymers and (c) dendrimers (Figure 6).
Hopefully, the present collection of insights on dendritic polymers will serve to

assist and enlighten those who are in quest of such new architecturally driven
properties and behavior.
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34. Hawker, C. J., Lee, R. and Fréchet, J.M. J., J.Am.Chem. Soc. 1991, 113, 4583. See also

US Patent 5,514,764 issued 1996.
35. Tomalia, D. A., Hedstrand,D.M. andFerritto,M. S.Macromolecules, 24, 1435 (1991).
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Introduction to the Dendritic
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D. A. TOMALIA
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J. M. J. FRÉCHET
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1 NATURAL AND SYNTHETIC EVOLUTION OF MOLECULAR
COMPLEXITY

Nature has been evolving [1—4] and enhancing the complexity of matter in our
universe over the past 10—13 billion years [5]. Mankind, on the other hand,
began the science of creating and enhancing molecular complexity by ‘synthesis’
approximately 200 years ago [6, 7]. Important milestones in the evolution of
complexity by covalent synthesis include the following: ‘atom synthesis’
(Lavoisier, 1789), the ‘molecular hypothesis’ (Dalton, 1808), ‘organic chemistry’
(Wöhler, 1828) and the ‘macromolecular hypothesis’ (Staudinger, 1926). Even in
the context of these major developments it is obvious that our present ability to
create and control molecular complexity is in its infancy compared to that
demonstrated by Nature [8].
At least three major strategies are presently available for covalent synthesis of

organic and related complexity beyond the atomic level (Figure 1.1) namely: (A)
traditional organic chemistry, (B) traditional polymer chemistry andmore recently
(C) dendritic macromolecular chemistry.
Broadly speaking, traditional organic chemistry leads to higher complexity by

involving the formation of relatively few covalent bonds between small hetero-
geneous aggregates of atoms (reagents) to give well-defined small molecules. On
the other hand, polymerization strategies such as (B) and (C) involve the forma-
tion of large multiples of covalent bonds between homogeneous monomers to
produce large molecules or infinite networks with a broad range of structure
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Edited by Jean M. J. Fréchet and Donald A. Tomalia

Copyright © 2001 John Wiley & Sons Ltd
ISBNs: 0-471-63850-1 (Hardback); 0-470-84582-1 (Electronic)



Figure 1.1 Molecular complexity as a function of covalent synthesis strategies
and molecular dimensions

control [9, 10].
Within the context of comparing these three covalent synthesis strategies (i.e.

(A), (B) and (C)) we wish to introduce the reader to strategy (C) and the new
structural class that constitutes the ‘dendritic state’.

1.1 TRADITIONAL ORGANIC CHEMISTRY

Organic synthesis, which is traditionally recognized to have originated with
Wöhler in 1828, has led to the synthesis of literally millions of small molecules.
Organic synthesis involves the use of various hybridization states of carbon and
specific heteroatoms to produce key hydrocarbon building blocks (modules) and
functional groups (connectors). These two construction parameters have been
used to assemble literally millions of more complex structures by either (a)
divergent or (b) convergent strategies involving a limited number of stepwise,
covalent bond-forming events, followed by product isolation at each stage.
Relatively small (i.e. � l nm) molecules are produced, which allow the precise
control of shape, mass, flexibility and functional group placement. The divergent
and convergent strategies are recognized as the essence of traditional organic
synthesis [6]. An example of the divergent strategy (a) may be found in the
Merrifield synthesis [11—14], which involves chronological introduction of pre-
cise amino acid sequences to produce a structure controlled, linear architecture.
Many examples of the ‘convergent strategy’ (b) can be found in contemporary

approaches to natural products synthesis. Usually the routes to target molecules
(e.g. I) are derived by retro-synthesis from the final product [6]. This involves
transformation of the target molecule to lower molecular weight precursors (e.g.
A—F).
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A B C D I
 

(a) Schematic representation of the divergent strategy

A
B

C
D

E F I

G
H

(b) Schematic representation of the convergent strategy

Mathematically, at least one covalent bond, or in some cases several bonds,
may be formed per reaction step (N

�
). Assuming high-yield reaction steps and

appropriate isolation stages, one can expect to obtain precise monodisperse
products. In either case, the total number of covalent bonds formed can be
expressed as follows:

Reaction
A

NA
Reaction

B
+ NB

Reaction
C

+ NC
Reaction

i
. . . ND

N = number of covalent bonds formed/step

Precise Monodispersed
Small Molecules

Total Number of
Covalent Bonds Formed =      Ni iΣ

i

0

Scheme 1

Based on the various hybridization states of carbon, (Figure 1.2) at least four
major carboskeletal architectures are known [6, 15]. They are recognized as (I)
linear, (II) bridged (2D/3D), (III) branched and (IV) dendritic. In adherence with
‘skeletal isomerism‘ principles demonstrated by Berzelius (1832) these major
architectural classes determine very important differentiated physicochemical
properties that define major areas within traditional organic chemistry (e.g.
linear versus branched hydrocarbons). It is interesting to note that analogous
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Figure 1.2 Four major small molecular architectures derived from the hybridiz-
ation states of carbon

macromolecular architectural classes have also been identified and will be dis-
cussed later.

1.2 TRADITIONAL POLYMER CHEMISTRY

Over the past 70 years, a second covalent synthesis strategy has evolved based on
the catenation of reactive small molecular modules or monomers. Broadly
speaking, these catenations involve the use of reactive (AB-type monomers) that
may be engaged to produce single large molecules with polydispersed masses.
Suchmultiple bond formationmay be driven by (a) chain growth, (b) ring opening,
(c) step-growth condensation or (d) enzyme catalyzed processes. Staudinger first
introduced this paradigm in the 1920s [16—19] by demonstrating that reactive
monomers could be used to produce a statistical distribution of one-dimensional
(linear)molecules with very highmolecular weights (i.e.� 106Daltons). Asmany
as 10 000 or more covalent bonds may be formed in a single chain reaction of
monomers. Althoughmacro/mega-moleculeswith nanoscale dimensionsmay be
attained, structure control of critical macromolecular design parameters, such as
size, molecular shape, spatial positioning of atoms, or covalent connectivity —
other than those affording linear or crosslinked topologies — is difficult. How-
ever, substantial progress has been made using ‘living polymerization’ tech-

6 D. A. TOMALIA AND J. M. J. FRÉCHET



niques affording better control over molecular weight and some structural
elements as described in Chapter 2.

n[AB] (monomers) [AB]n
Traditional polymerizations usually involve AB-type monomers based on

substituted ethylenes, strained small ring compounds using chain reactions that
may be initiated by free radical, anionic or cationic initiators [20]. Alternatively,
AB-type monomers may be used in polycondensation reactions.
Multiple covalent bonds are formed in each macromolecule and, in general,

statistical, polydispersed structures are obtained. In the case of controlled vinyl
polymerizations, the average length of the macromolecule is determined by
monomer to initiator ratios. If one views these polymerizations as extraordinari-
ly long sequences of individual reaction steps, the average number of covalent
bonds formed/chain may be visualized as shown in Scheme 2:

Polydispersed
Macromolecules

Average Number of
Covalent Bonds Formed =      Mi/I ~ 

i
Σ

i

0

Reaction
A

NA
Reaction

B
+ NB

Reaction
i

. . . Ni

Where:         = monomer: initiator ratio

N = number of covalent bond formed/step

M

I

M

I

M

I

M

I

ΣMi

I

Scheme 2

Traditional polymerization strategies generally produce linear architectures,
however, branched topologies may be formed either by chain transfer processes,
or intentionally introduced by grafting techniques. In any case, the linear and
branched architectural classes have traditionally defined the broad area of
thermoplastics. Of equal importance is the major architectural class that is
formed by the introduction of covalent bridging bonds between linear or bran-
ched polymeric topologies. These crosslinked (bridged) topologies were studied
by Flory in the early 1940s and constitute the second major area of traditional
polymer chemistry — namely, thermosets. The two broad areas of polymer science
— thermoplastics and thermoset — accounting for billions of dollars of commerce
support a vast array of very familiar macromolecular compositions and applica-
tions as shown in Figure 1.3.
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I
Linear

II
Cross-linked

III
Branched

1930s  1940s  1960s 
Plexiglass, Rubbers, Low Density 
Nylon  Epoxies  Polyethylene

Figure 1.4 Traditionalmacromolecular architectures organized chronologically
according to their commercial introduction

Therefore, approximately 50 years after the introduction of the ‘macromolecu-
lar hypothesis’ by Staudinger, the entire field of polymer science could simply be
described as consisting of only the two major architectural classes: (i) linear
topologies as found in thermoplastics and (ii) crosslinked architectures as found in
thermosets. The major focus of polymer science during the time frame spanning
the period of the 1920s to the 1970s was on the unique architecturally driven
properties manifested by either linear or cross-linked topologies. Based on the
unique properties exhibited by these topologies, many natural polymers that
were critical to success in World War II were replaced with synthetic polymers
for which the combination of availability and properties were of utmost strategic
importance [9]. In the period covering the 1960s and 1970s, pioneering investi-
gation into long chain branching (LCB) in polyolefins and other related bran-
ched systems began to emerge [21, 22]. More recently, intense commercial
interest has been focused on new polyolefin architectures based on ‘random long
branched’ and ‘dendritic topologies’ [23, 24]. These architectures are reportedly
produced by ‘metallocene’ and ‘Brookhart-type‘ catalysts. As a result, by the end
of the 1970s, the major architectural polymer classes and commercial commodi-
ties associated with these topologies were as described chronologically in Figure
1.4.

2 THE DENDRITIC STATE

As described earlier in this book, the dendritic architecture is perhaps one of the
most pervasive topologies observed at the macro and micro-dimensional length
scales (i.e. �m-m). At the nanoscale (molecular) level there are relatively few
natural examples of this architecture. Most notable are probably the glycogen
and amylopectin hyperbranched structures that Nature uses for energy storage.

INTRODUCTION TO THE DENDRITIC STATE 9



Figure 1.5 Topologies for (a) amylopectin and (b) proteoglycans

Presumably, the many chain ends that decorate these macromolecules facilitate
enzymatic access to glucose for high demand bioenergy events [25]. Another
nanoscale example of dendritic architecture in biological systems is found in
proteoglycans. These macromolecules appear to provide energy-absorbing,
cushioning properties and determine the viscoelastic properties of connective
tissue (Figure 1.5).
In the past two decades, new strategies have been developed that allow the

synthesis of a wide variety of such dendritic structures.

2.1 DENDRITIC BRANCHING CONCEPTS – HISTORICAL
OVERVIEW

The origins of the present three-dimensional, dendritic branching concepts can
be traced back to the initial introduction of infinite network theory by Flory
[26—29] and Stockmayer [30—32]. In 1943, Flory introduced the term network
cell, which he defined as the most fundamental unit in a molecular network
structure [27]. To paraphrase the original definition, it is the recurring branch
juncture in a network system as well as the excluded volume associated with this
branch juncture. Graessley [33, 34] took the notion one step further by describing
ensembles of these network cells as micronetworks. Extending the concept of
Flory’s statistical treatment of Gaussian-coil networks, analogous species that
are part of an open, branched/dendritic organization are known as branch cells
and dendritic assemblies. A comparison of these entities is illustrated in Figure
1.6.
Statistical modeling by Gordon et al. [35, 36], Dusek [37], Burchard [38] and

others reduced such branched species to graph theory designed to mimic the
morphological branching of trees. These dendritic models were combined with
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Figure 1.6 Examples of (a) branch cell, (b) dendritic assembly of branch cells
and (c) crosslinked nano-networks derived from branch cells

‘cascade theory’ [39, 40] mathematics to give a reasonable statistical treatment
for network-forming events at that time.
The growth of branched and dendritic macromolecules in the sol phase of a

traditional crosslinking process may be thought of as geometric aggregations of
various branch cells or dendritic/ network assemblies as described above. Begin-
ning as molecular species, they advance through the dimensional hierarchy
shown in Figure 1.1, to oligomeric, macromolecular, megamolecular and ulti-
mately to infinite network macroscale systems. Traditional network-forming
systems (e.g. epoxy resins, urethanes, polyesters) progress through this growth
process in a statistical, random fashion. The resulting infinite networks may be
visualized as a collection of unequally segmented, Gaussian chains between
f-functional branch junctures, crosslinks (loops) and dangling terminal groups.

2.2 A COMPARISON OF TRADITIONAL ORGANIC CHEMISTRY
AND POLYMER SCIENCE WITH DENDRITIC
MACROMOLECULAR CHEMISTRY

It is appropriate to compare the well-known concepts of covalent bond forma-
tion in traditional organic chemistry with those that apply to classical polymer
chemistry and to dendritic macromolecular chemistry. This allows one to fully
appreciate the differences between the three areas in the context of structure
control, in concert with issues related to terminal group and mass amplification.

INTRODUCTION TO THE DENDRITIC STATE 11



Figure 1.7 Examples of architectural polymer classses (I–IV) polymer type,
repeat units and covalent connectivity associated with architectural classes

Covalent synthesis in traditional polymer science has evolved around the use of
reactive modules (AB-type monomer) or ABR-type branch reagents that may be
engaged in multiple covalent bond formation to produce large one-dimensional
molecules of various lengths. Suchmultiple bond formationmay be driven either
by chain reactions, ring opening reactions or polycondensation schemes. These
propagation schemes and products are recognized as Class I: linear or Class III:
branched architectures. Alternatively, using combinations and permutations of
divalent A—B type monomers and/or A-B

�
, A

�
-B polyvalent, branch cell-type

monomers produces Class II, crosslinked (bridged) architectures.
A comparison of the covalent connectivity associated with each of these

architecture classes (Figure 1.7) reveals that the number of covalent bonds
formed per step for linear and branched topology is a multiple (n � degree of
polymerization) related to the monomer/initiator ratios. In contrast, ideal de-
ndritic (Class IV) propagation involves the formation of an exponential number
of covalent bonds per reaction step (also termed G � generation), as well as
amplification of both mass (i.e. number of branch cells/G) and terminal groups,
(Z) per generation (G).
Mathematically, the number of covalent bonds formed per generation (reac-

tion step) in an ideal dendron or dendrimer synthesis varies according to a power
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function of the reaction steps, as illustrated below. It is clear that covalent bond
amplification occurs in all dendritic synthesis strategies. In addition to new
architectural consequences, this feature clearly differentiates dendritic growth
processes from covalent bond synthesis found in both traditional organic and
polymer chemistry [8].

Precise Monodispersed
Macromolecules

Total Number of
Covalent Bonds Formed =      NcNb

x = NcΣ
i-l

x=0

Reaction
A

Nc
Reaction

B
+ Nc Nb

Reaction
C

Reaction
i

Where: Nc = initiator core multiplicity

Nb = branch cell multiplicity

NcNb
i-l = number of covalent bonds formed/step

+ Nc Nb
2 . . . N Nb

i-I

Nb
i-1

Nb-1

It should be quite apparent that, although all major architectural polymer
classes are derived from common or related repeat units, the covalent connect-
ivity is truly discrete and different. Furthermore, mathematical analysis of the
respective propagation strategies clearly illustrates the dramatic differences in
structure development as a function of covalent bond formation. It should be
noted that linear, branched and dendritic topologies differ substantially both in
their covalent connectivity, as well as their terminal group to initiator site ratios.
In spite of these differences, these open, unlooped macromolecular assemblies
clearly manifest thermoplastic polymer type behavior compared to the looped,
bridged connectivity associated with crosslinked, thermoset systems. In fact, it is
now apparent that these three ‘open assembly-topologies (i.e. (I) linear, (III)
branched, (IV) dendritic) represent a graduated continuum of architectural
intermediacy between thermoplastic and thermoset behavior.
In summary, traditional organic chemistry offers exquisite control over critical

molecular design parameters up to, but not including, nanoscale structural
dimensions. Classical polymer science offers facile access to statistical distribu-
tions of nanoscale structures, with some control over topology, composition,
flexibility or rigidity, and, in the case of living polymerization, increasingly better
but still imperfect control over product size and mass distribution or polydis-
persity. In contrast, as will be seen below, dendritic macromolecular chemistry
provides all the elements needed for unparalleled control over topology, compo-
sition, size, mass, shape and functional group placement. These are features that
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truly distinguish many successful, nanostructures found in nature [41].
The quest for nanostructures and devices based on the biomimetic premise of

architectural and functional precision is intense and remains an ultimate chal-
lenge. One must ask — what new options or unique properties does the ‘dendritic
state’ offer tomeet the needs of nanoscale science and technology? The rest of this
chapter will attempt to overview key features of the ‘dendritic state’ that address
these and other issues.

2.3 DENDRITIC POLYMERS – A FOURTH MAJOR NEW
ARCHITECTURAL CLASS

The dendritic topology has bow been recognized as a fourth major class of
macromolecular architecture [42—45]. The signature for such a distinction is the
unique repertoire of new propertiesmanifested by this class of polymers [46—51].
Numerous synthetic strategies have been reported for the preparation of these
materials, which have led to a broad range of dendritic structures. Presently, this
architectural class consists of three dendritic subclasses, namely: (IVa) random
hyperbranched polymers, (IVb) dendrigraft polymers and (IVc) dendrimers (Figure
1.8). The order of this subset, from a to c, reflects the relative degree of structural
control present in each of these dendritic architectures.
All dendritic polymers are open covalent assemblies of branch cells. They may

be organized as very symmetrical, monodispersed arrays, as is the case for
dendrimers, or as irregular polydispersed assemblies that typically define ran-
dom hyperbranched polymers. As such, the respective subclasses and the level of
structure control are defined by the propagation methodology used to produce
these assemblies, as well as by the branch cell (BC) construction parameters. The
BC parameters are determined by the composition of the BC monomers, as well
as the nature of the ‘excluded volume‘ defined by the BC. The excluded volume of
the BC is determined by the length of the arms, the symmetry, rigidity/flexibility,
as well as the branching and rotation angles involved within each of the branch
cell domains. As shown in Figure 1.8 these dendritic arrays of branch cells
usually manifest covalent connectivity relative to some molecular reference
marker (I) or core. As such, these branch cell arrays may be very non-ideal and
polydispersed (e.g.M

�
/M

�
/ 2—10), as observed for random hyperbranched poly-

mers (IVa), or very ideally organized into highly controlled core—shell type
structures as noted for dendrons/dendrimers (IVc):M

�
/M

�
1.01—1.0001 and less.

Dendrigraft (arborescent) polymers reside between these two extremes of struc-
ture control, frequently manifesting rather narrow polydispersities of M

�
/M

�
/

1.1—1.5 depending on their mode of preparation.
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Figure 1.8 Branch cell structural parameters (a) branching angles, (b) rotation
angles, (l) repeat units lengths, (Z) terminal groups and dendritic subclasses
derived from branches (IVa) random hyperbranched, (IVb) dendrigrafts and (IVc)
dendrons/dendrimers

2.4 RANDOM HYPERBRANCHED POLYMERS

Flory was the first to hypothesize concepts [28, 52], which are now recognized to
apply to statistical, or ‘random hyperbranched’ polymers. However, the first
purposeful experimental confirmation of dendritic topologies did not produce
random hyperbranched polymers but rather the more precise, structure control-
led, dendrimer architecture. This work was initiated nearly a decade before the
first examples of ‘random hyperbranched‘ polymers were confirmed indepen-
dently in publications by Odian/Tomalia [53] and Webster/Kim [54, 55] in
1988. At that time, Webster/Kim coined the popular term ‘hyperbranched
polymers’ that has been widely used to describe this type of dendritic macro-
molecules.
Hyperbranched polymers are typically prepared by polymerization of AB

�

INTRODUCTION TO THE DENDRITIC STATE 15



Figure 1.9 Polymerization of an AB
�
monomer into a random hyperbranched poly-

mer

monomers. When x is 2 or more, polymerization of such monomers gives highly
branched polymers as shown in Figure 1.9, as long as A reacts only with B from
another molecule. Reactions between A and B from the same molecule result in
termination of polymerization by cyclization. This approach produces hyper-
branched polymers with a degree of polymerization n, possessing one unreacted
A functional group and (x —1)n � 1 unreacted B terminal groups. In similar
fashion, copolymerization of A

�
and B

�
or other such polyvalent monomers can

give hyperbranched polymers [56, 57], if the polymerization is maintained below
the gel point by manipulating monomer stoichiometry or limiting polymer
conversion.
Random hyperbranched polymers are generally produced by the one-pot

polymerization of AB
�
monomers or macromonomers involving polycondensa-

tion, ring opening or polyaddition reactions hence the products usually consist
of broad statistical molecular weight distributions.
Over the past decade, literally dozens of new AB

�
-type monomers have been

reported leading to an enormously diverse array of hyperbranched structures.
Some general types include poly(phenylenes) obtained by Suzuki-coupling [54,
55], poly(phenylacetylenes prepared by Heck-reaction [58], polycarbosilanes,
polycarbosiloxanes [59], and polysiloxysilanes by hydrosilylation [60],
poly(ether ketones) by nucleophilic aromatic substitution [61] and polyesters
[62] or polyethers by polycondensations [63] or by ring opening [64].
New advances beyond the traditional AB

�
Flory-type branch cell monomers

have been reported by Fréchet et al. [65, 66]. They have introduced the concept
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of latent AB
�
monomers, referred to as ‘self-condensing vinyl polymerizations’

(SCVP). These monomers, which possess both initiation and propagation prop-
erties, may follow two modes of polymerization: namely, polymerization of the
double bond (i.e. chain growth) and condensation of the initiating group with the
double bond (i.e. step-growth). Recent progress involving the derivative process
of self-condensing ring-opening polymerizations (SCROP) has been reviewed by
Sunder et al. [25]. In addition, the use of enhanced processing techniques such as
pseudo chain growth by slow monomer addition) [67] allow somewhat better
control of hyperbranched structures [25].

2.5 DENDRIGRAFT (ARBORESCENT) POLYMERS

Dendrigraft polymers are the most recently discovered and currently the least
well understood subset of dendritic polymers. The first examples were reported
independently by Tomalia et al. [68] and Gauthier, et al. [69] in 1991. A
comparison of dendrimer and dendrigraft architectures is made in Figure 1.10.
Whereas traditional monomers are generally used for constructing dendrimers,
reactive oligomers or polymers are used in ‘protect/deprotect’ or activation
schemes to produce dendrigrafts.
Both hydrophilic (i.e. dendrigraft — poly(oxazolines)/poly(ethyleneimines), as

well as hydrophobic (i.e. dendrigraft — poly(styrenes) were reported in this early
work. These first methodologies involved the iterative grafting of ‘oligomeric
reagents’ derived from ‘living polymerization processes’ in various iterative ‘graft
on graft’ strategies. By analogy to dendrimers, each iterative grafting step is
referred to as a generation. An important feature of this approach is that branch
densities, as well as the size of the grafted branches can be varied independently
for each generation. Furthermore, by initiating these iterative grafting steps from
a ‘point-like core’ versus a ‘linear core’ it is possible to produce spheroidal and
cylindrical dendrigrafts, respectively. Depending on the graft densities and mol-
ecular weights of the grafted branches, ultra-high molecular weight dendrigrafts
(e.g.M

�
� 10 M) can be obtained at very low generation levels (e.g. G� 3). The

dramatic molecular weight enhancements that are possible using dendrigraft
techniques are compared with other propagation methodologies in Figure 1.11.
Further elaboration of these dendrigraft principles allowed the synthesis of a

variety of core—shell type dendrigrafts, wherein elemental composition as well as
the hydrophobic/hydrophilic character in the core can be controlled indepen-
dently.
In general, the above methodologies have involved ‘convergent-type’ grafting

principles wherein preformed, reactive oligomers are grafted onto successive
branched precursors to produce semi-controlled structures. Compared to de-
ndrimers, dendrigraft structures are less controlled since grafting may occur
along the entire length of each generational branch and the exact branching

INTRODUCTION TO THE DENDRITIC STATE 17



Figure 1.10 Comparison of dendrimer and dendrigraft architectureGeneration:
0–2

densities are somewhat arbitrary and difficult to control.
More recently, both Gnanou [70, 71] and Hendricks [72, 73] have developed

approaches to dendrigrafts that mimic dendrimer topologies by confining the
graft sites to the branch termini for each generation. These methods involve
so-called ‘graft from’ techniques and allow better control of branching topologies
and densities as a function of generation. Topologies produced by these methods
are reminiscent of the dendrimer architecture (Figure 1.10). Since the branch cell
arms are derived from oligomeric segments, they are referred to as ‘polymeric
dendrimers‘ [21]. These more flexible and extended structures exhibit unique
and different properties compared to the more compact traditional dendrimers.
Fréchet and coworkers [74] have used the techniques of living polymerization
and a staged polymerization process in which latent polymerization sites are
incorporated within growing chains, then used to produce dendrigrafts of mixed
composition and narrow polydispersity.
Another exciting development has been the emerging role that dendritic

architecture is playing in the production of commodity polymers. A recent report
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Figure 1.11 Comparison of degree of polymerization as a function of topology
and growth process (a) dendrigraft, (b) dendrimer, (c) non-linear straight chain
and (d) linear

by Guan et al. [24] has shown that ethylene monomer polymerizes to dendri-
graft-poly(ethylene) at low pressures in contrast to high pressure conditions,
which produce only branched topologies. This occurs when using late transition
metal or Brookhart catalysts (Figure 1.12). Furthermore, these authors also state
that small amounts of dendrigraft poly(ethylene) architecture may be expected
from analogous early transition metal-metallocene catalysts.

2.6 DENDRONS AND DENDRIMERS

Dendrons and dendrimers are the most intensely investigated subset of dendritic
polymers. In the past decade over 2000 literature references have appeared on
this unique class of structure controlled polymers. The term ‘dendrimer’ was
coined by Tomalia, et al. over 15 years ago in the first reports on
poly(amidoamine) (PAMAM) dendrimers [75, 76]. It is derived from the Greek
words dendri-(branch tree-like) and meros — part of ). Poly(amidoamine) den-
drimers constitute the first dendrimer family to be commercialized and un-
doubtedly represent the most extensively characterized and best understood
series at this time. In view of the extensive literature information in this area,
much of the remaining overview will focus on PAMAM dendrimers and will
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Figure 1.12 Proposed mechanism for conversion of ethylene monomer to
dendrigraft polyethylene with Brookhart catalyst at low pressure

largely limit the scope of discussion to critical features offered by these fascinat-
ing structures.

2.6.1 Synthesis – Divergent and Convergent Methods

In contrast to traditional polymers, dendrimers are unique core—shell structures
possessing three basic architectural components namely, (I) a core, (II) an interior
of shells (generation) consisting of repetitive branch cell units and (III) terminal
functional groups (i.e. the outer shell or periphery) as illustrated in Figures 1.13
and 1.14.
In general, dendrimer syntheses involves hierarchical assembly strategies that

require the following construction components:

Cores Monomers Branch Cells Dendrons Dendrimers:Cores Monomers Branch Cells Dendrons Dendrimers:

Many methods for assembling these components have been reported, how-
ever, they can be broadly categorized as either ‘divergent’ or ‘convergent’ stra-
tegies. Within each of these major approaches there may be variations in
methodology for ‘branch cell construction’ (i.e. in situ versus preformed) or
dendron construction (i.e., divergent versus convergent), as outlined in Figure
1.13.
Historically, early developments in the field were based on divergent methods.
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Vögtle et al. (University of Bonn) first reported the synthesis of several low
molecular weight (� 900 Daltons G � 0—2) cascade structures [77] using the
divergent, in situ branch cell method. This method involves the use of traditional
monomers to construct branch cells ‘in situ’ according to dendritic branching
rule. This synthesis was based on a combination of acrylonitrile and reduction
chemistry. As Vögtle reported later, higher generation cascade structures, and
indeed dendrimers, could not be obtained by this process due to synthetic and
analytical difficulties [78]. Nearly simultaneously, a completely characterized
series of high molecular weight (i.e. � 58 000 Daltons G � 0—7), poly(amido-
amine) (PAMAM) dendrimers was synthesized by Tomalia et al. [75, 76].
Success with his approach, was based on more facile combination of acrylate
Michael addition and amidation chemistry. Since the discovery (1979) [79]
occurred in the Dow Chemical research laboratories, publication was delayed
until 1984—85 awaiting corporate approval and appropriate patent filing. His-
torically, this methodology provided the first commercial route to dendrimers, as
well as the first opportunity to observe unique dendrimer property development
that occurs only at higher generations (i.e. G� 4 or higher) and therefore could
not be observed with smaller cascade molecules. Many of these observations
were described in a seminal full length publication that appeared in 1985 [76]
and later reviewed extensively in 1990 [48, 80].
The first published use of ‘preformed branch cell’ methodology was reported

in a communication by Newkome et al. [81]. This approach involved the
geometric coupling of ‘preformed branch cell’ reagents around a core to produce
low molecular weight (i.e. � 2000 Daltons, G � 3) arborol structures. This
approach has been used to synthesize many other dendrimer families including
dendri-poly(ethers) [82], dendri-poly(thioethers) [8] and others [83]. Each of
these methods involved the systematic divergent growth of ‘branch cells’ that
defined shells within the ‘dendrons‘ being initiated from the core. The multiplic-
ity and directionality of the initiator sites (N

�
) on the core, determine the number

of dendrons and the ultimate shape, respectively, of the dendrimer. In essence,
dendrimers propagated by this method constitute groups of molecular trees (i.e.
two or more) that are propagated outwardly from their roots (cores). This occurs
in stages (generations), wherein the functional leaves of these trees become
reactive precursor templates or scaffolding upon which to assemble the next
generation of branches. This methodology can be used to produce multiples of
trees — dendrimers- or single trees — dendrons — as shown in Figure 1.13.
Using a totally novel approach, Hawker and Fréchet [84—87] followed by

Miller and Neenan [88] reported the convergent construction of such molecular
trees by first starting with the leaves or surface branch cell reagents. By amplify-
ing with these reagents in stages (generations) one produces a dendron possess-
ing a single reactive group at the root or focal point of the structure. If desired,
subsequent coupling of these reactive dendrons through their focal point to a
common ‘anchoring core’ yields the corresponding dendrimers. Because of the

INTRODUCTION TO THE DENDRITIC STATE 21



Figure 1.13 Overviewof synthetic strategies for (a) branch cell construction, (b)
dendron construction and (c) dendrimer construction annotated with discovery
scientists

availability of orthogonal functional groups at the focal point and periphery of
the dendrons, the convergent synthesis is particularly useful for the preparation
of more complex macromolecular architectures [89] such as linear dendritic
hybrids, block dendrimers or dendronized polymers (see Chapter 7). Another
significant difference between the divergent and convergent approaches is that
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where the former sees an exponential increase in the number of coupling steps
required for generation growth, the latter only involves a constant (typically two
to three) number of reactions at each stage of the synthesis. Today, several
hundred reports utilizing the original polyether Fréchet-type dendrons [85]
make this the most studied, best understood, andmost structurally precise family
of convergent dendrimers.
Overall, each of these dendrimer construction strategies offers advantage and

disadvantages. Some of these issues, together with experimental laboratory
procedures, are viewed in more detail in several of the following chapters.

2.6.2 Dendrimer Features

Dendrimers may be thought of as unique nanoscale devices. Each architectural
component manifests a specific function, while at the same time defining proper-
ties for these nanostructures as they are grown generation by generation. For
example, the core may be thought of as the molecular information center from
which size, shape, directionality and multiplicity are expressed via the covalent
connectivity to the outer shells. 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. Branch
cell multiplicity (N

�
) determines the density and degree of amplification as an

exponential function of generation (G). The interior composition and amount of
solvent filled void space determines the extent and nature of guest—host (endo-
receptor) properties that are possible with a particular dendrimer family and
generation. Finally, the surface consists of reactive or passive terminal groups
that may perform several functions. With appropriate function, they serve as a
template polymerization region as each generation is amplified and covalently
attached to the precursor generation. Secondly, the surface groups may function
as passive or reactive gates controlling control entry or departure of guest
molecules from the dendrimer interior. These three architectural components
essentially determine the physicochemical properties, as well as the overall sizes,
shapes and flexibility of dendrimers. It is important to note that dendrimer
diameters increase linearly as a function of shells or generations added, whereas,
the terminal functional groups increase exponentially as a function of generation.
This dilemma enhances ‘tethered congestion’ 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 cylin-
ders depending on the shape and directionality of the core.
PAMAM dendrimers are synthesized by the divergent approach. This

methodology involves the in situ branch cell construction in stepwise, iterative
stages (i.e. generation� 1, 2, 3 . . .) around a desired core to produce mathemat-
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Figure 1.14 Three-dimensional projection of dendrimer core–shell architecture
for G = 4.5 poly(amidomine) (PAMAM) dendrimer with principal architectural
components (I) core, (II) interior and (III) surface

ically defined core-shell structures. Typically, ethylenediamine (N
�
� 4) or am-

monia (N
�
� 3) are used as cores and allowed to undergo reiterative two-step

reaction sequences involving: (a) exhaustive alkylation of primary amines by
Michael addition with methyl acrylate, and (b) amidation of amplified ester
groups with a large excess of ethylenediamine to produce primary amine ter-
minal groups as illustrated in Scheme 3.
This first reaction sequence on the exposed dendron (Figure 1.14) createsG�

0 (i.e. the core branch cell), wherein the number of arms (i.e. dendrons) anchored
to the core is determined by N

�
. Iteration of the alkylation/amidation sequence

produces an amplification of terminal groups from 1 to 2 with the in situ creation
of a branch cell at the anchoring site of the dendron that constitutes G � 1.
Repeating these iterative sequences (Scheme 3), produces additional shells (gen-
erations) of branch cells that amplify mass and terminal groups according to the
mathematical expressions described in the box opposite.
It is apparent that both the core multiplicity (N

�
) and branch cell multiplicity

(N
�
) determine the precise number of terminal groups (Z) andmass amplification

as a function of generation (G). One may view those generation sequences as
quantized polymerization events. The assembly of reactive monomers [48, 78],
branch cells [48, 83, 89] or dendrons [85, 90] around atomic or molecular cores
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to produce dendrimers according to divergent/convergent dendritic branching
principles, has been well demonstrated. Such systematic filling of space around
cores with branch cells, as a function of generational growth stages (branch cell
shells), to give discrete, quantized bundles of mass has been shown to be math-
ematically predictable [91]. Predicted molecular weights have been confirmed
by mass spectroscopy [92—94] and other analytical methods [85, 95]. Predicted
numbers of branch cells, terminal groups (Z) andmolecular weights as a function
of generation for ammonia core (N

�
� 3) PAMAM dendrimers are described in

Figures 1.15. 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,
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Figure 1.15 Comparison of molecular shape change, two-dimensional branch
cell amplification surface branch cells, surface groups (Z) andmolecular weights
as function of generation: G= 0–6

thus producing discrete, monodispersed structures with precise molecular
weights as described in Figure 1.15. These predicted values can be verified by
mass spectroscopy for the earlier generations however, with divergent de-
ndrimers, minor mass defects are often observed for higher generations as
congestion-induced de Gennes dense packing begins to take affect.

2.6.3 Dendrimer Shape Changes

As illustrated in Figure 1.15, dendrimers undergo ‘congestion induced‘molecular
shape changes from flat, floppy conformations to robust spheroids as first
predicted by Goddard et al. [96]. Shape change transitions were subsequently
confirmed by extensive photophysical measurements, pioneered by Turro et al.
[97—100] and solvatochromicmeasurements by Hawker et al. [101]. Depending
upon the accumulative core and branch cell multiplicities of the dendrimer
family under consideration, these transitions were found to occur betweenG� 3
and G � 5. Ammonia core, PAMAM dendrimers (N

�
� 3,N

�
� 2) exhibited a

molecularmorphogenesis break at G� 4.5 whereas, the ethylenediamine (EDA)
PAMAM dendrimer family (N

�
� 4 N

�
� 2) manifested a shape change break

around G � 3—4 [96] and the Fréchet-type convergent dendrons (N
�

� 2)
around G � 4 [101]. It is readily apparent that increasing the core multiplicity
to N

�
� 4 accelerates congestion and forces a shape change at least one
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generation earlier. Beyond these generational transitions, one can visualize these
dendrimeric shapes as nearly spheroidal or slightly ellipsoidal core—shell type
architecture.

2.6.4 De Gennes Dense Packing

As a consequence of the excluded volume associated with the core, interior and
surface branch cells, steric congestion is expected to occur due to tethered
connectivity to the core. Furthermore, the number of dendrimer surface groups,
Z, amplifies with each subsequent generation (G). This occurs according to
geometric branching laws, which are related to core multiplicity (N

�
) and branch

cell multiplicity (N
�
). These values are defined by the following equation:

Z�N
�
N�

�

Since the radii of the dendrimers increase in a linear manner as a function of G,
whereas the surface cells amplify according to N

�
N�

�
, it is implicit from this

equation that generational reiteration of branch cells ultimately will lead to a
so-called dense-packed state.
As early as 1983, de Gennes and Hervet [102] proposed a simple equation

derived from fundamental principles, to predict the dense-packed generation, for
PAMAM dendrimers. It was predicted that at this generation ideal branching
can no longer occur since available surface space becomes too limited for the
mathematically predicted number of surface cells to occupy. This produces a
‘closed geometric structure’. The surface is ‘crowded’ with exterior groups, which
although potentially chemically reactive, are sterically prohibited from partici-
pating in ideal dendrimer growth.
This ‘critical packing state’ does not preclude further dendrimer growth

beyond this point in the genealogical history of the dendrimer preparation. On
the contrary, although continuation of dendrimer step-growth beyond the
dense-packed state cannot yield structurally ideal, next generation dendrimer, it
can nevertheless occur, as indicated by further increases in the molecular weight
of the resulting products. Predictions by de Gennes [102] suggested that the
PAMAM dendrimer series should reach a critical packing state at generations
9—10. Experimentally, we observed a moderate molecular weight deviation from
predicted ideal values beginning at generations 4—7 (Figure 1.17). This digression
became very significant at generations 7—8 as dendrimer growth was continued
to generations 12 [103]. The products thus obtained are of ‘imperfect’ structure
because of the inability of all surface groups to undergo further reaction. Presum-
ably a fraction of these surface groups remain trapped under the surface of the
newly formed dendrimer shell, yielding a unique architecture possessing two
types of terminal groups. This new surface group population will consist of both
those that are accessible to subsequent reiteration reagents and those that will be
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sterically screened. The total number of these groups will not, however, corre-
spond to the predictions of the mathematical branching law, but will fall between
that value, which wasmathematically predicted for the next generations (i.e. G�

1), and that expected for the precursor generation (G). Thus, a mass defective
dendrimer ‘generation’ is formed.

Dendrimer surface congestion can be appraised mathematically as a func-
tion of generation, from the following simple relationship:

A
�
�

A
�

N
�

�
r�

N
�
N�

�

whereA
�
is the surface area per terminal groupZ, A

�
the dendrimer surface area

andN
�
the number of surface groupsZ per generation. This relationship predicts

that at higher generations G, the surface area per Z group becomes increasingly
smaller and experimentally approaches the cross-sectional area or van derWaals
dimension of the surface groups Z. The generation G thus reached is referred to
as the ‘de Gennes’ dense-packed generation. 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 N

�
the branch cell juncture multiplicity N

�
, and the steric dimen-

sions of the terminal group Z. Whereas, the dendrimer radius r in the above
expression is dependent on the branch cell segment lengths l, large l values delay
this congestion. On the other hand, largerN

�
,N

�
values and largerZ dimensions

dramatically hasten it.
Additional physical evidence supporting the anticipated development of con-

gestion as a function of generation is shown in the composite comparison in
Figure 1.16. Plots of intrinsic viscosity [�] [104], density z, surface area per Z
group (A

�
), and refractive index n as a function of generation clearly show

maxima or minima at generations� 3—5, paralleling computer-assistedmolecu-
lar-simulation predictions [96] as well as extensive photochemical probe experi-
ments reported by Turro et al. [97—100].
The intrinsic viscosities [�] is expected to increase in a very classical fashion as

a function of molar mass (generation), but should decline beyond a certain
generation because of a change from an extended to a globular shape [48]. In
effect, once this critical generation is reached, the dendrimer begins to act more
like an Einstein spheroid. The intrinsic viscosity is a physical property that is
expressed in dL/g — the ratio of a volume to a mass. As the generation number
increases and transition to a spherical shape takes place, the volume of the
spherical dendrimer roughly increases in cubic fashion while its mass increases
exponentially, hence the value of [�] must decrease once a certain generation is
reached. This prediction has now been confirmed experimentally [104].
The dendrimer density z (atomicmass units per unit volume) clearlyminimizes
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Figure 1.16 Comparison of surface area/head group (Z), refractive index, den-
sity (d) and intrinsic viscosity (�) as a function of generation: G = 1–9

between generations 4 and 5, then begins to increase as a function of generation
due to the increasingly larger, exponential accumulation of surface groups. Since
refractive indices are directly related to density parameters, their valuesminimize
and parallel the above density relationship.
Clearly, this de Gennes dense-packed congestion would be expected to con-

tribute to (a) sterically inhibited reaction rates, and (b) sterically induced
stoichiometry [48]. Each of these effects was observed experimentally at higher
generations. The latter would be expected to induce dendrimer mass defects at
higher generations which we have used as a diagnostic signature for appraising
the ‘de Gennes dense packing’ effect.
Theoretical dendrimer mass values were compared to experimental values by

performing electrospray and MALDI-TOF mass spectral analysis on the re-
spective PAMAM families (i.e. N

�
� 3 and 4) [103]. Note there is essentially

complete shell filling for the first five generations of the (NH
�
) core (N

�
� 3N

�
�

2) poly(amidoamine) (PAMAM) series (Figure 1.17a). A gradual digression from
theoretical masses occurs for G� 5—8, followed by a substantial break (i.e., � �

23%) between G � 8 and 9. This discontinuity in shell saturation is interpreted as
a signature for de Gennes dense packing. It should be noted that shell saturation
values continue to decline monotonically beyond this breakpoint to a value of
35.7% of theoretical at G � 12. A similar trend is noted for the EDA core,
PAMAM series (N

�
� 4 N

�
� 2) however, the shell saturation inflection point

occurs at least one generation earlier (i.e. G � 4—7, see Figure 1.17b). This
suggests that the onset of de Gennes dense packing may be occurring between G
� 7 and 8.
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Figure 1.17 (a) Comparison of theoretical/observed molecular weights and %
shell filling for EDA core poly(amidaomine) (PAMAM) dendrimers as a function
of generation: G = 1–10. (b) comparison of theoretical/observed molecular
weights and% shell filling for NH3 core poly(amidoamine) (PAMAM)dendrimers
as a function of generation: G = 1–12.

In the case of convergent dendrimers evidence of de Gennes dense packing
rests on the inability to grow the dendrons beyond a certain size. For example the
polyether Fréchet-type dendrons can be grown in high yield to the sixth gener-
ation but the yield of coupling drops dramatically for the subsequent G7
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generation as growth by coupling of large dendrons becomes sterically inhibited
[85].

3 NEW PROPERTIES DRIVEN BY THE DENDRITIC STATE

Throughout much of the early growth and evolution of polymer science, the
quest for new properties was focused primarily on the two traditional architec-
tures that defined thermoplastics (linear) and thermosets (crosslinked). Within
each of these areas, there was intense activity to evaluate and optimize certain
critical parameters. These parameters included various macromolecular chemi-
cal compositions, copolymer compositions, molecular weight effects, molecular
weight distributions and crosslink densities, just to mention a few. Relatively
little attention was given to the influence of architecture until the 1970s and
1980s. During that time, the first stirring of interest began concerning the
influence of long chain branching on polymer properties [21]. Significant activ-
ity ensued thereafter, as it became apparent that single site metallocene/Brook-
hart catalysts were producing unique poly(olefin) families with completely new,
commercially valuable properties [23, 24]. It is now recognized that both bran-
ched and dendritic architecture, in addition to molecular weight control, are key
parameters influencing these new properties. These successful commercial devel-
opments, together with the rapid evolution of many new synthetic strategies to
branched and dendritic architectures, have intensified the interest that macro-
molecular architecture may offer for the discovery of new properties.

3.1 COMPARISON OF TRADITIONAL AND DENDRITIC
POLYMER PROPERTIES

The affect of architecture on small molecular properties has been recognized
since the historical Berzelius (1832) discovery that defined the following premise:
‘substances of identical compositions but different architectures — ‘‘skeletal
isomers’’ — will differ in one or more properties’ [15]. These effects are very
apparent when comparing the fuel combustion benefits of certain isomeric
octanes or the dramatic property differences observed in the three architectural
isomers of carbon namely: graphite, diamond and buckminsterfullerene.
Similar patterns of property differentiation are clearly recognized at the

macromolecular level. For example, dramatic changes in physical and chemical
properties are observed by simply converting a linear topology of common
composition to a cross-linked architecture. In traditional macromolecular
science, these issues were considered apparent and obvious. However, as novel
architectures emerged, new architecture—property relationships have not been so
clearly articulated and exploited. Prompted by the synthetic accessibility of
many new polymeric architectures based on common compositional monomers
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(i.e. branch cell monomers), this perspective was more clearly defined as early as
1994 in experiments by Fréchet and co-workers aimed at determining the
influence of shape on the reactivity and physical properties of a series of compar-
able macromolecules including a dendrimer, a random hyperbranched polymer,
and a linear aromatic polyesters all obtained from analogous building blocks
[105]. This work clearly demonstrated the very significant shape-related changes
in chemical reactivity as well as solubility that exist for polymers that have the
same average molecular weight and composition but differ in their architecture
and polydispersity. Following this report Tomalia introduced in 1996 the con-
cept of ‘macromolecular (architectural) isomerism‘. Simply stated — ‘macro-
molecular substances derived in the same proportions from the same monomer
compositions, but in different architectural (configurations) will be expected to
manifest different chemo/physical properties’ [44, 106]. This hypothesis pro-
posed a unique strategy for obtaining new polymeric properties by simply
converting cost-effective traditional monomers into new macromolecular
topologies (architectures). In 1997 Hawker et al. [107] provided the ultimate
validation of this concept by preparing exact, size monodisperse, linear and
dendritic polyethers analogs with the same composition. Their study revealed
significant physical property differences between the two ‘architectural isomers’
confirming the earlier work of Fréchet and coworkers [105]. Most notable were
substantially smaller hydrodynamic volumes (i.e. 40% smaller), as well as amor-
phous character (i.e. significantly more solvent soluble) for the dendritic isomers
compared to the linear analog.
Parallel studies on PAMAM dendrimers, the Fréchet type polyether den-

drons, and other dendrimer families have generated an extensive list of unique
properties driven by the ‘dendritic state.‘ Figure 1.18 compares several significant
physical property differences between the linear and dendritic topologies related
to conformations, crystallinity, solubilities, intrinsic viscosities, entanglement,
diffusion/mobility and electronic conductivity.
In contrast to linear polymers, that obey the Mark—Houwink—Sakurada

equation, the intrinsic viscosities of dendrimers do not increase continuously
with molecular weight, but reach a maximum at a certain dendrimer generation.
These maxima were predicted by Tomalia et al. for poly(amidoamine) de-
ndrimers [48] and first measured for poly(arylethers) [104], and later for
poly(propyleneimine) dendrimers [108], thus indicating they were not composi-
tion dependent. As indicated above, this is presumably due to the fact that once
the dendrimer molecule becomes spherical, its volume grows by first approxi-
mation as n3, whereas, mass grows as 2n (where n � generation number). Since
the intrinsic viscosity [�] is expressed in volume per mass the quotient of the
foregoing volumes and mass functions is indeed expected to display a maximum.
A study of the melt viscosity of convergently grown Fréchet-type polyether
dendrimers [109] also demonstrated their unique behavior, quite unlike that of
comparable linear polymers. It is clear that the lack of entanglement of globular
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Figure 1.18 Comparison of properties for (I) linear and (IV) dendritic architec-
ture

dendrimers — another attribute of the dendritic state — is largely responsible for
their most unusual melt viscosity behavior [109—110].
Fréchet [49, 89] was the first to compare viscosity parameters for (A) linear

topologies, as well as (B) random hyperbranched polymers and (C) dendrimers.
More recently, we reported such parameters for (D) dendrigraft polymers [111]
as shown in Figure 1.19. It is clear that all three dendritic topologies behave
differently than the linear. There is, however, a continuum of behavior wherein
random hyperbranched polymers behave most nearly like the linear systems.
Dendrigrafts exhibit intermediary behavior, whereas dendrimers show a com-
pletely different relationship as a function of molecular weight.
Important physical property subtleties were noted within the dendrimer sub-

set. For example, dendrimers possessing asymmetrical branch cells (i.e. Den-
kewalter type) exhibit a constant density versus generation relationship (Figure
1.20). This is in sharp contrast to symmetrical branch cell dendrimers (Tomalia-
type PAMAM) that exhibit a minimum in density between G � 4 and G � 7
(NH

�
core) [48, 96]. This is a transition pattern that is consistent with the

observed development of ‘container properties’ described in Figure 1.21.
Unique features offered by the ‘dendritic state’, that have no equivalency in the

linear topologies, are found almost exclusively in the dendron/dendrimer subset
or to a slightly lesser degree in the dendrigrafts. They include:

1. Nearly complete monodispersity.
2. The ability to control unimolecular container/scaffolding properties.
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Figure 1.19 Comparison of intrinsic viscosities (log (�)) versus molecular
weight (log M) for (A) linear, (B) random hyperbranched, (C) dendrimers and (D)
dendrigraft topologies. Data for A, B, C adapted from Fréchet et al., Ref. 49.

3. Exponential amplification of terminal functional groups.
4. Persistent nanoscale dimensions/shape as a function of molecular weight

(generation).

These features are captured to some degree with dendrigraft polymers, but are
either absent or present to a vanishing small extent for random hyperbranched
polymers.

3.2 OVERVIEW OF UNIQUE DENDRIMER PROPERTIES –
MONODISPERSITY

The monodispersed nature of dendrimers has been verified extensively by mass
spectroscopy, size exclusion chromatography, gel electrophoresis and electron
microscopy (TEM). As is always the case, the level of monodispersity is deter-
mined by the skill of the synthetic chemist, as well as the isolation/purification
methods utilized.
In general, convergent methods produce the most nearly isomolecular de-

ndrimers. This is because the convergent growth process allows purification at
each step of the synthesis and therefore no cumulative effects of failed couplings
are found [85, 89]. Appropriately purified convergent dendrimers are probably
the most precise synthetic macromolecules that exist today.
As discussed earlier, mass spectroscopy has shown that PAMAM dendrimers

(Figure 1.17) produced by the ‘divergent method‘ are very monodisperse and
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Figure 1.20 Comparison of densities as a function of generation for (A) asym-
metrical branch cell in Denkewalter-type dendrimers, (B) symmetrical branch
cell in Tomalia-type dendrimers ([densities calculated from experimental hy-
drodynamic diameters and theoretical, D.A. Tomalia, M. Hall, D.M. Hedstrand, J.
Am. Chem. Soc., 109, 1601 (1987))

have masses consistent with predicted values for the earlier generations (i.e. G�

0—5). Even at higher generations, as one enters the de Gennes dense packed
region, the molecular weight distributions remain very narrow (i.e. 1.05) and
consistent in spite of the fact that experimentalmasses deviate substantially from
predicted theoretical values. Presumably, de Gennes dense packing produces a
very regular and dependable effect that is manifested in the narrow molecular
weight distribution.

3.3 UNIMOLECULAR CONTAINER/SCAFFOLDING PROPERTIES

Unimolecular container/scaffolding behavior appears to be a periodic property
that is specific to each dendrimer family or series. These properties will be
determined by the size, shape, and multiplicity of the construction components
that are used for the core, interior and surface of the dendrimer. Highermultiplic-
ity components and those that contribute to ‘tethered congestion’ will hasten the
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Figure 1.21 Periodic properties for poly(amidoamine) (PAMAM) dendrimers as
a function of generation G = 0–10 (I) flexible scaffolding (G = 0–3) (II) container
properties (G = 4–6) and (III) rigid surface scaffolding (G = 7–10) various chemo/
physical dendrimer surfaces amplified according to: Z = NcN

G
b where: Nc = core

multiplicity, Nb = branch cell multiplicity, G = generation

development of ‘container properties’ or rigid surface scaffolding as a function
of generation. Within the PAMAM dendrimer family, these periodic properties
are generally manifested in three phases as shown in Figure 1.21.
The earlier generations (i.e. G � 0—3) exhibit no well defined interior charac-

teristics, whereas interior development related to geometric closure is observed
for the intermediate generations (i.e. G � 4—6/7). Accessibility and departure
from the interior is determined by the ‘size and gating properties’ of the surface
groups. At higher generations (i.e. G � � 7) where de Gennes dense packing is
severe, rigid scaffolding properties are observed, allowing relatively little access
to the interior except for very small guest molecules. The site-isolation and
encapsulation properties of dendrimers have been reviewed recently by Hecht
and Fréchet [47].

3.4 AMPLIFICATION OF TERMINAL SURFACE GROUPS

Dendrimers within a generational series, can be expected to present their ter-
minal groups in at least three different modes, namely: flexible, semi-flexible or
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rigid functionalized scaffolding. Based on mathematically defined dendritic
branching rules (i.e.Z�N

�
N�

�
the various surface presentations are expected to

become more congested and rigid as a function of generation level. It is implicit
that this surface amplification can be designed to control gating properties
associated with unimolecular container development. Furthermore, dendrimers
may be viewed as versatile, nanosized objects that can be surface functionalized
with a vast array of features (Figure 1.21). The ability to control and engineer
these parameters provides an endless list of possibilities for utilizing dendrimers
as modules for the design of nanodevices [91, 112]. Recent publications have
begun to focus on this area [47, 113—117].

3.5 PERSISTENT NANOSCALE DIMENSIONS AND SHAPES

In view of the extraordinary structure control and nanoscale dimensions ob-
served for dendrimers, it is not surprising to find extensive interest in their use as
globular protein mimics. Based on their systematic, dimensional length scaling
properties (Figure 1.22) and electrophoretic/hydrodynamic behavior [95], they
are sometimes referred to as artificial proteins. These fundamental properties
have in fact led to their commercial use as globular protein replacements for gene
therapy [118] and immunodiagnostics [119—121]. Substantial effort has been
focused recently on the use of dendrimers for ‘site isolation’ mimicry of proteins
[47], enzyme-like catalysis [122], as well as other biomimetic applications [90,
123], drug delivery [130], surface engineering [131], and light harvesting [132].
Additional properties and applications for these dendritic polymers are reviewed
throughout subsequent chapters of this book.

4 INTERMEDIATE ARCHITECTURES BETWEEN
THERMOPLASTICS AND THERMOSETS

In the early days of polymer science, two major domains were defined, which
were associated with certain distinguishing properties and architecture. One
domain included linear, random coil thermoplastics such as poly(styrenes) or
poly(acrylates). They were characterized as one-dimensional chains possessing
two terminal groups per molecule, specific molecular weight distributions, rea-
sonable solvent solubility, melt flow characteristics, chain entanglements consist-
ing of inter- and intra-molecular knots and loops, mobility via snakelike repta-
tion, and they exhibited expanded, large molecular volumes when immersed in
‘good solvents’. The second domain included crosslinked thermosets such as
vulcanized rubber, epoxies, and melamine resins that were all recognized as
insoluble macromolecules. They exhibited rubber-like elasticity, and no melt
flow features, yet they were semipermeable and susceptible to diffusion and
pronounced swelling in certain solvents.
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Figure 1.22 A comparison of dimensional length scales (Å) for poly(amido-
amine) (PAMAM) dendrimers Nc = 3, Nb = 2 (NH3 core) and various biological
entities (e.g. proteins, DNA and lipid bilayers)

It is now recognized that a continuum of architecture and properties, which
begins with the classical branched polymers, resides between these two classes.
Typical branched structures such as starch or high pressures polyethylene are
characterized by more than two terminal groups per molecule, possessing sub-
stantially smaller hydrodynamic volumes and different intrinsic viscosities com-
pared to linear polymers, yet they often exhibit unexpected segmental expansion
near the ‘theta state’.
Completing this continuum, we may now focus on the intermediary role that

(Class IV) dendritic polymers play both in architecture and properties as penulti-
mate thermosplastic precursors to (Class II), crosslinked thermoset systems.
Within the realm of traditional architectures, branched (Class III) and random
hyperbranched structures (Class IVa) may be viewed as penultimate statistical
precursors residing between thermoplastic structures and thermoset architec-
tures as illustrated in Figure 1.23 [124]. The dendritic state may be visualized as
advancement from a lower order (i.e. Class I—III) to a somewhat higher level of
structural complexity [80]. Recent developments now demonstrate that certain
dendritic subsets are manifestations of higher level structural control. In contrast
to randomhyperbranched polymers, the dendrimer subset, and to a lesser extent,
the dendrigraft subset, represent a unique combination of high complexity with
extraordinary structure control. As such, covalent bridging or crosslinking of
these preformed modules would be expected to give rise to a completely new
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Figure 1.23 Intermediary of (III) branched and (IV) dendritic architecture in the
conversion of (I) linear thermoplastics to (II) crosslinked thermoset polymers.
Intermediary of (IVb) dendrigrafts and (IVc) dendrimers in the formation of
megamers

Class V of more ordered complexity. Examples of this new architecture have
been synthesized and we have coined these new topologies megamers.

5 MEGAMERS – A NEW CLASSOF MACROMOLECULAR
ARCHITECTURE?

In the first full paper published on dendritic polymers [76], dendrimers were
defined as ‘reactive, structure-controlled macromolecular building blocks’. It
was proposed that they could be used as repeat units for the construction of a
new class of topological macromolecules referred to as ‘starburst polymers’.
Although there is intense activity in the field of dendrimer science, there are
relatively few references focused on this specific concept [79, 91, 103, 125, 126].
Meanwhile, the term ‘starburst’ has been claimed as a registered trademark of the
Dow Chemical Company. In view of these events, the generic term, ‘megamer’
has been proposed to describe those new architectures that are derived from the
combination of two or more dendrimer molecules (see Figure 1.23) [103, 125].
Examples of both statistical, as well as structure controlled megamer assem-

blies have been reported and reviewed recently [103, 125]. Covalent oligomeric
assemblies of dendrimers (i.e. dimers, trimers, etc.) are well-documented
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examples of low molecular weight megamers. Statistical megamer assemblies
have been reported as both supramacromolecular [114] and supermacromolecular
(covalent) topologies. Many reports on the supramacromolecular self-assembly
of these structures leading to dendrimeric clusters and monolayers are prime
examples of supramacromolecular megamers. Simple, low DP covalent de-
ndrimeric oligomers such as ‘[dendrimer]

�
’ where n � 2—10, and dendrimeric

gels for which n � 10 represent a continuum of statistical covalent megamers
that are possible.
More recently, mathematically defined, structure controlled, covalent mega-

mers have been reported. They are a major subclass of megamers also referred to
as core—shell tecto(dendrimers) [126—128]. Synthetic methodologies to these new
architectures have been reported to produce precise megameric structures that
adhere to mathematically defined bonding rules [91, 129]. It appears that
structure controlled complexity beyond dendrimers is now possible. The demon-
strated structure control within the dendrimer modules, and now the ability to
mathematically predict and synthesize precise assemblies of these modules,
provide a broad concept for the systematic construction of nanostructures with
dimensions that could span the entire nanoscale region (Figure 1.24).
In summary, the ability to synthesize mathematically predicted megamer

structures based on structure controlled dendrimer modules allows new syn-
thesis options that are not presently available with traditional polymer science.
In fact, the demonstrated structure control that is possible with the ‘dendritic
state’ raises two important questions:

1. Do reactive dendrimer modules represent a key enabling technology for
synthesizing controlled complexity in the nanoscale region?

2. Will these emerging megameric structures of poly(dendrimers) represent a
new class of macromolecular architecture with unique properties and charac-
teristics?

It is hoped the following chapters will inspire and provide some answers to
these important questions, as well as further define the role of the ‘dendritic state’
in the quest for higher, structure controlled, molecular complexity.
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Figure 1.24 Nanoscale molecular dimensions: from atoms to megamers

New York, (1998).
8. Lothian-Tomalia, M. K., Hedstrand, D. M., Tomalia, D. A. Tetrahedron 53,

15,495—15513 (1997).
9. Morawetz, H.Polymers.The Origin and Growth of a Science, JohnWiley& Sons: New

York, (1985).
10. Elias, H.-G. An Introduction to Polymer Science, VCH, Weinheim, (1997).
11. Merrifield, R. B. and Barany, G. The Peptides, Vol. 2, Academic Press, New York,

(1980).
12. Merrifield, R. B. Angew. Chem. Int. Ed. Engl., 24, 799, (1985).
13. Bodanszky, M. Principles of Peptide Synthesis, Springer-Verlag, Berlin-Heidelberg,

(1984).
14. Bodanzky,M. and Bodanzky, A. Springer-Verlag, Berlin-Heidelberg,NewYork, NY,

(1984).
15. Berzelius, J. J. Fortsch. Phys. Wissensch, 11, 44 (1832).
16. Staudinger, H. Schweiz. Chem. Z., 105, 28—33, 60 (1919).
17. Staudinger, H. Ber., 53, 1073 (1920).
18. Staudinger, H. From Organic Chemistry to Macromolecules, A Scientific Autobiogra-

phy, John Wiley & Sons, New York, (1961).
19. James, L. K. Hermann Staudinger 1881—1965, James, L. K. (ed.), History of Modern

Chem. Sci. Series, Am. Chem. Soc., Washington, DC, p. 359 (1994).
20. Elias, H.-G.Mega Molecules, Springer-Verlag, Berlin, (1987).
21. Roovers, J. Advances in Polymer Science, Branched Polymers I, Vol. 142, Springer-

Verlag, Berlin, (1999).
22. Roovers, J. Advances in Polymer Science, Branched Polymers II, Vol. 143, Springer-

Verlag, Berlin, (2000).

INTRODUCTION TO THE DENDRITIC STATE 41



23. Metallocene-Based Polyolefins, Vols 1 and 2, John Wiley & Sons, Brisbane, (2000),
24. Guan, Z., Cotts, P. M., McCord, E. F. and McLain, S. J. Science, 283, 2059 (1999).
25. Sunder, A., Heinemann, J. and Frey, H. Chem. Eur. J., 6, 2499 (2000).
26. Flory, P. J. J. Am. Chem. Soc., 63, 3083, 3091, 3096 (1941).
27. Flory, P. J. and Rehner, J. J. Chem. Phys., 11, 512 (1943).
28. Flory, P. J. J. Am. Chem. Soc., 74, 2718 (1952).
29. Flory, P. J. Ann. N.Y. Acad. Sci., 57, 327 (1953).
30. Stockmayer, W. H. J. Chem. Phys., 11, 45 (1944).
31. Stockmayer, W. H. J. Chem. Phys., 12, 125 (1944).
32. Zimm, B. and Stockmayer, W. H. J. Chem. Phys., 17, 1301 (1949).
33. Graessley, W. W.Macromolecules, 8, 185 (1975).
34. Graessley, W. W.Macromolecules, 8, 865 (1975).
35. Gordon, M. and Malcolm, G. N. Proc. R. Soc. (London), A295, 29 (1966).
36. Gordon, M. and Dobson, G. R. J. Chem. Phys., 43, 35 (1975).
37. Dusek, K.Makromol. Chem, Suppl., 2, 35 (1979).
38. Burchard, W. Adv. Polym. Sci., 48, 1 (1988).
39. Good, I. J. Proc. Cambridge Phil. Soc., 45, 360 (1948).
40. Good, I. J. Proc. R. Soc. (London), A263, 54 (1963).
41. Goodsell, D. S. American Scientist, 88, 230 (2000).
42. Tomalia, D. A.Macromol. Symp., 101, 243 (1996).
43. Tomalia, D. A., Brothers II, H. M., Piehler, L. T., Hsu, Y. Polym.Mater. Sci. & Eng,

73, 75 (1995).
44. Dvornic, P. R. and Tomalia, D. A. Science Spectra, 5, 36 (1996).
45. Naj, A. K. Persistent Inventor Markets a Molecule. New York, p. B1, (1996).
46. Tomalia, D. A. and Esfand, R. Chem. Ind., 11, 416 (1997).
47. Hecht, S. and Fréchet, J. M. J. Angew. Chem. Int. Ed., 40, 74 (2001).
48. Tomalia, D. A., Naylor, A.M. andGoddard III,W. A.Angew.Chem. Int.Ed.Engl., 29,

138 (1990).
49. Fréchet, J. M. J., Hawker, C. J., Gitsov, I. and Leon, J. W. J.M.S. — Pure Appl. Chem.,

A33 (10), 1399 (1999).
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132. Adronov, A. and Fréchet, J. M. J. Chem. Commun. 1701 (2000).

44 D. A. TOMALIA AND J. M. J. FRÉCHET



2

Structural Control of Linear
Macromolecules
C. J. HAWKER
IBM Almaden Research Center, NSF Center for Polymeric Interfaces and
Macromolecular Assemblies, San Jose CA, USA

1 INTRODUCTION

The development of linear polymers and their impact on all aspects of modern
life is without question one of the major achievements of the twentieth century.
As this field has matured it is becoming increasing apparent that further develop-
ments will likely arise, not from the synthesis of totally new linear polymers, but
from more accurately controlling the preparation of linear polymers from cur-
rently available monomers. Just as nature routinely uses linear macromolecules
whose molecular weight, monomer sequence, etc. are precisely controlled, simi-
lar concepts are being developed for synthetic linear macromolecules in an effort
to induce a myriad of physical properties similar to natural systems. The possi-
bilities for such an approach are substantial since it should be remembered that
nature employs a very limited range of monomer units compared to the vast
selection of monomers that are synthetically available. The focus of this chapter
will be to detail the advances that have been made in recent years for controlling
the structure of linear macromolecules. It should be noted that many of these
techniques are also used in the construction of complex macromolecular archi-
tectures such as hybrid dendritic-linear block copolymers, dendrigraft macro-
molecules, etc. Such three-dimensional architectures will be the focus of follow-
ing chapters.

2 LIVING POLYMERIZATIONS

The present interest in linear polymers of defined structure can be traced back to
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the pioneering work of Szwarc [1] who developed the concept of living polymer-
izations and employed it successfully in the anionic polymerization of vinyl
monomers such as styrene. While the term, ‘living polymerization’ has now been
applied to a wide range of polymerizations, for which it is not strictly true inmost
cases, the underlying principles and criteria remain the same. For a true living
system, all growing polymer chains are initiated at the same time and grow at the
same rate with no termination of the growing chain end. As shown in Scheme 1, a
consequence of this is the degree of polymerization of the macromolecule being
directly proportional to the relative concentration of monomer to initiator. The
absence of termination reactions also allows the reactive chain end to be func-
tionalized in a variety of different ways to give chain-end, or telechelic macro-
molecules.

 

Functionalization

n-1

X

n-butyl lithium

+ n

n-1

Scheme 1

3 ANIONIC POLYMERIZATIONS

As the first, and perhaps the most well-studied form of living polymerizations,
anionic procedures have attracted considerable attention both academically and
industrially [2, 3]. While numerous examples of living procedures have been
developed, they can be classified into two main families; carbanionic polymeriz-
ation of vinyl monomers and anionic ring opening polymerizations.
For vinyl monomers twomethods can be used to initiate polymerization, both

involve alkali metal derivatives, or more rarely alkaline—earth metal derivatives,
and differ only by the mechanism of formation of the primary carbanionic
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species. The first method involves the transfer of electron(s) from the metal to
organic molecules to give radical anions [4]. In spite of the initial impact of this
method, initiation of living anionic polymerization from metals via radical
anions is now of marginal importance. Presently, the primary method of initi-
ation is via nucleophilic addition of organometallic compounds to the monomer
with organolithium compounds, particularly alkyllithium derivatives being
widely used as initiators [5]. Because of the aggregation behavior of the or-
ganolithium derivatives, reaction conditions such as temperature, solvent polar-
ity, etc. and the presence of additives such as N,N,N�,N�-tetramethyl-
ethylenediamine (TMEDA) [6] play a critical role in the polymerization kinetics
and polymer structure. An example of the latter is the polymerization of 1,3-
dienes where the microstructure of the final polymer is dramatically dependent
on the polarity of the polymerization solvent. For example, the microstructure of
poly(isoprene) prepared from lithium-based initiators in cyclohexane is highly
cis-1,4 (c. 95%) [7] in direct contrast to tetrahydrofuranwhich gives a mixture of
cis- and trans- 1,4 (12%), 1,2 (29%), and 3,4 (59%) repeat units [8].
A consequence of using well-defined, but highly reactive initiating systems,

such as n-butyl lithium are that the structure of the living polymers prepared
from these initiators can be precisely controlled. As discussed above, the molecu-
lar weight or degree of polymerization of the linear chains is determined by the
molar ratio of monomer/initiator and one chain end of the polymer can be easily
functionalized. However, by using the appropriate precursor molecules, macro-
molecules can be prepared in which both of the chain ends are living and can
therefore be functionalized. For example reaction of n-butyl lithium with the
diethylene derivative, 1, gives a difunctional initiator, 2, which on polymerizaton
and functionalization gives a telechelic derivative, 3, with a functionality close to
2.0 (Scheme 2) [9].
Functionalization of these reactive anionic chain ends can be achieved by a

variety of methods all based on the general concepts of carbanion chemistry. For
example, reaction with CO

�
or succinnic anhydride leads to the carboxy termin-

ated derivatives [10], while hydroxy-terminated polymers can be easily obtained
by reaction with ethylene oxide (Scheme 3) [11]. In select functionalization
reactions, such as alkylation with p-vinyl benzyl chloride, the nucleophilicity of
the carbanionic species may be necessary and this can be achieved by reaction of
the chain end with 1,1-diphenylethene followed by functionalization [12, 13].
The necessity to mediate the high reactivity of the carbanionic initiating

centers and propagating chain ends is a major weakness of anionic systems. This
results in the requirement that all components of the reaction systems, including
the monomers, solvents, etc. must be rigorously purified to exclude trace
amounts of water, oxygen, etc. which can act as terminating agents. Even minor
amounts of these materials can dramatically reduce the living nature of these
polymerizations and the degree of control over the resulting linear polymer. The
high reactivity also limits the choice of monomer units. While monomers such as
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styrene, butadiene, isoprene, etc. undergo facile polymerization, only a limited
range of functional groups can be incorporated into these monomers without the
occurrence of unwanted side reactions. Similarly, the polymerization of ‘polar’
monomers such as acrylates, acrylonitrile, etc. is complicated by the presence of
reactive side groups (e.g. esters, nitriles) which give rise to chemical and physical
interactions with the propagating carbanionic side group. This again leads to
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non-living behavior and in some cases no polymerization at all. To overcome
these difficulties a considerable amount of effort has been devoted to the develop-
ment of modified reaction conditions for the successful polymerization of these
polar monomers. In the case of methyl methacrylate, living anionic polymeriz-
ation is best accomplished at low temperatures (T � � 75°C) and in polar
solvents with large counterions such as cesium instead of lithium [14]. In the case
of acrylates and acrylonitrile [15] the situation is even more difficult and truly
living polymerizations are a challenge though Teyssie has reported the dramatic
effect of added lithium chloride on the polymerization of t-butyl acrylate [16].

4 BLOCK COPOLYMERS

One of the principal features of living anionic procedures is that the carbanion
chain end is very stable in the absence of terminating species. This permits the

+ n M1I I-(M1)n M2m + I-(M1)n-(M2)m

Block Copolymers
Scheme 4

formation of block copolymers by the initial polymerization of one monomer to
give a stable, well-defined initial block which, due to the living chain end can be
further extended by addition of a second monomer to give the desired diblock
copolymer (Scheme 4). In fact one of the major uses of living anionic polymeriz-
ations is in the synthesis of block copolymers. Once again many of the features
and concerns related to the preparation of linear homopolymers by anionic
techniques are equally applicable to block copolymers. Molecular weights of
each block can be accurately controlled by the relative ratios of monomers to
initiator, polydispersities of each block can be very low and the chain ends
are directly defined by the structure of the initiator and/or functionalization
reactions.
The additional complexity present in block copolymer synthesis is the order of

monomer polymerization and/or the requirement in some cases to modify the
reactivity of the propagating center during the transition from one block to the
next block. This is due to the requirement that the nucleophilicity of the initiating
block be equal or greater than the resulting propagating chain end of the second
block. Therefore the synthesis of block copolymers by sequential polymerization
generally follows the order: dienes/styrenics before vinylpyridines before
meth(acrylates) before oxiranes/siloxanes. As a consequence, styrene—MMA
block copolymers should be prepared by initial polymerization of styrene fol-
lowed by MMA, while PEO—MMA block copolymers should be prepared by
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initial polymerization of MMA followed by ethylene oxide. Attempts to circum-
vent this requirement by ‘increasing’ the nucleophilicity of the initiating chain
end with silyl derivatives has been reported and shows significant promise [17].

5 ANIONIC RING OPENING

The general aspects of anionic polymerizations can also be equally applied to
anions other than carbanions, and monomers other than vinyl monomers. A
significant amount of work has appeared in the area of living ring-opening
polymerization of cyclic monomers. For these examples the polymerization is
influenced by the ring size, the atoms constituting the ring, the initiator and the
reaction conditions with the main cyclic monomers being epoxides, episulfides,
lactones, lactams, anhydrides and carbonates [18]. In these cases the propagat-
ing anion is oxygen, nitrogen or sulfur and a much greater range of functional
groups can be incorporated into the monomer since the reactivity of the hetero-
atom propagating centers is less than for carbanions.

6 CATIONIC POLYMERIZATION

The underlying requirements for the polymerization of vinyl and cyclic mono-
mers by cationic procedures are very similar to anionic systems. Both ap-
proaches require highly purified monomers and inert, controlled atmosphere
reaction conditions. In each case, well-defined and low polydispersity linear
polymers are obtained. The obvious difference between the two strategies is the
nature of the propagating center. While both anionic and cationic centers are
highly reactive, they undergo different reactions and are generated using differ-
ent methodologies. Therefore the range of monomers and functionalization
reactions are different for cationic procedures when compared to anionic pro-
cedures.
While numerous vinyl monomers can be polymerized/oligomerized in an

uncontrolled fashion by carbocationic methods, those that give well-defined
linear polymers of high molecular weight is limited. Carbocationic procedures
have found wide application primarily in the polymerization of isobutylene,
�-methylstyrene, vinyl ethers, and N-vinylcarbazole [19]. Initiation of these
systems by protic acids has been shown to be problematic in most cases [20],
with the majority of efforts being devoted to the use of Friedel—Crafts halides,
such as AlCl

�
, TiCl

�
, BCl

�
, etc [21]. The latter systems have proved to be very

successful in a number of industrial processes, such as the preparation of butyl
rubber [22]. However neither of these methods are particularly suited for the
preparation of well-defined polymeric materials such as telechelics. To overcome
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these difficulties a bimolecular initiating system, consisting of a alkyl halide and a
Friedel—Crafts halide has been introduced (Scheme 5) [23]. The ability to have a
well defined initiating system, controlled propagation with reduced termination
and transfer gives rise to a living polymerization, whereas the tertiary chloro
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Scheme 5

end-groups can be easily converted into other functional groups such as vinyl
and primary alcohol groups.

7 CATIONIC RING OPENING

The range of cyclicmonomers that can undergo cationic ring opening polymeriz-
ations is large; however, the tendency of cationic systems for unwanted side
reactions again limits the ability to control these polymerizations. Perhaps the
best studied of these systems is the polymerization of tetrahydrofuran for which
many mono, di, and multifunctional initiators have been developed. One of the
most interesting is the use of trifluoromethanesulphonic anhydride for the prep-
aration of difunctional poly(tetrahydrofuran) derivatives. Use of this reagent
transforms the THF monomer into a difunctional initiator which loses its
identity as an initiator fragment and becomes a repeat unit in the linear polymer
chain (Scheme 6) [24].
In a similar fashion, the cationic polymerization of 2-oxazolines has been

extensively studied and was found to provide the first verified entry to linear-
poly(alkyleneimine) architectures. These acylated polymers were first recognized
as precursors to linear poly(ethyleneimines) in the early 1960s [25]. Hydrolysis
experiments demonstrated that deacylation of these products to linear PEI was
possible. The original polymerization mechanism proposed by Tomalia et al.
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[25] has since been corroborated [26—28]. By analogy to aziridine polymeriz-
ation, the 2-oxazoline ring becomes activated by the cationic reagent to yield an
oxazolinium ion. Subsequent reaction of this cation with unactivated oxazoline
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gives rise to ring opening and propagation in a linear fashion; the low nuc-
leophilicity of the amide nitrogen precludes branching. The final polymer
structure consists of three moieties: the inhibition unit, the repeating unit and
the terminal unit. These polymers are generally assumed to possess living
oxazolinium end groups, especially if the cationic counterion is iodide ion or a
nonnucleophilic ion such as tosylate. One of the first routes to dendrigraft
(Comb-burstw) type architecture involved the grafting of oxazolinium
terminal groups onto linear-poly(ethyleneimine) (PEI) cores, followed by
hydrolysis to give comb-branches (PEIs). Subsequent grafting of oxazolinium
terminated oligomers and hydrolyses provided a reiteration sequence by which
to building very high molecular weight dendrigrafts (see Chapter 9 for further
details).

8 LIVING FREE RADICAL POLYMERIZATIONS

As evidenced in the preceding discussion, the versatility of living anionic or
cationic polymerizations for the preparation of well-defined linear polymers is
limited by incompatibility of the growing ionic chain ends with many different
functional groups. Synthetically demanding experimental requirements such as
rigorous exclusion of water/oxygen and the use of ultrapure reagents and sol-
vents further reduce the general applicability of these techniques, while a signifi-
cant amount of expertise is also demanded. An alternative to these living
procedures for the preparation of well-defined linear polymers has therefore been
a synthetic goal of long standing.
In many respects, free radical procedures are the opposite of living ionic

polymerizations since they are synthetically robust, compatible with a wide
range of functional groups, but offer little or no control over macromolecular
structure [29]. Despite this drawback, free radical procedures are the main route
to vinyl polymers and are of substantial economic importance. One strategy for
achieving the above stated goal is to develop a ‘living free radical’ procedure,
which combines the desirable attributes of both traditional free radical systems
and living polymerizations. Themain difficulty with such a strategy is to mediate
the reactivity of the free radical propagating center and this challenge has
precluded its development until recently.
Early attempts to realize a ‘living’ free radical procedure involved the concept

of reversible termination of growing polymer chains by iniferters [30, 31];
however, this strategy suffered from high polydispersities and poor control over
molecular weight and chain ends. Moad and Rizzardo adopted a subtly different
approach and introduced the reversible end-capping of the propagating chain
ends with stable nitroxide free radicals, such as 2,2,6,6-tetramethylpiperidinyl-1-
oxy (TEMPO) [32]. The use of TEMPO in ‘living’ free radical polymerization
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was subsequently refined and significantly extended by Georges et al. [33] who
demonstrated that polystyrene with low polydispersity could be prepared using
bulk polymerization conditions. These two seminal reports resulted in the true
development of ‘living’ free radical polymerization procedures as an exciting
research field, which has attracted substantial interest, both industrially and
academically.
The field of living free radical polymerization [34] has expanded rapidly in

recent years with the development of two major areas of research; nitroxide
mediated processes [35], as well as atom transfer radical procedures (ATRP)
[36]. The basic theme underlying the success of both approaches is the same, the
reversible termination of the growing polymeric radical by a mediating species,
either a nitroxide or in the case of ATRP a metal complex, to give a dormant, or
inactive species in which the mediating species is covalently bound to the
polymer chain end. The key to the success of both strategies is that this termina-
tion reaction is reversible and in the case of the nitroxide process, at elevated
temperatures, typically 80°C or greater, the C—ONbond of the alkoxyamine, 4, is
homolytically unstable and undergoes fragmentation to regenerate the stable
free nitroxide free radical, 5, and the polymeric radical, 6. The polymeric radical
can then undergo chain extension with monomer to yield a similar polymeric
radical, 7, in which the degree of polymerization has increased. Recombination of
7 with the nitroxide then gives dormant species 8, which essentially has the same
structure as 4 and the cycle of homolysis—monomer addition—recombination can
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be repeated (Scheme 9). Unlike the early iniferter work, the mediating nitroxide
free radical does not initiate the polymerization of vinyl monomers, therefore no
additional propagating centers are created.
A similar process is present in the case of atom transfer radical polymerization

(ATRP) systems, except that a metal complex replaces the mediating nitroxide
radical, and the dormant group is typically a halide such as Cl-, or Br-. The role
of the metal complex is to transfer the halide from the dormant chain end, 9, to
give the propagating radical, 11, and after monomer insertion to react with the
carbon center free radical, 12, to give a new dormant chain end, 13, and the
original metal complex (Scheme 10). While the presence of the metal complex
does add complexity to the ATRP process the ability to tailor the reactivity of
the metal center by adjusting the ligand structure can lead to significant versatil-
ity in reaction temperature and monomer selectivity.
An extremely favorable consequence of both strategies is the presence of

significant amounts of covalent, or inactive, chain ends. This substantially lowers
the overall concentration of reactive chain ends which results in a decrease in the
occurrence of unwanted side reactions such as termination, disproportionation,
or combination. This enables the polymer chain to grow in a controlled fashion,
exhibiting many of the attributes typically associated with a living polymeriz-
ation. However, it should be pointed out that the occurrence of these side
reactions is not eliminated and in the strictest sense, the polymerizations are not
truly living.
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9 MOLECULARWEIGHT CONTROL

Initially a bimolecular initiating system consisting of a traditional radical in-
itiator, such as benzoyl peroxide, in combination with TEMPO was introduced
by Georges [33]. However, the difficulty in controlling the macromolecular
structure, i.e. chain ends, molecular weight, etc. prompted the development of
alternatives initiating strategies. Inspired by the concept of well-defined initiat-
ing species in anionic polymerizations, a range of unimolecular initiators for
living free radical systems were developed [35—37]. The unimolecular initiators
are all covalent adducts based on either the propagating chain end or a related
structure which will rapidly generate an initiating radical under the polymeriz-
ation conditions. For example, alkoxyamines readily decompose at elevated
temperatures to give an initiating benzylic radical and a nitroxide radical in the
desired 1: 1 stoichiometry and have found wide use in the nitroxide arena.
Similarly, �-haloesters, sulphonyl halides, benzylic halides, etc. are standard
unimolecular initiators for the preparation of well-defined polymers by ATRP
(Scheme 11).
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The advantages of using simple organic molecules such as 14–17 as initiators
for living free radical systems are many. Firstly, they permit accurate control
over the molecular weight and polydispersity of linear macromolecules in a
similar way to living anionic procedures [38]. As before, molecular weight, or
degree of polymerization is controlled by the ratio of monomer to initiator and
the functionality at the chain ends of the macromolecule is dictated by the initial
structure of the initiator (Figure 2.1) [39].
The living nature of these polymerizations has also been rigorously demon-

strated by a variety of techniques and shown to hold true even at high conver-
sion. For example, the evolution of molecular weight for the polymerization of
styrene by the alkoxyamine, 14, is linear up to 90% conversion (Figure 2.2).
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Figure 2.1 Evolution of experimental molecular weight, Mn, and polydispersity
with theoretical molecular weight for the polymerization of styrene and 14 at
123°C for 18h with no degassing or purification

10 FUNCTIONAL GROUP CONTROL

A second, and potentially more useful feature is the stability of these unimolecu-
lar initiators to a wide variety of reaction and polymerization conditionswhich is
in sharp contrast to traditional initiators for anionic procedures, such as n-butyl
lithium. This allows the initiators to be fully characterized, purified and handled
by normal techniques, thus simplifying the polymerization process. It also per-
mits a variety of chemical transformations to be performed on the initiator prior
to polymerization, which greatly facilitates the preparation of chain end func-
tionalized macromolecules. For example, the chloromethyl functionalized al-
koxyamine, 18, can be readily converted in high yield to the corresponding
aminomethyl derivative, 19, followed by polymerization to give well-defined
linear polymers, 20, with a single primary amine at the chain end (Scheme 12).
Another prime advantage of living free radical procedures is the compatibility

of both nitroxide-mediated and ATRP procedures with functionalized mono-
mers. An excellent example of this is the preparation of poly(2-hydroxyethyl
methacrylate) with controlled molecular weight and low polydispersity by the
ATRP of HEMA (Scheme 13) [40]. In contrast to normal monomers the
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polymerization of these functional, polarmonomers typically require adjustment
of the reaction conditions to achieve optimal control over the synthesis. In the
above case, the polymerization temperature was lowered to 50°C, a mixed
solvent system consisting of 7: 3 methyl ethyl ketone/1-propanol was used with a
slightly less reactive initiator, ethyl 2-bromo-2-methyl propionate and CuCl and
bpy as the metal co-mediator. Such an adjustment in reaction conditions for
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functionalized monomers has been found for both ATRP and nitroxide me-
diated processes.

11 BLOCK COPOLYMERS

As with other living techniques, one of their fundamental advantages over other
synthetic approaches is the ability to prepare block copolymers, and in this
regard living free radical procedures again offer advantages compared to other
living techniques. These arise from the ability to polymerize a wide variety of
monomers while at the same time tolerating functional groups and polar/
aqueous reaction conditions. This permits an extremely wide variety of block
copolymers to be easily prepared under commercially viable reaction conditions
such as emulsion, or bulk procedures. An added advantage of both ATRP and
nitroxide procedures is that the second block need not be grown directly after the
first block as in other living systems. Owing to the presence of a stable, dormant
chain end, the first linear block can be isolated, stored and characterized before
growth of the second block, which greatly facilitates the formation of well-
defined block copolymers.
In contemplating the synthesis of block copolymers by living free radical

methods a number of issues have to be addressed. Firstly, the homopolymeriz-
ation of the monomersmust be a living process under the specific polymerization
method. For example, poly(acrylamide) block copolymers are best prepared by
nitroxide mediated processes since the homopolymerization of acrylamides by
ATRP is troublesome. In contrast, the preparation of poly(methyacrylate) block
copolymers is most facile by ATRP procedures since the homopolymerization of
methacrylates by nitroixdemediated processes has not been shown to be a living
process. An excellent example of the latter is the preparation of ABA, PMMA-b-
PBA-b-PMMA triblock copolymers from the difunctional initiator, 21 (Scheme
14). Once again subtle features such as reaction conditions, nature of the end
groups, i.e. Br- or Cl-, and the nature of the metal center are critical for the
successful block copolymer formation [41].
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12 RANDOM COPOLYMERS

While there have been a number of studies on the preparation of linear random
copolymers by living anionic or cationic procedures the structural versatility
available is limited due to the incompatibility of various monomer pairs with the
polymerization conditions or by the grossly different reactivity ratios under
living ionic conditions [42]. The carbanionic copolymerization of polar mono-
mers, such as methacrylates with diene or styrene type monomers is difficult and
not very successful, though copolymerization of various methacrylates can be
achieved [43]. In contrast, it is well known that the preparation of random
copolymers from an extremely wide variety of vinyl monomers is a facile process
using traditional free radical procedures. The unique ability to prepare well-
defined linear random copolymers by living free radical procedures has therefore
attracted much interested and proven to be highly successful using either nitrox-
ide mediated or ATRP conditions [44]. Interestingly, it has been shown by a
number of authors that the reactivity ratios and triad/tetrad ratios are essentially
the same for the living process as has been observed for the traditional systems
[45].
A prime example of these features can be found in the synthesis of styrene/

(meth)acrylate random copolymers. By controlling the initiator/total monomer
ratio, the molecular weight can be accurately controlled for both styrene/methyl
methacrylate and styrene/butyl acrylate random copolymers. As can be seen in
Figure 2.3 the polydispersity for both systems is essentially 1.10—1.25 over
comonomer ratios ranging from 1/9 to 9/1.

13 RING OPENING METATHESIS POLYMERIZATION

Since the discovery by Ziegler and Natta that transition metal complexes, in the
presence of aluminum alkyl compounds, can efficiently catalyze the polymeriz-
ation of ethylene and propylene, significant efforts have been devoted to the
development of new catalytic systems for polymerization of olefins. One of the
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copolymers andmole percent of styrene in the feedmixture for the copolymeriz-
ation of (i) styrene and n-butyl acrylate (�), and (ii) styrene and methyl methac-
rylate (�) mediated by 14

ultimate aims is the discovery of catalysts which allow control over the structure,
molecular weight and physical/chemical properties of the polymeric products.
This desire to develop living systems has resulted in the evolution of olefin
metathesis chemistry, a process wherein the carbon—carbon double bond of an
olefin is broken and reformed in the presence of an organometallic catalyst.
When the starting material for this process is a cyclic olefin, a ring opening
reaction takes place and if the cyclic olefin is sufficiently strained, the ring
opening releases energy. This release of energy can be the driving force for the
polymerization of the cyclic olefin and has led to the development of living ring
opening metathesis polymerizations (ROMP) (Scheme 15).

n

Scheme 15

While the majority of initial work in living ROMP procedures was performed
with tungsten and molybdenum catalysts, the high reactivity of these systems
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and their low tolerance for functional groups hampered their wide adoption. In
1992, Grubbs et al. [46] reported the synthesis of the ruthenium—vinylalkylidene
complex 22. This new generation of metathesis catalysts, in addition to the high
activity in ROMP and ring closing metathesis, presents a high stability towards
air, water and acids. Catalyst 23 can be easily prepared by a simple phosphine
exchange from 22 and shows an even higher activity for ROMP, being able to
polymerize relatively low strain cyclic olefins while still retaining its stability in
protic media [47]. Arguably the most versatile and exciting catalyst systems for
ROMP that are presently available are those based on ruthenium.

14 SINGLE SITE CATALYSIS

While ROMP procedures are applicable to only a select group of monomers, the
development of well-defined single ‘site catalysts’ for the polymerization of a
variety of different monomers have become an area of significant research
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Cl
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PCy3

Ph

Ph

22 23
interest with potentially greater future commercial impact. The ability to tailor
the electronic and steric nature of a single metal center allows the preparation of
catalysts with tolerance for functional groups while providing control over the
polymeric structure and stereochemistry. Two excellent examples of the poten-
tial for this field can be found in the recent work of Brookhart [48] and Coates
[49].
In a series of publications by Johnson and Brookhart [48], cationic �-diimine

complexes of nickel and palladium, 24, were prepared and investigated as olefin
polymerization catalysts (Scheme 16). Significantly, these catalysts were not only
able to polymerize ethylene and �-olefins to high molecular weight but dramatic
differences in the microstructure and properties of the resulting polymers were
observed when compared to either Ziegler-Natta or metallocene technology.
One of the unique features of this polymerization was the observation that
changes in the polymerization conditions or catalyst structure resulted in macro-
molecular architectures varying from linear to highly branched (dendritic). The
potential for using the same reactor system and catalyst system for the produc-
tion of poly(olefins) with properties ranging from elastomeric to rigid thermo-
plastic is particularly intriguing and of considerable commercial interest.
The general formula L

�
MR of a single site catalyst, where L is a ligand set,M

the active metal center and R a group that may initiate polymerization can also
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be recognized in the work of Coates [49] for the synthesis of heterotactic
poly(lactic acid) from rac-lactide. The zinc alkoxide complex, 25, was shown to
act as a single site catalyst for the living polymerization of rac-lactide with the
initiating chain end being derived from the isopropoxide group (Scheme 17). The
ability to obtain racemic enchainments (alternating lactide units of opposite
stereochemistry) of 90—94% is a surprising result and demonstrates that by
careful control of the steric environment of the metal center, high stereoselectiv-
ity of monomer addition can be obtained.
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15 METALLOCENE CATALYSTS

The advent of homogeneous olefin polymerization based on metallocenes has
also ushered in a new era in olefin polymerization. In fact, the recent commercial-
ization of numerous poly(olefins) prepared using metallocene strategies is testa-
ment to the importance of this field from both an academic and an industrial
viewpoint. One of the main intellectual driving forces is the realization that as a
specific example of single site catalysts, these systems are also amenable to
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structural and electronic manipulation. Therefore, subtle changes in the catalyst
structure can lead to dramatic changes in the architecture of the poly(olefin)
produced, which in turn can lead to new and/or improved physical properties. A
prime example of this philosophy is the synthesis of thermoplastic elastomeric
poly(propylene) by the oscillating stereocontrol induced by a metallocene cata-
lyst. By carefully designing their catalyst, Coates andWaymouth [50] were able
to prepare poly(propylenes) containing both atatic and isotactic blocks. Unlike
other zirconiummetallocenes, 26, is not bridged and so can oscillate between two
forms, one which produces an isotactic block from propylene and one which
produces an atatic block (Scheme 18). The steric control inherent in 26 is such
that the conversion between these two active forms is slow enough such that long
runs of each block are formed which then leads to blocks of sufficient length to
give thermoplastic and elastomeric properties.

Zr P Zr P
propylene propyleneIsotactic

Block
Atactic
Block

26 26

Scheme 18

16 CONCLUSION

The underlying theme throughout this discussion on the synthesis of linear
polymers is control. This includes control over macromolecular architecture,
molecular weight, stereochemistry, etc. It is anticipated that this quest to prepare
well-defined linear macromolecules with control over various facets of the poly-
meric structure will continue and be refined even further as our understanding of
the mechanismof the polymerizations develops and the role that the initiating or
catalytic systems play in controlling structures. It is also apparent that these
developments will be greatly assisted by multidisciplinary studies at the interface
of polymer chemistry with organic chemistry, inorganic chemistry, physical
chemistry, etc.
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1 INTRODUCTION

A perfectly linear polymer molecule is an idealized, rarely encountered species.
Most polymeric chains have chemical and/or structural defects. When these
defects are limited to a few atoms on the polymer backbone they can best be
considered as copolymerization units. However, when the length of the dangling
chains is of the same order of magnitude as the other chains in the polymer, we
speak of long-chain branching (LCB) [1—4] see Figure 3.1. Although a relatively
small number of defect (branch) points may be involved in LCB, it always has a
considerable effect on the global properties of the polymer.

Different types of LCB are distinguished. Star polymers are the simplest
branched polymers because they have only one branch point. Regular star
polymers have a branch point with a constant number (functionality, f ) of arms
and every arm has the same molecular weight. They are therefore monodisperse
polymers. Star polymers may also have arms with a most probable distribution
[5]. Star polymers can also be polydisperse due to a variable functionality. Palm
tree [6] or umbrella polymers [7] that contain a single arm with different
molecular weight (MW) than the other arms are classified under the asymmetric
star [8] polymers, see Figure 3.2.

Comb polymers consist of a backbone and several branches [9]. Backbone
and branches are usually recognized from the synthetic procedure. The branch-
ing functionality is usually limited to 3 or 4. The backbone and/or the branches
can be monodisperse. In a regular comb polymer the number of branch points
per backbone is constant and the branches are equidistantly spaced along the
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Figure 3.1 Short and long chain branching

Figure 3.2 Regular star polymers with f = 3 and f = 6 and an asymmetric palm
tree or umbrella polymer.

backbone [9]. Other comb polymers have a molecular weight polydispersity due
to the polydispersity of the backbone or of the branches or due to the variable
(statistical) number and/or placement of the branches. Some comb polymer
architectures are shown in Figure 3.3. A comb polymer with exactly two branch
points [10] is called a H-polymer [11] when there is one branch at each branch
point or it is called a super-H [12], pom-pom [13] or dumb-bell [6] polymer
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Figure 3.3 Top row: H-polymer and super H-polymer; bottom row: �-block
copolymer and dendritic polymer

when there is more than one branch at each branch point. When the mass
contained within the branches becomes a large fraction of the total mass of the
comb polymer, the comb polymer resembles a star polymer [9].

Since the successful synthesis of dendritic macromolecules from low MW
monomers [14a], research has also been performed in the area of dendritic
polymers [14b, 15]. Dendritic polymers are obtained by attaching or growing
several end-standing arms onto a central regular star polymer. This procedure is
repeated in a generational manner, see Figure 3.3.

Finally, some polymerization processes lead to a class of randomly branched
polymers. The condensation of multifunctional monomers or polymers leads to
randomly branched polymers. A feature of such step-growth processes is that the
largest molecules in the batch have the largest number of functional groups and
therefore the highest probability of reaction and growth. As a result, the molecu-
lar weight distribution grows very rapidly with conversion and (M

�
/M

�
) � M

�
[10]; M

�
diverges at the critical extent of reaction (�

��
) of the functional groups

given by [1]:
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�
��

� 1/(f� 1)(g� 1) (1)

for the case of the step-growth polymerization of an equimolar mixture of two
monomers A

�
and B

�
or of an A

�
B
�

monomer or polymer. It is assumed that a
functional group A reacts only with a B group without side reactions. The critical
extent of reaction is macroscopically characterized by chemical gelation. Equa-
tion (1) is based on equireactivity of all functional groups throughout the
polymerization process [16]. Usually, the experimental value of �

��
is larger than

the theoretical one due to intramolecular ring formation that consumes func-
tional groups and to other factors thus introducing nonrandomness in the
process [17, 18]. The special case of A

�
B (g� 1) cannot lead to gelation. In this

case, hyperbranched polymers are formed. The architecture of hyperbranched
polymers is described in greater detail in other chapters of this volume.

2 PHYSICAL PROPERTIES AFFECTED BY LONG-CHAIN
BRANCHING

The fundamental effect of LCB on the polymer is a reduction of the size of the
polymer relative to the size of a linear polymer with the same MW as measured,
for example by its mean-square radius of gyration:

�R�� � (1/2N�) �
�
�

�
�x

��
� � (2)

where x
��

is the distance between any two segments i and j measured along the
chain of N segments. The shrinkage of the radius of gyration due to LCB is
quantified by the ratio

g� �R� �
��

/ �R� �
�	�

; 0 � g� 1 (3)

where the subscripts br and lin stand for the branched and linear polymer with
the same molecular weight. Zimm and Stockmayer, in a seminal paper [10],
taught us how to calculate the branching factor g for a variety of different LCB
architectures. These calculations are for the Gaussian conformation or unpertur-
bed random walk chain. For example, in the case of regular star polymers, g is
given by:

g� (3f� 2) / f � (4)

Another often used relation

g� [(1 � n
�
/7)�� 4n

�
/9�]�� (5)

is used for monodisperse fractions of randomly branched polymers with n
�

trifunctional branch points. This value of g is an average over all possible
architectures. Similar calculations have been performed for other architectures
(combs, dendritic polymers, etc.) [9, 19—21]. Knowledge of g alone does not yield
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an unambiguous value of the number of branches without independent knowl-
edge about the branch architecture. Experimental studies on model regular star
polymers have shown that equation (4) is only valid for low values of f [22]. The
experimental shrinkage factor agrees with equation (4) when f� 10 and the arm
MW is not very short. Large values of f [22] cause increased arm stretching
especially near the central core where the segment density is high [23, 24] and
cause an overall expansion of the polymer coil. The blob theory for branched
polymers developed by Daoud and Cotton [25] gives a particularly good scaling
account of this size expansion of branched polymers in good solvents. Finally,
LCB polymers with their reduced coil dimensions and linear polymers have
different segment density distributions in the polymer coil. Segment density
distributions have been studied most extensively in the case of regular star
polymers with a wide range of functionalities by means of small angle neutron
scattering [26—28]. The validity of the assumptions in the Daoud—Cotton model
have been nicely confirmed by these results. The tendency of branched polymers
to become more spherical with increased branching makes them resemble mono-
molecular colloids and give them a strong tendency to order in semi-dilute
solutions. The experimental work in this field has been reviewed recently [29].

The dilute solution hydrodynamic properties of polymers depend also on the
type and extent of LCB. Parallel to equation (3) a viscosimetric branching factor
can be defined by the ratio of intrinsic viscosities:

g
���� [�]

��
/ [�]

�	�
(6)

but g
��� decreases in a complex manner with LCB and no analytical theory is

available for relating g
��� to g that is universally valid despite early attempts to

find such a relationship [30, 31]. Computer simulations of the intrinsic viscosity
of regular stars polymers have shown how different static and hydrodynamic
factors enter into this difficult problem [32]. Nevertheless, the intrinsic viscosity
of branched polymers can be measured easily and is useful to estimate the size of
the polymer by means of the Einstein equivalent sphere model according to

R
	

� �(10�/3N


) [�] M���
 (7)

with N



as Avogadro’s number. This model becomes progressively better as
branching increases and the polymer coil becomes more spherical. For regular
star polymers, when f is small R

	
�R. However, when f	 18 R

	
�R [22, 33]

and for stars and combs with many branches R
	
	 1.29R [22], the theoretical

relationship for the equal density hard sphere. This limit is expected to hold
roughly for a variety of highly branched polymers, including spherical dendritic
molecules.

Measurement of the translational diffusion coefficient, D
�
, provides another

measure of the hydrodynamic radius. According to the Stokes—Einstein relation

R


� kT/6��

�
D

�
(8)
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where k is the Boltzmann constant, T absolute temperature and �
�

the solvent
viscosity. In general it is found thatR

	
andR



are nearly identical, the agreement

improving as the LCB density increases [22, 34].
Other dilute solution properties depend also on LCB. For example, the second

virial coefficient (A
�
) is reduced due to LCB. However, near the Flory 
 tempera-

ture, where A
�
� 0 for linear polymers, branched polymers are observed to have

apparent positive values of A
�

[35]. This is now understood to be due to a more
important contribution of the third virial coefficient near the 
 point in branched
than in linear polymers. As a consequence, the experimental 
 temperature,
defined as the temperature where A

�
� 0 is lower in branched than in linear

polymers [36, 37]. Branched polymers have also been found to have a wider
miscibility range than linear polymers [38]. As a consequence, high MW highly
branched polymers will tend to coprecipitate with lower MW more lightly
branched or linear polymers in solvent/non-solvent fractionation experiments.
This makes fractionation according to the extent of branching less effective.

The MW dependence of the radius of gyration of linear polymers is given by

�R� � � � a M� (9)

where � is �
�

in a 
 solvent or in the melt and 0.588 (0.6) in good solvents. Similar
scaling laws also describe other static and the hydrodynamic properties. In the
case of polymers with LCB the same exponents as for linear polymers are found
only when the set of branched polymers is uniform. A set of branched polymers is
uniform when all the polymers in the set have the same architecture and the
MWs of all the subchains have a constant proportionality. For example, regular
star polymers with the same functionality and increasing arm lengths form a
uniform set. Also, H-polymers in which the five discernible subchains have a
constant MW ratio form a uniform set and their dilute solution properties will
scale with the same exponent as found for the linear polymer [11]. On the
contrary, a set of comb polymers with fixed backbone and constant number of
branches but with increasing branch length is not a uniform set, nor is a set of
comb polymers with a fixed backbone but increasing number of branches. The
physical properties of such a set of polymers will scale differently from the linear
polymer. This is illustrated in Figure 3.4.

Randomly branched polymers have very wide MW distributions, especially,
when prepared near the gelation point. The properties of the whole, unfrac-
tionated, randomly branched polymer are strongly affected by this wide MW
distribution [18]. For example, the experimental radius of gyration, which is a
z-average value, is dominated by the largest molecules in the sample, and as a
result �R��

�
/M

�
� �R� � /M of the monodisperse linear polymer and the

experimental branching factor appears to be slightly larger than unity [17, 18]. In
randomly branched polymers the scaling behavior of equation (3.9) appears to
hold due to a compensation of shrinkage and polydispersity effects [18]. The
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Figure3.4 Intrinsic viscosity-molecular weight relation in toluene at 35°C for �:
regular H-polystyrene; �: 12-arm star polystyrene; �: comb polystyrene with
f = 30, Mbb = 2.75 × 105 and increasing branch MW. Top line; linear polystyrene

same is true for the hydrodynamic radius from dynamic light scattering [18].
However, the intrinsic viscosity, when compared at constantweight average MW,
is lower the wider the MW distribution of a randomly branched polymer [17].

Poly(macromonomers) with moderately long side chains attached to every few
(second) atom along the backbone are very densely branched polymers. When
the degree of polymerization of the backbone is low then the poly(macromon-
mers) tend to resemble star polymers [39, 40]. When the degree of polymeriz-
ation is very high the poly(macromonomer) acquires a cylindrical conformation
(bottlebrush), due to the stretching and linearization of the backbone [40].

Branched polymers are often analyzed by means of size exclusion chromatog-
raphy (SEC). It should always be kept in mind that fractionation in SEC is on the
basis of the hydrodynamic volume, i.e. [�]

�
M

�
[41]. Analysis based on a mass

detector and a calibration with linear polymers does not provide a true MW for a
branched polymer. It is easily shown that, for the same reason, SEC does not
provide a true MW distribution for a mixture of branched polymers. This has
often led to very optimistic interpretations of chromatograms. The addition of a
MW sensitive detector remedies this difficulty. However, the logarithmic nature
of the hydrodynamic fractions requires an important correction to the
chromatograms of very broad (randomly) branched samples [42].

It has often been proposed that the melt properties could be a convenient
method to characterize branched polymers. However, the complex dynamic
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interactions observed and now understood in the simplest mixtures of model
branched polymers [43] make this a goal unlikely to be achieved for more
complex mixtures.

3 SYNTHETIC STRATEGIES FOR LONG-CHAIN BRANCHED
POLYMERS

LCB polymers can be formed by chemically linking preformed polymers (arm
first or polymer first method) or by growing polymer chains from a multifunc-
tional initiatior (core first method). In both cases living polymerization tech-
niques are preferred because they provide better control over MW, MW dis-
tribution and the final branching architecture. However, highly selective
coupling reactions e.g. with multifunctional isocyanates, or dicyclohexylcar-
bodiimide (DCC) coupling, have also been successful.

In the arm first method, when living polymer molecules are linked to a
multifunctional coupling agent, a star polymer is formed. Coupling agents with a
compact dendritic architecture have been used to increase the functionality of
the star polymer. The linking agent can be formed in situ by addition of a
difunctional monomer. In the first step this difunctional monomer adds to the
living polymer. In the second step, repeated intermolecular reactions lead to
star-like polymers. The classic example is the coupling of living anionic polymer
with divinylbenzene:

(
PS

+
PS _ )p

_

PS

(
PS )p-1

_

( )p
_

The reaction scheme is very general, but control over the extent of the inter-
molecular reactions and the distribution of the number of arms in the star is
limited. The arm first method includes the polymerization (to form star poly-
mers) or copolymerization (to form comb or graft copolymers) of macro-
monomers. The technique provides a handy simplification if the arm MW need
not be very high and the MW control of the branched polymers is not very
important.

If the multifunctional coupling agent is a linear polymer, a comb polymer is
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formed. Dendrigraft arborescent polymers are obtained when the multifunc-
tional polymer is a star or a comb polymer. While the placement of the functional
groups is often random along the chain, reaction schemes for end-standing or
centrally placed functional groups have been devised so that better architectural
control is available.

The core first method starts from multifunctional initiators and simultaneously
grows all the polymer arms from the central core. The method is not useful in the
preparation of model star polymers by anionic polymerization. This is due to the
difficulties in preparing pure multifunctional organometallic compounds and
because of their limited solubility. Nevertheless, considerable effort has been
expended in the preparation of controlled divinyl- and diisopropenylbenzene
living cores for anionic initiation. The core first method has recently been used
successfully in both cationic and living radical polymerization reactions. Also,
multiple initiation sites can be easily created along linear and branched poly-
mers, where site isolation avoids many problems.

It should be mentioned that the ‘polymer first’ and ‘core first’ methods can be
used consecutively. For example, a star polymer first produced by the divinyl-
benzene coupling method contains a number of active sites equal to the number
of arms. In a second step, each active site can be used to initiate a new arm either
of the same or from a different monomer. The resulting polymer is a double star.
Mixing different polymerization mechanisms and various monomers has created
entirely new combinations of branched and graft copolymers. Some of the recent
progress is part of a large effort that is collectively labeled ‘Macromolecular
engineering’ [44]. This overview must be short and can only highlight recent
developments, especially from the point of view of control over the branching
architecture.

3.1 BRANCHED POLYMERS VIA ANIONIC POLYMERIZATION

3.1.1 Carbanionic Star Polymers

Schematically, model regular star polymers are obtained directly from living
anionic polymers where (Si—Cl

�
)



is a multifunctional carbosilane coupling
agent, MeSiCl



, SiCl

�
, Cl



SiCH

�
CH

�
SiCl



, etc. including dendritic carbosilanes

t s-BuLi    +    n M s-Bu-Mn
_Li

(SiClm)p

p
(s-Bu-Mn)m Si

with 32, 64 and 128 silicon chlorine bonds [22, 45, 46]. These coupling agents
provide better control over LCB than the commercially used divinylbenzene
route [47]. The alternative method, polymerization from a multifunctional
initiator, is used less in anionic polymerization because the required multifunc-
tional organometallic compounds are usually insoluble in the polymerization

PROGRESS IN THE BRANCHED ARCHITECTURAL STATE 75



media. Recent exceptions are the polymerization of ethylene oxide (EO), cyclic
esters and anhydrides from multifunctional dendrimers [48]:

R ( OH )n     +    m K+ R (OK)m(OH)n-m R ( OCH2CH2)p/n-OH
n

1. p  EO

2. H+

Ederlé and Mathis, in a very careful study, recently showed by SEC with
combined mass and molecular weight (light scattering) detectors that exactly six
polystyryllithium chains can be coupled with pure fullerene (C

��
) in toluene.

Furthermore, comparison of the mass and UV (set at 320 nm sensitive to the
presence of C

��
) traces proved the uniformity of the C

��
core in the star polymer

[49].

6  PSLi    +    C60 ( PS )6 C60
6-  (Li+)6Toluene

Control of the stoichiometry of the reagents allows also for the preparation of
fairly pure three, four and five-arm stars by this method. This conclusion was
confirmed [50]. Addition of THF complicates the coupling reaction between
carbanions and C

��
. First a two electron reduction of C

��
is observed. This is

2  PSK   +   C60

4  PSK   +  C60
2- (K+)2

THF
PS-PS  +  C60

2- (K+)2

THF
( PS )4 C60

6- (K+)6

followed by the addition of a maximum of four polystyrene chains [51]. Further
studies showed that (PS)

�
C

��
��(Li�)

�
can selectively initiate the anionic poly-

merization of one additional polystyrene or polydiene chain, but initiates two
poly(methylmethacrylate) chains [52]. By coupling these new active chain ends
with �,��-dibromoxylene the synthesis of dumb-bell (super-H) polymers with two
C

��
branch points was achieved [52]. A different route is also possible. It is

known that the azide group (N


) adds to C

��
. A polystyrene chain capped with

azide forms a mono-adduct with C
��

. This can then be treated with excess PSLi
or PILi to form the homo- or co- mikto-arm star polymer of the type A�A

�
and

AB
�
, respectively [53]. The same azide reaction was used recently to prepare star

polymers with end-standing C
��

molecules [54, 55]. In the first example, the
living end-groups of a three-arm star poly(ethylene oxide) are converted to azido
groups [54) and in the second case a six-arm star prepared] cationically, is
chemically modified at the free ends to azide groups and then reacted with C

��
[55].
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3.1.2 Asymmetric Star Polymers by Anionic Polymerization

The controlled synthesis of star polymers with arms different in MW, chemical
composition or topology requires the sequential addition of polymer chains to a
central coupling agent, see Figure 3.2. These architecturally different polymers
may be referred to as ‘mikto-arm star polymers’ and their synthesis and proper-
ties have recently been reviewed in detail [8]. The great interest in mikto-arm
star copolymers of the AB

�
type stems from their ability to break the composi-

tion-morphology relation that rules the self assembly of linear di- and triblock
copolymers [56]. For example, if the number of arms (n) in AB

�
is sufficiently

large a 50/50 mikto-arm star can form a cylindrical or even a spherical A phase in
a B matrix instead of the classic lamellar morphology of diblock copolymers
[57]. Mikto-arm star polymers with three chemically different arms can form
uniquely different morphologies not observed elsewhere [58].

There are two gereral routes to mikto-arm star polymers. The first method
makes use of the stepwise addition of living polymers to multifunctional chloro-
silane compounds [59—62]. The Athens group uses the sequential addition of
living polymers to multifunctional chlorosilane compounds under tight
stoichiometric control [63, 64].

 

PILi  + excess  (CH3) Si Cl3 PI (CH3) Si Cl2 +  LiCl  + (CH3) Si Cl3

PI (CH3) Si Cl2PSLi   + (PI) (PS) (CH3) Si Cl    + LiCl
titration

1. excess PBLi
(PI) (PS) (CH3) Si Cl (PI) (PS) (PB) (CH3) Si +  LiCl

2. H+

3.  fractionation

One of the most sophisticated architectures prepared by this method has the
general formula (AB)

�
(BA)

�
, where A and B are polystyrene and polyisoprene

chains, respectively; two arms are linked by the styrene block, the other two arms
are linked via the isoprene block to the central core. Moreover, the ratio of inner
and outer blocks has been kept constant [65].

The second technique makes extensive use of multifunctional diphenylethy-
lene compounds to produce e.g. A

�
B

�
star copolymers with A and B polystyrene

and polybutadiene chains, respectively [66].
This method seems not so versatile as the chlorosilane method, but is some-

what easier to apply and some interesting materials with archictectures like
A

�
(BA)

�
have been produced [67, 68].

Several groups have engaged in the study of linear polymer—dendrimer conju-
gates (i.e. architectural copolymers). These structures combine block copolymer
and dendrimer branching features within one molecular architecture [69—71].
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 2 PA Li

PAPA

Li Li+

PAPA

PB PB

1. PB
2. H+

The properties of these polymers have similarities with mikto-arm star block
copolymers.

3.1.3 H-, Super-H-, and �-(co) Polymers

Well-defined polymers with two branch points are called H-polymers [11]. They
can be abbreviated by A

�
A�A

�
or B

�
AB

�
for the copolymer case; see Figure 3.3.

They are called super-H-polymers when there are more than two branches on
each branch point [12, 72], e.g. A



A�A



[72], and B



AB



[12] and B

�
AB

�
[73].

The homopolymers are of particular interest for the relaxation mechanism of the
bridge segment and for their diffusion and rheological properties [43, 72]. They
are the smallest members of the comb polymer family and their properties are
thought to be representative for this wide class of polymers. The copolymers can
be considered double mikto-arm star copolymers. In the case of �-copolymers
the legs are chemically different from the body of the copolymer [74]. They are
the smallest possible graft copolymer and are abbreviated by (A,B)A(A,B); see
Figure 3.3.

There are specific difficulties in the controlled synthesis of H-type polymers.
Roovers started with the controlled synthesis of the branches, followed by
insertion of a difunctional bridge [11, 73, 74].

2  s-BuLi 2  m S  2 s-Bu Sm Li + CH3 Si Cl3 (s-Bu Sm)2 Si (CH3) Cl

(1)

 Naphthalene-. Na+

+

+ n S2 Na Sn Na

+ 2 (1) (s-BuSm)2 (CH3) Si Sn Si (CH3) (s-BuSm)2

(2)

(2)

A homogeneous series of polymers with n	 m and increasing MW has been
prepared and characterized. Fractionation is required to remove some low MW
polymers. Alternatively, the bridge can be made first [12, 13, 72].
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 Naphthalene-. Na+
2 m S+ Na Sm Na + SiCl4

 excess
Cl3 Si Sm Si Cl3 +  Si Cl4

(1)

n  I s-Bu In Li+ + (1) ( s-Bu In)3 Si Sn Si (s-Bu In)3s-BuLi

All the polymer fragments are monodisperse and the whole polymer has a
defined architecture and an overall narrow MW distribution.

3.1.4 Branched Poly(methacrylate)s

The anionic polymerization of methylmethacrylate at room temperature (orig-
inally called group transfer polymerization) [75—77] has provided a means for
preparing star poly(methylmethacrylate) via the block polymerization with
ethyleneglycoldimethacrylate:

PMMA CH2

CH3

O
O
CH3

_

O
O
CH2

CH2

O
O

H2C
CH3

CH2

CH3

O
O
CH2

CH2

O
O

H2C
CH3

CH2PMMA(
CH3

)n _CH2

CH3

O
O

CH2

CH2

O
O

CH2
CH3

+    n

Further repeated intermolecular addition of the methacrylate ion onto the
pendant methacrylate double bonds yields star-like polymers. Like the divinyl-
benzene process in other anionic and in carbocationic living systems ‘designed’
star polymers are difficult to obtain [78—80]. A recent detailed characterization
of the PMMA stars has found that the number of arms typically varies between
10 and 100 and that each sample has a fairly wide distribution in the number of
arms [78].

The ‘core first method’ has been applied to prepare four-arm star PMMA. In
this case selective degradation of the core allowed unambiguous proof of the star
structure. However, the MWD is a little too large to claim that only four-arm
star polymers are present [81]. Comb PMMAs with randomly placed branches
have been prepared by anionic copolymerization of MMA and monodisperse
PMMA macromonomers [82]. A thorough dilute solution characterization
revealed monodisperse samples with 2 to 13 branches. A certain polydispersity of
the number of branches has to be expected. This was not detected because the
branch length was very short relative to the length of the backbone [83].
Recently, PMMA stars (with 6 and 12 arms) have been prepared from dendritic
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polyesters with peripheral 2-bromo-2-methylpropyl groups and Ni(II) catalyst at
95°C under ATRP conditions [84].

3.1.5 Branched Aliphatic Polyethers

Substantial recent progress has been made in the synthesis of poly(ethyleneox-
ide)s (PEO) with new architectures. Originally, polydivinylbenzene cores in-
itiated with K� counterions have been used to form star PEO with 10 to 100
arms [85]. More recently, increased control over the arm functionality has been
achieved. Starting from multifunctional initiators, three-arm, six-arm and eight-
arm PEOs have been prepared from trimethylolpropane [86], hexahydroxy
derivatives of hexamethylbenzene, or from a t-butylcalix[8]eneoctahydroxy de-
rivative [87] respectively. In all cases, the initiating hydroxy function is activated
by potassium and the THF solution is heterogeneous till several ethylene oxide
units have added to the multifunctional initiator. In DMSO, the initial hetero-
geneity is avoided and narrow MW distribution polymers are obtained [87].
Star PEOs with 4, 8, 16 [48] and 32 arms [88] have also been prepared starting
from hydroxy substituted carbosilane dendrimers. The dilute solution properties
have been compared with those of standard linear PEOs. The experimental
branching factors combined with SEC results provide a strong argument for the
architecture of these monodisperse star polymers. In the arm first method,
preformed PEO with a suitably activated single end-standing group is reacted
with a multifunctional coupling agent. Yen and Merrill successfully prepared
star poly(ethylene oxide)s with up to 32 arms using a central poly(amidoamine)
dendrimer core [89]. Higher functionality star polymers suffered from incom-
plete coupling [89]. Both methods have advantages and disadvantages. In the
case of multifunctional initiators, it is difficult to prove the monodispersity of the
arms. A definitive structure proof would require a chemical degradation of the
core and analysis of the detached arms. PEO stars prepared with multifunctional
initiators result in arms with terminal hydroxy functional groups that are amen-
able to chemical modification.

Like traditional dendrimers, dendritic PEOs, consist of successive, increasing-
ly branched shells of PEO chains. Although the chain length between the branch
points is less controlled than in classical dendrimers, there is a corresponding
rapid increase in the MW. Gnanou et al. started by preparing anionically a
three-arm star PEO [14]. Each arm was then reacted with 2,2-dimethyl-5-ethyl-
5-halomethyl-1,3-dioxane according to the following reaction:

 

PEO OK
Et

X-CH2

O

O

CH3

CH3

Et

PEO

O

O

CH3

CH3

Et

PEO

OH

OH
+

H+

where X is Br, I or OSO
�
C

�
H

�
—CH



. After isolation of the polymer, the acetal

end groups are hydrolyzed and the new hydroxy groups are used as the initiating
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sites for the next generation of PEO chains. The crucial step is the introduction of
the branching point. This reaction has been extensively studied [90, 91].

In this section, it should be mentioned that star poly(tetrahydrofuran) has
been prepared by coupling cationically polymerized THF with multifunctional
diethylenetriamine [92] in the presence of 2,2�6,6�tetramethylpiperidine as a
proton trap. When the MW of poly(THF) is 1600 seven chains are added to the
triamine, when the MW is 8000 a five-arm star has been obtained.

3.1.6 Branched Aliphatic Polyesters

Poly(
-caprolactone) (poly(
-CL) and poly(lactide)s can be prepared by living
polymerization methods [93]. In recent years this has led to the explosive
development of several types of branched polyesters with narrow MW distribu-
tions. The first star poly(
-CL)s were made by coupling living polymer with
trimesic acid chloride [94]. The polymerization is initiated with Et

�
AlOCH

�
X,

where the XCH
�
O-group bP ecomes the terminal group on each arm of the star.

The formation of the star is confirmed by SEC and, when the MW is low, by
NMR. The presence of traces of dimeric and monomeric linear polymer cannot
be excluded, because f varies between 2.6 and 3.3 and the MW distribution varies
between 1.2 and 1.35. The ‘core first method’, starting from multifunctional
initiators with f � 2, 4 and 6 hydroxy groups based on bis(2,2�-hydroxy-
methyl)propionic acid has been performed by Trollsa� s et al. [95].

O

O OH

OH

The preferred initiator is stannous octoate in catalytic amount [95, 96] and
polymerizations occur in bulk at 110°C or in toluene. The synthesis was ex-
panded to stars with 40 and 48 arms by means of a hyperbranched poly(2,2�-
bis(hydroxymethyl)propionic acid) or classical dendrimer, respectively [97].

The molecular design was subsequently expanded to dendritic poly(
-CL). As
in the case of dendrimers, alternating steps are used to introduce linear polymeric
segments and branching segments [98]. The end-groups of a hexa-functional
poly(
-CL) star polymer are functionalized with a benzilidene protected 2,2�-
bis(hydroxymethyl)propionic acid according to the following reaction sequence:

 

O

O

HO
OH

O

O

O OH

OH

O
+

The protecting group is removed by hydrogenation. The deprotected hy-
droxymethyl groups are used as initiators for polymerization of new 
-CL. The
process was repeated to the third generation to give a narrow molecular weight
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final product with 24 poly(
-CL) arms with and 24 terminal hydroxy groups. The
corresponding hyperbranched poly(
-CL) was synthesized from an �-carboxylic-
�-dihydroxy linear polymer [99].

O OH

OH
(CH2)5-O-(-CO-(CH2)5-O-)n

O

HO

which is a AB
�

macromonomer. In this case the intermolecular esterification is
performed with dicyclohexylcarbodiimide.

It should be mentioned that when a hexa(hydroxyl) initiator is used for the
lipase catalyzed polymerization of 
-CL, only one hydroxy function is active
[100]. This leaves five remaining OH groups for polymerization of new or
another monomers. Comb poly(
-CL)s have also been prepared [101, 102]
starting from a copolymer of 
-CL and 5-ethylene ketal-
-caprolactone as shown
below:

(CH2)2-O-]m
O O

R-[CO-(CH2)5-O-]n--[CO-(CH2)2-

After deprotection the secondary hydroxy groups on the main chain can be
activated for the polymerization of L-lactide or 
-CL. The resulting polymer is a
comb (co)polymer [102].

3.2 BRANCHING VIA LIVING CARBOCATIONIC
POLYMERIZATION

The discovery of living cationic polymerization reactions has provided many
new avenues to polymers with a high degree of control over MW, MW distribu-
tion and has allowed the preparation of branched polymers with a wide variety
of controlled architectures. Living cationic polymerization makes it possible to
use isobutylene, alkoxystyrenes and a variety of vinylether monomers that were
hitherto excluded as sources of designed polymers. In general, the living nature of
the cationic process is very sensitive to the type of activator, solvent, additives
and to the temperature. The degree of polymerization is often limited to about
100 so that effects of chain transfer and termination reactions stay undetectable.
The different processes for producing branched polymers via cationic polymeriz-
ation have been critically reviewed recently [103].

Postpolymerization of difunctional monomers to effect star branching has
been successfully applied in cationic polymerization, e.g. in the case of poly-
isobutylene initiated with 2-chloro-2,4,4,-trimethylpentane/TiCl

�
. Addition of

divinylbenzene leads to star polymers [104]. Vinyl ethers, when polymerized
with HI/ZnI

�
in toluene at � 40°C, can be copolymerized with divinylether
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monomers and star branched polymers result [105]. A sufficient separation of
the two vinylether groups is beneficial for the star formation.

OO O-CH=CH2CH2=HC-O

Multifunctional initiators are found to be more effective in carbocationic than
in carbanionic polymerization, because of the enhanced solubility of the less
polar dormant initiating complexes. For example, the formation of a six-arm star
polystyrene starts from

(-CH2-CH2- CHCl-CH3)6

in the presence of SnCl
�

in CH
�
Cl

�
ať 15 � C [106]. A calixarene core with

eight initiating groups has also been used for the cationic polymerization of
isobutylene [107].

The completely cationic synthesis of comb or graft copolymers have yet to be
realized [103]. However, numerous backbone polymers, branches and macro-
monomers have been prepared separately via cationic polymerization and these
have been combined with other grafting and polymerization processes to pre-
pare (co)polymers that cannot easily be prepared otherwise [103].

3.3 RING-OPENING METATHESIS POLYMERIZATION (ROMP)

Bazan and Schrock were the first to use ROMP of norbornene to prepare star
polymers [108]. As the coupling agent of the living polymer they used a norbor-
nadiene dimer that plays the role of difunctional core-forming monomer as
shown below:

They observed a marked increase in the MW and a slight broadening of the
apparent MW distribution (to 1.18—1.25) that they correctly ascribed to the
random coupling of living chains. Doumis and Feast polymerized cyclopentene
by ROMP and attempted to prepare three-arm stars via coupling with 1,3,5-
benzenetricarboxaldehyde, but no pure star polymer was obtained [109].

ROMP is well suited for the controlled living polymerization and copolymer-
ization of macromonomers because it is a system that tolerates numerous
functional groups. Feast et al. prepared monodispersed double polystyrene (PS)
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macromonomers with a norbornene head group [110] via reaction of
propyleneoxide capped polystyryllithium with the diacid chloride:

 

O
Cl

O
Cl

O
OPS

O
OPS OO

O O

( )n

PS PS

2  PS-CH2-CH-OLi     +

CH3

Short PS macromonmers (DP � 4 or 9) polymerized completely under ROMP
conditions. Macromonomers with DP � 14 to 46 invariably led to incomplete
polymerization, suggesting that the dense polymacromonomer imposes steric
limitations on the polymerization. Heroguez et al. studied the ROMP of
poly(ethylene oxide) macromonomers [111, 112]. The macromonomers are
prepared from a norbornene derivative according to the following sequence:

 

 

CH2OH CH2OK CH2-(O-CH2-CH2-)n-O-CH2-C6H5

CH2-(O-CH2-CH2-)n-O-CH2-C6H5

( )m

They obtained moderately monodispersed (1.2 � 0.1) polymacromonomers with
30% initiator efficiency when short macromonomers (DP � 21 to 75) are poly-
merized. Higher MW macromonomers polymerized only partially. Evidence for
interaction of the PEO ether groups with the catalytic center is given and
assumed to be responsible for the shortcomings of the living system. Random
and block copolymers of PS and PEO macromonomers, as well as of P(EO-b-S)
and P(S-b-EO) macromonomers have also been made [112]. The same group
successfully prepared PS macromonomers with a norbornene group in the �
position [113].

Li CHCH2 )n( H
+    n

Living ROMP of a macromonomer with MW � 2600 yields star-like poly-
mers with 10 to 100 arms on average possessing a somewhat broad MW
distribution (i.e., 1.2—1.4).
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3.4 LIVING RADICAL POLYMERIZATION

Hawker was the first to use a multifunctional TEMPO (2,2,6,6-tetramethyl-
pyperidinyloxy-) initiator for the synthesis of a three-arm star polystyrene by the
living free radical mechanism [114].

 

O

O

O

N

O

O
O

N

OO

O
N

He also prepared a poly(styrene-g-styrene) polymer by this technique [114].
The lack of crosslinking in these systems is indeed proof of the control achieved
with this technique. An eight-arm star polystyrene has also been prepared
starting from a calixarene derivative under ATRP conditions [115]. On the other
hand, Sawamoto and his coworkers used multifunctional chloroacetate initiator
sites and mediation with Ru�� complexes for the living free-radical polymeriz-
ation of star poly(methylmethacrylate) [116, 117]. More recent work by Hedrick
et al. [84] has demonstrated major progress in the use of dendritic initiators [98]
in combination with ATRP and other methodologies to produce a variety of
structure controlled, starlike poly(methylmethacrylate).

3.5 METAL-CENTERED BRANCHING

Recently, metal-centered coordination has been introduced to construct star
polymers [118]. The principle is outlined for bipyridyl capped PEO when
coordinated with Ru��.

The three-arm star polymers are recognized by the UV-Vis spectrum typical of
the Ru�� complex as well as by their SEC elution volume. Similar trifunctional
complexes with Ni�� and Co�� are labile, subject to rapid exchange. In fact, SEC
experiments show that the dissociated form is the dominant eluting species. A
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3    CH3-(O-CH2-CH2)n-CH2

N

N

CH2-(CH2-CH2-O)-CH3

N

N
Ru

3

2+
2  Cl-+    RuCl3

four-arm star has been obtained by means of a trans-tetrapyridyl complex of
Ru�� [119].

The metal-centered complexes can also be used as multifunctional initiators.
For example, Fe��(4,4�dichloromethyl-2,2�-bipyridine)



or the Ru�� complex

have been used as initiators for the living cationic polymerization of 2-ethyl-2-
oxazoline [120].

 

 

ON+   2n

N

N
Fe

3

2+
N

N
Fe

3

2+

CH2Cl

CH2Cl

CH2-(CH2-CH2-N-)n-O-CH3

C=O

CH2-(CH2-CH2-N-)n-O-CH3

C=O

Et

Et

Interestingly, the Fe�� ion in the core can be easily removed by base, the complex
dissociates and the individual polymer dimers can be analyzed. Block
copolymers of 2-ethyl-2-oxazoline with other substituted oxazolines have also
been made [121]. Ru��(4,4�dichloromethyl-2,2�bipyridine)



has also been used

as the multifunctional initiator for the ATRP of styrene at 110°C [122]. It is
interesting to note that the Cu� ions necessary for the polymerization reaction
are solubilized via complexation with other bipyridine species.

4 CONCLUSION

The synthesis of well-defined LCB polymers have progressed considerably be-
yond the original star polymers prepared by anionic polymerization between
1970 and 1980. Characterization of these new polymers has often been limited to
NMR and SEC analysis. The physical properties of these polymers in dilute
solution and in the bulk merit attention, especially in the case of completely new
architectures such as the dendritic polymers. Many other branched polymers
have been prepared, e.g. rigid polymers like nylon [123], polyimide [124]
poly(aspartite) [125] and branched poly(thiophene) [126]. There seems to be
ample room for further development via the use of dendrimers and hyperbran-
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ched polymers as multifunctional initiators. Finally, the rigorous synthesis of
comb (and graft co-) polymers with full control over the backbone, branch MWs
and branch sites along the backbone remains as an interesting synthetic chal-
lenge.
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51. Ederlé, Y. and Mathis, C. Macromolecules, 30, 4262 (1997).
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Developments in the
Accelerated Convergent
Synthesis of Dendrimers
A. W. FREEMAN AND J. M. J. FRÉCHET
Department of Chemistry, University of California, Berkeley, CA, USA

Since its introduction a decade ago, the convergent approach to dendrimer
synthesis has been successfully exploited for the preparation of a great variety of
dendrimers possessing a breadth of cores, interior monomers and peripheral
moieties. Over time, a number of clever innovations, adaptations, and ‘improve-
ments’ have appeared in an attempt to increase the throughput and efficacy of
the convergent method, including the development of larger building blocks (e.g.
‘hypermonomers’ and ‘hypercores’), double-stage convergent syntheses, double-
exponential growth strategies, and orthogonal monomer systems. These devel-
opments, all related to the acceleration of convergent dendrimer syntheses, are
described and exemplified in this brief chapter.

1 INTRODUCTION

Synthetic polymer chemists now have a great variety of macromolecular archi-
tectures from which to choose when engineering molecules to address particular
materials requirements. The different types of polymers can be viewed as part of
a continuum of structures with perfectly linear polymers on the left, and perfectly
branched dendrimers on the right (Figure 4.1). Progression from left to right
within this continuum reveals several salient features. For example while bulk
properties are usually most important when dealing with linear polymers, the
properties and behavior of individual molecules becomes the prime consider-
ation when dealing with dendrimers. In part, this is due to the fact that unlike
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Figure 4.1

high molecular weight linear polymers, large dendrimers generally do not inter-
penetrate [1] and can thus be assumed to act as discrete entities [2]. In addition
to increasing chemical reactivity, movement to the right within the structural
continuum is also accompanied by an abrupt discontinuity in the amount of time
and effort required for production of the desired macromolecules. Linear and
comparatively simple branched polymers such as stars, grafts, and hyperbran-
ched polymers of moderate molecular weight ( � 30 000), are usually prepared in
processes involving from one to four synthetic steps for the most complicated
structures, whereas dendrimers of comparable size may require as many as
10—15 steps with intermediate purification of intermediates.

In spite of the synthetic challenges associated with large dendrimers, their
precisely controlled structures and unique properties such as reduced solution
viscosities [1, 2], internalization (sequestering) [3], as well as site isolation [4, 5]
and antenna effects [6—8], have fueled vigorous research programs by several
investigators over the past 16 years [9]. For the most part, dendrimers are
prepared according to either the divergent or convergent synthetic strategies,
both of which rely on a repetitive and alternating series of coupling and activa-
tion reactions to further dendrimer growth. In analogy to Vögtle’s cascade
method of synthesis [10] the divergent approach [11] of Tomalia and Newkome
generates dendrimers by successive addition of layers of monomers, first to a
central core molecule, then to the growing dendrimer proceeding radially in
outwards fashion (Figure 4.2). Conversely, the convergent approach [12], which
constructs these macromolecules from the chain ends and proceeds toward the
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Figure 4.2

center, begins by adding the ‘peripheral’ moieties to the monomer to generate a
small dendritic fragment or dendron. Repetitive activation of the intermediate
dendron followed by coupling to additional monomer affords larger intermedi-
ates, which, if desired, can be attached to a central core to yield the final
dendrimer. Several researchers have attempted to circumvent the usual iterative,
two-step protocol employed for dendrimer synthesis, and have devised clever,
accelerated synthetic strategies to produce large dendrimers faster, and in higher
yields than ever before. Interestingly, nearly all such synthetic developments/
improvements have pertained to the convergent approach, and the following
sections summarize some of the most significant or versatile phenotypes. Al-
though the divergent approach is not discussed in further detail here, several key
references are provided [11, 13].

2 CONVERGENT SYNTHESIS

The convergent growth approach to dendrimer synthesis, introduced by Hawker
and Fréchet in 1989—90 [12], has received considerable attention. Just like the
divergent growth strategy, it requires an iterative sequence of activation and
coupling steps for the growth of successive generations. However, unlike its
divergent counterpart, the number of such reactions remains constant with
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generation (in most cases two to three reactions), as opposed to increasing
exponentially. This greatly facilitates control over the purity of the final product,
reducing drastically the amount of reagent required for complete coupling, while
also providing access to differentiated reactivity at the focal point and the chain
ends of the growing dendrimers, two features that remain the primary attractions
of the strategy.

Convergent growth starts with what will become the eventual periphery of the
macromolecule and proceeds inward toward the focal point or core [12]. In-
itially, the monomer (typically AB

�
) is end-capped with the peripheral ‘groups’ to

yield the first-generation dendron. The unique focal point of the intermediate
dendron is then activated and coupled to additional monomer to afford the
[G-2] dendron. Coupling and activation steps are then repeated to yield higher
generation monodendrons. If desired, these fragments can be coupled to multi-
functional cores to yield multi-dendron dendrimers.

The first convergently prepared dendrimers were the poly(benzyl ether) de-
ndrimers, based on the monomer 3,5-dihydroxy benzyl alcohol 1, described by
Hawker and Fréchet (Scheme 1) [12]. Synthesis begins by alkylating the phen-
olic moieties of 1 under mild and selective conditions to yield the [G-1] alcohol 2.
Conversion of the benzylic alcohol focal point to the corresponding bromide
activates the dendron for coupling with additional monomer. Repetition of these
steps then affords monodendrons of increasing size. Tridendron dendrimers,
such as 7 are obtained by coupling the appropriate dendritic bromides, to
tris-phenolic core 6 under the same coupling conditions used to prepare the
dendrons themselves. The simplicity, mild reaction conditions, and chemical
robustness of the polyether backbone makes this family of dendrimers one of the
most popular and most often reproduced. A tremendous variety of core and
peripheral moieties have been reported for applications ranging from redox-
active dendrimers [14], to those that self-assemble [15] and polymerize [16]. In
addition, the scope of the convergent growth approach has been broadened to
include other polyethers [17], polyesters [18], polyamides [19], polyphenylenes
[20], polyphenylacetylenes [21], polysiloxanes [22], as well as unusual block
and surface-block copolymers [23] and dendritic-linear hybrids [24].

While the convergent strategy, as described above, has been exceptionally
successful, a considerable amount of effort has been devoted to improving its
speed and synthetic efficiency. The remainder of this chapter reviews the major
methodological developments and improvements in the accelerated, covalent,
convergent synthesis of dendrimers. Dendrimers constructed via self-assembly
and noncovalent interactions, as well as inorganic dendrimers [25], are beyond
the scope of this brief chapter.
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Scheme 1

3 DOUBLE-STAGE CONVERGENT GROWTH STRATEGIES:
HYPERMONOMERS AND HYPERCORES

One of the first efforts to accelerate the synthesis of high molecular weight
dendrimers was the development of the double-stage convergent approach first
reported by Wooley et al. (Scheme 2) [17a]. The thrust of this approach was to
decrease the number of linear synthetic steps and the amount of time required to
prepare large dendrimers, while concomitantly preserving or increasing the
overall yields. Therefore, the final dendrimer was disconnected into large syn-
thons that were prepared separately and simultaneously, dramatically reducing
the total number of linear synthetic steps. The target macromolecule was
envisioned to arise from the coupling of large [G-4] dendrons with densely
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functionalized, large, flexible ‘hypercores’. The polyphenolic cores, based on the
4,4�-bis(4�-hydroxyphenyl)pentanol repeat units, were designed to be spacious
and flexible to better accommodate the steric bulk of the surrounding monoden-
drons. Cores possessing 6, 12, and 24 phenolic moieties, such as 8 and 10, were
coupled to dendritic bromides 5 in good yields using the same efficient etherifica-
tion conditions used in the preparation of the dendrons themselves [12]. In this

Scheme 2

way, very high molecular weight, monodisperse dendrimers having molecular
weights of approximately 21 000, 42 000 and 84 000, respectively, were prepared
in short order.

A variation of this accelerated approach was applied, not to the development
of ‘hypercores,’ but to the preparation of larger monomeric building blocks, AB

�
synthons termed branched-monomers or ‘hypermonomers’ (Scheme 3) [23c].
These larger building blocks preserve the features of the convergent growth
approach (i.e. unique focal point) while maintaining the branching pattern and
flexibility of the final dendrimer. Hypermonomer 12, based on 3,5-dihyd-
roxybenzyl alcohol, possessing four terminal carboxylic acid moieties, was esteri-
fied with four equivalents of [G-1]—CH

�
Br 3 under mildly basic conditions to

afford [G-3] alcohol 13 in a single step. Activation of the [G-3] intermediate by
conversion to the corresponding bromide, followed by coupling with additional
hypermonomer 12 afforded [G-5] alcohol dendron 15, possessing alternating
layers of ether and ester linkages, cleanly and in good yield.

For the preparation of large poly(benzyl ether) dendrimers, disconnection
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Scheme 3
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eventually leads to AB
�

hypermonomer 18. This elusive compound was prepared
with some difficulty by Sanford et al. as described in Scheme 4 [26]. Key to this
approach was the identification of a phenolic protecting group that was easy to
install and remove, and that could survive the relatively demanding alkylation
conditions required for producing compounds such as 17. A number of common
protecting groups were tried including a variety of silyl groups and phenacyl
esters, and eventually the tosyl group was found to be satisfactory. Unfortunate-
ly, difficulties in achieving the high yield deprotection of 17, as well as poor
solubility of hypermonomer 18 make this an unattractive synthetic route. Once
prepared, 18 could be coupled with four equivalents of [G-2]—CH

�
Br to afford

[G-4]—CH
�
OH on a single step and in good yields.

Scheme 4

An improved approach to similar AB
�

synthons was later reported by L’abbé
and coworkers (Scheme 5) [27]. Their synthetic approach, which started with
methyl-3,5-dihydroxybenzoate, circumvented the difficulty of finding suitable
base-stable protecting groups by avoiding basic conditions altogether. Coupling
was achieved using the relatively mild Mitsunobu etherification conditions to
prepare the tetrasilylated hypermonomer 22. Similarly, larger silylated dendrons
such as AB

�
hypermonomer 23 were prepared. An elegant feature of this ap-

proach is the versatility of the silyl-protected phenols that could be deprotected
and alkylated in situ upon treatment with alkylating agents in the presence of
KF. Thus coupling of [G-2]—CH

�
Br with 22 and 23 quickly and efficiently afford

poly(benzyl ether) dendrons [G-4]—CH
�
OH 25 and [G-5]-CH

�
OH 26, respect-

ively, in good yields. The ease of large-scale preparation of 22 and 23, and its
facile application to the widely used poly(benzyl ether) architectures has made
these some of the better and most useful hypermonomers designed to date [28].

Another example of hypermonomer-based dendrimer synthesis was reported
by Gilat et al. for the rapid preparation of a new family of laser dye-labeled
dendrimers that were critical to our study of energy transfer in light harvesting
dendrimers (Scheme 6) [29]. In order to avoid undesirable ‘through-bond’
energy transfer in the poly(benzyl ether dendrimers, the ‘reversed’ monomer unit,
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Scheme 5

3,5-bis(hydroxymethyl)phenol, developed by Tyler and Hanson [30] was used
leading to hypermonomer 27, a hexadecanesulfonate protected tetra(benzylic
bromide), designed for the attachment of monodendrons possessing a phenol
focal point moiety. The use of this hypermonomer as a building block led to the
rapid preparation [29] of the [G-2], [G-3] and [G-4] dye-labeled monoden-
drons (30, 31 and 32, respectively) under very mild conditions, as well as the
useful model compounds 28 and 29. Although hypermonomer 27 proved highly
successful in expediting the synthesis of the larger dendrons, difficulty in com-
plete removal of the sulfonate protecting group under the required strongly basic
conditions, in the presence of increasing number of peripheral coumarin dyes,
proved problematic and led to decreased yields. The hypermonomer was later
improved by changing the focal point functionality from a sulfonate-
protected phenol to a silyl-protected benzylic alcohol, which could be selectively

CONVERGENT SYNTHESIS OF DENDRIMERS 99



Scheme 6

deprotected with fluoride ion in high yields [29c]. In addition to its great value in
accelerating the synthesis through a modular approach, the use of a hyper-
monomer minimizes the number of synthetic steps involving the costly coumarin
laser dyes.

Although the previous examples detail the preparation of aromatic polyether
and polyester dendrimers, the double-stage convergent approach is not limited
to this class of functional polymers. For example, Ihre and co-workers recently
reported a very successful exploitation of the hypermonomer strategy [31] for
the rapid synthesis of aliphatic polyester dendrimers based on the same bis-(2-
hydroxymethyl)propanoic acid utilized earlier in a conventional convergent
synthesis [18d]. The building blocks used in this approach benefit from their low
cost and comparatively high stability resulting from the presence of a neopentyl-
like branching arrangement at the vicinity of the ester moiety. However, the
relatively small, compact size of the monomer mandates the preparation of
higher generation dendrimers to access capabilities such as site isolation [5]. The
method used for quickly accessing high generation dendrimers while reducing
the number of linear steps, hinged upon the development of the orthogonally
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protected [G-2] dendron 36 (Scheme 7). This single hypermonomer could then
be used to prepare tetraol 37 by removal of the four ‘peripheral’ acetonide groups
under very mildly acidic conditions, and the complementary carboxylic acid 38
by hydrogenolysis of the benzylic ester focal point. Subsequent mutual coupling
of the two [G-2] moieties 37 and 38 cleanly afforded the [G-4] polyester 40.
Rapid access to this family of polyesters is particularly desirable since they are
being evaluated for use as initiator cores in the preparation of star poly(�-
caprolactone) [32] and as components of drug delivery agents [13g, 33].

Scheme 7

4 THE DOUBLE EXPONENTIAL GROWTH STRATEGY

Moore and coworkers have reported a very elegant strategy for the extremely
rapid preparation of high molecular weight dendrimers in only three to four
steps. Their method, the so-called double exponential growth approach [21c],
significantly extends the double-stage convergent synthesis, as exemplified by the
preparation of a family of phenylacetylene dendrimers (Scheme 8). The AB

�
monomer 41 was first orthogonally deprotected at the ‘peripheral’ and focal
point functionalities, followed by coupling of the resulting fragments to afford
the [G-2] dendron 44. The surface and focal point moieties of [G-2] intermedi-
ate 44 were then subjected to orthogonal deprotection conditions to generate
two [G-2] fragments; one with four reactive surface groups and a protected focal
point, and the other with four protected surface groups and a single reactive focal
point. Combination of these fragments via Sonogashira coupling gave [G-4]
dendron 47 with 16 protected surface groups and a single, protected focal point.
Reiteration of the selective orthogonal deprotections/coupling sequence next
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Scheme 8

afforded [G-8] dendron 50 that possesses 256 chain ends and a single focal point.
In principle the sequence could be repeated several times to give dendrons of ever
increasing size and molecular weight, until the limitation of steric constraints are
reached. While this is perhaps the fastest known method to generate exceedingly
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larger dendrimers, care must be exercised to ensure good mutual solubility of the
products and the intermediates to drive the coupling reactions to the highest
possible conversions.

While the double-stage convergent and double exponential growth ap-
proaches have been very successful in accelerating dendrimer synthesis, they
both require the use of protecting groups. One way to further increase synthetic
efficiency is to switch to an orthogonal coupling strategy that obviates the need
for (de)protection/activation groups. Thus each reaction becomes a coupling
reaction advancing dendrimer growth by one generation. Such a strategy can
markedly decrease the amount of time and number of purification steps required
and consequently boost overall yields of the higher generation materials. A
number of orthogonal syntheses have been reported and a selection of the
various approaches used is given below.

5 ORTHOGONAL COUPLING STRATEGIES

Spindler and Fréchet [34] were first to describe in 1993 the use of orthogonal
monomers for the accelerated preparation of dendrimers. Their report described
the rapid synthesis of dendrimers possessing alternating ether and carbamate
linkages derived from coupling of monomers 1 and 51 in a one-pot synthesis
(Scheme 9). Hence, [G-1]—CH

�
OH, derived from 1, was coupled to bisisocyanate

51 to afford the second-generation chloride 52. Upon completion formation of
the biscarbamate, the appropriate amount of 1 and the other components for
Williamson ether synthesis (18-crown-6, KI, and Cs

�
CO

�
) were added. The

reaction was allowed to proceed until the [G-3] monodendron had formed.

Scheme 9
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Unfortunately, the presence of the benzylic alcohol moiety at the focal point of
the dendrimer, along with the catalyst (used in the urethane formation) led to the
formation of undesired side products, presumably due to carbamate interchange.
These side reactions were avoided by switching to monomer 19, methyl-3,5-
dihydroxybenzoate. While the carbamate linkages of dendrons 53 and 54 were
too unstable under the alkylation conditions required to afford larger dendrons,
the merits of the concept was adequately demonstrated for this accelerated
synthesis of [G-3] dendrons.

The next report of a dendrimer synthesis based upon an orthogonal set of
monomers came from Zimmerman and Zeng [35], who prepared dendrons up to
[G-6] based on an alternating sequence of Mitsunobu esterifications and Son-
ogashira reactions using monomers 56 and 58 (Scheme 10). The synthesis began
by coupling alcohol 55 with 56 under Mitsunobu conditions to yield [G-1]
iodide 57. Sonogashira coupling of 57 with diyne 58 gave [G-2] alcohol 59 in
good yield. Repetition of the esterification and cross couplings afforded higher
generation dendrons at the rate of one generation per reaction. To further
accelerate the dendrimer synthesis the authors have also described the orthog-
onal coupling of [G-2] ‘branched monomers’ 62 and 63.

At about the same time, Yu and co-workers [36] described the synthesis of
cross-conjugated poly(phenylenevinylene) dendrimers based on orthogonal
monomers 65 and 67 (Scheme 11). Their approach employed an alternating
series of Horner—Wadsworth—Emmons and Heck coupling reactions. Two
monomers were prepared: 3,5-divinylbenzaldehyde 67 and a bisphosphite-con-
taining aryl bromide 65. Unlike the dendrons prepared by Spindler et al. [34], or
by Zimmerman and Zeng [35], these dendrimers are structurally homogeneous.
Monodendrons up to the fourth generation were prepared as described in
Scheme 11. Unfortunately, these interesting materials could not be prepared in
large quantities due to the low yields encountered in the coupling reactions
(9—45%), and the low solubility of the high generation compounds. As is the case
for all dendrimer syntheses, the choice of reactions and conditions that afford
high coupling yields is necessary if an approach is to find widespread acceptance.

The ‘activated’ monomer approach used by Freeman and Fréchet [37] for the
rapid synthesis of convergent poly(benzyl ester) dendrimers also involves an
orthogonal coupling strategy. In this method a set of chemically orthogonal
monomers, one of which is an ‘activated’ analog of the other, is used to rapidly
synthesize large, perfect, dendrons and dendrimers with one additional gener-
ation being added in each reaction. The chemically orthogonal AB

�
monomers

72 and 73 are both derived from commercially available diethyl 5-(hy-
droxymethyl)-isophthalic acid (Scheme 12). Because these monomers are already
‘activated’ in terms of their ability to react with one another, once incorporated
into the monodendron, growth can continue via an iterative and alternating
sequence of carboxylate salt alkylations and DCC/DPTS mediated esterifica-
tions [38], respectively, without the need for further activation. The coupling
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Scheme 10

steps used in this synthesis were selected for their ability to afford high yields. For
example, the overall yield of each step of the reaction sequence, from the
preparation of the generation one dendron to that of the generation four den-
dron, 74, averaged 90% after chromatographic purification confirming the
intrinsic value of the approach.
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Scheme 11

6 CONCLUSION

The convergent approach to dendrimer synthesis has evolved considerably over
the past dozen years. With the benefit of hindsight, it is clear that the key criteria
for a successful convergent synthesis include:

1. The use of high-yielding reactions for all steps of the synthesis.
2. Structural features that enable easy separation at various stages of growth.
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Scheme 12

3. The ability to incorporate varied functional groups at the focal point and at
the chain ends of the dendrons.

While a vast number of convergent dendrimers have been reported, only a few
have been used widely and some others possess features that make them particu-
larly interesting or versatile. For example the benzyl ether ‘Fréchet-type’ den-
drons [6] have been used most widely to date as a result of their ease of
preparation and functional versatility; the phenylacetylene ‘Moore-type’ de-
ndrons provide a conjugated backbone and can reach very large sizes while
remaining relatively rigid; and the aliphatic polyesters derived from bis-(2-
hydroxymethyl)propanoic acid [24] show excellent promise in biological appli-
cations. It is clear that significant development in dendrimer synthesis will focus
on materials that can be obtained relatively easily, preferably through accelerated
modular syntheses, and on functional dendrimers that deliver unique properties
related to their shape, size and architecture. The potential of functional de-
ndrimers for applications in areas such as nanotechnology [39] or medicine [40]
is enormous as few other nanosized building blocks can match the intrinsic
versatility of dendrimers. In all of these emerging areas, methodological develop-
ments, such as those described herein, are expected to continue not only to push
the frontiers of the field, but also to increase the applicability of these materials.

The authors thank the National Science Foundation (DMR) for the continued
support of research in the field of dendrimer synthesis. Additional support by the
ARO (MURI program) is also acknowledged with thanks.
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J. and DeSimone, J. M. Nature, 389, 368 (1997); (c) Balogh, L. and Tomalia, D. A. J.
Am. Chem. Soc., 120, 7355 (1998); (d) Zhao, M., Sun, L., Crooks, R. M. J. Am. Chem.
Soc., 120, 4877 (1998); (e) Tominaga, M., Hosogi, J., Konishi, K. and Aida, T. Chem.
Commun., 719 (2000).
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11. (a) Tomalia, D. A., Dewald, J. R., Hall, M. J., Martin, S. J. and Smith, P. B., Preprints of

the 1st SPSJ Int’l Polymer Conf., Soc. of Polym. Sci. Japan, Kyoto, 1984, p. 65, later
published as Tomalia, D. A., Baker, H., Dewald, J., Hall, M., Kallos, G., Martin, S.,
Roeck, J., Ryder, J. and Smith, D. Polym. J., 17, 117 (1985). (b) Newkome, G. R., Zao,
Y., Baker, G. R. and Gupta, V. K. J. Org. Chem., 50, 2003 (1985).
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(1992); (b) Gitsov, I. and Fréchet, J. M. J. Macromolecules 26, 6536 (1993); (c) Gitsov,
I., Wooley, K. L., Hawker, C. J., Ivanova, P. T. and Fréchet, J. M. J. Macromolecules,
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LIST OF SYMBOLS AND ABBREVIATIONS

f functionality of a precursor
g functionality of a precursor
n
�
, n

�
, n

�
mole fractions of components A, B, C

r
�

initial molar ratio of hydroxy to isocyanate groups
w
�

gel fraction
w
�

sol fraction
w
��

weight fraction of backbone chains
w
��

weight fraction of dangling chains
x
�

mole fraction of units with j reacted functional groups
z
�
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function identifying bonds extending to group X

z
��
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function (pgf ) identifying bonds

F
��
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equilibrium shear modulus
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molecular weight of chains between crosslinks
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number-average molecular weight
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M
�

weight-average molecular weight
M

�
molecular weight of monomer unit

R gas constant
T temperature in K
T
�

glass transition temperature
Z

��
auxiliary (dummy) variable in probability generating
identifying unreacted groups X

Z vector of auxiliary (dummy) variables in probability
generating function identifying unreacted groups

�, �
�
,�

�
degree of conversion of functional groups (A or B)

�, �*, �** branching index
�
�

concentration of EANC’s per unit volume
(�

�	
)
�

number-average functionality for unreacted A groups
(�

�	
)
�

weight-average functionality for unreacted A groups
(�

�	
)
	

second-moment average of the functionality distribution
for unreacted A groups

pgf probability generating function
BC backbone chain (an EANC without dangling chains)
C crosslinker
DC dangling chain
EAC elastically active crosslink
EANC elastically active network chain
HP hyperbranched polymer
PAMAM poly(aminoamine) dendrimer
PAMAMOS poly(aminoamine) organosilicon dendrimer
POSS polyhedral oligomeric silsesquioxanes
TBP theory of branching processes

1 INTRODUCTION

Covalent polymer networks or (Class II) crosslinked macromolecular architec-
ture polymers rank among the largest molecules known. Their molecular weight
is given by the macroscopic size of the object; for instance, a car tire made of
vulcanized rubber or a crosslinked layer of protective coating can be considered
one crosslinked molecule. Such networks are usually called macronetworks. On
the other hand, micronetworks have dimensions of several nanometers to several
micrometers (e.g. siloxane cages or microgels).
Classifying polymers in their crosslinked state according to end-use proper-

ties, polymer networks include: vulcanized rubbers, crosslinked thermosetting
materials, protective coatings, adhesives, polymeric sorbents, microelectronics
materials, soft gels, etc. Polymer networks in contrast to uncrosslinked polymers,
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are distinguished by their dimensional stability, increased thermal and chemical
resistance and ability to store information concerning their shape (shape mem-
ory) and formation history when the gel point is surpassed.
Polymer networks are formed from functional precursors by covalent bond

formation [1]. As a result, molecular weights and polydispersity increase and the
system passes through a critical point, the gel point. At this point, an ‘infinite’
structure (molecule) is formed for the first time. Beyond the gel point, the fraction
of the ‘infinite’ structure (the gel) increases at the expense of finite (soluble)
molecules (the sol). The sol molecules become gradually bound to the gel and
eventually all precursor molecules can become a part of the gel — the network.
This is not always the case for different reasons; sometimes sol is still present after
all functional groups have reacted. In passing from the gel point to the final
network not only the gel fraction increases, but also the network becomes
‘denser’ containing increasing amounts of crosslinks and strands between them
called elastically active network chains.
The word ‘infinite’ used in connection with the structure existing beyond the

gel point deserves clarification. For macronetworks, the term ‘infinite’ structure
means a structure large enough that their structure development and their
properties are virtually indistinguishable from those of any larger system. Speci-
fic properties of the system exhibit different sensitivity to the system size. For
instance, the gel point, characterized by time or conversion of functional groups,
at which an infinite structure (sequence of units connected-by covalent bonds)
appears for the first time, is less sensitive than weight- and higher averages of
molecular weight distribution. Also, the molecular weight averages higher than
the number average and steady shear viscosity diverge. In a finite system, infinite
distancemeans an average distance between any pair of points on the surface of a
macroscopic sample. ‘Macroscopic’ is related to dimensions of the order of
micrometer and higher. In a finite system, ‘gel’ is identified with a largest
molecule in the system. If the system is sufficiently large, the size of this molecule
at one point starts growingmuch faster than the second largest molecule and this
change tends to have a character of a discontinuous transition. Also, in the gel
circuits (large cycles) are formed and the crosslinking density can be expressed by
the cycle rank related to the number of circuits (cycles). For a crosslinked particle
of the order of magnitude of 10
 monomer units in size, the difference in the gel
point conversion with respect to that obtained for sizes � 10
 is virtually within
experimental error (below 1%, simulation results [2, 3]). However, themolecular
weight distributions in the experimentally measurable range are quite different
and fluctuate from system to system. Figure 5.1 shows the simulated dependence
of the gel fraction on conversion for various system sizes [2, 3]. The gel point is
identified with the break observed on the dependence of the weight fraction of
the largest molecule on conversion.
For small microgels, like crosslinked particles of a microemulsion (diameter

below 10	 nm), the definition of the gel point is no longer clear. For instance, a
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Figure 5.1 Simulated dependence of the weight fraction of the largest mole-
cule, wg, on conversion of functional groups, �. Varying systems size counted in
thenumbers ofmonomermolecules used in simulation is indicated: 105, 106, 107,
5× 107. Modified Figure 5b of ref. [3]; reprinted with permission

siloxane cage structure (POSS) cannot be called a microgel because its molecular
weight is of the order of 10�.
Polymer networks are built up from functional precursors of various architec-

tures carrying various numbers of functional groups [4, 5]. The functional
groups of the precursor can be of the same or different type; groups of the same
type can have the same or different reactivities. Usually, reactions of type
A�B�A
B are used for the crosslinking of precursors into a network, but
the A�A�A
A reactions are also important (e.g. vinyl type polymeriz-
ations, polyetherification, etc.). Usually, multifunctional precursors are crosslin-
kedwith low-functionality (f� 2, 3) molecules but reactions between two precur-
sors of similar or different architectures are also possible. The variation of
precursor architectures and the number of ways to combine them with cross-
linkers makes it possible to use a modular approach to network build-up and to
vary processing and materials properties over a wide range. The original precur-
sor structures and their combinations can be traced in the network structure.
They represent distinct substructures in the network and are more or less
organized. In the modular approach, the preformed precursors of desired struc-
ture —modules — are linked in a macronetwork by crosslinking. Of not negligible
significance is the build-up of substructures (chemical clusters) in polymer net-
works performed in situ.
Introduction of new precursor architectures brings about new challenges in

description andmodeling of network formation because the apparent reactivities
of functional groups become dependent on the size and shape of the precursors
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or substructures.
Special features of crosslinking related to precursor architectures will be

demonstrated on a few examples of precursors — telechelics and hyperbranched
polymers.
Throughout the chapter, the importance of network formation theories in

understanding and predicting structural development is stressed. Therefore, a
short exposé on network formation theories is given in this chapter. Although
the use of theoretical modeling of network build-up and comparison with
experiments play a central role in this chapter, most mathematical relations and
their derivation are avoided and only basic postulates of the theories are stated.
The reader can always find references to literature sources where such math-
ematical relations are derived.

2 NETWORK FORMATION

2.1 GENERAL FEATURES OF NETWORK FORMATION

To form a polymer network, at least one of the starting components must have
functionality, f, (equal to the number of functional groups per molecule) larger
than two (f� 2). This is a necessary but often not a sufficient condition. The
precursors of networks differ in two ways: (1) they are of low or of high
functionality, (2) they bear functional groups that are engaged in bond formation
either by stepwise or chain mechanisms .
The functionality of precursors varying between f� 2 and f� 6 is considered

to be low (Figure 5.2). Polyurethane networks prepared from bifunctional tele-
chelics and trifunctional triisocyanates, diepoxide (f� 2)-diamine (f� 4) sys-
tems, diepoxide (f� 4)-cyclic anhydride (f� 2) systems, phenol (f� 3)-formalde-
hyde (f� 4) resins, or melamine (f� 6)-formaldehyde (f� 2) resins are in this
category.
High functionality precursors of f � 10—20 are primary chains if they partici-

pate in crosslinking by vulcanization: each monomer unit of primary chain is a
potential site for crosslinking. Also, dendrimers and random hyperbranched
polymers of higher molecular weight, rank among high-functionality precursors.
In stepwise reactions, all functional groups take part in bond formation. Their

reactivity can be considered independent of the size and shape of the molecules
or substructures they are bound to (Flory principle). If such a dependence exists,
it is mainly due to steric hindrance. In chain reactions only activated sites
participate in bond formation; if propagation is fast relative to initiation, transfer
and termination, long multifunctional chains are already formed at the begin-
ning of the reaction and they remain dissolved in the monomer. Free-radical
copolymerization of mono- and polyunsaturated monomers can serve as an
example. The primary chains can carry a number of pendant C——C double bonds
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Figure 5.2 Formation of branched molecules from tetrafunctional and bifunc-
tional monomers

which are potential sites for inter- and intramolecular crosslinking. It is a special
feature of the free-radical crosslinking copolymerization that the intramolecular
reaction is strong especially at the beginning of polymerization. Initially, com-
pact and internally crosslinked molecules — micronetworks (microgels) are for-
med. Experimentally observedmacrogelation is a result of intermolecular chemi-
cal linking of these compact molecules. The peripheral pendant double bonds of
themicronetworks and still unreactedmonomers are involved in this reaction [6,
7].
Despite the differences in starting components and the reaction mechanism,

network formation has certain common features characteristic of the structure
development:

∑ Increase in molecular weights.
∑ Increase in polydispersity.
∑ Existence of a gel point characterized by divergence of the weight-average and
higher-average molecular weight.

∑ Transformation of finite molecules (sol) into the network structure (gel).
∑ Decrease in molecular weights and polydispersity of molecules in the sol.
∑ Build-up of the gel structure.
— formation of closed circuits — increase in the cycle rank from a zero value at
the gel point
— increase in the degree of crosslinking (concentration of elastically active
network chains (EANC))
— decrease in the fraction of units in dangling chains; the dangling chains are
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Table 5.1 Reaction states of units of a trifunctional monomer characterized by the
number of reacted groups and their assignment to various structure elements in a system
undergoing crosslinking

Unreacted
groups

Groups engaged
in bonds

With infinite
continuation

With finite
continuation Unit is a part of

3 0 0 0 Sol
2 1 0 1 Sol
2 1 1 0 Gel, dangling chain
1 2 0 2 Sol
1 2 1 1 Gel, dangling chain
1 2 2 0 Gel, ENAC
0 3 0 3 Sol
0 3 1 2 Gel, dangling chain
0 3 2 1 Gel, ENAC
0 3 3 0 Gel, elastically active

branch point

composed of units only single-connected to network structure

Any system in which network structure is developing can be characterized by
the states of its building units. A building unit is usually represented by a
monomer unit but it can be smaller or larger. The building units in a network
exist in various reaction states given by the types and numbers of bonds by which
the unit is bonded to neighboring units. An example of all possible reaction states
of an BA

	
monomer in the corresponding hyperbranched polymer is shown in

Figure 5.3. Beyond the gel point, each bond can represent a connection either to
finite substructure or to the gel (infinite) structure (looking out of the given unit).
This classification is very helpful for characterization of the gel structure [8]. To
determine whether a bond issuing from a unit has a finite continuation, one has
to look in the direction out of the unit through the bond. The bond has a finite
continuation if the substructure in the direction out of the unit is finite; it has an
infinite continuation if the unit is connected through the bond to the gel struc-
ture. For a trifunctional monomer, the various structural elements are assigned
to the specific states of the units in Table 5.1.
The structure elements in a system undergoing crosslinking are illustrated by

Figure 5.4.
As the reaction proceeds beyond the gel point, themolecular weight of EANCs

decreases and the fraction of material in the EANCs increases. The fraction of
material in dangling chains passes through a maximum but their molecular
weight decreases. Figure 5.5 characterizes the behavior of simple polyurethane
systems.

FORMATION, STRUCTURE, PROPERTIES – CROSSLINKED STATE 117



Figure 5.4 Schematic representation of sol and a part of the gel: DC dangling
chains, EANC elastically active network chains, EAC elastically active crosslinks

Figure 5.3 Trifunctional and tetrafunctionalmonomer units in different reaction
states and their transformation
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Figure 5.5 Calculated dependence of weight fractions of various substructures
in the crosslinking system of H3 + I2 type on the initial molar ratio of H-groups to
I-groups, rH (a polyurethane system): DC – dangling chains, BC – backbone
chains, S – sol (backbone chains are elastically active network chains without
dangling chains)

2.2 PRECURSORS OF VARIOUS ARCHITECTURES

In earlier times, polymer networks were generally prepared by reactions between
small monomers and by vulcanization of primary chains. Successively, the
notion of a precursor developed for a preformed polymer molecule carrying
functional groups, or a distribution of them. Synthesis of precursors and their use
in network build-up have been motivated by the following needs:

1. Adjustment of viscosity and viscosity build-up before gelation.
2. Control of the critical gel conversion and time.
3. Lowering of shrinkage by preforming some bonds in the liquid state.
4. Incorporation into the network structure of specific groupings that affect

network properties.
5. Incorporation into the network of specific substructures determining the

network functions.
The most frequent precursors are shown in Figure 5.6 and are listed below:

∑ Telechelic polymers usually bear monofunctional groups at each of their
extremities. However, sometimes each end-group is bifunctional, such as in �,
�-bis-unsaturated telechelics, or trifunctional as in �, �-bis(trialkoxysilyl)
telechelics; wherein they participate in crosslinking by the sol—gel reactions
(hydrolysis and condensation of alkoxysilane groups).

∑ Macromonomers carrying mono-, bi- or trifunctional end groups are some-
times important constituents of a network. Through them, terminating,
chain-extending, or crosslinking units are introduced to modify the network
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Figure 5.6 Precursor of polymer networks of various architecture
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Figure 5.6 (cont.)

formation and properties. For instance, chains terminated with a trialkoxysilyl
group at one extremity can gel and a network may be formed.
∑ Functional stars are small molecules compared with dendrimers. Some stars
have simple and some dendritic structures. Their functional groups are placed
at arms extremities or distributed along the arms.

∑ Functional copolymers: are quite frequently used as precursors. One of the
monomers carries a functional group active in crosslinking. The glass transi-
tion temperature, T

�
and some other properties are adjusted by the other

comonomer. Modern polymerization methods make it possible to control the
sequence distribution; the monomer units carrying functional groups may be
arranged in one or several blocks, distributed statistically or in an alternating
fashion. The sequential arrangement of monomer units carrying functional
groups has an effect on crosslinking kinetics (neighbor group effect).

∑ Functional cyclopolymers: some bis-unsaturated monomers carrying an active
group cyclopolymerize yielding polymers containing cycles. These cycles con-
tain a functional grouping active in crosslinking reaction [10]. Polymers of
acrylic anhydride can serve as an example: the anhydride groups can react
with hydroxy or amine groups. However, copolymers of maleic anhydride are
more important precursors carrying a cyclic anhydride function.

∑ Functional comb polymers can be prepared by several techniques, e.g. by
polymerization or copolymerization of functional macromonomers. The func-
tional groups can be placed on side-chain extremities or distributed along the
side chains. Also the backbone chain can carry functional groups. Functional
combs are used as modifiers of surface activity.

∑ Functional ladder and cage precursors are formed by hydrolysis and condensa-
tion of trifunctional silanes, like trichloro-or trialkoxysilanes carrying one
functional group, (RO)

�
Si—X—A, where R is usually an alkyl group and X is a

bridge connecting Si with the functional group A by a Si—C bond. They are
also called polyhedral oligomeric silsesquioxanes (POSS). A number of cage

FORMATION, STRUCTURE, PROPERTIES – CROSSLINKED STATE 121



structures carrying functional groups have been prepared recently either as
simple cages or mixtures with their oligomers [11, 12].

∑ Reactive microgels and micronetworks: microgels are prepared in several ways:
by suspension, emulsion, or microemulsion polymerization. Their sizes vary
between tens of micrometers and about 10 nanometers. Surfactant or surfac-
tant-free polymerizations of oil-in-water or water-in-oil types are employed.
Free-radical crosslinking polymerization in solution can also be used for
microgel preparation. Microgel particles contain functional groups not only
on their surface but also in their interior. The latter are generally less reactive
because of limited accessibility, which may cause some problems during and
after crosslinking. Particularly remarkable are the functional nano- to mi-
crometer particles obtained through a sol—gel precipitation technique where
the particle surface was stabilized against agglomeration, so that the particles
are redispersible from its powder form [13]. Hybrid microgels, with structures
that vary between those of a microgel and a multiarm star, have been obtained
by selective chemical or radiation-induced crosslinking of micelle assemblies
or microseparated solids of diblock copolymers [14]. These core—shell struc-
tures range from 1 �m down to tens of nanometers and exhibit interesting
ordering and phase separation phenomena in solution. No studies of system
with functionalized arms are available until recent reports on core—shell
tecto-dendrimers (see Chapter 1).

∑ Dendrimers with terminal functional groups represent mode compact precur-
sors that are spherical and almost monodisperse, with reactive groups placed
on their periphery. Their synthesis, structure and properties have been re-
viewed in monographs and review articles often together with hyperbranched
polymers (cf., e.g. [15—20]), as well as in this book. Application of dendrimers
as precursors for conventionalmaterials is limited at this time by their relative-
ly high cost.

∑ Random hyperbranched polymers prepared frommonomers of type BA
	
(f� 2),

A�B�A
B, are much less expensive than dendrimers. However, they
exhibit molecular weight and shape (symmetry) distributions (distribution of
topological isomers of the same molecular weight differing in shape which
ranges from dendritic to linear structures). Also cyclizationmay take place [15,
21]. Because of the distribution in molecular weights and shapes, the segment
density distribution of hyperbranched polymers in solution as revealed by
scattering behavior [22] is closer to that of randomly branched systems rather
than dendrimers. Modification of the end-groups of hyperbranched polymers
by reactions of soft or hard molecules allows one to obtain core—shell struc-
tures with hard core and soft shell and vice versa. Multi-shell organic or
organometallic structures may also be prepared [23].

∑ Randomly branched precursors: any crosslinking system before the gel point
can potentially be used as a polymer network precursor provided that
— the reactive groups are stable under storage conditions
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— for the A�B type reaction, only one type of groups is present in the
precursor

If the crosslinking reaction is interrupted before the gel point, the molecular
weight and functionality distributions of such functional precursors are wider
but not basically different from that of polymers of BA

	
monomer. It was stressed

recently that they resemble hyperbranched polymers [24] in a certain respects.
The pre-gel polymers are generally not stable because the crosslinking reaction
can occur during storage. Stable precursors, e.g. for RA

	
�R�B

�
, can be obtained

in two ways:

— by stopping the reaction before the gel point either by lowering the tempera-
ture, or by blocking one type of reactive group (e.g. isocyanate groups in the
hydroxy-isocyanate system),

— by using excess of one-type groups, such that gelation does not occur.
Reaction products of diepoxides with excess of diamines carrying amine
functional groups may serve as an example. The critical molar ratio of
amine: epoxide groups below which the system does not gel even at full
conversion of the minority (epoxide) groups was predicted theoretically and
verified experimentally [25—29]. The critical molar ratio in polyurethane
systems has also been determined [30].

These subgel prepolymers have been manufactured by industry for some time
and used in two-component adhesives or coating materials. For one-component
materials, storage below the actual T

�
, whenever applicable, is the most efficient

method for blocking the reactivities. This kind of blocking is used in powder
coatings.

2.3 EFFECT OF PRECURSOR STRUCTURE ON NETWORK
BUILD-UP

Many precursors are prepared as individual chemical compounds with fixed
molecular weight and functionality. Many others exhibit a distribution of mol-
ecular weights and, if branched, distribution of topological isomers of the same
molecular weight (i.e. so-called shape distribution). Also, distribution in the
number of functional groups per molecule (functionality distribution) is an
important characteristic. For crosslinking, information concerning these dis-
tributions is very important, since the sensitivity of various properties of the
crosslinked systems relative to particular distribution is different. For instance,
the gel point conversion is determined by the secondmoment of the functionality
distribution, the weight average molecular weight of the branched polymer or
polymer in the sol is determined both by weight average molecular weight of the
precursor and its secondmoment functionality distribution. There is no straight-
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forward dependence of the average number of EANC’s on the distribution, since
the first as well the second moment of the functionality distribution plays a role.
Also the sensitivity of various structural parameters to uncertainties in the
distributions are different; for instance, the concentration of EANC’s is strongly
influenced by small changes in the functionality distributionwith low functional-
ity systems here gelation occurs at a relatively high conversion.
Thus, the functionality averages and functionality distribution in precursors

play the most important role in network build-up. The functionality distribu-
tions should be characterized and controlled as much as possible. There is no
general way of controlling the distributions, it largely depends on the particular
chemistry of the precursor preparation involved. Thus, �, �-bifunctional tele-
chelics exhibit only a negligible deviation from f� 2, whereas for the trifunc-
tional systems the deviation from f� 3 becomes more important. For functional
siloxane cages with a few exceptions, the functionality distribution determined
by formation of higher oligomers is always a problem and is difficult to control.
In hyperbranched polymers, the functionality distribution is the determining
factor in network formation. Several strategies exist to narrow the distribution,
such as addition of a core, or controlled addition of the monomer (see section
3.2).
In a wider sense, functionality distribution alsomeans combination of reactive

groups of one kind (for instance, hydroxy, or carboxyl, or isocyanate groups) of
higher and lower reactivity in one precursor molecule. By this combination, the
network build-up can be effectively controlled. For instance, one less reactive A
group out of three in a trifunctional monomer in a RA

�
�R�B

	
system promotes

chain extension in contrast to branching and shifts the gel point to higher values
[30].
In general, wider polydispersity in functionality or group reactivity makes the

gel time shorter and critical conversion lower. This conclusion is based on the
results of theoretical and experimental studies concerning the effect of distribu-
tions in functionality and in group reactivity on crosslinking of functional stars
[31—33].

2.4 FORMATION OF SUBSTRUCTURES IN SITU

Covalently bonded substructures having compositions distinguishable from
their surroundings are formed inmulticomponent systems; they are called chemi-
cal clusters. The adjective chemical defines covalency of bonds between units in
the cluster. To be a part of a cluster, the units must have a common property. For
example, hard clusters are composed of units yieldingT

�
domains. Hard chemical

clusters are formed in three-component polyurethane systems composed of a
macromolecular diol (soft component), a low-molecular-weight triol (hard com-
ponent) and diisocyanate (hard component). Hard clusters consist of two hard
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Figure 5.7 Calculated dependence of the weight-average degree of polymeriz-
ation ofmolecules, (P)w, and hard clusters, (Pc)w, on conversion in a stoichiomet-
ric A4(h) +B2(h) +B2(s) system (h – hard, s – soft). The system corresponds to a
mixture of short and hard chains crosslinked with a tetrafunctional crosslinking
agent

components — a triol and diisocyanate. A mixture of long chains (soft compo-
nent) and short chains (hard component) crosslinked with a trifunctional cross-
linker (hard component) is another example [34—36] (Figure 5.7).
The degree of polymerization of hard clusters increases with evolution of the

system as a whole. The hard clusters already exist in pregel molecules. Before the
macroscopic gel point of the system is reached they remain usually small. Later
on, the hard clusters grow faster and eventually a gel point (percolation thresh-
old) of the hard structure is reached. Below this point, clusters are embedded in
the soft matrix; beyond the percolation threshold, the hard and soft structures
interpenetrate (Figure 5.7). Below the percolation threshold, hard clusters are
essentially dendritic; when the percolation threshold is surpassed, circuits (cycles)
develop within the hard structure.
The degree of polymerization, polydispersity and percolation threshold of the

hard clusters can be controlled by
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Figure 5.8 Scheme of a multistage process: first stage: a distribution of bran-
ched polymer is formed with end groups �; second stage: the end groups are
modified by addition of the ring compound –���; third stage: the distribution
with� endgroups is crosslinkedwith a bifuctional compound bearing� groups

∑ Fractions and functionalities of hard components in initial system.
∑ Stoichiometry or off-stoichiometry.
∑ Relative reactivities of similar groups in hard and soft units (e.g. in poly-
urethanes: differences in reactivities of OH groups of macromolecular diol and
triol).

∑ Changes in reactivities of functional groups of hard components (substitution
effect).

In a three-component polyurethane systemwithOHgroups, wherein crosslinker
is a triol, one finds them substantially more reactive than those of the macro-
molecular diol. The hard clusters grow substantially larger, at relatively low
conversions. Their size remains almost constant because all triol units have been
used up in the reaction. In the opposite case, the lower reactivity of OH groups
found in macromolecular diol compared with that of triol, the clusters remains
small throughout the reaction and grows larger only at its end.
Some other ways of controlling the formation of chemical clusters can be

developed and the existing clusters can be chemically modified in situ. The
concept of hard clusters makes it possible to explain dependences of various
properties, such as T

�
or ultimate mechanical properties on composition and the

extent of reaction [36, 37].
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2.5 MODELING OF NETWORK FORMATION

Throughout this chapter, predictions are made concerning the effect of external
variables on the network structure evolution and these predictions are compared
with experimental results. The predictions are based on branching theories. The
purpose of this section is to outline the basis of present network formation
theories and the underlying assumptions.
The theoretical methods describing the network build-up can be grouped into

three categories:

1. Statistical methods based on generation of branched and crosslinked struc-
tures from units in different reaction states.

2. Kinetic methods describing the evolution of distributions of molecules by
systems of kinetic differential equations (obeying either the classic mass action
law of chemical kinetics or the generalized Smoluchowski coagulation pro-
cess).

3. Simulation in finite three-dimensional space using various assumptions and
techniques.

Computer simulation in space (method 3) can in principle take into account
most interactions (i.e. chemical reactivities, physical and chemical interactions in
space, mobilities of structures and substructures) but, at present, quantitative
knowledge of these interactions and tools to implement them into efficient
algorithms remains limited. Also certain limits are imposed on the system size by
the available operation time. In particular, the properties of the critical region
are quite sensitive to the system size. At present, the major problem is the
incorporation of proper dynamics of the structures.
The first two approaches work essentially with ‘infinite’ systems. The statisti-

cal theories are fully mean-field, the classic kinetic theory as well. However, in the
kinetic simulations, many non-mean field effects can be taken into account
making the rate constant for a pair of groups dependent on the size or shape or
other structural characteristics of the reacting molecules. In the critical region,
this dependence also results in a non-mean-field scaling of properties of the
branching system against the distance from the critical point. Moreover, the
kinetic approach correctly takes into account correlations originating from the
network formation history, such the reaction sequences; initiation—propaga-
tion—transfer—termination, or staging in multistage preparation of a network.
The simplest are statistical theories, where the input information is reduced to

the distribution of units in different reaction states. The reaction state of a unit is
defined by the number and type of bonds issuing from the unit. In a reacting
system, the distribution fraction of units in different reaction states is a function
of the reaction time (conversion) (cf. e.g. [7, 8, 29, 30] and can be obtained either
experimentally (e.g. by NMR) or calculated by solution of a few simple kinetic
differential equations. An example of reaction state distribution of an AB

	
unit is
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shown in Figure 5.3. To proceed to larger structures, distribution of the branched
molecules and the gel, as well as the reacted functional groups (representing in
fact half bonds) are assembled randomly into bonds. The rules of combination of
various reacted groups directed by chemistry must be respected.
Despite its simplicity, the statistical method has been quite successful in

predicting the effect of various chemical variables on network formation (cf. e.g.
[29, 30, 34—37]). Since the internal structure of the gel can be characterized to a
certain degree by the statistical method (e.g. average size of dangling chains and
weight fraction of material in them), these methods offer a basis for correlations
between structure and viscoelastic properties.
Within the group of kinetic methods it is the distribution of molecules distin-

guished by the numbers and types of monomer units and unreacted functional
groups, which develops in time, so that the effect of long-range correlations is
respected. In principle, the molecules can also be distinguished by their shapes;
namely, topological isomers. The time evolution of the distribution of concentra-
tion gradients of distinguishable molecules is described by an infinite set of
kinetic differential equations [38—53]. These chemical kinetic equations are
governed by mass action law, where the reaction rate is proportional to the
product of concentrations of the two reacting molecules, and the rate constant is
directly proportional to the product of the number of reacting groups. Possible
differences in reactivities of functional groups in a monomer unit can be taken
into account.
Alternatively, one can make the reactivity of groups dependent on the size and

shape of the reacting molecule. In such a way, for instance, the effect of steric
hindrances, cyclization, and diffusivities of the molecules can be modeled using
generalized Smoluchowski coagulation differential equations.
In the case of classic chemical kinetics equations, one can get in a few cases

analytical solution for the set of differential equations in the form of explicit
expressions for the number or weight fractions of i-mers (cf. also treatment of
distribution of an ideal hyperbranched polymer). Alternatively, the distribution
is stored in the form of generating functions from which the moments of the
distribution can be extracted. In the latter case, when the rate constant is not
directly proportional to number of unreacted functional groups, or the mass
action law are not obeyed, Monte-Carlo simulation techniques can be used (cf.
e.g. [2, 3, 47—52]). This technique was also used for simulation of distribution of
hyperbranched polymers [21, 51, 52].
Combined kinetic and statistical theories are particularly useful when the

long-range, reaction-mechanism-determined effects are effective in building up
primary linear and branched structures, but crosslinking occurs randomly. The
primary structures are generated kinetically and the formed structures are linked
together (crosslinked) using the statistical theory [44]. This is the case, for
instance, in free-radical polymerization or copolymerization of bis-unsaturated
monomers when the two double bonds are separated by a long bridge and
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Figure 5.9 Difference in concepts of statistical (A) and kinetic (B) network for-
mation theories

cyclization is weak [17]. Polyetherification accompanying curing of diepoxide—
diamine systems can serve as another example [46].
The branching theories can be applied to the characterization of molecular

weight and functionality distributions of various precursors, i.e. to systems in a
state below the gel point. Hyperbranched polymers may serve as an example.
The branching theories make possible to keep track of reacted as well as
unreacted functional groups and are thus well adapted for treatment of a
multistage process [54, 55] (cf. scheme in Figure 5.8). In a three-stage process, a
branched polymer bearing certain functional groups is formed; these groups are
transformed in the second stage in other functional groups, and this precursor of
the second stage is then crosslinked by reaction with a crosslinker into the final
network. Theoretically, the distributions obtained in the first stage are used as
input information for the second stage reaction, and the modified distribution as
input information for the crosslinking stage 3.
The difference between the statistical and kinetic methods is visualized in

Figure 5.9.
Lattice percolation models were the first spatial simulation models applied to

the network build-up. Classic lattice or off-lattice percolation modeling is based
on random introduction of bonds between components placed randomly on the
lattice or in space [56—58]. They suffer from the rigidity of the system and
disregard of conformational changes accompanying the structure growth. These
assumptions implicitlymean that the bond formation is much faster than confor-
mation changes. Such assumption is somewhat closer to reality for fast bond-
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Figure 5.10 Dependence of the gel fraction, wg, on molar ratio of [OH]/[NCO]
groups, rH, for poly(oxypropylene)triol (Niax LG 56)4,4'-diisocyanatodiphenyl-
methane system. The dependence has been reconstructed from data of ref. [78]

forming reactions, such as free-radical chain copolymerizations [57]. Recently a
simulation method has been reported [59] in which mobility and structural
relaxation can be taken into account.

3 SPECIFIC EXAMPLES

3.1 TELECHELIC POLYMERS: CONTROL OF PROPERTIES
THROUGH DANGLING CHAINS

Telechelic polymers rank among the oldest designed precursors. The position of
reactive groups at the ends of a sequence of repeating units makes it possible to
incorporate various chemical structures into the network (polyether, polyester,
polyamide, aliphatic, cycloaliphatic or aromatic hydrocarbon, etc.). The cross-
linking density can be controlled by the length of precursor chain and functional-
ity of the crosslinker, by molar ratio of functional groups, or by addition of a
monofunctional component. Formation of elastically inactive loops is usually
weak. Typical polyurethane systems composed of a macromolecular triol and a
diisocyanate are statistically simple and when different theories listed above are
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Figure 5.11 Dependence of the reduced equilibrium shear modulus, Ge/wg/RT
on themolar ratio of [OH]/[NCO] groups, rH, for poly(oxypropylene)triol (Niax LG
56)-4,4'-diisocyanatodiphenylmethane system; (----) limits of the Flory–Erman
junction fluctuation rubber elasticity theory. The dependence has been recon-
structed from data of ref. [78]

applied the results are very similar and in some cases identical, except for their
scaling properties in the critical region near the gel point.
Bond formation leading to crosslinking is based on the —NCO�

HO—� —NHCOO— reaction which belongs to the category of the A�B�AB
type. Therefore, a maximum of crosslinking density and minimum of sol fraction
is predicted for the stoichiometric system for which the ratio of concentrations of
hydroxy to isocyanate groups, r

�
, is equal to unity:

r
�
�

[OH]
�

[NCO]
�

Here, [OH]
�
and [NCO]

�
are initial concentrations of OH and NCO groups,

respectively. Figures 5.10 and 5.11 show the calculated dependences of the gel
fraction, w

�
, and concentration of EANCs, v

�
on r

�
[30, 60—62] and their

comparison with experimental results.
One can observe positive deviations in the region of r

�
� 1 (excess of isocyan-

ate groups) which are due to side reactions (allophanate, urea and biuret groups).
In the region of r

�
� 1 the agreement of w

�
values is good. In the case of v

�
, the

predicted curves depend not only on the results of the branching theory but also
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Figure 5.12 Structure of a polyurethane networkwith dangling chains prepared
from F1+F2+F3 components

on the chosen rubber elasticity theory. In Figure 5.11 the dependences were
calculated for the Flory—Erman junction fluctuation theory; the limits for the
phantom and affine states of the network are shown. Details of interpretation
can be found in refs [30, 60, 61]. Here, it can be stated that the predicted trends
are obeyed. Again, in the region where isocyanate groups are in excess, the
experimental values of v

�
are higher than the predicted ones. This is caused by

additional crosslinking due to allophanate and biuret formation.
With increasing off-stoichiometry, the fraction of the material in dangling

chains increases which has an effect on viscoelastic properties. It has been found
that the presence of dangling chains affects the motions of substructures in the
network; it is manifested by changes in viscoelastic properties in the main
transition region [60—63]. The length of dangling chains and the fraction of
materials in them can be controlled by varying the ratio higher-molecular-
weight triol/ diol/monofunctional alcohol. An example of the dangling chains is
shown in Figure 5.12.
Increasing length and number of dangling chains make the glass transition

region wider and the widening can be correlated with the fraction of material in
the dangling chains and the size of dangling chains.
In ternary systems, amorphous hard clusters can be formed. As explained

above, at certain fraction of hard units and a certain conversion of functional
groups, percolation threshold of the hard structure is reached. It has been found
experimentally by analyzing the ultimate behavior of three- and four-component
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polyurethane systems [37] that the tensile strength, 	


, is markedly higher and

the elongation at break, 



, substantially smaller for the systems where the

percolation threshold has been exceeded. Near the percolation threshold, 	


and





change steeply, but the true strength given by the product 	







decreases.

Therefore, for obtaining a crosslinked material with good toughness, it is prefer-
able to keep the system slightly below the percolation threshold of the hard
clusters.

3.2 DENDRIMERS, HYPERBRANCHED POLYMERS AND
DERIVED NETWORKS

Dendrimers represent a model for compactmultifunctional precursor of polymer
networks. Polymer networks prepared by crosslinking of dendrimers were sug-
gested several years ago [64]. Since then, some experimental work has been
performed, but there are still many points in structural interpretation of network
formation and network properties that are not well understood.
There are two aspects of linking the dendritic or hyperbranched polymers into

a network:

1. Assemblage of the dendritic molecules by chemical crosslinking into an array,
which is more or less organized. The specific functions of dendrimers can be
possibly amplified when they are assembled into superstructures [65].

2. Use of dendritic molecules (mainly hyperbranched polymers) as precursors of
a crosslinked (engineering) material in order to modify its processing and
materials properties.

In the first case, the details of network build-up and modification of network
structure described above are not very important. The main aim of crosslinking
is to keep the dendritic structures together permanently. Formation of three-
dimensional nanostructures by metal-mediated self-assemblage can serve as an
example: Exo-tridentate tripyridyl compounds self-assemble upon treatment
with (en)Pd(NO

�
)
	
[66].

The most extensive work in this direction concerns crosslinked dendrimers
obtained by modification of functional groups of a dendrimer using silane
chemistry. PAMAMdendrimers were functionalizedwith organosilicon acrylate
and alkyl(halo)silanes, so that their surface activity could be significantly
changed. When the surface was (partly) modified by alkoxysilyl groups, the
exposure tomoisture of themodified dendrimers resulted in crosslinking and low
T
�
elastomeric networks were obtained [23, 67, 68]. The glass transition tem-

perature can be changed by variation of the thickness and composition of the
siloxane interlayer in the cured sample. Thus addition of tetraalkoxysilane
as comonomer in the sol—gel reaction increases the T

�
, while addition of a

dialkoxy(dimethyl)silane makes the polymer more flexible. The type of
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material from which networks can be prepared was called PAMAMOS
(poly(amidoamine)-organosilicon) dendrimers.
Similar organic—inorganic systems, which were ultimately crosslinked by

sol—gel chemistry, were prepared with cores composed of high- T
�
dendrimers

[69, 70]. Tough materials with high heat resistance were obtained. Also, core-
shell structures were prepared via silylation, or hyrosilylation. The resulting
structures were further crosslinked to give supramolecular assemblies [71].
Dendrimers with a carbon—silicon core were prepared by a divergent hy-

drosilylation — vinylation method followed by methoxylation [72]. Hydrolysis
and condensation resulted in gels only in the case of generation two dendrimers,
while the sol—gel reaction products of generation one were still soluble, apparent-
ly due to strong cyclization characteristics of the sol—gel reactions.
Crosslinking of amine- or hydroxy-terminated PAMAM dendrimers using

cyclic anhydride — amine or cyclic anhydride — hydroxy addition reactions was
employed for preparation of crosslinked thin films of very low permeability [73].
Polyanhydrides, such as maleic anhydride-methyl vinyl ether copolymers, were
used as crosslinking components. In the case of amine-terminated PAMAM,
crosslinking and chemical stability were further increased by imidization of the
maleamic acid groups; retro-Michael eliminations were followed by Michael
additions to further crosslink the film.
The classic application of dendrimers terminated with functional groups as

precursors of polymer networks to obtain products such as coatings, composites,
or RIM materials, with advanced technological and materials properties are
relatively scarce. The higher cost of dendrimers is undoubtedly one of the main
reasons.
Zukas et al. (74) used the amine-terminated fourth generation dendrimer as the

polyamine component in a diepoxide—diamine formulations. It was found that a
significant fraction of terminal amine groups did not take part in the reaction
with epoxide groups. Also, polyetherification involving epoxide groups runs
parallel with epoxide-amine addition. This study exposes the existing and ex-
pected problems when using polyfunctional spherical molecules as polymer
network precursors. One can benefit from the good rheological behavior of
nearly spherical precursor and their uniformity. Their spatial ordering in liquid
media is an interesting phenomenon that can positively influence network
properties. The relatively high functionality of these precursors (of the order of
10�—10	) can, however, cause problems manifested by early gelation and incom-
plete reaction of functional groups even after long reaction times. The unreacted
functional groups are sites of potential chemical reactions with substances
occurring in the environment and, on the other hand, interaction with radiation
canmake the service life shorter. Partial chemical transformation of these groups
into inactivemoieties in the crosslinking reaction is one of the ways out by which
the functionality is decreased. At the same time, other properties of the precursor
can be modified, such as T

�
, polarity, or surface activity. Chemical transform-
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ation of reactive groups by chain extension results in formation of harder or
softer shells or in a change of the nature of end-groups (cf. reaction of OH group
with cyclic anhydride or lactone, respectively). The same modification is used
with hyperbranched polymers (see below).
Hyperbranched polymers have been considered somewhat less spherical but

less expensive materials that may perform some of the functions normally
associated with dendrimers. However, their polydispersity was often under-
estimated and methods for their control overestimated. Sometimes, hyperbran-
ched polymers are designated with a ‘generation number’ suggesting that they
resemble dendrimers. This is an illusion because of their polydispersity in mol-
ecular weights and isomeric shapes. In this section, some points related to
functionality and molecular weight distributions, as well as their implications for
crosslinking are discussed. The use of hyperbranched polymers as precursors of
polymer networks has been described in several papers, butmainly their effect on
final properties was determined without deeper structural understanding. Sev-
eral reviews devoted to hyperbranched polymers and their functions were pub-
lished recently (e.g. [15—19]). Among non-aromatic hyperbranched polymers,
poly[2,2-bis(hydroxymethyl)propanoic acid] is offered as a large-quantity inex-
pensive commercial material. Recently, another competing material — a
poly(esteramide) resin with terminal hydroxy groups — has become available
[75].
For applications of hyperbranched polymers as precursors the polymer net-

works, the following structural features are important:

1. Chemical structure: groups and bonds introduced into the networks structure
which determine the network physical properties, such as thermal, mechan-
ical, or aging properties.

2. Average values of molecular weight and functionality of the hyperbranched
polymer.

3. Molecular weight and functionality distributions.

The contribution of hyperbranched architecture to the chemical structure can
be readily changed by modification of the end-groups or by changing the
structure of the core. By increasing the size of the hyperbranched precursor, the
domain structure of the network is enhanced; however, reaction-induced phase
separation is undoubtedly involved. The phenomenon of phase separation is
utilized in formation of microseparated phases which are known to be effective in
toughening of thermosetting materials like epoxy resins [76, 77]. High function-
ality of the precursor causes early gelation — lower gel-point conversions and
shorter gelation times.
In order to prolong the pot life of the system, a reduction in polydispersity is

quite important. Shape polydispersity of the polymer, which is determined by the
distribution of topological isomers, is expressed through a quantity Fréchet and
coworkers originally termed ‘degree of branching’ [78], which reaches unity for
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perfectly spherical dendritic structures. Themolecules are then composed only of
fully reacted units and terminal units with only one reacted group. The degree of
branching or branching index, �, is a function of the unit fractions with j reacted
functional groups, x

�
. It has been defined in several ways. For a polymer from a

BA
	
monomer, it was expressed in the form [78, 79]:

��
x
�

x
�
�x

	

(1)

or alternatively [51]

�*�
2x

�
2x

�
�x

	

(2)

The latter definition can be extended to hyperbranched polymers with a higher
number of A groups in the monomer, f� 2. Frey and Hölter [80] used the
definition

�**�

�
�
��	

(j
 1)x
���

f
 1

f

�
�
��	

jx
�

(3)

The branching index depends on the following:

∑ Conversions of A and B groups, �
�
and �



; for acyclic molecules �

�
� �

�
/f.

∑ Difference in reactivities of A groups and on the dependence of group reactivi-
ties on the reaction state of the unit (substitution effect) [78, 79].

∑ Addition of a core molecule, or any other comonomers (chain extending AB,
terminating A or B).

∑ In the case of network formation controlled by (irreversible) kinetics: pro-
grammed polymerization regime (starved feed conditions, etc.).

If rings are formed, the branching coefficient must be redefined.
In the ideal case, all reactive groups have the same reactivity irrespective of the

shape and size of the hyperbranched molecules and no rings are formed. Then,
the distribution of units in different reaction states is expressed by the following
probability generating function (pgf ), F

��
(Z, z):

F
��
(Z, z)� [(1
 �

�
)Z

��
� �

�
z
�
]	[(1
 �

�
)Z

��
� �

�
z
�
] (4)

This is a procedure which is common in the theory of branching processes. The
auxiliary variables of the pgf Z

��
and Z

��
identify unreacted functional groups,

and z
�
and z

�
bonds extending from reacted group A to reacted group B and

from reacted group B to reacted group A, respectively; the variables z
�
and z

�
also identify reacted A and B groups. This probability generating function is also
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Table 5.2 Fractions of units differing in the number of reacted functional groups, x
�
, for

BA
	
units

x
�

x
�

x
	

x
�

(1
 �
�
)	(1
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�
) (1
 �

�
)	�

�
�

2(1
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�
)�

�
(1
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�
)

2�
�
(1
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�
)�

�
�

�	
�
(1
 �

�
)

�	
�
�
�

useful as a starting point for the description of crosslinking of hyperbranched
molecules.
Thus, for this random case one can obtain by expansion of F

��
(Z, z) the values

of x
�
needed for calculation of �, �*, or �.

Thus, the expression given in Table 5.2 can be substituted into the definition
equations for � and a dependence of the branching coefficient on conversion (i.e.
on molecular weight averages) can be calculated. For �

�
� 1, �

�
� 1/2, � � 1/3

and �*� 1/2.
The pgf is a source for calculation of various properties of the hyperbranched

precursor under the simplifying conditions defined above. The algorithms have
been described elsewhere (cf. e.g. [29—30]), here only the resulting equations are
given.
The number- and weight-averagemolecular weights are given by the following

equations:

M
�
�M

�

1

1
 �
�

(5)

Thus, the number-average molecular weight is independent of f and diverges for
�
�
� 1, irrespective of the number of A groups in the monomer, f.

M
�
�M

�

1
 �	
�
/f

(1
 �
�
)	

(6)

where M
�
is the molecular weight of the monomer unit. The polydispersity is

characterized by

M
�

M
�

�
1
 �	

�
/f

1
 �
�

(7)

Thus, the molecular weight averages diverge at full conversion (�
�
� 1), and the

polydispersity does as well.
For the application of hyperbranched polymers as precursors in network

formation, the functionality averages are important. The number-average func-
tionality is given by the equation

(�
�	
)
�
� �

��	
�n��	�

f (1
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�
)

1
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�

(8)
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Higher-order averages are also important for network formation: the number
average value of functional groups per weight-average degree of polymerization
is defined by

(�
�	
)
�
� �

��	
�w��	�

f (1
 �
�
)( f
 �

�
)

(1
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�
)	

(9)

and the second-moment average of the functionality distribution (�
�	
)
	

(�
�	
)
	
�


��	�	n��	

��	�n��	

� 1�
( f
 1)(1
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�
)

(1
 �	
�
)

(10)

determine the onset of gelation.
In reality, the polydispersity of the hyperbranched polymer even in the ab-

sence of core is lower than that predicted for the ideal case. Cyclization and steric
hindrance during polymerization can be the reasons. Polydispersity can also be
lowered intentionally, for instance, by introduction of core molecules or by
programmed addition of the monomers.
Cyclization is inherent to the formation of hyperbranched polymers because

any acyclic molecule contains one B group and several A groups.Whether or not
cyclization is important depends on the probability that a B group may closely
approach any of the A groups in the molecule. The ring formation probability
depends on the geometry and conformational properties of the bond sequences
of connecting the A groups with the B group and on the number of available A
groups. Once a cycle is formed, further cyclization reactions are impossible and
the cyclic molecule can participate only in intermolecular reactions (cf. reaction
scheme in Figure 5.12).
It has been found, that in the case of poly[2,2-bis(hydroxymethyl)propanoic

acid] cyclization is quite important and, at high conversions, almost all large
molecules contain a ring structure and have no unreacted B group [21]. The
number of molecules with B groups is a function of the core fraction and
synthesis history. It follows from simulation as well as from experiments that the
addition of a core and gradual addition of the monomer lowers the cyclization.
In some systems, cyclization is important [21, 81], in other it is negligible [82].
Also, more groups may be sterically hindered in large molecules than in the
smaller ones, which is another reason for lowering the polydispersity.
Addition of a core compound even in a batch wise polymerization makes the

distribution narrower. This problem can simply be handled by TBP. If one starts
with a core and the monomer is gradually added, the distribution can be
narrowed even more [51, 83—87]. This follows from kinetic simulations. How-
ever, the monomer addition method has certain limits. It is effective for low
molecular weights, so that B groups are almost absent in all initial larger
molecules. Unless the monomer addition is infinitesimally slow, which is imprac-
tical, condensates by reactions between the monomers are formed containing B
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groups. Later, they self-condense thus making the distribution wider. Bimodal
distributions can develop due to parallel reactions leading to cluster—monomer
and monomer—monomer connectivity. By simulation and experiments with
PDMPA [21], it was found that addition of a core and gradual addition of the
monomer lowered cyclization.
To adjust processing properties during crosslinking and physical properties of

the resulting networks, the functional groups of hyperbranched polymers are
modified either with monofunctional agents (the functionality is lowered), or
with bifunctional compounds by which the functional groups of the same type
(but different reactivity) are recovered or the type of functional groups is
changed. In this way, hyperbranched core is provided with a shell. Lactones such
as poly(
-caprolactone) are often used to modify hyperbranched polymers with
hydroxy functional groups [88—90]. In these modifications, differences in hy-
droxyl groups in dendritic and hyperbranchedmolecules have been found: some
groups in less symmetric hyperbranched polymermolecules are apparentlymore
shielded [90]. End capping groups in PDMPA molecules with aliphatic or
aromatic groups, changes thermomechanical properties of the hyperbranched
polyesters [91]; in dependence on the nature of the substituent, T

�
increases or

decreases.
Crosslinking.Manifestation of high functionality in the high-molecular weight

precursors and polydispersity in functionality distribution result in early gela-
tion. For instance, when a hyperbranched polymer with functional groups of
equal and independent reactivities is crosslinked with a g-functional crosslinking
agent C

	
with groups C also of equal and independent reactivities, the gel point

conversions are given by the following:

(�
�
)
��
�
(�



)
��
�

�
1

((�
�	
)
	

 1)(g

�

 1)

(11)

One can see that for a polymer obtained from BA
	
at �

�
� 0.95, (�

�	
)
	
� 191

while (�
�	
)
�
� 19. If this polymer is crosslinked with a bifunctional crosslinking

agent C
	
under stoichiometric conditions, the gel point conversion is about 0.07.

However, the gel point conversion is expected to be somewhat higher not only
because of the lower polydispersity of the hyperbranched polymer, but also
because some cyclization can occur or multiple crosslinks can be formed during
crosslinking.
For a theoretical description of crosslinking and network structure, network

formation theories can be applied. The results of simulation of the functionality
and molecular weight distribution obtained by TBP, or by off-space or in-space
simulations are taken as input information. Formulation of the basic pgf charac-
teristic of TBP for crosslinking of a distribution of a hyperbranched polymer is
shown as an illustration. The simplest case of a BA

	
monomer corresponding to

equation (4) is considered:
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Figure 5.13 Basic reactions operative in formation of a hyperbranchedpolymer
by irreversible reactions and a corresponding reaction scheme (cf. ref. [21])
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where transformations are to be made:
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�
z
��

(14)

In the structure generation process, six types of bonds formed are distinguished —
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AB, BA, AC, CA, BC, CB (the sequence of letters expresses the direction of the
bonds looking out of the given units: A�B, B�A, etc.); ��

�
and ��

�
are

conversions of the end-groups of the hyperbranched polymer and �
�
is the

conversion of C groups of the crosslinker. The pgf contains information on both
the hyperbranched polymer and crosslinker C

	
; its components are weighted by

the mole fractions n
��	

and n
�	
; the factors �

�
and �

�
express relative participa-

tion of A and B groups in the reaction with C groups, respectively.
Several applications of hyperbranched polymers as precursors for synthesis of

crosslinked materials have been reported [91—97] but systematic studies of
crosslinking kinetics, gelation, network formation and network properties are
still missing. These studies include application of hyperbranched aliphatic poly-
esters as hydroxy group containing precursors in alkyd resins by which the
hardness of alkyd films was improved [94]. Several studies involved the modifi-
cation of hyperbranched polyesters to introduce polymerizable unsaturated
C——C double bonds (maleate or acrylic groups). A crosslinked network was
formed by free-radical homopolymerization or copolymerization.
The main advantage for using hyperbranched structures may rest in their

rheology (film formation from high-solids systems) and in some cases added
value in properties (hardness), but deeper knowledge should be accumulated
before a more comprehensive evaluation can be made.

4 CONCLUSION

Advances in methods of synthetic polymer chemistry have made it possible to
vary and tune the architecture of precursors of polymer networks.Many of them
are available at the moment; however, a full understanding of the influence of
architecture on network formation and network properties is incomplete. Rela-
tively clear is the connection between the compactness and functionality of
precursor, viscosity build-up, and onset of gelation. It is clear that precursors
leading to gelation are essentially dendritic in nature and include dendrimers,
hyperbranched polymers or pregel polycondensates; however, cyclized struc-
tures such as microgels are also interesting. The fact that the structural features
influence the ability of a functional group to react and form a bond, makes the
crosslinking kinetics and structure development more complicated. The neigh-
boring group effect, steric obstruction and complex molecular weight/function-
ality distributions can serve as examples of the many complicating factors. If
these factors are not characterized and taken into account, interpretation of the
results may be obscured and the ability to predict the values of a particular
architecture can be impeded.
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3. Šomvársky, J. and Dušek, K., Polym. Bull., 33, 377 (1994).
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Weinheim, 1996.
20. Kim, Y. H., J. Polym. Sci., Polym. Chem., Ed., 36, 1685 (1998).
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22. Bauer, B. J., Topp, A., Prosa, T. J., Amis, E. J., Yin, R., Qin, D. and Tomalia, D. A.,
Polym.Mater. Sci. Eng., 77, 87 (1997).

23. De Leuze-Jallouli, A. M.D., Swanson, P. R., Dvornic, S. V., Parz,M. J. and Owen,M.
J., Polym. Prep. (Am. Chem. Soc., Div. Polym. Chem., 39(1), 475 (1998).
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Regioselectively-Crosslinked
Nanostructures
C. G. CLARK, JR. AND K. L. WOOLEY
Washington University, Department of Chemistry, One Brookings Drive,
St Louis, MO, USA

1 INTRODUCTION

Regioselectivity and regiospecificity are useful terms for describing the site at
which a chemical reaction takes place, and they are common to the vocabulary of
organic chemists. Regioselectivity is observed in reactions that yield a major
product when two or more isomers are possible, differing in the orientational or
directional preference for the chemical reaction, whereas the term regiospecificity
is reserved for those reactions that give exclusively a single product of two or
more possible isomers [1]. Regioselectivity and regiospecificity apply to many
types of chemical reactions including additions, eliminations, ring openings, and
cycloaddition reactions. As an example (Figure 6.1), the alkylation of de-
protonated 1,3-cyclohexanedione occurs regiospecifically with methyl iodide to
give exclusively the C-alkylated product, but reaction with n-butyl iodide occurs
with O-alkylation regioselectivity [2]. In cases involving ambident nucleophiles,
such as the enolate chemistry of Figure 6.1, the factors that govern regio-control
are principally the polarizability of the nucleophile, the nature of the counterion,
the extent of solvation, and in extreme cases, steric effects. A classic example of
regioselectivity in polymer chemistry is the anionic polymerization of isoprene
[3], which has six potential regiochemistries (arising from 1,4-, 4,1-, 1,2-, 2,1-,
3,4-, and 4,3-additions) and a number of different stereochemical possibilities as
well. Polymerization with lithium as the counterion, in a polar solvent, tetrahyd-
rofuran, yields polyisoprene with a majority of repeat units bearing side chain
vinyl groups (kinetic product) [4], however, similar polymerization of isoprene
in a non-polar solvent, hexane, produces polyisoprene of mainly cis-1,4-micro-
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Figure 6.1 A review of regiochemical control is presented for the typical ‘ang-
strom-scale reactivity’, with an example taken from enolate chemistry (top). This
shows that for regiospecificity, a single regiosomer is strictly obtained (ster-
oisomers are also possible); whereas, the term regioselective can be applied for
reactions that give a majority of one product. The extension of these terms to
nanoscale reactions requires consideration of only the basic elements of re-
giochemical control – the sites at which reaction takes place (bottom).
Nanometer-scale reactions that occur throughout the entire molecule exhibit no
region selectivity; whereas isolation of the reactive sites of the macromolecule
can produce regioselective and regiospecific products.

structure [5] (thermodynamic product). The defining regiochemical terms have
thus far been limited to consideration of reaction sites of close proximity, and we
now propose the extension of the terminology regioselectivity and regiospecific-
ity to the nanoscale regime.
In broad definition, regio-control over reactivity (regiochemical control) in-

volves the demonstration of locale preferences for a chemical reaction. Gen-
erally, regio-control is thought of in terms of through bond separation of reactive
sites, as in the resonance forms for the cyclohexanedionyl anion of Figure 6.1.
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Regio-control is also found to globally involve the entire molecule or portions of
themolecule, as in the nucleophilic attack upon isoprene being at the 1-, 2-, 3-, or
4-positions. For polymeric systems, where there are a large number of sites at
which chemical reactions can occur, the assignment of regio-control can become
quite complicated, since there are several levels at which regio-control can be
considered. The local regio-control involves the exact location of the chemical
reaction along the polymer backbone and is at higher resolution than the global
regio-control, resulting from identification of the overall regions at which reac-
tion has taken place. In this initial analysis, the more simplified cases will be
discussed, where consideration of regiochemistry is based upon the nanoscale
region in which chemical reactivity is observed. For example, Figure 6.1 includes
three possibilities for intramolecular chain—chain coupling reactions (i.e. cross-
linking) of a linear diblock copolymer containing reactive sites along the back-
bone of one of the blocks: non-regioselectivity, regioselectivity and regiospecific-
ity. In the non-regioselective case, crosslinks are found throughout the macro-
molecule from intramolecular crosslinking of the reactive segment when the
entire diblock copolymer is well solvated. If instead, spatial differentiation of the
reactive and non-reactive portions of the polymer chain occurs, then the intra-
molecular crosslinking can be found in a more selective region of the macro-
molecule. In the extreme case, there would be no mixing of the non-crosslinked
and crosslinked regions, and this would be defined as regiospecificity. Therefore,
organizationally driven control over the location of chemically reactive func-
tional groups is proposed as a means to effect regional control over chemical
reactivity, to allow for regioselectively- and regiospecifically crosslinked nanos-
tructures. Since it is difficult to imagine that the rigidly defined regiospecificity
requirements of an exclusive product could be met for nanoscale assemblies,
especially given the potential for mixing at the interfacial boundary between
regions of reactivity and non-reactivity, the term ‘regioselective’ will be used for
the remainder of the chapter.
Globally- and locally-regiospecific intramolecular and intermolecular cross-

links are abundant in nature: crosslinks buried within proteins stabilize the
tertiary and quaternary structural assemblies; crosslinking of bacterial cell walls
maintains mechanical integrity and allows them to withstand osmotic pressure
changes; and there are numerous other instances. Throughout this chapter,
several examples of synthetic, nanoscale, organized assemblies that contain
domain- or location-selective crosslinking will be highlighted. In most cases, the
exact local nature of the crosslinks is not known. It is expected, however, that
these kinds of covalently-stabilized crosslinked assemblies [6] are less advanced
than biological systems in their local regiochemical specificity. The excitement
toward the preparation and study of well-defined nanoscale materials is based
across multiple disciplines, in which the development of novel synthetic methods
is generating unique nanostructured materials. The application of characteriz-
ation tools to interesting new systems often requires advances in analytical
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techniques, and the potential that these materials possess toward application in
nanotechnology and biotechnology is driving (bio)engineering studies.

2 REGIOSELECTIVE BULK CROSSLINKING

As is illustrated in Figure 6.2, crosslinked materials have traditionally included
homogeneously crosslinked matrices of macroscopic dimensions. Crosslinked
materials are prepared by two principle methods: preparation from the polymer-
ization of monomer(s) with average functionality greater than two can involve a
one-step process; or a multi-step approach can be used, in which the preparation
of a prepolymer containing functionalities that provide for crosslinking is fol-
lowed by a subsequent curing step. Because the covalently bonded crosslinks
extend throughout the sample volume, these materials are essentially macro-
scopic molecular networks, and as such, they are insoluble and intractable. The
properties associated with crosslinking reinforcement (elastic recovery, dimen-
sional stability, and rigidity) often lead to excellent physical and mechanical
properties for application as elastomers, engineering materials, organic-based
ceramics, and other applications. Methods involving the prepolymer chain-
chain coupling approach for crosslinking have been developed in recent years to
enable control over the regions in which the chemical crosslinking takes place
within a sample matrix. This control has lead to interesting nanostructured
thermoset materials, and to the generation of unique nanoscale objects, as
discussed below.
Phase separation of block copolymers is well known to result in homogene-

ously dispersed, highly ordered domains, in which the morphologies undergo
phase transitions from domains of spheres of one component within the other, to
cylinders, to a bicontinuous phase, to perforated layers, to lamellae, depending
upon the relative amounts of each of the components in the copolymer composi-
tion. Thus, the phase separation of block copolymers offers a versatile and
powerful means by which to segregate reactive block segments from nonreactive
segments in order to accomplish regio-selective chemical crosslinking reactions,
isolated within nanodomains of specified shape and volume.
Crosslinking of the minor component that exists as spheres within phase

separated diblock copolymer bulk samples, followed by dissolution of the matrix
has yielded core-crosslinked nanospheres having covalently attached linear
polymer surface chains (Figure 6.2a). As shown in Figure 6.3a, the phase separ-
ation of poly(styrene-b-4-vinylpyridine) containing c. 10 mol% 4-vinylpyridine
yielded spheres of 4-vinylpyridinewithin a polystyrenematrix. Reactionwith the
vapor of 1,4-dibromobutane gave quaternization of the 4-vinylpyridine groups
and effected crosslinking within the poly(4-vinylpyridine) core domains [7]. This
resulted in crosslinked nanospheres in which the quaternized and hydrophilic
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Figure 6.2 Illustrations of the morphologies generated (for one half of the
phase diagram) for bulk block copolymer phase separation are shown. Begin-
ning with a matrix of pure component, crosslinking yields a solid mass of
insoluble networkedmaterial of macroscopic dimensions. Progressive incorpor-
ation of a second component, in the form of a two-component block copolymer
with increasing volume percentages of one component of the block copolymer
gives: (a) spheres of the minor component within a matrix of the major compo-
nent; (b) cylinders of the minor component surrounded by the major compo-
nent; (c) a double gyroid morphology; perforated layers (not shown); (d) lamel-
lae at or near equal volumes of the respective blocks. The other half of the phase
diagram has the same morphologies, with the major and minor components
reversed. Either block may be crosslinked to stabilize the phase-separatedmor-
phology. To the right of each morphology is the macromolecular object that
results from the establishment of connectivity throughout theminor component
domains, followed by solubilization (a, b, d) or removal of the material between
theminor domains (c). In the caseof the double gyroid (c), the connectivity is two
fold, first by physical mixing of adjacent chains in the major component as in (a)
and (b), and second the double gyroid structure consists of two interpenetrating
networks which cannot be removed from one another, resulting in a nanopor-
ous, macroscopic solid rather than a macromolecular object. In the case of the
lamellae (d), removal of one component produces two-dimensional objects, but
crosslinking within confined domains results in smaller, narrowly disperse
‘mushroom-shaped’ objects
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Figure 6.3 The chemical compositions for macromolecular objects that result
from crosslinking within nanodomains of bulk phase separated block
copolymers include: (a) core-crosslinked spheres; (b) core-crosslinked rods; (c)
‘mushroom’-shaped objects.

core domains were surrounded by polystyrene (Figure 6.3a), where each core
chain was covalently attached to one polystyrene chain, for a high density of
polystyrene surface coverage. The two- and three-dimensional macrocrystalline
packing of these core-crosslinked spheres has been examined [8]; monolayers of
the spherical particles were found to pack in a hexagonal arrangement upon a
carbon substrate by transmission electron microscopy, whereas small-angle
X-ray scattering indicated a face-centered cubic lattice within the bulk samples.
Other immiscible diblock copolymer compositions have been employed in this
syntheticmethod [9], and in each case, the nanosphere dimensions are of narrow
size dispersity with diameters ranging from c. 30 to 100 nm, depending upon the
diblock composition, particularly the relative volume of the minor component
that forms the spheres (core domain) within the matrix.
In a similar fashion, nanofibers have been produced, by the regioselective

crosslinking of the cylindrical domains formed via phase separation of diblock
copolymer bulk samples, followed by their dissolution (Figure 6.2b) [10]. For
poly(styrene-b-cinnamoylethyl methacrylate), PS-b-PCEMA, at 13 mol% (21
vol%) PCEMA and overall degrees of polymerization of 1400, the PCEMA
minor component forms cylinders within a PS matrix. Irradiation of disks
(� 1mm thick) with UV light passed through a 310nm cut-off filter for 30 min
per each side resulted in crosslinking via photo-induced [2� 2]-cycloaddition of
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� 20% of the CEMA units within the cylindrical domains, and afforded a 50%
yield of tetrahydrofuran-dispersable nanofibrous product (Figure 6.3b). Trans-
mission electron microscopy (TEM) imaging, following selective staining of the
PCEMA component with OsO

�
, revealed nanofibers of several micrometers in

length with a preferentially stained PCEMA core (26 nm diameter) surrounded
by a PS layer (33 nm thickness). By light scattering studies, the persistence length
wasmeasured to be 400nm and the diameter was 86 nm. Aswithmany biological
and synthetic rod-like macromolecules and nanostructures, the nanofibers ex-
hibited shear-induced lyotropic liquid crystalline ordering with a banded texture
when visualized by polarized optical microscopy in bromoform.
Intricately shaped nanostructured materials can also be prepared by this

general self-assembly and covalent stabilization approach. Interconnecting
gyroid-like void channels have been constructed within a ceramic matrix by an
approach that involves the self-assembly of A

�
—B—A

�
triblock copolymers of

polyisoprene (A
�
� 24 kg/mol, A

�
� 26 kg/mol) and poly(pentamethyldisilyl-

styrene) (PPMDSS, B� 100 kg/mol), followed by an oxidation process that gave
concomitant and selective removal of the PI regions and transformation of
the silicon-containing regions to silicon oxycarbide ceramic [11]. Alternatively,
the gyroid nanochannels can be transformed into the ceramic material, following
the formation of inverse double gyroid morphologies (PI, A

�
� 44 kg/mol,

A
�
� 112 kg/mol; PPDMDSS, B� 168 kg/mol) to generate the nano-relief

structure (Figure 6.2c). This general approach offers the ability to conveniently
prepare either the nanoporous or nanorelief ceramic materials, which have
exhibited interesting properties, including high-temperature stability, low dielec-
tric constant, low density and uniformity of channel pore dimensions that
suggest potential applications in membrane separation, catalyst supports, inter-
connects or as photonic band gap materials.
Crosslinked two-dimensional sheets have been produced by the regio-cross-

linking of selective layers within bulk samples of lamellar phase separation [12,
13]. In fact, more recently, the lamellar morphology was further dissected into
nanoscopic volumes of segregated reactive domains within the layer, by assem-
bly of triblock rod-coil molecules intomushroom-shapednanostructures (Figure
6.2d) [14]. When the triblock rod-coil molecule was composed of butyl-
(styrene)

�
-b-(butadiene)

�
-b-(biphenyl ester unit)

�
-CF

�
, the oligostyrene segment

sterically limited the aggregation number, the oligobutadiene offered reactive
carbon—carbon double bonds for regioselective crosslinking reactions, the rigid
biphenyl ester component assembled by �-stacking interactions, and the tri-
fluoromethyl chain end offered additional driving force for assembly (Figure
6.3c). The resulting ‘mushroom-shaped’ assemblies organized (Figure 6.2d) by a
head-to-tail fashion and with well-defined pre-aggregate dimensions to provide
for orientational and directional preference for the chemical reactions, while also
isolating the crosslinking chemistry to selective domain volumes. Annealing
samples of the triblock rod-coil lamellar samples at 250°C afforded crosslinking
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through c. 70% of the butadiene double bonds to yield macromolecular species
of highly anisometric shape (2� 8 nm) composed of 23� 2 rod-coil molecules
assembled in a parallel manner [15]. As monitored by gel permeation
chromatography (GPC) over a 20 h period of time, the amount of triblock
oligomer decreased as the amount of the nanoscale molecular object, of narrow
size distribution increased and with only a small fraction of intermediately sized
products and no larger aggregates or long-range coupled products (i.e. insoluble
crosslinked gel) being observed. Characterization of the discrete nanostructured
macromolecules by small-angle X-ray scattering (SAXS) and transmission elec-
tron microscopy (TEM) indicated that the pre-assembled form of the precursor
triblock rod-coil wasmaintainedwithout disruption by the intermolecular coup-
ling reactions. These structures are themost unique nanoscopic objects that have
been synthesized to date. Their unique qualities are associated with the avoid-
ance of a centrosymmetric structure, which is inherent for other covalently-
stabilized self-assemblies. Therefore, these materials most closely emulate the
capabilities for the production of complex macromolecules of asymmetrical
structure found in nature, and they bear a striking resemblance to mushroom-
shaped protein aggregates, for example �-hemolysin or ATP synthase. Each of
these biological nanostructures relies upon the narrow ‘shaft’ of the ‘mushroom’
to insert into membranes. For �-hemolysin, a pore through the center mediates
transport of molecules and ions across cell membranes, while ATP synthase [16]
serves as a rotating machine for the synthesis of adenosine triphosphate (ATP),
the energy storage mechanism for all levels of life forms. These similarities
suggest that further advances in the chemical composition of the synthetic
macromolecular ‘mushrooms’ may advance their function to the point that they
could substitute for biological systems in cellular transport mechanisms, biologi-
cal energy conversion, or other important processes.

3 REGIOSELECTIVE CROSSLINKINGWITHIN
SUPRAMOLECULAR ASSEMBLIES

The examples discussed above illustrate the importance of block copolymer
chain segment incompatibilities for the phase separation of bulk materials,
combined with the ability to perform chemistry within specific nanoscale do-
mains to impose permanence upon those self-assembled nanostructured mor-
phologies. Each is limited, however, to crosslinking of internal domains within
the solid-state assemblies in order to create discrete nanoscale objects. To
advance the level of control over regioselective crosslinking and offer method-
ologies that allow for the production of additional unique nanostructured ma-
terials, the pre-assembled structures can be produced in solution (Figure 6.4), as
isolated ‘islands’ with reactivity allowed either internally or on the external
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Figure 6.4 The preparation of nanostructured materials in solution evolves
from (a) the classic examples of suspension, dispersion, or emulsion polymeriz-
ation, to the methods that include the covalent crosslinking of select domains
within supramolecular polymer assemblies; (b) core crosslinking of polymer
micelles; (c) shell crosslinking of polymer micelles (SCKs); (d) nanocages from
core-eroded SCKs; (e) ‘shaved’ hollow nanospheres from outer shell/core-
eroded vesicles.

surface, without the threat of inter-object crosslinking into a macroscale net-
worked matrix (gel).
Suspension, dispersion or emulsion polymerization processes are traditional

methods for the preparation of polymeric particulate materials (Figure 6.4a)
[17]. While each of these methods serve important purposes for the preparation
of polymer microparticles, scaling down to 10—100nm on a routine basis and
with complicated nanostructural partitioning of compositions is not feasible by
these means. Block copolymers that are composed of block segments of differing
solubility parameters assemble when placed into a solvent system that is selective
for a portion of the chain length. A range of morphologies is possible, including
micelles, inverse micelles, cylinders, and vesicles through variation in the block
copolymer composition and the solvent system used for organization of the
assemblies [18]. Crosslinking of the polymer assemblies reinforces the structures
and produces mechanically robust materials from fragile supramolecular assem-
blies. In each case, functional groups along the backbone of the block copolymer
and located within a specific domain of the nanoscale assembly undergo
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reactions in order to bind the entity into a single nanoscopic macromolecule,
thus removing the dynamic nature of the structure while maintaining the organ-
ized morphology. The location of the crosslinking functionalities can be re-
gioselectively controlled to yield several nanoscale materials of very different
compositions, structures, properties, and functions.

3.1 CORE-CROSSLINKED NANOSTRUCTURES

Polymer micelles exist as an equilibrium between monomolecular micelles and
multimolecular micelles; the ability to crosslink both structures and then isolate
and characterize the crosslinked monomolecular micelles (‘tadpole’ structure)
was recently demonstrated [19]. This form of single chain intramicellar cross-
linking is consistent with the schematic drawings of Figure 6.1, where it is
unknown to what extent mixing of the two phases occurs, and thus assignment of
regioselectivity vs. regiospecificity has not beenmade. These ‘tadpole’ nanostruc-
tures are expected to resemble the dendritic globular-linear chain hybrid struc-
tures that have been generated by covalent monocoupling of dendritic macro-
molecules to linear polymer chains [20]. Although only 5—25% ‘tadpole’
structures were obtained within the samples of larger core-crosslinked, multi-
molecular micelles, and their isolation required a tedious fractional gel per-
meation chromatography procedure, the ‘tadpole’ macromolecules may prove
interesting as asymmetrically ordered, core—shell structures of angstrom dimen-
sions.
Crosslinking of the core domains within multimolecular polymer micelles has

been accomplished using several different chemistries (Figure 6.4b and 6.5a).
Nucleation of the butadiene chain segments of poly(styrene-b-butadiene) in a
solvent selective for polystyrene, followed by crosslinking of the polybutadiene
core by reaction with free radicals, generated in situ from irradiation in the
presence of dibenzoyl peroxide, resulted in stabilized micelles that, unlike the
self-assembled precursors, exhibited no critical micelle concentration [21].
Other examples of the preparation of core-crosslinked nanospheres in solution
via intramicellar reactions [22, 23], have also been reported and, with one
exception [24]; these structures were prepared in mixed organic solvents. The
initially prepared core-crosslinked nanoparticles consist of crosslinked and in-
soluble core domains encapsulated within linear polymer chains. When those
surface linear polymer chains were composed of polyisoprene, treatment of the
core-crosslinked polymer assemblies under ozonolysis conditions cleaved the
surface chains to yield ‘shaved’ crosslinked nanospheres bearing reactive surface
functionalities [25]. The porosity of the crosslinked core domains could also be
modified, through the use of a homopolymer porogen [26]. When oligomeric
2-octanoylethyl methacrylate (OEMA) was present during the assembly of
poly[(2-cinnamoylethyl methacrylate-co-2-octanoylethyl methacrylate)-b-
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Figure 6.5 Illustrations of nanoscale spherical assemblies resulting from block
copolymer phase separation in solution are shown, along with the chemical
compositions that have been employed to generate each of the nanostructures:
(a) core crosslinked polymer micelles; (b) shell crosslinked polymer micelles
(SCKs) with glassy cores; (c) SCKs with fluid cores; (d) SCKs with crystalline
cores; (e) nanocages, produced from removal of the core of SCKs; (f) SCKs with
the crosslinked shell shielded from solution by an additional layer of surface-
attached linear polymer chains; (g) crosslinked vesicles; (h) ‘shaved’ hollow
nanospheres produced from cleavage of the internally and externally attached
linear polymer chains from the structure of (g)

(acrylic acid)], it partitioned into the core domain and did not participate in the
crosslinking of the core upon irradiation. Therefore, following the crosslinking of
the cinnamoylethyl methacrylate chain segments, the OEMA oligomers were
extracted to yield porous, crosslinked core domains, with presumably lowered
core density. These porous nanospheres exhibited a greater ability to contain
guest molecules, as they sorbed higher quantities of perylene from aqueous
solutions than did their non-porous counterparts.
Regioselective crosslinking of the core domain of cylindrically shaped, worm-

like micelles composed of poly[(butadiene)
�	
-b-(ethylene oxide)

		
] and assem-

bled in aqueous solution at � 5% block copolymer concentrations, was per-
formed using radical coupling of the double bonds throughout the
poly(butadiene) phase [27] (Figure 6.3b). This resulted in a 13% reduction in the
core diameter, from 14.2 to 12.4 nm, as measured by small-angle neutron scatter-
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ing, and transformed the wormlike micelles from fluid-like, deformable, ‘living’
assemblies to ‘permanent’ nanostructures, the effects of which were manifested in
the viscoelastic characteristics of the nanomaterials. Due to the poly(ethylene
oxide) surface chains, these core-crosslinked wormlike micelles of several mi-
crometers in length were dispersible in aqueous solutions. The large aspect ratio
of these cylindrical nanostructures suggests that they may be considered as
nanoscale linear polymer chains, that bridge the gap in dimensionality between
angstrom scale linear polymers consisting of molecular-level straight chain
bonding sequences and fabricatedmicro- andmacroscale objects.Moreover, this
solution-based approach to their synthesis offers an alternative method to the
bulk phase-separation procedure described above (Figure 6.2b).

3.2 SHELL-CROSSLINKED NANOSTRUCTURES

There are several advantages associated with the covalent crosslinks being
regioselectively placed in the shell layer [28] (Figure 6.4c), as opposed to the core
or interface regions. By ‘tying together’ the peripheral portion of the nanostruc-
ture, the particle surface consists of a reinforcing network that provides robust
character and stability under the influence of changing environmental condi-
tions. This network also serves as a membrane layer, the permeability of which
can be tailored to control the transport of guests to and from the particle core.
The core is essentially a nanoscale domain of internally surface-grafted polymer
chains. Furthermore, the lack of crosslinks in the core region maintains chain
mobility and access to the core volume. Perhaps the most significant aspect of
the shell crosslinking, however, is the opportunities that are then available by
subsequent modification of the initial SCK nanostructures, for example the
conversion to solvent-filled nanocages [29] (Figure 6.4d).
The first family of shell crosslinked knedel-like [30] nanoparticles (SCKs)

were assembled from amphiphilic diblock copolymers based upon polystyrene
(PS) as the hydrophobic, inert segment from which the core nucleated, and
poly(4-vinyl pyridine) (P4VP) that was partially quaternized with p-chloro-
methylstyrene (ClMeS) (Figure 6.5b) [31]. The overall degrees of polymerization
were typically 100—130 and the quaternization extents ranged from 10 to 50%.
The quaternization procedure introduced water-soluble salts along the
P4VP(ClMeS) backbone, and also introduced reactive styrenyl side chain moie-
ties that provided for crosslinking of the P4VP(ClMeS) chain segments. There-
fore, assembly of the PS-b-P4VP(ClMeS) diblocks in a mixture of 30% tetrahyd-
rofuran (THF)/H

�
O at a concentration of 10
	 M yielded spherical polymer

micelles (critical micelle concentration (cmc) of c. 10
� M), which were then
stabilized through crosslinking reactions between the styrenyl groups within the
peripheral shell by reaction with a water-soluble radical initiator, 4,4�-azobis(4-
cyanovaleric acid), under irradiation at 254nm for 24 h to yield the shell cross-
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linked nanospheres (no observable cmc). The diameters of the polymer micelles
increased with increasing relative volume of the hydrophobic core block seg-
ment, and this was used as a method to alter the SCK particle size [32].
Styrene-to-vinyl pyridinemolar compositions of 1: 2, 1: 1.2, and 1.9: 1 gave SCKs
of 9� 3, 15� 2 and 27� 5 nm solid-state diameters, respectively by atomic
force microscopy (AFM) height analysis, and solution-state hydrodynamic di-
ameters of 14� 1, 21� 1, 33� 2 nm for greater than 95 vol% of the samples by
dynamic light scattering (DLS) measurement. Analytical ultracentrifugation
(AU) experiments measured the SCK molecular weights (M

�
) as 244� 36,

1046� 78 and 6336� 75 kg/mol and aggregation numbers (the number of
linear polymer chains that originally assembled to yield the polymermicelles and
then were ‘trapped’ through shell crosslinking) of 12� 2, 71� 5 and 439� 5,
respectively [33]. However, AU measurements for the polymer micelles were
complicated by nonideal solution properties, attributable to an inherently less
stable structure of the micelle which was subject to deformation and distortion
under ultracentrifugation forces. In addition, the SCKs retained their height and
appeared to be of uniform spherical shape, in contrast, the micelle precursors
exhibited deformation upon adsorption onto the mica substrate used as a
support for AFM imaging. The presence of the positively charged pyridinium
salts on the surface of the SCKs was confirmed by measurements of elec-
trophoretic mobility and zeta potential via electrophoretic light scattering,
which indicated a partial burial of charge beneath the particle surface. The
accessibility of the positively charged groups for interactions with negatively
charged small dye molecules [34] and the negatively charged phosphodiester
backbone of DNA [35] was demonstrated.
The importance of the shell composition and crosslink density motivated

alternative methods for the production of SCKs, utilizing different diblock
compositions and also different crosslinking chemistries. The assembly of
poly(styrene-b-acrylic acid) into micelles within an aqueous solution allowed for
the shell crosslinking to be performed through amidation chemistry (Figure
6.5b), providing crosslinks through a condensation mechanism and incorporat-
ing modifiable shell and surface properties through selection of the crosslinking
agent. Following micelle formation and activation of the carboxylic acid side
chain groups by reaction with a water-soluble carbodiimide, 1-(3-
dimethylamino)propyl)-3-ethylcarbodiimide methiodide, a diamino crosslinker
was then added to complete the intramicellar crosslinking of the shell layer. A
number of diamino (and polyamino) crosslinkers have been studied and found to
be effective in the formation of SCKs [36, 37]. For instance, functionalities that
promote specific binding to cell surfaces are being explored as amethod bywhich
to tailor the SCK targeting.
Loading of guests within the SCKs (for potential delivery) is modeled after

lipoproteins, which are composites of cholesterol, cholesteryl ester, phos-
pholipids, and protein forming biological structures of core-shell morphology
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and overall diameters of 10—100 nm, whose role is to transport insoluble esteri-
fied cholesteryl ester. Some of themost important aspects of any transport device
are the loading capacity and the mechanism of uptake and release, both of which
rely upon the location of the guests within the host system. The locations of
guests within the SCK nanostructure were accurately determined by rotational-
echo double-resonance (REDOR) [38]NMR experiments. It was found that
amphiphilic small molecules partition to the amphiphilic region of the SCK, near
the core—shell interface [39] whereas hydrophobic guests reside in the hydropho-
bic PS core domain [40]. Moreover, it was found that at high amidation extents
(an indirect measure of the crosslink density), the guests were prohibited from
passing across the shell membrane layer, and were excluded from entering the
SCKs.
The assembly and crosslinking of polymer micelles in an aqueous solution

generally produces SCKs with a hydrophobic core and hydrophilic shell. Inter-
estingly, SCKs possessing tunable core hydrophilicity [41] were prepared from
poly(N-(morpholino)ethyl methacrylate) as the hydrophobic nucleating core
segment, as it exhibits hydrophobic character at 60°C in a solution of 0.1M
sodium sulfate at pH 10, and becomes hydrophilic when the temperature is
brought to 25°C. Therefore, placement of N-(morpholino)ethyl methacrylate
(MEMA) segments within the core domain of the SCK nanospheres yielded
stable, nanostructured particles with temperature-variable core hydrophilicity.
In the construction of these SCK nanospheres, a diblock copolymer of MEMA
and 2-(dimethylamino)ethyl methacrylate, partially quaternized with methyl
iodide (DMAEMA) (number average molecular weight 36 000 g/mol, 65 mol%
MEMA) was allowed to assemble into polymer micelles at 60°C, and the shell
was then cross-linked via further quaternization of the shell DMAEMA seg-
ments with 1,2-bis-(2-iodoethoxy)ethane. The resulting SCK nanosphere pos-
sessed a hydrophobic core, until the temperature was decreased to 25°C. Upon
core hydration, the intensity-average SCK diameter measured by dynamic light
scattering increased from 28nm to 30 nm. These structures are highly unique, as
the corresponding entirely hydrophilic polymermicelles cannot exist without the
shell cross-links. Moreover, it was suggested that the temperature-dependent
core hydration may be useful as a mechanism for controlled release of guest
species. SCKs composed of zwitterionic core-shell compositions have also been
prepared [42].
The ability of the SCK shell to affect the overall properties of the materials is

quite obvious, given the fact that the shell encounters the initial contact with the
environment; however, the effects of core modifications upon the SCKproperties
and behavior are less obvious. SCKs containing glassy polystyrene cores (Figure
6.5b and discussed above) exhibit a rigid spherical shape, without undergoing
deformation upon adsorption onto a solid substrate at room temperature. SCKs
prepared from poly(isoprene-b-acrylic acid), PI-b-PAA, can have varying de-
grees of glassy or fluid character, depending upon the PI microstructure (Figure
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6.5b and 6.5c) [43, 44]. Polymer micelles prepared from (PI-b-PAA) with pre-
dominantly cis-4,1-isoprene microstructure and block lengths of 130 isoprene
and 170 acrylic acid repeat units, were difficult to handle due to the fluid-like
character of the polyisoprene core domain (T

�
� � 65°C). In contrast, cross-

linking of the PAA shell of the PI-b-PAA micelles to form the corresponding
SCK (Figure 6.5c) provided stabilization of the nanostructure through the
covalent crosslinking and produced robust nanostructured materials. Essential-
ly, once the shell was crosslinked, it served as a nanoscale containment device, in
this case as a fluid-filled membrane. The nanoparticle, therefore, exhibited shape
adaptability, and this characteristic is currently being exploited in our labora-
tories.
The incorporation of poly(�-caprolactone), PCL, into the core domain of the

SCKs possessing the poly(acrylic acid-co-acrylamide) crosslinked shell yielded
nanoscale isolated crystalline phases, contained within the crosslinked mem-
brane layer (Figure 6.5d) [45]. This shell layer effectively limited the PCL
crystallization process so that the T

�
of the PCL decreased with decreasing core

volume. These SCKs exhibited unusual behavior, related to their flattened,
lamellar shape from the crystalline PCL core domain (T

�
� 45—60°C), which

gave them a high aspect ratio in solution and upon adsorption onto a substrate.
Characteristic features included diameter to height ratios from AFM measure-
ments of c. 10: 1, which agreed with the solution-state hydrodynamic diameters
from DLS measurements that were c. ten fold greater than the nanoparticle
heights measured by AFM. The fundamental properties associated with these
unique nanoscale crystallites, consisting of a crystalline polymer confined to the
SCK core of nanoscale volume, are under current investigation.
The hydrophobic block segments are required for the initial self-assembly to

form the polymer micelles; however, once the crosslinks are established through-
out the shell layer the core is no longer required. Degradation and extraction of
the core material has been accomplished for the PI core as well as the PCL core,
by ozonolysis [46] and hydrolysis chemistries [45b] respectively (Figure 6.5e).
This resulted in the production of nanocage structures, composed of the
poly(acrylic acid-co-acrylamide) hydrogel material, which was originally present
as the shell layer of the SCK. Since SCK structures rely upon a combination of
hydrophobic interactions within the core domain (which initially provided for
the micellar assembly) and reinforcing covalent shell crosslinks for maintenance
of their structural features, removal of the core material resulted in a significant
expansion of the hydrogel shell material to give an overall diameter for the
nanocage that was much greater than that occupied by the SCK. This expansion
was believed to occur due to a filling of the nanocage with water, and expansion
of the structure to the extent that the crosslinked network allowed. The porosi-
ties and nanocage shell thicknesses are presently unknown. Ozonolysis of the PI
core leaves ketones (and aldehydes) on the inner nanocage surface, whereas the
remainder of the nanocage is composed of carboxylic acid and amide functional
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groups. This offers the ability to chemically derivatize specific regions of the
nanocage, to provide for further regiochemical control in the preparation of
advanced materials. Hydrophobic nanocages have been prepared in a similar
manner, by using triblock copolymer micelles [47].
A significant advance in the practical aspects of SCK synthesis has involved

the use of triblock copolymers, in order to perform the stabilizing crosslinking
chemistry at the core—shell interface under conditions of high nanostructure
concentration, with reduced potential for intermicellar coupling reactions (Fig-
ure 6.5f ) [48]. In a similar manner, crosslinking of the central (bi-layer) region of
polymer vesicles has led to the preparation of ‘hollow’ nanoscale crosslinked
shells having polymer chains bound to the internal and external surfaces (Figure
6.5g). When the vesicles were composed of poly(isoprene-b-cinnamoylethyl
methacrylate) diblocks, crosslinking was accomplished by photochemical
[2�2]-cyclization reactions between the cinnamoylethyl methacrylate groups,
with poly(isoprene) extending, internally and externally, from this crosslinked
membrane. Ozonolytic cleavage of the polyisoprene removed the non-crosslin-
ked polymer chain segments, while leaving behind unique aldehyde and ketone
interior and exterior surface chemistries (Figures 6.4e and 6.5h) [49]. Although
the use of vesicles for interior shell crosslinking followed by cleavage of internal
and external surface chains is a promising route for the construction of hollow
nanocages, the present chemistry, involving the photochemical crosslinking of
CEMA groups in the presence of PI chains has potential for spurious crosslink-
ing throughout the structure, and thus loss of regioselectivity. The authors do
state that intervesicular crosslinking between the PI chains occurred with stor-
age time [50].

4 REGIOSELECTIVE COUPLING/CROSSLINKINGWITHIN
MACROMOLECULES

4.1 INTRAMOLECULAR CROSS-LINKING OF DENDRIMER
SURFACES

Perhaps the smallest example of a surface-attached, excavated nanostructure is
that produced from the chain-end connection of dendritic macromolecules,
followed by core unit removal [51]. The pre-attachment of dendritic fragments
(‘wedges’) to a central core unit that acts as a template for establishment of the
intramolecular chain end connectivity allows for the chain end coupling chemis-
try to be performed at high dilution to avoid intermolecular coupling reactions
that could produce insoluble and uncontrolled networks. This assures that the
monodispersity will be maintained without the possibility of intermolecular
exchange of components that can result in the crosslinking of supramolecular
assemblies. Crosslinking of the chain end functionalities of dendritic macro-
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molecules closely resembles the polymerization of small surfactant molecules
[52—54], in which there is only one polymerizable group per chain end of the
dendrimer or per surfactant molecule in the assembly. However, because a
covalent assembly has been established through the initial attachment to the
core unit, the dendrimer case does not experience the difficulties associated with
changes that can occur during polymerization of the surfactant functional
groups that are part of a dynamic self-assembled system [55]. The dendritic
macromolecule of Figure 6.6 was used to demonstrate the chain end coupling,
accomplished through ring-closing metathesis reactions between the 1,3-
homoallyl substituted phenyl rings.Model studies suggested a low probability of
intrachain-end cyclization, providing for optimization of connections between
dendrimer chain ends. It was found that c. 90% of the homoallyl chain ends
underwent the ring-closing metathesis reaction. The central core was then re-
moved by hydrolytic cleavage of the ester linkages. Although 10
 isomers are
possible from ring-closingmetathesis couplings between the twelve chain ends to
give six intra-dendrimer macrocycles, a much smaller number of those couplings
will result in a structure that has the three dendritic fragments connected so that
the overall structure is maintained following core removal. Figure 6.6 illustrates
several modes of coupling that allow for maintenance of the overall molecular
weight following hydrolytic core removal. Although the chemistry occurs re-
gioselectively at the dendrimer chain ends, even with these rather small mole-
cules (in comparison to the nanoscale assemblies described throughout most of
this chapter), the location of the chain ends with respect to the dendritic mole-
cule, and thus, the actual regiospecificity of the products is not yet known.

4.2 CORE-SHELL TECTO(DENDRIMERS)

Intermolecular dendrimer-dendrimer chain end coupling reactions under condi-
tions that limit the assembly process to the attachment of smaller dendrimer
units upon a larger central, templating dendrimer core has led to the construc-
tion of core-shell nanostructures, called core-shell tecto(dendrimers) (Figure 6.7).
Core-shell tecto(dendrimers) are actually a subclass of relatively well defined
poly(dendrimers) referred to as ‘megamers’ [56] (see Chapter 1). Nanostructures
of varying dimensions can be synthesized from combinations of
poly(amidoamine) (PAMAM) dendrimers of various generation levels. Two
different approaches to these structures have been reported. The first strategy,
referred to as the ‘direct covalent bond formation method’, produces partially
filled shell structures and involves the reaction of a nueclophilic dendrimer core
reagent with an excess of electrophilic dendrimer shell reagent [57]. Generally
amine terminated dendrimer core reagents are combined with an excess of ester
terminated dendrimer shell reagents to produce amide linkages at the den-
drimer-dendrimer interface. The resulting core-shell structures are relatively
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Figure 6.6 Peripheral crosslinking of a poly(benzyl ether) dendrimer through
ring-closing olefin metathesis reactions, followed by hydrolysis of the core
results in an intact final structure (having no net loss of individual dendritic
fragments). A variety of crosslinking motifs may be seen: crosslinking all along
the periphery with adjacent interdendron crosslinking (blue shading) (top);
crosslinking of amajority of the chain ends on one face of the dendrimer, leaving
the rest of the chain ends for intra-dendritic fragment crosslinking (magenta
shading) (middle); inward-folding and crosslinking of a chain end from each
dendritic fragment, with the remainder of the chain ends participating in intra-
dendritic fragment crosslinking (bottom). Combinations of these motifs are also
possible, as long as the final structure remains intact after core hydrolysis.
Fortunately, olefin metathesis is reversible, so that a thermodynamic minimum
may eventually be reached, possibly leading to only one final structure, depend-
ing on the global and local minima on the energy surface
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Saturated Shell Model Partial Shell Model

Figure 6.7 Illustration of a core–shell tecto(dendrimer): partial shell and
saturated shell models.

well defined as determined by MALDI-TOF mass spectrometry and gel elec-
trophoresis (PAGE), however, only partially filled shells are obtained. Usually
shell-filling levels of 40—60% are observed. These values are determined by
comparison to theoretical values that may be predictedmathematically [58] as a
function of the generational levels of the core and shell reagents, respectively.
More recently, core-shell tecto(dendrimers) possessing very high shell filling

values have been reported [59]. The chemistry used in this approach involved
the combination of an amine terminated core dendrimer with an excess of
carboxylic acid terminated shell reagents dendrimer. These two charge differenti-
ated species were then allowed to equilibrate and self-assemble into the electro-
statically driven core-shell tecto(dendrimer) architecture. This equilibration is
then followed by covalent fixing of these charge neutralized contact sites with a
carbodiimide reagent. These well definedmegameric structures have been shown
to have shell filling values of 75—87% as determined by mass spectrometry and
gel electrophoresis.
A ‘scaled-up’ version of this central template-concentric sphere surface assem-

bly approach has been demonstrated for the growth of multi-layer core-shell
nano- and microparticles, based upon the repeated layer-by-layer deposition of
linear polymers and silica nanoparticles onto a colloidal particle template (Fig-
ure 6.8) [60]. In this case, the regioselective chemistry occurs via electrostatic
interactions, as opposed to the covalent bond formation of most of the examples
in this chapter. The central colloidal ‘seed particle’ dictates the final particle

REGIOSELECTIVELY-CROSSLINKED NANOSTRUCTURES 165



Figure 6.8 Illustration of colloid-templated nanoparticle assemblies. The pro-
cess involves the layer-by-layer adsorption of charged polymers and oppositely
charged nanoparticles onto the surfaces of the colloidal template. The colloidal
core particles may then be removed to generate a hollow sphere of nanopar-
ticles, held together by electrostatic interactions with the linear polymer ‘glue’

dimension, in magnitude and dispersity, and the number of adsorbed layers
controls the shell thickness. When the colloidal template was present in solution
at a fewweight percent, electrostatically driven deposition of alternating layers of
positively charged poly(diallyldimethylammonium chloride) and negatively
charged silica nanoparticles was limited to individual template surface coverage,
without extensive aggregation. Moreover, subsequent removal of the central
colloidal core allowed for the fabrication of hollow capsules of submicrometer to
micrometer diameters and 10—200 nanometer thicknesses (the shell thickness
depends upon the number of adsorbed layers), composed of the surface adsorbed
species.
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5 CONCLUSION AND OUTLOOK

The challenges associated with the preparation of well-defined nanoscopic ob-
jects by a facile route are being addressed with rapidly increasing attention and
progress. From the initial stages, it was recognized that the construction of such
large objects (on the molecular scale) could not involve the direct, singular use of
small molecule precursors, but rather that such syntheses would be most easily
facilitated by the selective ordering and cementing of macromolecular building
blocks. Therefore, the general theme that has been adopted in the current
synthetic methods is to rely upon the self-assembly processes of multi-block
copolymers, along with covalent crosslinking to provide reinforcement and
produce individual, crosslinked, nanoparticulate entities.
The examples contained throughout this chapter illustrate the importance of

incompatibilities between segments of block copolymers, which allows for their
phase separation into reactive and nonreactive domains, in the bulk, in solution,
or within a macromolecule, as a means to limit crosslinking reactions to selective
regions of these polymer assemblies. This approach has provided a general and
versatile method to impose permanence upon self-assembled nanostructured
morphologies and to create complex materials with structural features of nanos-
cale dimensions. These materials possess the features introduced via the self-
organization of polymer components; however, they are reinforced through
intra-assembly crosslinks. Covalent reinforcement provides stability to the as-
sembly and offers new sites of connectivity, which can be utilized in several ways.

1. Identification of the regions that segregate during the phase separation pro-
cess in the bulk or in solution can be made by covalently connecting those
regions containing reactive functional groups. This can be used, for example,
to kinetically trap intermediate stages in the phase transition processes, to
gain a better understanding of the migration events that lead to phase
separation.

2. Advanced characterization of the structure, properties and function of the
self-assembled precursor can be extrapolated from studies on the more robust
crosslinked material, especially in changing or challenging environments, in
which the assemblies would not remain intact. The introduction of crosslinks
has aided in the maintenance of native conformations as a powerful technique
during studies to determine the order and structure of biological assemblies
[61, 62]. Moreover, the robust characteristics that the crosslinks provide,
combined with the ability to define their regioselectivity, are expected to
expand the realm of possible applications for nanoscale materials.

3. The new connective sites provide the opportunity to destroy or disconnect
other regions of the nanostructure without destruction of the entire nanoscale
entity. This was demonstrated by the excavation of the core of shell crosslink-
ed polymer micelles, by the removal of the colloid from colloidally templated
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nanoparticle assemblies, and in a molecular-level system, in which the single
core unit of chain-end linked dendritic molecules was removed. In each case,
the connectivity established through the crosslinked assembly remained in-
tact.
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Hybridization of Architectural
States: Dendritic-linear
Copolymer Hybrids
P. R. L. MALENFANT AND J. M. J. FRÉCHET
Department of Chemistry, University of California, Berkeley, CA, USA

1 INTRODUCTION

As their name suggests, dendritic-linear copolymers are hybrid structures that
combine two very different types of macromolecular architectures. Given the
relationship between molecular architecture and properties, combining one or
more perfectly branched globular component with one or more linear chain in a
single macromolecule can have a profound effect on the ultimate properties of
the hybrid material that results. These properties are affected not only by the
relative proportion of the architectural components but also by their own
intrinsic properties, their placement within the macromolecule and the presence
of functional groups at specified locations of the hybrid entity. It is only within
the past decade that a significant number of reports of such true hybrid
copolymers have appeared [1], as their widespread study was made possible [2]
by the introduction of the highly versatile convergent method of synthesis of
dendrimers in 1989—90 [3].
For simplicity, this unique class of ‘hybrid’ macromolecules may be divided

into four major families shown schematically in Figure 7.1.

∑ AB diblock copolymers.
∑ ABA triblock copolymers, sometimes referred to as ‘dumbbell’ shaped
copolymers when B is a linear macromolecule.

∑ Side-chain functionalized or ‘dendronized’ [4] copolymers.
∑ Linear-dendritic star copolymers [5], most frequently obtained via processes
in which dendrimers function as multifunctional initiator cores for the poly-
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Figure 7.1 Types of hybrid dendritic–linear macromolecules

merization of linear polymers. These star copolymers are not within the scope
of this chapter and will therefore not be discussed.

Regardless of the desired architecture, there are three main synthetic ap-
proaches to the preparation of diblock, dumbbell or dendronized hybrid
copolymers. These involve grafting, polymerization or stepwise dendritic growth
processes as follows:

∑ Grafting: hybrids are obtained by coupling one or more reactive groups of a
pre-formed linear polymer chain to the reactive focal moiety of a convergently
grown dendritic block or dendron. An analogous grafting process, leading to
star-like architectures, involves the grafting of linear chains to the multiple
chain ends of a dendrimer.

∑ Polymerization: hybrids are obtained by the polymerization of a linear chain
initiated from the focal point of a convergent dendrimer or the chain ends of a
dendrimer, or by polymerization or copolymerization of a dendronizedmono-
mer.

∑ Dendritic growth: hybrids are prepared using one or more functional groups
of a preformed linear chain to effect the stepwise growth of one or more
dendritic blocks via divergent synthesis.

Although, at first glance, these approaches may seem interchangeable, the
structural precision of the final molecules varies greatly with the synthetic route
selected. In addition, the compatibility of the blocks as well as the specific
reaction conditions used during the preparation of the hybrid may restrict the
choice of synthetic approach. For instance, the multistep synthetic design used
for divergent [6] dendritic growth from a linear polymer must be tailored to
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Figure 7.2 Preparation of diblock hybrids

accommodate the linear fragment of the block copolymer, while also allowing
intermediate purifications during growth. In contrast, the attachment of a linear
chain to a single focal point of a convergent [3] dendrimer involves a single step,
thereby facilitating synthetic design, though compatibility of the two blocks and
accessibility of reactive sites may be a significant problem. In the end, the specific
features of the target material and its inherent properties, as well as those of its
precursors, will determine the feasibility of the ultimate synthetic protocol.
This chapter will not attempt to present encyclopedic coverage of the field, but

it will only provide representative examples of the processes used to access each
of the main types of hybrid block architectures, then it will take a somewhat
closer look at specific families of amphiphilic or electroactive hybrid dendritic-
linear macromolecules with broad potential for practical applications.

2 DIBLOCK HYBRIDS PREPARED BY POLYMERIZATION FROM
A DENDRITIC INITIATOR

While the three synthetic approaches shown in Figure 7.2 have been used to
prepare diblock hybrids, this section will only focus on their preparation via
polymerization of a linear chain from a dendron used as the initiator (route B,
Figure 7.2). In particular, this approach has exploited the functional versatility
[1a, 7] of the poly(benzyl ether) dendrons [3] frequently referred to as ‘Fréchet-
type’ dendrons, that are prepared by convergent growth. The single reactive
group located at the focal point of a convergent dendron is ideally suited not only
for the grafting of a linear chain, but also for growth of a linear chain in cases
where it can act as a polymerization initiator.
Taking advantage of this feature, Gitsov et al. used the benzylic alcohol focal
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Figure 7.3 Growth of poly(caprolactone) linear block from a dendritic macro-
initiator

functionality of a Fréchet-type dendron to polymerize �-caprolactone (Figure
7.3) [8]. It is well known that the anionic polymerization of �-caprolactone is
frequently plagued by side reactions such as back-biting that severely limit the
molecular weight of the resulting polymers. Two valuable observations were
made while studying this dendritic macroinitiator system. First, the successful
polymerization of �-caprolactone initiated with a generation four (G-4) dendron
showed that the alcohol focal point of the dendrimer is very accessible and can be
used as an efficient site for initiation as evidenced by the high yield of copolymer
obtained in a very short time. Second, the use of a G-4 dendritic initiator also
suppressed the backbiting reactions typically seen in the anionic polymerization
of �-caprolactone initiated with t-butoxide or a lower generation G-1 initiator,
thus leading to high molecular weight materials with minimal oligomer forma-
tion as confirmed by the very low polydispersity index (PDI) of the final hybrid.
Using a similar approach, Leduc et al. have prepared diblock hybrids in which

a polystyrene block is grown from the focal point of a poly(benzyl ether) dendron
[9]. The polymerization process made use of the ‘living’ free radical polymeriz-
ationmethods employing either a stable nitroxide [10] compound as initiator or
a metal catalyzed process such as ‘atom transfer radical polymerization’ (ATRP)
[11], with the convergent dendron as the macroinitiator.Once again the versatil-
ity of the convergent approach is illustrated by the ease of preparation of the
macroinitiators through the simple functionalization of the focal point of suit-
able dendrons. In the case of the nitroxide-mediated polymerization, we made
use of the seminal work of Hawker [10b] with unimolecular initiators, preparing
a dendritic nitroxide based macroinitiator [9a]. Based on the pioneering work of
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Figure 7.4 Living radical polymerization from the focal point of a dendron

Matyjaszewski et al. on the development of ATRP [11], the benzylic halide focal
functionality of Fréchet-type dendrons was later used to initiate a Cu-catalyzed
polymerization via ATRP (Figure 7.4) [9b]. With both types of macroinitiators,
the process was well controlled when the polymerization was used to produce
linear blocks of polystyrene with number averagemolecular weight (Mn) of up to
3� 10� as determined by size exclusion chromatography (SEC). For higher
molecular weight linear blocks, control of the process appeared to deteriorate
slightly as more significant deviations from theoretical molecular weights were
observed.
While the nitroxidemacroinitiator afforded best results, it should be noted that

the benzylic halide focal point of the dendronsused to initiate themetal-catalyzed
ATRP process was not optimized since a primary rather than a secondary
benzylic halide was used to initiate polymerization. Overall, copolymer hybrids
with relatively narrow molecular weight distributions (PDI� 1.1—1.5) could be
obtained in high yields. It is interesting to note that no polystyrene homo-
polymer that might have resulted from a thermally initiated styrene auto-
polymerization [12] was observed despite the high temperatures used in these
living radical polymerizations. All of the polymers preparedwere found to have a
single glass transition (T

�
) as assessed by differential scanning calorimetry (DSC),

which suggests good miscibility between the dendritic and linear blocks.
The properties of the hybrid diblock structures can be altered drastically by

simply taking advantage of the high terminal functionality of the dendritic block.
For example unusual diblock structures useful for the modification of surfaces
have been prepared by ATRP of polystyrene (PS) initiated from the benzylic
halide focal point of Fréchet-type dendrons with terminal isophthalate ester
groups [9b]. Well-defined copolymers with narrow molecular weight distribu-
tions were obtained and excellent agreement was observed between calculated
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Figure 7.5 Hybrid copolymerswith functionalized dendrons and their assembly
on a surface

and experimental molecular weights as assessed by SEC up to Mn values of
ca. 4� 10�. Subsequent modification of the dendritic isophthalate ester surface
provided high yields of materials with a wide range of polarities. The use of such
diblock hybrids as brush-type surface modifiers can be advantageous as the high
local concentration of potentially ‘interacting’ groups on the dendritic surface
can provide strong, multi-prong, anchoring anchor to the surface, while the
lengthy, brush-like, linear block will afford novel surface properties such as
compatibility, adhesion or repellent-action, etc. In such applications, the func-
tional periphery of the dendritic block provides a means of easily tailoring the
hybrid material for use with a variety of substrate surfaces. For example, the
dendritic amide functionalized chain ends [9b] of a hybrid are capable of strong
interactions with a complementary surface such as nylon through the formation
of multiple hydrogen bonds (Figure 7.5).
Since this work was performed significant advances have been made in the

area of living radical polymerization with the introduction of novel, better
controlled, initiators as well as reaction conditions that enable the use of lower
polymerizations temperatureswith a broader choice of monomers. It is clear that
these advances could easily be applied to the preparation of a broader array of
well-defined hybrid dendritic-linear structures.

3 TRIBLOCK ABA COPOLYMER HYBRIDS

ABA triblock hybrids with Fréchet-type dendrons as terminal A blocks and
polystyrene as the central B block have been prepared by anionic bidirectional
growth of polystyrene followed by attachment of reactive dendrons at the chain
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Figure 7.6 Preparation of triblock hybrid from two-ended anionic polystyrene

ends of the linear polymer (Figure 7.6) [13]. In order to achieve bidirectional
growth of a reactive polystyrene telechelic structure, the anionic polymerization
of styrenewas initiated with potassiumnaphthalenide. The well-controlled living
anionic polymerization process was then followed by termination with 1,1-
diphenylethylene to afford a polymer with two anionic chain ends that is
incapable of further propagationwith styrene, but can participate in nucleophilic
coupling with the reactive focal point (benzylic halide, aldehyde, or ester) of
convergent dendrons. As was the case for the analogous hybrid diblocks, these
materials exhibit a single T

�
indicating that, unlike physical mixtures of their

individual components, the linear and dendritic blocks are miscible on the
molecular level. Studies of solutions of the ABA hybrid triblocks by SEC and
viscometry show that they are not entangled and that as the PS block increases
in length, the molecules undergo a transition from an extended globule to a
statistical coil. Therefore, when the PS block is short, the dumbbell-shaped
structure behaves just like a classical dendrimer, whereas the hybrid assumes a
statistical coil confirmation that is reminiscent of linear PS homopolymers when
the PS block is sufficiently long.
While polymerization routes are convenient for the controlled preparation of

diblock hybrids, the same cannot be said for ABA triblocks. Nevertheless it is
possible to use a living free radical approach to prepare such triblock hybrids.
For example, this might involve the use of a unimolecular alkoxyamine initiator
with a dendron on either side of the central cleavable C-O—N bond (Figure 7.7)
[14]. While this approach has significant limitations imparted by the thermal
lability of the alkoxyamine itself, it provides some insight into the reaction
dynamics of this living polymerization. Polymerization of styrene initiated by
this bis-dendritic alkoxyamine affords a productmixture consistingmainly of the
desired dumbbell-shaped ABA triblock together with some undesired AB dib-
lock impurity. Although initial SEC studies had suggested a monomodal mol-
ecular weight distribution, detailed proton nuclear magnetic resonance
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Figure 7.7 Growth of ABA triblock hybrid by living free radical polymerization

(�H NMR) studies confirmed the presence of the AB diblocks in the product.
This determination was facilitated by the fact that the dendritic nitroxide could
be differentiated from the nonnitroxide-bearing dendron by �H NMR spectros-
copy. Careful analytical studies confirmed that the pure ABA copolymers could
be separated by column chromatography and that the undesired diblock impur-
ity resulted mainly from the loss of the dendritic nitroxide during the course of
the reaction. Obviously, this approach to ABA triblocks has rather limited
practical value since the thermal stability of the final product is quite low.

4 SIDE-CHAIN FUNCTIONALIZED OR ‘DENDRONIZED’
COPOLYMER HYBRIDS

Another type of architecture featuring a linear main chain surrounded by de-
ndritic side-chains has emerged over the last decade [4]. The highly descriptive
term ‘dendronized’, coined by Schlüter [4] aptly describes this novel type of
macromolecular architecture. Though three separate routes can be used to
prepare such dendronized hybrids (Figure 7.8), the most successful approach to
date has generally involved the polymerization of dendronized monomers.
The concept of making brush-type polymers in which a linear polymer is

funtionalized with dendritic side-chains was first suggested by Tomalia in a 1987
patent, though actual experimental work on his approach was only reported
recently recently [15]. Hawker and Fréchet were first to document the prepara-
tion of a vinyl copolymer containing a few pendant Fréchet-type dendrons
(Figure 7.9).
These were obtained by copolymerization of styrenic macromonomers con-

taining dendritic pendant groups with styrene [16a]; with a later extension to
methacrylate-type copolymers [16b]. As these studies were carried out with

178 P. R. L. MALENFANT AND J. M. J. FRÉCHET



 

Figure 7.8 Preparation of ‘dendronized’ macromolecules

  

 

 

 

 

 

Figure 7.9 Copolymerization of dendronized styrenic monomer and styrene

macromonomers containing rather large G-3 or G-4 Fréchet-type pendant
dendrons, homolpolymerization of these monomers was not successful.
Other efforts based on the macromonomer approach to homopolymers hav-

ing dendritic side chains, include the work of Draheim andRitter on acrylate and
methacrylate derived structures having dendritic chiral side chains based on
-aspartic esters [17a], and of Xi and coworkers with poly(methacrylate) struc-
tures containing very small benzyl ether dendritic side-chains [17b]. Unfortu-
nately, both of these approaches met with limited success due to a significant
drop in degree of polymerization (DP) when the size of the dendron used as
pendant group in the macromonomers increased from G-1 to G-2.
Much better results were obtained when dendronized structures were pre-

pared via ring opening metathesis polymerization (ROMP) of norbornene
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Figure 7.10 Taperedmacromonomers and their cylindrical polymerized assem-
blies

monomers functionalized with Fréchet-type dendrons [18]. Using a rhodium
catalyzed polymerization, Oikawa and coworkers successfully prepared side-
chain functionalized hybrids [19] based on Moore-type phenylacetylene den-
drons [20] and a linear polyacetylene backbone.
Attempts to prepare polymers that are shape persistent in solution and in the

solid state have led to dendronized structures in which the steric bulk provided
by the dendrons is maximized in order to permanently influence the shape of the
linear polymeric backbone. In seminal work, Percec and coworkers have ex-
plored the polymerization of methacrylate and stryrenic macromonomers [21]
(Figure 7.10) having pendant benzyl ether dendrons that contain alkyl chains at
their periphery. Percec elegantly overcame the problem of steric hindrance that
usually limits the degree of polymerization (DP) achievable with bulky macro-
monomers, by discovering that, at a critical concentration, the self-assembly [22]
of dendritic macromonomers leads to the formation of spherical ‘nano-reactors’
in which a dramatic, yet well-behaved, self-accelerated free radical polymeriz-
ation takes place [23a]. As a result, bulky dendritic macromonomers could
easily be polymerized without the use of a spacer that would adversely influence
the driving force for shape persistence. Furthermore, the DP could be controlled
leading to a variety of nanoscale structures with unique shapes For example, at
relatively lowDP, a spherical polymer is obtained in which the linear fragment is
‘bundled’ as a random-coil at the center of the sphere. At higher DP, the
dendronized copolymerminimizes its free energy by adopting a cylindrical shape
(Figure 7.10) in which the linear polymer is now extended or helical. Simulta-
neously, the dendrons, adopt a less conical and flatter tapered geometry, thus
behaving as ‘quasi-equivalent’ building blocks [23b].
The supramolecular transformation from sphere to cylinder is supported by

X-ray data indicating that the spherical polymers adopt a cubic phase, whereas
the cylindrical polymers adopt a hexagonal phase [23b]. Further studies involv-
ing a library of dendritic macromonomers led to the conclusion that the effect of
DP on polymer shape is a general phenomenon [24]. More recently, scanning
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force microscopy (SFM) revealed that branching density on the dendritic seg-
ment, as well as intramolecular and surface interactions, leads to unusual confor-
mations and molecular ordering on substrate surfaces [25].
In a related study, Jahromi et al. have recently shown that self-assembly can

also be achieved with macromonomers having Fréchet-type pendant dendrons,
but no LC-phase inducing substituents (such as the peripheral alkyl chains of
Percec’s dendrons) [26]. Careful analysis of the intrinsic viscosity of side chain
copolymer hybrids based on benzyl ether dendrons attached to a polyurethane
backbone suggests that a conformational change from spherical to cylindrical
occurs at a certain DP as the generation number changes from G-3 and G-4. In
contrast to Percec’s system, it appears that in the absence of LC inducing
substituents, larger dendrons are required to induce a conformational change. In
recent work, Tomalia has also reported the formation of rods in hybrids based
on a 2-ethyl-2-oxazoline backbone and G-4 PAMAM dendrons grown diver-
gently from the linear polymer [27].
In one of several important studies on dendronized polymers [4c, 4d].

Schlüter and coworkers explored the stiffening of polystyrene chains through the
incorporation of Fréchet-type dendrons as side chains [28, 29]. While the G-1
andG-2 dendrons were not sufficiently bulky to effectively stiffen the polystyrene
chain, the G-3 dendron provides enough steric bulk to force the hybrid polymer
into adopting a cylindrical shape in solution [28b]. In a complementary study,
Neubert and Schlüter demonstrated that adding charges to the dendritic wedges
leads to an expansion of the chains of the hybrid copolymer in aqueous solution
[29].
In their continuing search for nanoscale objects that are shape persistent in

solution, Schlüter and co-workers used a different and very imaginative ap-
proach to prepare dendronized macromolecules consisting of poly([1.1.1]pro-
pellanes) and poly(p-phenylene) (PPP) functionalized with pendant Fréchet-type
dendrons [30]. The dendronized poly(p-phenylene)s were obtained using two
different synthetic approaches: (1) attachment of the dendrons to an existing
PPP backbone, and (2) polymerization of macromonomers via a Suzuki cross-
coupling polycondensation reaction. The second reaction is preferred as it leads
to more regular structures with dendron incorporation at each repeat unit of the
macromolecule (Figure 7.11) [31]. Using this approach, copolymers with G-3
pendant dendrons and as many as 110 repeat units were obtained attesting to the
excellent accessibility of the focal point of the dendritic macromonomers as well
as the quality of the Suzuki cross-coupling reaction conditions used by Schlüter
[32].
As was the case for Percec’s hybrid structures [25] (see above), studies of the

G3-dendronized PPP by scanning force microscopy revealed a high degree of
dimensional ordering in which the three-fold symmetry of the substrate surface is
effectively recognized by the nanocylinders over several layers of polymer [32].
More recently, Schlüter extended his study to the preparation of a PPP hybrid
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Figure 7.11 Two routes for the preparation of dendronized poly(p-phenylene)

dendronized with even larger G-4 dendrons. In this case, the steric requirements
of the bulky G-4 Fréchet-type dendrons prevented the formation of all but
oligomeric materials [33]. An excellent review of dendronized copolymer hy-
brids has appeared [4b].

5 AMPHIPHILIC HYBRIDS

The incorporation of dendritic moieties into amphiphilic structures is attractive
as the dendritic component provides a unique opportunity to vary, in a control-
led fashion, ‘head group’ properties such as size and polarity, by simply changing
the generation or the nature of its surface groups. Similarly, the length of the
linear fragment can easily be modified to adjust properties.
Although well outside the scope of this brief review, it should be noted that

dendritic unimolecular micelles based on a classical dendrimer architecture have
been prepared by several research groups including ours [1d, 34]. The solubiliz-
ing and container properties of such dendritic ‘micelle-like’ molecules form the
basis of their application in novel drug delivery systems [35].While also not true,
dendritic-linear hybrids, given their lack of a macromolecular linear component,
the small, barbel-like, amphiphilic dendrimers of Newkome et al. consisting of
two arborol end groups linked by a variety of very short spacers display
gel-forming properties [36]. Such properties, resulting from medium-dependent
supramolecular assembly, are not unique as they are also found in numerous
small molecule and macromolecular gelators [37].
In order to explore the properties that may be obtained by hybridizing the

linear and dendritic architectural states, both diblock and triblock copolymer
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Figure 7.12 Preparation of an amphiphilic ABA triblock hybrid by Williamson
ether synthesis

amphiphiles have been investigated. We were the first to prepare and explore
true AB diblock and ABA triblock copolymer amphiphiles. A particularly
successful design involved dendritic polyether A blocks and rather lengthy
macromolecular linear B blocks based on poly(ethylene oxide) (PEO) or
poly(ethylene glycol) (PEG) [38]. The synthesis of these materials by a fragment
(block) coupling process is quite remarkable as essentially quantitative coupling
of the macromolecular fragments is observed in the Williamson coupling of
hydroxy-terminated PEO or PEG with the benzylic halide focal point of
Fréchet-type dendrons (Figure 7.12). Surprisingly, the rate constant for the
coupling reaction actually increased as the size of the individualmacromolecular
blocks increased [39]. Such anomalous behavior probably reflects the increased
reactivity of the alkoxide anions as a result of solvation processes involving the
polyether components, and the relative affinity of the two polyether components
for each other and the various ions present in the reaction mixture. Clearly, the
environment of the dendron must be energetically favorable for the anionic end
of the PEO block and its counterion, thus bringing the reactive ends of the two
blocks into close proximity. Solid-state studies revealed that the ABA triblocks
could crystallize into axialites, spherulites or novel dendritic structures as a
function of copolymer composition and casting solvent [40]. Thermal analysis of
the hybridmaterials reveals that all have a single glass transition, which indicates
that the A and B blocks effectively plasticize each other. As will be seen in Figure
7.12, all of the hybrid copolymers behave as nonionic surfactants and their water
solubility depends on the PEO or PEG to dendron ratio.
Not unexpectedly in view of their composition that includes two globular ‘A’

components, the polystyrene equivalent molecular weights of the ABA struc-
tures, as assessed by SEC, were lower than expected [38—40]. Although this is
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consistent with the lower hydrodynamic radius of dendrimers vs. linear poly-
mers, it could also be the result of monomolecular micelle formation. �H NMR
studies reveal that these unique triblock structures can form micelles in solvents
where both blocks are poorly soluble, or when only one block is selectively
soluble [39]. Investigation of the behavior of ABA triblocks in which the
dendron generation is varied from G1 through G4 and four different PEG
lengths are used (1K, 2K, 5K and 11K) [40] in methanol/water solutions using
SEC with coupled viscometric detection (VISC) showed that both mono- and
multimolecular micelles can form as one varies the concentration and dendron
generation. In contrast, only monomolecular micelles are observed in THF. A
more elaborate study [41] of similar AB and ABA hybrid macromolecules
revealed that the critical micelle concentration (cmc) of such molecules in water
depends on both the dendron generation and the length of the linear aliphatic
polyether block. Architecture also has a clear effect on the cmc value. For
instance, changing the architecture from diblock to triblock for structures with
similar A and B blocks leads to a tenfold decrease in cmc. The ABA triblock
molecules have an interesting ability to change drastically the properties of
surfaces on which they are spread. For example, they are capable of increasing
significantly the hydrophilicity of a cellulose surface, thereby demonstrating
potential for surface protection applications [41].
A related star-like stimulus-responsive system consisting of a central four-arm

PEG terminated by Fréchet-type dendrons, was shown to change both its shape
and ‘external’ functionality in response to changes in its environment [42]. In
CHCl

�
, a good solvent for both blocks, the star polymer adopts an extended

conformation, while in THF, a good solvent for the dendrons but not for the
PEG chains, a more compact structure is formed as assessed by SEC/VISC
analysis. This type of medium-dependent change in shape, volume and ‘external’
functionality is useful for the design of sensors and macromolecular drug-
delivery systems [43].
Chapman and co-workers have used a totally different approach to prepared

dendritic-linear diblock amphiphilic structures. This involved divergent de-
ndritic growth of a poly(lysine) dendritic block [44] from an amine terminated
PEO. The resulting ‘hydraamphiphile’ (Figure 7.13A) had cmc values that were
low, but still one to two orders of magnitude higher than those of the more
contrasted amphiphilic hybrids consisting of poly(benzyl ether) dendrons and
PEO or PEG blocks described above [41]. Aqueous solutions of the G4 hy-
draamphiphile were able to solubilize the water-insoluble dye Orange-OT.
Meijer and co-workers also used a divergent dendrimer synthesis to prepare

AB diblock structures (Figure 7.13B) in which the polystyrene linear block is
used to initiate growth of the poly(propylene imine) dendritic block [45]. An
amino end group had to be introduced in the polystyrene as a core for subse-
quent growth of the dendritic fragment via an iterative protocol of sequential
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Figure 7.13 (A) Hydraamphiphile and (B) polystyrene-poly(propylene imine)
diblock structures

cyanomethylation and hydrogenation reactions. Although this approach ap-
pears straightforward, the poor accessibility of the reactive end of the polysty-
rene block, and the lack of compatibility of the dissimilar blocks made this
approach experimentally challenging. We experienced similar difficulties in our
own research while attempting to couple hydroxy terminated polystyrene with
the benzylic halide focal point of polyether dendrons [46]. Despite these difficul-
ties, Meijer et al. have reported well-defined hybrid structures with dendritic
blocks as large as G5. These unique copolymers were found to mimic the
properties of both small molecule surfactants as well as linear block copolymer
amphiphiles. For instance, in contrast to more conventional linear block
copolymer amphiphiles, which typically form spherical micelles, these macro-
molecular amphiphiles were found to form highly stable aggregates [45] at very
low concentrations (cmc as low as 5� 10�� M) even at elevated temperatures.
Forming stable aggregates at low concentration is a very important characteris-
tic, since in a controlled-release ‘delivery’ application, the micellar structure is
subjected to an infinitely dilute environment and must retain its aggregated
integrity in order to avoid premature release of the payload [43].
Using what is perhaps the most efficient laboratory-scale synthesis to-date,

Fréchet et al. have prepared a family of ABA hybrids with aliphatic ester
dendronA blocks and PEGB block. These non-toxic hybrids are being tested as
drug delivery vectors [47].
Meijer and co-workers have also explored hybrids based on polystyrene and

poly(propylene imine) dendrons with carboxylic acid functionalities on the
surface of the dendrons [48]. In these materials the polarity of the head group
can easily be modified in a controlled manner leading to both pH and gener-
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ation-dependent aggregation behavior [48]. For this type of hybrids, it is the
surface carboxylic acid moieties of the dendritic blocks that contributes most to
incompatibility between blocks and microdomain formation with morphologi-
cal features that vary with dendron generation [49].
Similarly, Hammond and co-workers have prepared hybrids by divergent

growth [6a] of a PAMAM dendron from an amino-terminated linear PEO
backbone [50]. Purification of the hybrid copolymer was facilitated by its lack of
solubility in diethyl ether enabling its isolation by precipitation. In agreement
with earlier findings by Fréchet and co-workers [51], the glass transition tem-
peratures of the hybrids were affected by the nature of the chain ends and
generally increased with the dendron generation. For example, amine-termin-
ated dendritic hybrids were found to have T

�
values c. 30°C higher than those of

their ester-terminated analogs. Consistentwith the earlier observations of Gitsov
et al. [39] (see above), phase segregation occurs when the PEO content reaches a
threshold value and the crystalline PEO segment exhibits a melting point.
Intrinsic viscosity studies in water indicates that diblocks with short PEO
segments behave similarly to linear PEO homopolymers, whereas diblocks with
longer PEO segments form unimolecular micelles as demonstrated earlier
[38—41]. In a separate study, Hammond also observed that modifying the
surface functionality of the dendrons with stearate groups, led to materials with
good film forming properties [52].
In our studies on PEO-poly(benzyl ether) dendritic hybrids, we had deter-

mined that the PEO to dendron ratio, and hence the PEO block length, had a
significant effect on the area of macromolecules at the air—water interface, thus
suggesting that both blocks are present at the interface [41]. Hammond comes to
the same conclusion when examining surface pressures for stearate functional-
ized hybrids at the air—water interface [52]. In a related study, Hawker and
co-workers examined poly(benzyl ether) dendrimers with oligo(ethylene glycol)
chains of exact lengths tethered to their focal point [53]. This rigorous study
shows conclusively that the molecular area occupied by the molecules at the
air—water interface increases linearly with increasing oligomer length.
Okada and co-workers have also prepared hybrids based on poly(2-methyl-2-

oxazoline) and a PAMAM dendrimer by living ring-opening polymerization of
2-methyl-2-oxazoline followed by end-capping with ethylene diamine and subse-
quent iterative dendritic growth [6a] of the PAMAM dendritic block [54]. In
this system, the linear segment is the more hydrophilic component, whereas the
dendron is only somewhatmore hydrophobic. As a result of the low hydrophilic—
hydrophobic contrast between the two blocks, the hybrids have very high cmc
values of 0.49 wt% for the G5.5 hybrid and 2.2 wt% for the even less hydropho-
bic G3.5 analog having ester surface groups.
Schlüter and co-workers have reported dendronized polystyrene with de-

ndrons having amine, ammonium and hydroxyl surface functionalities [29, 55].
Ammonium functionalized materials are soluble in water, methanol and
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Figure 7.14 Dendronized amphiphilic triblock structure

dimethylformamide, whereas the hydroxyl terminated materials are insoluble in
water. Both the hydroxy- and amine-terminated dendronized amphiphiles ex-
hibit a strong tendency to hydrogen bond, and, once dried, the materials cannot
be redissolved. Even more unusual amphiphilic hybrid cylinders that can segre-
gate lengthwise into two different halves have also been reported by Schlüter and
co-workers [55, 4b]. The architecture of these copolymers is quite different from
that of most other polymeric amphiphiles that are typically based on a block-
type architecture. In this case, the PPP-basedmaterial is prepared via the Suzuki
cross-coupling polymerization of a bi-polar macromonomer (Figure 7.14) not
unlike the surface-block dendrimers of Hawker et al. [56]. Standard Fréchet-
type dendrons were used as the source of hydrophobicity while analogous
dendrons with short oxyethylene chain ends provided the required hydrophilic-
ity. Langmuir monolayers of these amphiphilic macromolecules at the air—water
interface arewell behaved andmeasurements of area permolecule clearly suggest
that the hybrids are close-packed with their long axes in the plane of the
monolayer. This constitutes the first example in which dendritic substituents
segregate lengthwise into separate domains [55].

6 ELECTROACTIVE HYBRID COPOLYMERS

The field of conjugated oligomers and polymers has experienced significant
activity driven by the progress made toward their application in practical devices
such as organic light-emitting diodes (OLED), organic field effect transistors
(OFET), and photovoltaic (PV) cells [57]. Numerous research groups have
studied the properties of short conjugated oligomers as model compounds for
their polydisperse polymeric analogs [58]. The preparation of well-defined,
lengthy conjugated oligomers that should behave as molecular wires has been
the major objective in this field [59]. As the unique properties of conjugated
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materials not only depend on their intrinsic effective conjugation but also on
interactions between individual chains, dendrimer chemistry provides many
opportunities to alter or manipulate these particular interactions in a controlled
fashion. Dendritic substitution can lead to efficient shielding of the conducting
main chain, and therefore the dendritic component of hybrid structures can act
as an insulating layer. Furthermore, the dendrimer backbone dramatically im-
proves the processability of the obtained hybrid material facilitating device
manufacturing processes. In addition, the prospects of using dendrimers to
induce a higher order, self-assembled, architecture incorporating opto-electronic
moieties are exciting and could lead to newmaterials with superior properties. In
this section we will focus briefly on some recent efforts that involve dendrimers in
the preparation of new, nanometer scale, optoelectronic materials having par-
tially encapsulated linear cores [60].
The encapsulation of conjugated linear cores can be achieved either via

terminal dendritic substitution leading to triblock dumbbell-like structures or
via ‘dendronization’ giving rise to cylindrical architecture [4]. The first synthesis
of a triblock hybrid dendrimer based on poly(benzyl ether) dendrons and an
oligothiophene core with 11 2,5-linked thiophene repeat units (G3-11T-G3) has
recently been reported by our own research group [61]. The triblock hybrid
structure was obtained in high yield via a procedure that combined halogenation
and Stille cross-coupling reactions. An analogous series of dumbbell-shaped
materials with a central oligothiophene block, including a G-3 heptadecamer
dumbbell (G3-17T-G3, Figure 7.15A) was also prepared together with a phenyl
end-cappedG-3 pentamer di-block (G3-5T-Ph) [62]. A significant enhancement
in solubility is observed upon functionalization of the oligothiophene moieties
with the dendritic blocks. For example, while the benzyl ester telechelic hep-
tadecathiophene is only very slightly soluble in hot CS

�
, the G-3 functionalized

analog is easily dissolved in common organic solvents such as THF, CHCl
�
, and

CH
�
Cl

�
. In addition, incorporation of the dendritic blocks causes significant

alteration of the thermal characteristics of the oligothiophenes due to phase
segregation of the dissimilar blocks. By examining the various redox states of
G3-11T-G3 and G3-17T-G3, the di-cationic state was found to consist of two
individual polarons, as opposed to a single bipolaron. Furthermore, oxidation of
G3-5T-Ph resulted in the formation of a dendritic supramolecular assembly
arising from �-dimerization of two radical cations.
Roncali and co-workers have also prepared dumbbell structures based on

modified poly(benzyl ether) dendrimers (G-1, G-2 and G-3) with oligothienyl-
vinylene cores (Figure 7.15B) [63]. Their synthetic approach first involves the
functionalization of the dendron focal point with a phosphonate functionality
that is later coupled to the electrophore via a double Wittig—Horner olefination
of the dialdehyde core. Consistent with our own observations, UV-vis spec-
trometry does not suggest any significant change in the planarity of the elec-
trophore that might have been caused by the steric bulk of the higher generation
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Figure 7.15 Encapsulated conjugated oligomers

dendrons. Cyclic voltammetry studies indicate that the dendron size has no effect
on the kinetics of electron transfer. This is in contrast to earlier findings of a
kinetic limitation to electron transfer in tetrathiophene cored dendrimers [62]
and a variety of related dendritically encapsulated redox-active cores [60].
Roncali suggests that, as a result of its increased length, the oligothienylvinylene
electrophore is no longer adequately shielded by the dendritic blocks.
Miller and co-workers have recently prepared ‘nanometer-scaled molecular

dumbbells’ based on poly(benzyl ether) dendrons (G1—G4) and oligoimide space-
rs [64]. Their synthetic approach involved the coupling of amine-terminated
oligoimides to dendrons with a carboxylic acid focal point. The resulting hybrid
materials were found to be quite soluble thus allowing their analysis by cyclic
voltammetry in DMF. Consistent with Roncali’s observation, the kinetics of
reduction of the oligoimide core was not found to be limited by the presence of
the dendritic wedges.
Stoddart and co-workers havemade use of Fréchet-type dendrons as dendritic

stoppers for self-assembled [n]rotaxanes [65]. The solubility enhancement that
results from incorporating dendritic wedges at the termini facilitated the purifi-
cation of these materials by column chromatography despite the polycationic
nature of their bipyridinium backbone. Again, the dendritic wedges did not alter
the electrochemical characteristics of the viologen subunits. However, the en-
hanced solubility resulting from the presence of the dendritic components en-
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Figure 7.16 (A) Dendron-capped poly(triacetylene) and, (B) soluble oligo-
thiophenes obtained by dendrimers assisted synthesis

abled a study of the influence of solvent on the shuttling dynamics along the
backbone.
A conceptually different approach utilizes dendritic substitution of the side

chain to wrap a conjugated backbone in an isolating shell, hence affording an
insulated molecular wire. In an attempt to access isolated poly(triacetylene)
(PTA) molecular wires with both enhanced processability and a shielded con-
jugated backbone, Diederich and co-workers prepared phenylacetylene end-
capped PTA oligomers several nanometers in length that were dendronized with
Fréchet-type dendrons (G-1, G-2 and G-3) with tert-butyl chain ends (Figure
7.16A) [66]. Dendritic trans-enediyne monomers were found to be unusually
stable and could be stored in air at room temperature for extended periods of
time. Oxidative Hay coupling was used to form extended structures that were
purified by SEC. Diederich observed that the �-conjugation of the tubular
backbone is not altered by the presence of dendritic side-chains of various
generations. While these hybrid materials could not be oxidized electrochemi-
cally due to the similar oxidation potential of the linear chain and the dendrons,
they could effectively be reduced in several irreversible steps. The increase in
irreversibility with generation was attributed to steric hindrance.
In a separate study, we have reported the use of aliphatic ether dendrimers as a

solubilizing platform for the preparation of soluble oligothiophenes with mini-
malmain-chain substitution (Figure 7.16B) [67]. Aliphatic ether dendritic blocks
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were used since the activated aromatic nature of the poly(benzyl ether) dendrons
precludes their use in the N-bromosuccinimide-mediated bromination reaction
that is necessary to activate the oligothiophenes prior to coupling. Attachment of
the dendrons at either the � or � position provided oligothiophene moieties with
extended conjugation lengths when compared to analogous materials function-
alizedwith alkyl chains along the conjugated backbone. This dendron supported
synthesis provides a unique avenue toward the preparation of normally insol-
uble materials having minimal substitution, thus affording access to novel elec-
trophores.
From a more applied perspective, OLED fabrication suffers from the dilemma

that high luminescence output is critically dependent on chromophore content.
Simply increasing the amount of emissive material is not a viable option since
chromophore aggregation can lead to excimer formation, thus resulting in less
efficient and bathochromically shifted photo- and electroluminescence. Several
groups have tried to overcome this obstacle by encapsulating the dye within a
dendritic shell [60]. For instance, Bao et al. have prepared a poly(phenyleneviny-
lene) (PPV) having Percec type poly(benzyl ether) dendrons end-functionalized
with LC inducing moieties (Figure 7.17A) [68]. In this example, a macro-
monomer approach, similar to that developed by Schlüter et al. [4], was used to
prepare dendronized PPV via Heck coupling. As expected, the dendritic end
blocks of the dendronized material prevent �-stacking as evidenced by the
similarity of the solution and solid-state UV-vis spectrum. In addition, the LC
character of the dendrons was exploited and films of the annealed dendronized
materials were found be nematic, regardless of the nature of the casting solvent.
Such liquid crystallinity could, in principle, be used to align the liquid crystalline
phase, thereby enhancing photoconductivity [69] or affording polarized light
emission.
A similar shielding effect has been reported by Aida and co-workers, who

investigated poly(phenyleneethynylene)s dendronized with Fréchet-type den-
drons obtained via a macromonomer route (Figure 7.17B) [70]. When a high
generation was used to dendronize the backbone, the luminescence efficiencies
did not drop with increasing concentration, suggesting the absence of aggrega-
tion. In addition, the antenna properties [71, 72] of the dendron subunits could
be used to sensitize the core emission leading to efficient UV-photon harvesting
[70].
Similar results have been presented byMiller and co-workers, who capped the

ends of oligo(dihexylfluorene)s and poly(dihexylfluorene)s with Fréchet-type
dendrons (Figure 7.17C) [73]. Annealing experiments coupled with emission
studies revealed that G-3 and G-4 dendrons were effective at preventing excimer
formation, even when the poly(fluorene) spacer was 50—80 repeat units long.
Ultimately, the encapsulated chromophore must be interfaced with hole- and

electron-transporting elements to afford an actual OLED device. In this context,
a dendrimer is ideally suited since it not only provides steric protection (site
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Figure 7.17 Luminescent hybrid materials with encapsulated chromophores

isolation) [60], but, in addition, the large number of peripheral groups can be
used to attach efficient charge carrier moieties. Upon exciton formation these are
able to funnel their energy to the core lumophore [72]. This concept has been
exploited by Moore and co-workers [74] to realize single-layer OLED devices
that have the potential of cost-effective device fabrication. Our own research
group [75] has pushed the concept further by demonstrating that color tunabil-
ity can be achieved by varying the core chromophore [75]. Site isolation of
chromophores by dendrimers encapsulation enables their coexistence in fully
functional form as each chromophore is capable of emitting on its own. Clearly,
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this constitutes a key step towards single-layer multichromophoric white LEDs,
while also demonstrating the pivotal and optimized role of dendrimer chemistry
in this rather applied area of research.

7 PERSPECTIVE

As this brief overview demonstrates, novel copolymers obtained by hybridiz-
ation of the linear and globular architectural states are readily prepared through
a variety of synthetic approaches. In general the dendritic components of the
hybrid copolymers are well defined, with unique molecular and structural char-
acteristics. In contrast, all the linear components prepared polymerization are
less precisely defined and are polydisperse. Only the very short linear compo-
nents, themselves prepared by stepwise synthesis just like the dendrons, are
monodisperse and can be used to prepare well-defined, monodisperse hybrids.
While architectural and structural precision may be of great importance for the
determination of ultimate properties, some degree of structural variation is quite
acceptable for practical applications in many areas including, for example,
surface modification, sensing, or encapsulated delivery.
It is clear that the combination of different architectures and the precise

localization of functionalities within a single macromolecule provide unique
opportunities for the control of molecular shape as well as molecular, optical,
and electronic properties. A significant hurdle that still remains today is the
relatively demanding multistep process used to prepare dendrons and hybrids.
This, in turn, translates into limited availability; but, as high added-value appli-
cations emerge, it is clear that current, as well as yet-to-be-developed, syntheses
will be used to prepare specialtymaterials that benefit from the unique properties
derived from the combination of dendritic and linear architectures.
Financial support of this research by the National Science Foundation
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Eng. 67, 90—1 (1992).
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J. P., Angew. Chem. Int. Ed. 39, 864—883 (2000).

5. Roovers, J. and Comanita, B. Adv. Polym. Sci., 142, 179—228 (1999).
6. (a) Tomalia, D. A., Baker, G. R., Dewald, J. R., Hall, M. Kallos, G., Martin, S., Roeck,

J., Ryder, J. and Smith, P.Polymer J., 17, 117—141 (1985); (b) Newkome,G. R., Yao, Z.,
Baker, G. R., Gupta, V. K. J. Org. Chem., 50, 2003—2004 (1985); (c) de Brabander-van
den Berg,M.M. E. andMeijer, E.W.Angew.Chem. Int.Ed., 32, 1308—1311 (1993); (d)
Majoral J. P. and Caminade, A. M. Chem. Rev., 99, 845—880 (1999).
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(1998).

10. (a) Georges, M. K., Veregin, R. P. M., Kazmaier, P. M. and Hamer, G. K. Macro-
molecules, 26, 2987 (1993); (b) Hawker, C. J. J. Am. Chem. Soc., 116, 11185 (1994); (c)
Hawker, C. J. Acc. Chem. Res., 30, 373 (1997).

11. Patten, T. E. and Matyjaszewski, K. Adv.Mater., 10, 901 (1998).
12. Mayo, F. R. J. Am. Chem. Soc., 90, 1289 (1968).
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Statistically Branched
Dendritic Polymers
E. MALMSTRÖM AND A. HULT
Dept. of Polymer Technology, Royal Institute of Technology, Stockholm,
Sweden

1 INTRODUCTION

In 1952, Paul Flory described theoretical implications involved in the produc-
tion of hyperbranched polymers obtained by condensation of AB

�
-monomers in

a statistical growth process. [1] Flory pointed out that such a multifunctional
monomer would have one A group and two or more B groups, wherein, the A
and B groups would be reactive with each other. Owing to the high branching
and expected absence of chain entanglement, it was predicted that these new
architectures would exhibit poor mechanical properties. The synthesis of hyper-
branched polymers remained an unsolved synthetic challenge for nearly 35
years, until the concept was revisited by Odian/Tomalia et al. [2] in 1988 and
reawakened by Kim/Webster who coined the term ‘hyperbranched polymers’
[3].
Since that time, synthetic chemists have explored numerous routes to these

statistically hyperbranched macromolecular structures. They are recognized to
constitute the least controlled subset of structures in the major class of dendritic
polymer architecture. In theory, all polymer-forming reactions can be utilized for
the synthesis of hyperbranched polymers; however, in practice some reactions
are more suitable than others.
Dendrimers, the most precise subset of ‘structure-controlled’ dendritic poly-

mers preceeded by nearly half a decade, the more recent attention focused on
hyperbranched polymers. It is notable that literature reports describing den-
drimers far exceed the number of investigations published on random hyper-
branched polymers.
The scope of this chapter is to examine some of the most extensively utilized
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synthetic routes to hyperbranched polymers. Special attention will be given to
new synthetic strategies. This chapter is divided into threemain sections; namely:
(1) random hyperbranched polymers, (2) hyperbranched polymers by self-con-
densing vinyl polymerization; (3) hyperbranched polymers by proton transfer
polymerization.

2 RANDOMHYPERBRANCHED POLYMERS

The step-growth polymerization of AB
�
-monomers is by far the most intensively

studied synthetic pathway to hyperbranched polymers. A number of AB
�
-

monomers, suitable for step-growth polymerizations, are commercially avail-
able. This has, of course, initiated substantial activity in hyperbranched conden-
sation polymers and a wide variety of examples have been reported in the
literature [4].
A typical condensation procedure involves a one-step reaction where the

monomer and suitable catalyst/initiator are mixed and heated to the required
reaction temperature. To accomplish a satisfactory conversion, the low molar
mass condensation products formed throughout the reaction have to be re-
moved. This is most often accomplished by using a flow of inert gas and/or by
reducing the pressure in the reaction vessel. The resulting polymer is generally
used without any purification or, in some cases, after precipitation of the dissol-
ved reaction product from a nonsolvent.
When polymerizing highly functional monomers, one must always consider

the occurrence of unwanted side reactions leading to the onset of gelation. For
example, in the reactG ion of an AB

�
-system the preferred reaction should be A

reacting with B. Unwanted side reactions have to be suppressed. Even very low
levels of A—A or B—B reactions can be detrimental and would inevitably lead to
gelation. The one-pot polymerization of AB

�
-monomers offers no control over

molecular weight, and consequently, gives rise to highly polydispersed polymers
[1]. The co-polymerization of AB

�
-monomers with B

�
-molecules introduces a

tool to control not only the molecular weight but also to reduce the molecular
weight distribution.
In a classical step-growth polymerization of AB-monomers, backbiting

usually occurs, resulting in the formation of intramolecular cyclics. This, of
course, terminates linear molecular growth since the functional terminal groups
are lost. When polymerizing AB

�
-monomers, there is the possibility of losing the

unique focal point functionality at the root of the molecular tree due to intra-
molecular cyclics. This leads to the loss of the reactive A group at the focal point,
however, this cyclized molecule still possesses reactive B groups which can still
react to further enhance molecular weight. The maximum molecular weight and
rate of polycondensation, however, are reduced by the occurrence of intra-
molecular cyclization reactions.
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One way to reduce the intramolecular cycle formation, is to add AB
�
-mono-

mer successively throughout the reaction in a so-called ‘concurrent slow-addi-
tion’. Several authors have shown that slow addition of monomer leads to a
reduction in side reactions and increasedmolecular weight [5], while others have
studied the occurrence of cyclization in hyperbranched systems [6].
Assuming that all B groups have the same reactivity, the chemical reaction

giving rise to a branchedmolecule is identical to the reaction resulting in a linear
polymer. Statistically this will eventually result in a hyperbranched polymer.
However, dependent on the chemical structure of the monomer, steric effects
might favor the growth of linear polymers. Computer simulations of of AB

�
-

monomer condensation and AB
�
-monomers co-condensed with B

�
-functional

cores have been published. Only a few papers deal with the experimentally
studied structure build-up in hyperbranched polymers [7].
A shortcoming with condensation polymers, is their sensitivity towards hy-

drolysis, which might restrict the use of such polymers in certain applications.
For that reason, some hyperbranched polymers are synthesized via substitution
or ring opening reactions that provide more hydrolytically stable polymers.
It is well known that dendritic polymers possess substantially different proper-

ties compared to their linear analogues [8]. The exploration of dendritic poly-
mers has been intensified by the desire to identify synthetic polymers with
fundamentally new properties.
Dendritic polymers (i.e. dendrimers, dendrigrafts and hyperbranched poly-

mers), are substantially different than traditional random coil polymers in that
they have a highly branched structures and a multitude of end groups. Owing to
their highly branched architecture, dendritic polymers are generally recognized
to be amorphous. The high branching also leads to minimal chain entangle-
ments. The lack of entanglements generally produce lower melt and solution
viscosities compared to linear polymers. The nonlinear architecture reduces
crystallinity and renders hyperbranched systems more soluble than linear poly-
mers.
Dendrimers/dendrons are synthesized almost exclusively via elaborate syn-

thetic procedures that are usually more costly than hyperbranched processes.
Even though they display many unique properties, their higher costs do not
always justify use in some applications. Consequently, hyperbranched polymers
may serve as a more cost-effective alternative when optimum properties are not
required.

3 CONDENSATION STRATEGIES TO HYPERBRANCHED
POLYMERS – COMMERCIAL PRODUCTS

A key monomer, namely, 2,2-bis(methylol)propionic acid (bis-MPA) has been
used extensively for the preparation of hyperbranched aliphatic polyesters. Hult
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Figure 8.1 A schematic representation of the hydroxy-functional hyperbran-
ched polyester Boltorn“ H20, based on ethoxylated pentaerythritol and 2,2-
bis(methylol)propionic acid [10]

et al. described the condensation of bis-MPA and a tetra-functional polyol
(di-trimethylolpropane) resulting in hydroxy-functional hyperbranched polyes-
ters [9]. The degree of branching is usually around 0.45 [10]; whereas, the
molecular weight and number of terminal hydroxyl groups can be varied by
altering the stoichiometric ratio between the polyol core and bis-MPA.
Similar materials, hyperbranched polyesters based on bis-MPA and a polyol

are now commercially available [11] from Perstorp AB under the trade name
Boltorn“ [12], Figure 8.1. The average number of hydroxyl groups per molecule
can be tailored between 8 and 64 and molecular weight can be varied between c.
2000 and 11 000. The co-polymerization of bis-MPA and a polyol core keeps the
molecular weight distribution fairly low, typically below 2.
Commercially available hyperbranched polymer, a poly(ester-amide) is cur-

rently beingmarketed byDSMunder the product nameHybrane�� [13] (Figure
8.2). It is also a hydroxyl-functionalized product, but contains both amide and
ester linkages. The synthesis is accomplished in two steps: cyclic anhydrides are
reacted with diisopropanolamine to give an amide-intermediate, possessing two
hydroxyl groups and one carboxylic acid. The subsequent polymerization takes
places via an oxazolinium intermediate which results in the formation of a
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Figure 8.2 A schematic representation of hydroxy-functional hyperbranched
poly(ester-amide) Hybrane�� based on diisopropanolamine and an anhydride
[11]

hydroxyl-functionalized hyperbranched polymer. The properties of Hybrane��
can be altered by the choice of anhydride compounds used in the process.

4 RING-OPENING STRATEGIES TO HYPERBRANCHED
POLYMERS

The use of ring-opening polymerization for the synthesis of hyperbranched
polymers has been somewhat limited. Conceptually, ring-opening polymeriz-
ations hold an advantage over ordinary step-growth reactions in that that no
lower molecular weight compounds have to be removed, thus facilitating the
formation of higher molecular weight products.
Although the first examples of hyperbranched polymers proposed by Flory

involved condensation-type polymerization strategies, the first well-character-
ized hyperbranched example involved the ring-opening polymerization of 2-
carboxylic-2-oxazoline derivatives. As early as 1988, Odian and Tomalia [2]
reported the ring-opening polymerization of these derivatives to form random
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Figure 8.3 Two mechanisms have been proposed for the cationic ring-opening
polymerization of oxetanes, the ACE route and the AMM [16]

hyperbranched products possessing approximately one branch juncture per five
monomer units (i.e. degree of branching @ 20%). The degree of branching was
confirmed by �H-NMR spectroscopy which was in agreement with hydrolysis
experiments that produced ‘branch cell products’ that were analyzed by HPLC.
The polymerization involved the ring opening of an AB-type monomer to
produce an AB

�
-type oligomer. This occurs in situ when the nitrogen of an

unprotonated oxazoline ring competes with carboxylate anion as a nucleophilic
agent in the ring opening of a protonated oxazoline ring as described in Figure
8.3. Subsequent propagation of the AB

�
oligomer produces AB

�
oligomers

ultimately leading to the random hyperbranched products.
Suzuki et al. [14] reported the Pd-catalyzed ring-opening polymerization of a

cyclic carbamate in the presence of an initiator, which also acts as a core
molecule, to afford a hyperbranched polyamine. The polymerization was pro-
posed to be an in situ multibranching process, wherein the number of propagat-
ing chain ends increase with the progress of the polymerization.
Ring-opening polymerization of hydroxyl-functionalized cyclic ethers could

by analogy with hydroxyl-functionalized lactones, give rise to hyperbranched
polyethers. An example of such a polymerization is glycidol, an oxirane-ring
substituted with a hydroxymethyl group. Extensive studies by Vandenberg et al.
[15] on the anionic and cationic polymerizations of glycidol concluded that
branched polymers were formed. More recently, studies by Frey et al. [16] have
confirmed that hyperbranched systems are formed via the anionic ring-opening
polymerization of glycidol.
More recently, Kim attempted unsuccessfully to anionically polymerize 2-

hydroxymethyloxetane [17]. The failure of such a reaction is most likely due to
the fact that oxetanes are not known to ring-open under basic conditions. The
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Figure 8.4 Self-condensing vinyl polymerization of 3-(1-chloroethyl)-ethenyl-
benzene requires an external activator, in this case the activator is SnCl

�
[19]

successful cationic ring-opening polymerization of 3-ethyl-3-(hy-
droxymethyl)oxetane was reported by Penczek et al. [18] and Hult et al. [19] to
give hydroxyl-functionalized hyperbranched polyethers. This cationic polymer-
ization can proceed according to two different mechanisms: namely, an activated
chain end (ACE) or activated monomer mechanism (AMM) as suggested by
Penzcek et al. [18] (Figure 8.3). Based on our own findings, we believe that the
ring-opening polymerization of a hydroxyl-functionalized oxetane occurs by a
combination of both mechanisms.
Fréchet et al. [20] reported on the ring-opening polymerization of an AB-

monomer, 4-(2-hydroxyethyl)-�-caprolactone. �-Caprolactone is easily poly-
merized using ring-opening polymerization under facile conditions and the
primary hydroxyl group can be used to initiate the polymerization. The poly-
mers were reported to havemolecular weights in the range 65 000—85 000 (PDI c.
3.2) as determined by SEC.

5 SELF-CONDENSING, VINYL POLYMERIZATION STRATEGIES

The first strategies to random hyperbranched polymers involved exclusively
step-growth polymerizations. This limited the potential applications for these
architectures to areas where only condensation-type polymers are acceptable.
Fréchet et al. [21] presented the first example of a hyperbranched vinyl polymer-
ization in 1995, ] initiating the birth of a ‘second generation’ of hyperbranched
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Figure 8.5 Schematic representation of the self-condensing vinyl polymeriz-
ation of an AB*-monomer to give a hyperbranched vinyl polymer [19]

polymers. 3-(1-chloroethyl)-ethenylbenzene was cationically polymerized in the
presence of SnCl

�
. The polymerization was termed ‘self-condensing vinyl poly-

merization’ (SCVP) since the polymerization was found to proceed by repeated
step-wise couplings of otherwise chain-growing species. 3-(1-chloroethyl)-
ethenylbenzene is an AB-monomerwherein the A-group is a readily polymerized
vinyl group and the B group (i.e. a benzyl halide), functions as the latent initiator
moiety. External activation of the B group was affected by the addition of SnCl

�
(Figure 8.5).
AB* represents the activated monomer. The polymerization is initiated by

addition of B* to an A group, which produces a dimer possessing one double
bond and two active sites, B* (Figure 8.6). Given the chemical structure of the
monomer it can be assumed that the reactivities of A* and B* are similar and
that is why both the initiating B* group and the newly created propagating
cation can react with the vinyl group of another molecule (monomer or polymer)
in the same way. These events eventually lead to a hyperbranched polymer.
The polymerization of AB*-functional vinyl monomers is fundamentally dif-

ferent from the step-growth polymerization of AB
�
-monomers. Condensation of

AB
�
-monomers results immediately in the formation of hyperbranched poly-

mers since the reactivity of the end-groups are the same, regardless of what type
of repeat unit (linear or dendritic) that is formed.
In the case of AB*-monomers it is not obvious how the chain growth takes

place. Depending on the chemical structure of the monomer there will be a
competition between conventional, linear, chain-growth polymerization, via the
double bond, and the branching reaction, i.e. where the group capable of
initiation, B*, reacts with a vinyl group. If the reactivities of the two different
propagating species are exactly the same one envision that a randomly branched
system will be the result. However, all monomers utilized in SCVP so far possess
unequal reactivity of the propagating sites. Fréchet et al. undertook a systematic
investigation on how the branching could be maximized by altering the reaction
conditions when polymerizing 4-chloromethylstyrene using metal catalyzed ‘liv-
ing’ free radical polymerization [22].
The introduction of SCVP initiated extensive research focused on the use of

vinyl monomers for the synthesis of hyperbranched polymers. More recently,
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Figure 8.6 Schematic representation of the newly developed proton-transfer
polymerization as a route to hyperbranched polymers [27]

there has been a keen interest in ‘living’ free radical procedures that allow
accurate control over molecular weight, molecular weight distribution and chain
ends. The SCVP concept was further developed by Hawker et al. [23] by using
TEMPO-initiated ‘living’ free radical polymerization methodology to produce
hyperbranched polystyrenes. The extensive development of metal-catalyzed ‘liv-
ing’ free radical polymerizations has produced new possibilities for using radical
polymerization as a means to obtain ‘structure controlled’ macromolecular
architectures. Matyjaszewski et al. [24] developed atom-transfer radical poly-
merization (ATRP) techniques to obtain hyperbranched polystyrenes; whereas
Müller et al. [25] reported the first use of group-transfer polymerization to
obtain hyperbranched methacrylates.
Since these reports, a number of new approaches based on vinyl monomers

and various initiating systems have been explored to yield hyperbranched poly-
mers; such as, poly(4-acetylstyrene) [26], poly(vinyl ether) [27] and polyacrylates
[28]. In view of the fact that free radical polymerizations are most widely used in
industrial polymerization processes the development of these procedures for
vinyl monomers has opened a very important area for hyperbranched polymers.

6 PROTON-TRANSFER POLYMERIZATION

Recently, Fréchet and Chang [29] reported proton-transfer polymerization
(PTP) (Figure 8.7), as a versatile route to hyperbranched polymers. Concep-
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tually, PTP is an acid-base controlled reaction where the nucleophilicity and
basicity of the monomers/intermediates play important roles. The monomer
should be an AB

�
-type, containing an acidic proton, H-AB

�
, I, (Figure 8.7). A

base serves as an initiator and abstracts the labile proton from the monomer,
forming a reactive nucleophilic species, [-]AB

�
, II. This species II, adds rapidly

to the B-group on amonomer leaving an anionic site in the dimer, III. Intermedi-
ate III, is less nucleophilic than II and undergoes a rapid, thermodynamically
driven, proton exchange with monomer, instead of a nucleophilic addition. This
produces a new nucleophile, II, and an inactive dimer IV. Ultimately reactive
B-groups are amplified as the molecule V grows; thus, ensuring formation of a
hyperbranched polymeric product.
The usefulness of the PTP concept was further demonstrated by Fréchet et al.

[30] in a study where hyperbranched aliphatic polyethers were synthesized from
a diepoxide and a tri-functional alcohol, utilizing an A

�
—B

�
monomer concept.

7 CONCLUSION

Despite the simplicity of chemistries presently employed for the commercially
available hyperbranched polymers, these materials are still relatively high priced
compared to traditional commodity polymers. This is undoubtedly related to the
early stage, low volume demands for these products. Hyperbranched polymers
will evolve as substitutes for traditional polymers as their unique properties are
used to greatly enhance products on a cost-performance basis. In summary, the
enhanced used of hyperbranched polymers in engineered products will depend
upon many of the following prerequisites:

∑ Availability and price of suitable monomers.
∑ Ease and versatility of polymerization (to produce desired yields and molecu-
lar weights).

∑ The degree of control over molecular weight and polydispersity.
∑ The nature of the end groups.
∑ The unique architecturally driven properties of the final products.

Unique architecturally driven properties that may be expected from hyper-
branched polymers will be largely derived from their (a) amplified number of
terminal functional groups, (b) new rheological properties based on less chain
entanglement and (c) new architectural arrangements that may modulate cry-
stallinity, flow characteristics and glass transition properties in designed systems.
The development of novel hyperbranched synthesis strategies now offers new

options for assembling ‘old’ commodity monomers into unique, unprecedented
polymeric architectures. There are high expectations that these new architectures
will produce substantially different properties that will be utilized in a variety of
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‘niche’ or even commoditymarkets. It is appropriate to be optimistic about these
possibilities based on recent reports that ‘metallocene’ or ‘Brookhart-type’ cata-
lysts may in fact be used to produce so-called hyperbranched or dendrigraft-type
polyolefins [31]. Onemust ask — are many of the new properties already noted in
this area due to dendritic architecture in combination with the well recognized
monodispersity?
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20. Liu, M., Vladimirov, N. and Fréchet, J. M. J.Macromolecules, 32, 6881 (1999).
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1 DENDRITIC POLYMERS: HYPERBRANCHED, DENDRIGRAFTS
AND DENDRIMERS

Dendritic polymers, the fourth major architectural class of macromolecules, can
be divided into three subclasses. These subclasses may be visualized according to
the degree of structural perfection attained, namely: (1) hyperbranched polymers
(statistical structures, Chapter 7), (2) dendrigraft polymers (semi-controlled
structures, reviewed in this chapter) and (3) dendrimers (controlled structures,
Chapter 1).
The statistical subset, hyperbranched polymers are derived from one-pot

condensation reactions of AB
�
monomers. These propagations generally pro-

duce moderate to high molecular weight structures. Control over molecular
weight and the branching process by this approach is limited, since molecular
growth relies on random condensation reactions.Molecular weight distributions
of hyperbranched polymers tend to approach those proposed by Flory, with a
polydispersity index,M

�
/M

�
� 2.

The precise structure subset, dendrimers are prepared using iterative protec-
tion—condensation—deprotection reaction cycles. These reiterative cycles incor-
porate AB

�
monomers (i.e. branch cell units) into structural domains referred to

as dendrons. Assembly of these dendrons can proceed in a divergent [1] (core
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© 2001 John Wiley & Sons Ltd

Dendrimers and other Dendritic Polymers
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Figure 9.1 Generic synthetic route to dendrigraft polymers

first) or a convergent [2] (core last) manner. Dendrimers are precisely defined
macromolecules with a low polydispersity (M

�
/M

�
� 1.01), exhibiting an exact

mathematically predictable molecular weight. Since small molecules are used as
building blocks for the construction of these macromolecules, many synthetic
cycles (generations)must be completed to obtain polymers with a highmolecular
weight. Between these two subclasses resides a subclass of semi-controlled struc-
tures, referred to as dendrigraft (arborescent) polymers.
Dendrigraft (arborescent) polymers, obtained from ionic polymerization and

grafting schemes, combine features common to dendrimers as well as to random
hyperbranched polymers. Dendrigrafts are most commonly synthesized from
polymeric chains that are assembled according to a dendrimer-like generational
scheme, consisting of functionalization and grafting cycles (Figure 9.1). Grafting
polymer chains onto a linear (core) polymer randomly functionalized with
reactive sites yields a comb-branched (or generationG0) architecture. Repetition
of the functionalization and grafting reactions subsequently leads to higher
generation dendrigraft macromolecules (i.e. G1, G2, etc.). Since these materials
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are prepared by linking macromolecular building blocks, very high molecular
weights are attained in few cycles. Various names have been used to describe
these dendritic graft polymers. The term ‘dendrigraft polymers’ was coined by
Tomalia et al. in deference to the analogous dendrimer polymers [3]. Gauthier
andMöller used the designation ‘arborescent graft polymers’ [4], whereas others
have used the term ‘polymeric dendrimers’ [5] to describe the tree-like architec-
ture of these branched polymers. Originally, the term Comb-burst polymers [6]
was used by Tomalia et al. by analogy to Starburst“ polymers to identify these
materials. However, in view of this present use as trademark designations, the
term ‘dendrigraft’ polymers is preferred.
The architecture of dendrigrafts resembles that of dendrimers. Each system

consists of a core, dendritically branched units forming the interior of the
molecule, and multiple chain termini. A unique feature found in dendrimers, is
that the branching sites leading to the next generation occur strictly at the
periphery (chain ends) of the molecule. In dendrigrafts, grafting sites are usually
distributed randomly along the dendritic chains of the dendrigraft interior. This
variation in the grafting sites leads to a ‘diffuse layer growth’ mechanism [4, 6, 7].
Nevertheless, the method still provides extensive control over the size, shape,
flexibility and chemical functionality (critical molecular design parameters) of
the molecules [1].

2 SYNTHETIC ROUTES TO DENDRIGRAFT POLYMERS

Preparation of dendrigraft polymers has been achieved by three methods, name-
ly: (a) ‘grafting onto’, (b) ‘grafting from’, and (c) ‘grafting through’.
The ‘grafting onto’ method is most commonly used for the preparation of

dendrigraft polymers with tailored structure and topology. It relies on the
introduction of grafting sites on a polymeric substrate, followed by coupling with
reactive ‘living’ polymer chains. In this approach, characterization of the
branches is easily achieved by removing a sample of the side chains from the
reactor prior to the grafting reaction. By measuring the molecular weight of the
substrate, the side chains and the graft polymer, the number of grafts introduced
and the average spacing between grafts can be calculated.
In a ‘grafting from’ scheme, a polymeric substrate is first functionalized to bear

a number of accessible reactive groups. Activation of these groups to provide
initiating sites, followed by addition of a monomer, results in the growth of side
chains from the backbone polymer. Unfortunately, the exact number of grafts
and the molecular weight of the side chains usually cannot be determined
independently in this method. Solubility problems are also often encountered for
polymeric substrates bearing multiple charges. This can lead to heterogeneous
reaction conditions and usually a broader molecular weight distribution.
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‘Grafting through’ refers to a method used to produce comb-branched
copolymers by the copolymerization of vinyl monomers with macromonomers
(telechelic oligomers bearing a terminal vinyl group). For the synthesis of den-
dritic graft polymers, the ‘grafting through’ technique is based on the reaction of
living polymeric chains with a capping agent that also contains a polymerizable
moiety (e.g. vinyl benzyl chloride). This leads to spontaneous coupling reactions
analogous those encountered in random hyperbranched polymer syntheses.

3 SYSTEMSWITH RANDOMLY DISTRIBUTED BRANCHING
POINTS

Prime examples of systems that have randomly distributed grafting sites, yet
reasonable structure control, include dendrigraft (Comb-burst“ or arborescent)
type polymers. The general synthetic route to dendrigraft polymers is described
in Figure 9.1. Reactive sites are randomly introduced along a linear functional-
ized polymer core. Living polymeric chains are then grafted to the reactive sites,
to give a comb-branched (G0) graft polymer. The introduction of functional
groups onto the ‘teeth’ of the comb-branched structure, followed by grafting,
yields the G1 structure. Repeating the cycle of functional group introduction and
grafting leads to G2 and higher generations.
A synthetic method based on grafting reactions must meet a number of

requirements to yield well-defined dendrigraft polymers. The ionic (cationic or
anionic) propagating centers derived from the monomer must possess sufficient
reactivity, yet good living characteristics. It must be possible to incorporate
reactive functional (grafting) sites along the polymer chains grafted during the
previous reaction cycle, without inducing crosslink events. The grafting reaction
should ideally proceedwithout side reactions and in high yield. If living polymer-
ization techniques are employed, good control over themolecular weight and the
molecular weight distribution is possible, thus resulting in well-defined struc-
tures.

3.1 DENDRIGRAFT (COMB-BURST“) POLYMERS

The synthesis of dendrigraft-copolymers consisting of [core]poly(ethylenimine)-
graft-poly(2-ethyl-2-oxazoline) copolymers and dendrigraft poly(ethylenimine)
homopolymers was reported by Tomalia et al. in 1991 [6]. The synthetic scheme
involves successive grafting reactions of living poly(2-ethyl-2-oxazoline) (PEOX)
oligomers onto linear-poly(ethylenimine) substrates (Scheme 1). The poly(oxazo-
line) side chains used for the dendritic grafting are prepared by cationic polymer-
ization, yielding a narrowmolecular weight chain possessing a reactive oxazolin-
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Scheme 1

ium cation terminus. A comb-branched or G0 poly(ethylenimine)-poly(oxazo-
line) graft copolymer is first prepared by grafting these reactive poly(oxazoline)
oligomers onto a preformed linear-poly(ethylenimine) core. Subsequent de-
protection (i.e. deacylation) of the poly(oxazoline) side chains under acidic
conditions yields the G0 poly(ethylenimine). Secondary amine functionalities
generated along the side chains of the comb polymer then serve as coupling sites
for subsequent grafting of poly(oxazoline) chains leading to generation G1.
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Synthesis of higher generation dendrigraft polymers is achieved by repetition of
the deprotection and grafting cycles.
These reaction cycles lead to a geometric increase in the molecular weight of

the polymers for successive generations. The number of repeat units assembled
(or overall degree of polymerization, N

��
) can be predicted as a function of the

number of grafting sites on the core polymer (core multiplicity N
�
), the branch

cell multiplicity N
�
and the generation G using equation (1). Defining M

�
, M

��
and M

�
as the molecular weight of the core, the repeat units and the terminal

units, respectively, the theoretical attainable molecular weight (MW) can be
calculated from equation (2). It should be noted that these equations assume that
every repeat unit of the core and side chains can react to produce a branching
point, and thereforeN

�
and N

�
also correspond to the degree of polymerization

(DP) of the core and the branches, respectively.

N
��

�N
��
N

�
���� 1

N
�
� 1 � (1)

MW �M
�
�N

��M���
N

�
���� 1

N
�
� 1 ��M

�
N

�
���� (2)

It is clear from equations (1) and (2) that if high molecular weights are desired
with a minimum number of grafting reactions, N

�
and N

�
must be large. When

polymeric building blocks are used,N
�
andN

�
are much greater (5—100) than for

dendrimers, wherein values of 2—4 are normally encountered. In other words the
number of repeat unitsN

��
assembled as a function of generationG is dependent

upon (1) the degree of polymerization of the grafted side chains, and (2) the
number of chains grafted to the substrate. Since living polymerization techniques
are used to generate the poly(oxazoline) side chains, the degree of polymerization
can be controlled by varying the ratio of monomer to initiator. The number of
chains grafted on the core polymer may be controlled by varying the degree of
polymerization of the substrate [8].
Characterization data for dendrigraft-poly(ethylenimine) samples have been

reported for up to the third generation (G3) (Table 9.1). In this example, short
poly(oxazoline) chains (with a degree of polymerization N

�
� 10) were grafted

onto a linear (N
�
� 20) poly(ethylenimine) core to produce a G0 graft polymer

with a high branching density. The length of the poly(oxazoline) chains was
increased (N

�
� 100) for subsequent generations. Weight-average molecular

weights (from light scattering measurements) of M
�
� 10�—10	 are thus ob-

tained, while a relatively narrow apparent [linear-poly(ethylene oxide) equival-
ent] molecular weight distribution (M

�
/M

�
� 1.1—1.5) is maintained. The M

�
and branching functionality (f) of the polymers are seen to increase essentially
geometrically for successive generations, as predicted by equation 2. The effi-
ciency of the grafting reaction is reported to range between 65 and 80%, and to
be sensitive to a number of factors. The grafting efficiency decreases as the
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Table 9.1 Characterization data for polyethylenimine comb-burst polymers (adapted
from ref. 8)

Sample M
�

�� M

�
/M

�
� f�

Core 1000 1.05 —
G0 2500 1.22 5
G1 138 000 1.34 26
G2 1 080 000 1.47 176
G3 10 400 000 1.20 745

� Weight-average molecular weight from light scattering measurements.
� Apparent polydispersity index for the graft polymers, from size exclusion chromatogra-
phy (SEC) analysis.
� Number of branches added, based onM

�

� andN

�
.

poly(oxazoline) chain length is increased, or as the size of the linear-
poly(ethylenimine) core increases. This effect is attributed to steric congestion
resulting from a high segmental density within the core, particularly for higher
generations. As the structure fills in, the number of readily accessible sites
decreases at the expense of the grafting efficiency. Other parameters like the
reaction time, additives such as diisopropylethylamine (a proton trap), and the
ratio of poly(oxazoline) chains to grafting sites also influence the grafting effi-
ciency [8].
A range of molecular topologies is accessible using these dendrigraft branch-

ing strategies. It was mentioned that the number of coupling sites available on
the core polymer chain (N

�
) and the grafted branches (N

�
) can be varied indepen-

dently. It should be noted that the molecular topology also varies with the ratio
N

�
/N

�
. For example, the synthesis of rod-shaped dendrigraft-poly(ethylenimine)

can be achieved by successive grafting reactions of poly(oxazoline) side chains
with N

�
� 5 onto a linear-poly(ethylenimine) core with N

�
� 200 [9]. When

N
�
�N

�
a rod-like topology is expected. Conversely, if N

�
�N

�
, a spherical

topology should be obtained.
Dendrigraft polymer molecules are expected to become denser and more rigid

as the branching functionality increases. Evidence in support of a globular
morphology is found in the solution properties of these polymers: The intrinsic
viscosity of dendrigraft- poly(ethylenimine) increases non-linearly for successive
generations up to G2, then decreases slightly for the G3 polymer, reminiscent of
other dendritic polymers [10].

3.2 DENDRIGRAFT (ARBORESCENT) POLY(STYRENES)

Gauthier andMöller [4] described in 1991 the use of anionic polymerization and
grafting techniques to prepare poly(styrenes) with a dendritic structure. Styrene
is well suited to be incorporated into a synthetic scheme aimed at producing
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Figure 9.2 Size exclusion chromatography traces for raw grafting products
formed in the coupling reaction of chloromethylated polystyrene with polysty-
ryllithium (a) without 1,1-diphenylethylene capping, and (b) with capped poly-
styryl anions (adapted from ref. [4])

multiply grafted polymers: The anionic polymerization of styrene yields reactive
macroanionswith exceptional living characteristics, and a wide range of reactive,
electrophilic functional groups can be introduced on the substrates by elec-
trophilic substitution. The synthetic steps leading to the preparation of dendrig-
raft-poly(styrenes) [4] are summarized in Scheme 2. Partial chloromethylation
of a linear-poly(styrene), under conditions selected to minimize the occurrence of
cross-linking reactions, serves to introduce coupling sites on the core polymer.
The substrate is then reacted with poly(styryllithium), after capping the chains
with a 1,1-diphenylethylene (DPE) unit. Subsequent chloromethylation and
grafting leads to higher generation dendrigraft-(arborescent) poly(styrenes). The
use of diphenylethylene as a reactivity modifier for the polystyryl anions consti-
tutes a key step for avoiding side reactions in the grafting process: The direct
reaction of uncapped polystyryl anions with chloromethylated polystyrene only
proceeds with a yield around 50%, due to competing metal—halogen exchange
reactions (Figure 9.2a). In contrast, the grafting efficiency is increased to 96%
after capping with diphenylethylene (Figure 9.2b). The deep red coloration of the
capped macroanions facilitates monitoring of the stoichiometry of the coupling
reaction: A solution of the chloromethylated substrate can be added slowly to
the macroanion solution until the coloration fades.
For a series of reactions where the molecular weight of the branches (M

�
) and

the number of grafting sites per backbone chain (grafting site density, f) remain
constant for each generation, the molecular weight of a generation G polymer
can be predicted using equation (3).

M�M
�
�M

�
f�M

�
f � �M

�
f �� ...�

���
�

�
�

M
�
f � (3)

A geometric growth in branching functionality and overall molecular weight is
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Scheme 2
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Table 9.2 Characterization results for two series of arborescent polystyrenes with
different side chain molecular weights (adapted from ref. 4)

S05 Series

G M
�
��/10�� M

�
��/M

�
�� M

�

� M

�
� M

�
/M

�
� f

�
�
�

0 4.3 1.03 6.7� 10� 4.0� 10� 1.07 14
1 4.6 1.03 8.7� 10� 1.3� 10� 1.07 170
2 4.2 1.04 1.3� 10	 3.0� 10� 1.20 2900
3 4.4 1.05 9� 10	 4.5� 10� 1.15 17 500
4 4.9 1.08 2� 10� — — 22000

S30 Series

G M
�
��/10� M

�
��/M

�
�� M

�

� M

�
M

�
/M

�
f
�

0 2.8 1.15 5.1� 10� 2.1� 10� 1.12 18
1 2.7 1.09 9.0� 10� 5.9� 10� 1.22 310
2 2.7 1.09 1� 10� — — 3400
3 2.8 1.09 5� 10� — — 14300

� The superscript br refers to the branches (side chains).
� Apparent values for the graft polymers, from SEC analysis.
� Number of branches added in the last grafting reaction, based on theM

�

� increase and

M
�
��

thus expected, if all the coupling sites on the grafting substrate are consumed in
the reaction.
Since anionic polymerization techniques are used, reactive oligomers with a

controllable molecular weight and a narrow molecular weight distribution can
be generated. The number of functional groups on the grafting substrate can also
be likewise varied, which provides control over the branching density for each
generation. Consequently, the side chain molecular weight and branching den-
sity can be varied independently for each generation.
Characterization data for two series of arborescent poly(styrenes) prepared

from eitherM
�
� 5000 (S05) orM

�
� 30 000 (S30) poly(styrene) side chains [11]

are compared in Table 9.2. Themolecularweight (M
�

�) and branching function-

ality (f
�
) increase in an approximately geometric fashion for each generation up

to G2, as predicted by equation (9.3). The smaller increases observed for the G3
andG4 polymers can be explained by invoking steric effects, which undoubtedly
limit the accessibility of grafting sites on the substrate. A broad range of molecu-
lar weights (M

�

�� 6� 10�—5� 10�) and branching functionalities

(f
�
� 14—22 000) can be achieved, while maintaining a low apparent (linear

polystyrene equivalent) polydispersity (M
�
/M

�
�1.22). Comparison of the ap-

parent molecular weightsM
�
, from size exclusion chromatography (SEC) analy-

sis, to the absolute molecular weights determined from light scattering measure-
ments (M

�

�) shows that SEC analysis strongly underestimates the molecular

weight, due to the very compact structure of the molecules [11].
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The influence of branching functionality and side chain molecular weight on
the physical properties of dendrigraft-poly(styrenes) has been investigated in a
number of studies [11—14]. The properties displayed by the polymers more
closely mimic those of rigid spheres as the branching functionality of the mol-
ecules is increased, or as the size of the side chains is decreased. For example,
arborescent-poly(styrenes) with short (M

�
� 5000) side chains show almost no

swelling in a good solvent (toluene) relative to a poor solvent (cyclohexane). In
contrast, molecules with larger (M

�
� 30 000) side chains swell considerably in a

good solvent.

3.3 DENDRIGRAFT (ARBORESCENT)-POLY(BUTADIENES)

The synthesis and characterization of a series of dendrigraft polymers based on
polybutadiene segments was reported by Hempenius et al. [15]. The synthesis
begins with a linear-poly(butadiene) (PB) core obtained by the sec-butyllithium-
initiated anionic polymerization of 1,3-butadiene in n-hexane, to give a micro-
structure containing approximately 6% 1,2-units (Scheme 3). The pendant vinyl
moities are converted into electrophilic grafting sites by hydrosilylation with

Pt

Me2SiClH

Si

Cl

MeMe

PB
Si MeMe

Me2SiClH

Pt Si MeMe

Si Cl

Me

Me

PB
G1

Pt

Me2SiClH

PB
G2

Linear PB Core

PB G0

Scheme 3
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Table 9.3 Structural characteristics of arborescent graft polybutadienes (adapted from
ref. 15)

G M
�
�� Branches / chain� M

�

� M

�
/M

�
f
�

Core 9600 9.7 9600 1.1 —
0 10 800 10.9 190 000 1.2 10
1 11 000 11.1 4 500 000 1.3 105
2 10 500 10.7 71 000 000 1.3 1160

� Calculated fromM
�
�� and 6 mol% 1,2-polybutadiene units content.

chlorodimethylsilane in the presence of a platinum catalyst. The hydrosilylated
polybutadiene substrate is then reacted with an excess of polybutadienyllithium,
to yield a comb-branched or G0 polymer. Repetition of the hydrosilylation and
grafting reactions leads to the G1 and G2 polymers. Because polybutadienyl
macroanions are essentially colorless, it is difficult to monitor the reaction
stoichiometry during the grafting process. Complete reaction of the chlorosilyl
coupling sites is insured by using an excess of polybutadienyllithium in the
reaction.
A series of samples was synthesized using a poly(butadiene) core and side

chain molecular weight M
�

� 10 000, held constant for each generation. Poly-
merization in n-hexane yields side chains with a 6% 1,2-units content, corre-
sponding to a constant branching density of approximately 10 grafts per chain.
The characteristics of the series of arborescent-poly(butadienes) obtained are
summarized in Table 9.3. With a constant poly(butadiene) branch molecular
weight (M

�
� 10 000) and number of branching sites per chain, a geometric

increase in the molecular weight and branching functionality of the graft poly-
mers is observed, as predicted by equation (9.3).
The synthetic approach used for dendrigraft-poly(butadienes) has the potential

to provide control over the composition and architecture of the molecules. The
branch molecular weight is easily varied with the amount of initiator used in the
polymerization reaction. Solvent polarity control in the polymerization allows
variation of the proportion of 1,2-units in the side chains, and hence the branch-
ing density.
The solution properties of dendrigraft polybutadienes are, as in the previous

cases discussed, consistent with a hard sphere morphology. The intrinsic viscos-
ity of arborescent-poly(butadienes) levels off for the G1 and G2 polymers. Addi-
tionally, the ratio of the radius of gyration in solution (R

�
) to the hydrodynamic

radius (R
�
) of the molecules decreases from R

�
/R

�
� 1.4 to 0.8 from G1 to G2.

For linear polymer chains with a coiled conformation in solution, a ratio
R

�
/R

�
� 1.48—1.50 is expected. For rigid spheres, in comparison, a limiting value

R
�
/R

�
� 0.775 is predicted.
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3.4 DENDRIGRAFT (ARBORESCENT)-POLY(STYRENE)-GRAFT-
POLY(ISOPRENE) COPOLYMERS

The manner in which the architecture of dendrigraft homopolymers can be
systematically varied is very interesting for establishing structure—property rela-
tionships. When considering potential applications for dendrigraft polymers,
however, materials with a wider range of physical and chemical properties would
be more interesting. This can be achieved by incorporating other monomers in
the grafting process. The basic synthetic techniques developed for arborescent-
poly(styrenes) were thus extended to the synthesis of graft copolymers using both
grafting onto and grafting from schemes. For example, a variation in the basic
method used for incorporating a grafting onto scheme has been applied to the
synthesis of graft copolymers with poly(isoprene) or poly(2-vinylpyridine) side
chains. Another example based on a grafting from scheme is the synthesis of
amphiphilic dendrigraft copolymers consisting of a poly(styrene) core with end-
linked poly(ethylene oxide) segments. Since the molecular weight of dendrigraft
polymers usually increases geometrically for each generation, the overall compo-
sition of dendrigraft copolymers should be dominated by the side chains grafted
in the last generation. Consequently, the physical properties of the copolymers
should be mainly determined by the characteristics (composition, molecular
weight and number) of these terminal side chains.
The synthesis of arborescent copolymers by grafting polyisoprene side chains

onto an dendrigraft-poly(styrene) substrate will be considered first. The tech-
niques used for arborescent-poly(styrenes) (Scheme 2) can be employed with only
minor modifications to prepare elastomeric isoprene copolymers using a ‘graft-
ing onto’ strategy [16]. For this purpose polyisoprenyllithium chains are capped
with 1,1-diphenylethylene, and grafted onto partially chloromethylated linear,
G0, and G1 dendrigraft-poly(styrene) substrates. The method is therefore com-
pletely analogous to that used for dendrigraft-poly(styrenes), except that poly-
isoprenyl anions are substituted for the polystyryl anions in the last grafting
cycle. The flexibility of the method was demonstrated by using polyisoprene side
chains of different molecular weights (M

�
� 5000—100 000) and different micro-

structures (high cis-1,4-content or mixed microstructure) in the grafting process.
Characterization data for the grafting substrates and for some of the

copolymers synthesized are provided in Tables 9.4 and 9.5, respectively. The
substrates used are composed of poly(styrene) side chains withM

�
� 5000, and a

chloromethylation level of c. 25 mol%, corresponding to about 10 grafting sites
per side chain or one grafting site for every four repeat units. The nomenclature
used in Table 9.5 for the copolymers specifies their composition and structure.
For example, G1PS—PIP5 corresponds to M

�
� 5000 polyisoprene (PIP) side

chains grafted onto a G1 poly(styrene) substrate. The copolymers obtained have
a high content of the elastomeric component, varying from 86 mol% to over 99
mol% for longer poly(isoprene) side chains (M

�
��� 3—10� 10�, Table 9.5). A
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Table 9.4 Characteristics of arborescent polystyrene substrates used in the preparation
of isoprene graft copolymers (adapted from ref. 16)

Polymer M
�
�� M

�
��/M

�
�� M

�

� f

�

Linear — — 4.4� 10� —
G0 PS 4430 1.04 5.0� 10� 10
G1 PS 5570 1.03 8.0� 10� 130

(a) (b)

Figure 9.3 Morphology control in the preparation of arborescent copolymers:
(a) core–shell morphology from short side chains, and (b) star-like morphology
from long side chains

marked decrease in grafting efficiency is observed for longer polyisoprene side
chains and for higher generation substrates. Despite the decreased grafting
efficiencies, high molecular weight copolymers (M

�

�� 5� 10�—8� 10�) are

still obtained while a low apparent polydispersity index (M
�
/M

�
� 1.07—1.13) is

maintained.
The microstructure of the poly(isoprene) side chains can be controlled by

varying solvent polarity during the polymerization. Side chains with a high
(� 70%) cis-1,4 content are obtained by polymerization in cyclohexane; where-
as, polymerization in THF yields a mixed microstructure (with a 1: 1: 1 ratio of
1,2-, 3,4- and 1,4-units). Variation of the dimensions of the grafted poly(isoprene)
side chains relative to the poly(styrene) substrate provides control over the
morphology of the molecules, as illustrated in Figure 9.3. For short poly(iso-
prene) side chains, a core—shell (heterogeneous) morphology is observed by
atomic force microscopy in the phase contrast mode. When longer side chains
are used, the molecules are similar to homopolymers with no detectable core
component [16].
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3.5 DENDRIGRAFT (ARBORESCENT)-POLY(STYRENE)-GRAFT-
POLY(2-VINYLPYRIDINE) AND POLY(STYRENE)-GRAFT-
POLY(TERT-BUTYL METHACRYLATE) COPOLYMERS

Most recently, the arborescent copolymer synthesis has been extended to the
preparation of highly branched polyelectrolyte precursors incorporating ioniz-
able poly(2-vinyl pyridine) (P2VP) or poly(tert-butyl methacrylate) (PtBMA)
side chains [17]. The method used for the preparation of the vinylpyridine
copolymers is analogous to the arborescent-poly(styrene) synthesis of Scheme 2:
the side chains are synthesized by the 1,1-diphenyl-3-methylpentyllithium-in-
itiated anionic polymerization of 2-vinylpyridine in THF, followed by direct
coupling (without capping) of the macroanions with chloromethylated linear,
G0, G1, or G2 polystyrene substrates. Characterization data for the arborescent-
poly(styrene)-graft-polyvinylpyridine copolymers synthesized are reported in
Table 9.6. Copolymers with either short (M

�
� 5000, P2VP5) or long

(M
�

� 30 000, P2VP30) side chains have been prepared. As in the case of
isoprene copolymers, the grafting efficiency decreases for higher generation
(more highly branched) poly(styrene) substrates and for longer poly(vinyl-
pyridine) side chains. The copolymers have a low apparent polydispersity (M

�
/

M
�
� 1.07—1.13) and very high molecular weight (M

�

�� 8.2� 10�—2.7� 10	).

The overall composition is dominated by the poly(vinylpyridine) component,
and ranges from 81 to 87 mol% and 92—97 mol% for short (M

�
� 5000) and

long (M
�

� 30 000) side chains, respectively.
The preparation of copolymers incorporating poly(tert-butyl methacrylate)

side chains can also be achieved by modification of the grafting scheme [17].
Poly(tert-butyl methacrylate) anions are considerably less nucleophilic than the
poly(vinylpyridine) anions, and direct coupling with chloromethylated
poly(styrene) substrates only proceeds in low yields. The efficiency of the grafting
reaction is considerably improved by quantitative conversion of the chloro-
methyl sites to more reactive bromomethyl groups. Graft copolymers are ob-
tained by coupling poly(tert-butyl methacrylate)lithium side chains (in THF at
0°C) with linear and G0 poly(styrene) substrates bearing bromomethyl groups.
Characterization data for dendrigraft-poly(styrene)-graft-poly(tert-butyl

methacrylate) copolymers synthesized with either short (M
�
� 5000, PtBMA5)

or long (M
�
� 30 000, PtBMA30) branches are provided in Table 9.7. The low

apparent polydispersities (M
�
/M

�
� 1.13—1.20) obtained for the graft polymers

are indicative of a narrow molecular size distribution.
The poly(vinylpyridine) and poly(tert-butyl methacrylate) copolymers can

easily be converted to either cationic or anionic polyelectrolytes by protonation
of the pyridine rings or by base hydrolysis of the tert-butyl ester units, respective-
ly. The highly branched structure of the molecules, in combination with the
polyelectrolyte effect, should confer useful properties to these materials in sol-
ution for applications such as pH-sensitive reversible gels.
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Table 9.7 Characterization data for arborescent polystyrene-graft-poly(tert-butyl
methacrylate) copolymers (Adapted from ref. 17)

Sample M
�
��/10� M

�
��/M

�
��

Grafting
efficiency M

�
/10�� M

�
/M

�
�

PS—PtBMA5 5.6 1.10 0.79 3.4� 10� 1.16
G0PS—PtBMA5 5.9 1.07 0.67 1.2� 10� 1.20
G0PS—PtBMA30 28.5 1.15 0.32 4.7� 10� 1.13

� Apparent values for the graft polymers, from SEC analysis.

3.6 DENDRIGRAFT (ARBORESCENT)
POLY(STYRENE)-GRAFT-POLY(ETHYLENEOXIDE)
COPOLYMERS

A variation of the method developed for dendrigraft-poly(styrenes) was sugges-
ted for the synthesis of amphiphilic copolymers incorporating a dendrigraft-
poly(styrene) core with end-linked poly(ethylene oxide) (PEO) segments [18].
For this purpose, dendrigraft-poly(styrene) (G0-G3) substrates are first syn-
thesized as described in Scheme 2. The substrates are then partially chloro-
methylated and coupled with polystyrene side chains prepared using a bifunc-
tional alkyllithium initiator (6-lithiohexyl acetaldehyde acetal, LHAA) as shown
in Scheme 4. Cleavage of the acetal functionalities under mildly acidic condi-
tions, yields a core carrying hydroxyl groups at the chain ends (i.e. close to the
surface) of the molecules. The end-linked poly(ethylene oxide) segments are
introduced by titration of the hydroxyl groups with a strong base (potassium
naphthalide), and addition of purified ethylene oxide. A shell of hydrophilic,
poly(ethylene oxide) is thus ‘grown’ by a chain extension reaction from the outer
chains of the core polymer.
The synthesis of amphiphilic copolymers, based on G1 and G4 poly(styrene)

cores with M
�
� 5000 side chains [18], and of copolymers based on G1

poly(styrene) cores with M
�
� 30 000 side chains [19] has been demonstrated.

Since living polymerization techniques are used, the structure and composition
of the molecules are easily controlled. For example, the size and flexibility of the
poly(styrene) core can be changed by selecting different core generations, and by
varying the chloromethylation level and/or the side chain molecular weight in
the grafting reactions. The amount of ethylene oxide incorporated in the chain
extension reaction determines the thickness of the hydrophilic shell. Evidence for
a core—shell morphology is found in the solubility behavior of the molecules:
copolymers with sufficiently long poly(ethylene oxide) side chains are freely
soluble in polar solvents such as water and methanol [18].
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4 SYSTEMSWITH BRANCHING POINTS AT THE CHAIN ENDS

The examples discussed so far are polymer architectures based on grafting sites
randomly distributed on the side chains of the substrate. One consequence of this
approach is that the position of the branching points in the molecules will vary,
resulting in a ‘diffuse layer growth’ mechanism, or partial interpenetration of the
layers added in each grafting reaction [4, 6, 7]. Branched polymer architectures,
displaying a lower degree of interpenetration between successive layers, could be
obtained if the grafting sites on the substrate are located strictly at the end of the
side chains (in analogy to the dendrimer syntheses), or at least preferentially
located toward the outer end of the side chains. Synthetic schemes leading to
both types of architectures will now be considered.

4.1 DENDRIGRAFT-POLY(ETHYLENEOXIDE) WITH
DENDRIMER-LIKE TOPOLGIES BY TERMINAL GRAFTING

The assembly of dendrigraft polymer structures using ‘grafting onto’ methodolo-
gies has received far more attention than procedures based on ‘grafting from’
schemes. Even in the case of the arborescent ethylene oxide copolymers discussed
in section 3.6, the poly(styrene) cores were synthesized by grafting onto chloro-
methylated substrates, and only linear-poly(ethylene oxide) chains were grown
from the substrate in the last step. A completely different approach, in which new
chains of increasing branching functionality are successively generated from the
previous generation, was proposed by the group of Gnanou. This strategy was
used to produce poly(ethylene oxide)-based dendrigraft polymers with a de-
ndrimer-like structure [20]. For example, a triarm star-branched polymer with
living poly(ethylene oxide) arms is first prepared from a trifunctional alcohol
initiator, by titration with diphenylmethylpotassium and addition of ethylene
oxide (EO), as shown in Scheme 5. The polymer is then amplified to a hexafunc-
tional substrate by treatment with trifluoroethanesulfonyl chloride and a cyclic
tin-based ketal derivative, bearing two protected hydroxyl groups in a six-
membered ring. After hydrolysis under mildly acidic conditions, the hexafunc-
tional triarm polymer is again used to initiate the polymerization of ethylene
oxide. Repetition of the amplification and ethylene oxide polymerization reac-
tions, yields dendrigraft-poly(ethylene oxide) structures containing up to 12
poly(ethylene oxide) chains (generation� 2).
Characterization results have been reported for dendrigraft-poly(ethylene ox-

ide)s of generationG1, prepared by adding different amounts of ethylene oxide to
the initiator core in the side chain growth reaction (Table 9.8). Because of the
‘grafting from’ method used, the molecular weight of the poly(ethylene oxide)
branches cannot be accurately determined, and hence it is impossible to confirm
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Table 9.8 Structural characteristics of G1 dendritic poly(ethylene oxides) obtained by
terminal grafting (adapted from ref. 20)

M
�

�� M

�
� (SEC) M

�
/M

�
� V

��	
�	
/V

�����

9400 4200 1.17 0.51
14 000 6500 1.14 0.49
21 000 10 000 1.10 0.47
28 000 11 300 1.30 0.48

� AbsoluteM
�
for the graft polymers from light scattering.

� Apparent values for the graft polymers, from SEC analysis.
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that the branches grown during each cycle are of uniform length. Nonetheless,
the apparentmolecular weight distribution [based on linear poly(ethylene oxide)
calibration standards] is surprisingly narrow for the generations characterized
(M

�
/M

�
� 1.1—1.3). Comparison of the molecular weight data obtained from

light scattering and SEC indicates that the SEC values are significantly under-
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estimated, as observed for other dendrigraft polymers. Comparison of the
hydrodynamic volume ratio for the branched polymers and linear-poly(ethylene
oxide) samples of comparable molecular weight gives a ratio close to the V��	
�	/
V����� � 0.5 value predicted by a modified Zimm—Stockmayer equation.

4.2 DENDRIGRAFT-POLY(STYRENE)-GRAFT-POLY(ETHYLENE
OXIDE) COPOLYMERS BY TERMINAL GRAFTING

Using a variation of the method described in Scheme 5, dendrigraft block
copolymers consisting of poly(styrene) and poly(ethylene oxide) segments can
also be prepared [21]. In this case a hexafunctional compound, hexa[4-(1-
chloroethyl)phenethyl]benzene is activated with SnCl

�
to initiate the living

cationic polymerization of styrene. Termination of the six polystyrene chains
using the cyclic tin-based ketal derivative of Scheme 5, followed by hydrolysis
under mildly acidic conditions, yields a six-arm star-branched polystyrene with
12 reactive hydroxyl groups at the chain ends. Anionic polymerization of ethy-
lene oxide after titration of the hydroxyl groups with diphenylmethylpotassium
yields a G1 dendrigraft-poly(styrene)-poly(ethylene oxide) copolymer with 12
poly(ethylene oxide) outer arms. More recently, this terminal grafting strategy
was also extended to a variety of ‘dendrimer-like’ dendrigraft topologies re-
ported by Hedrick et al. [22—25].

4.3 DENDRITIC POLY(STYRENES) BY GRAFTING ONTO
POLY(CHLOROETHYL VINYL ETHER)

The synthesis of dendrigraft polymers based on poly(chloroethyl vinyl ether)
(PCEVE) and polystyrene macromolecular building blocks was recently re-
ported by Deffieux and Schappacher [26]. The synthetic path used for the
preparation of these compounds is shown in Scheme 6. Living cationic polymer-
ization is first used to prepare a linear-poly(vinyl ether) backbone. The anionic
polymerization of styrene is then initiated with a lithioacetal compound, to
generate polystyryllithium with a protected hydroxyl group at the chain end
(RO—PSLi). Coupling of the side chains with the poly(vinyl ether) backbone
generates a comb-branched structure. Subsequent treatment of the acetal chain
termini with trimethylsilyl iodide (TMSI) yields �-iodoether groups, that can be
activated with zinc chloride to initiate the cationic polymerization of a new
aliquot of chloroethyl vinyl ether. The resulting comb-branched (G0) structure
with poly(styrene)-block-poly(vinyl ether) side chains can be subjected to further
grafting with acetal-terminated polystyryllithium, and so on, to prepare the
higher generation polymers. The architecture obtained from the grafting process
described in Scheme 6 has branching points located only in the terminal (outer)
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Scheme 6

portion of the side chains on the substrate, rather than randomly distributed
along the backbone polymer as described earlier for dendrigraft (arborescent)
polymers.While the layer structure obtained by this method is not expected to be
as well defined as in the case for terminal grafting (section 4.2), the increase in
molecular weight for each generation is larger, since many chains can be grafted
in a single reaction.
Variations in the graft polymer architectures are possible by controlling the
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Table 9.9 Characteristics of PCEVE
�
-graft-(PS

�
-block-PCEVE

�
-graft-PS

�
) copoly-

mers (adapted from ref. 26)

PCEVE
�DP

�
�

PS
�DP
�
�

PCEVE
�DP

�
�

PS
�DP
�
�

M
�
��

/10��
M

�/10��
M

�

�/

10� M
�
/M

�
�

R
�(nm)

26 51 82 52 11 606 460 9500 1.06 25
26 146 50 52 7300 — 5700 1.33 30
60 30 55 37 13 250 500 10 350 1.05 28

� From SEC analysis using linear PS calibration.
� Theoretical molecular weight based on the PS and PCEVE block lengths.

length of the poly(vinyl ether) and poly(styrene) blocks used in the synthesis. The
length of the poly(styrene) block influences the overall size of the molecules,
whereas the branching multiplicity of the side chains is primarily determined by
the length of the poly(vinyl ether) blocks.
The synthetic route described was used for the synthesis of three first-gener-

ation dendrigraft copolymers with molecular weights reaching 10	 and narrow
apparent molecular weight distributions (M

�
/M

�
� 1.05—1.33, Table 9.9). The

branched polymers have a radius of gyration (R
�
) in solution, 5—10 times smaller

than linear-poly(styrene) samples of comparable molecular weight. Absolute
molecularweight of the products determined by light scattering (M

�

�) is in good

agreement with the theoretical M
�
calculated for complete consumption of the

chloroethyl vinyl ether units in the grafting reaction.

5 CONVERGENT (SELF-BRANCHING) ANIONIC
POLYMERIZATION METHOD

The schemes described so far are all based on divergent (core first) syntheses,
using either ‘grafting onto’ or ‘grafting from’ methodologies. A different ap-
proach, analogous to the convergent random hyperbranched polymer syntheses,
uses self-branching condensation reactions of macroanions in a ‘grafting
through’ scheme. The method has been suggested by Knauss et al. for the
synthesis of dendritic poly(styrenes) [27, 28] and poly(isoprenes) [29] of high
molecular weight. An interesting feature of self-branching anionic polymeriz-
ation is that it is a one-pot reaction providing structures somewhat comparable
to arborescent (dendrigraft) polymers. The graft polymers obtained also have a
narrow molecular weight distribution in some cases.
A procedure used in the self-branching polymerization reaction for the prep-

aration of dendritic polystyrenes is outlined in Scheme 7. Oligomeric polystyryl-
lithium chains are reacted with a coupling agent such as 4-(chlorodimethyl-
silyl)styrene (CDMSS), which contains both a polymerizable double bond as well
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Table 9.10 Structural characteristics of dendritic polystyrenes obtained by the self-
convergent grafting method (adapted from ref. 29)

Initial chainM
�
� M

�

� � /10� M

�
/M

�
� Average generation

620 117 1.24 5.8
950 106 1.22 5.4
4779 131 1.21 4.1
9114 222 2.15 3.3

17 570 225 1.16 3.3
35 490 282 1.25 2.6
57 660 433 1.18 2.6

� Determined by SEC analysis using a multi-angle laser light scattering detector.

as a reactive moiety that preferentially reacts with the oligomer. Slow addition of
the coupling agent to a solution of living poly(styrene) oligomers (unimer I) leads
to the formation of some CDMSS-capped chains (unimer Ia). These chains
subsequently react with the poly(styrene) oligomers to give living dimers (II,
living dendrons composed of two poly(styrene) oligomers). Continued addition
of the coupling agent results in capping of a portion of the living dimers with
CDMSS (dimer IIa). Capped (unsaturated) and uncapped (living) species may
subsequently react with each other and with CDMSS to give higher generation
products of increasing branching functionatities.
At each step of the reaction, every molecule carries either a single anionic

reactive site or a vinyl bond at the focal point. After a few coupling cycles
(generations), accessibility to reactive sites is expected to decrease, ultimately
limiting the growth of the molecules. This problem can be minimized by adding
styrene monomer along with the coupling agent, to increase spacing between
coupling points within the structure. This modified approach enables the forma-
tion of dendritic molecules up to the sixth (average) generation, using a CDMSS
to styrene ratio of 1: 10 in the coupling reaction and primary chains of different
molecular weights (Table 9.10) [30]. The average generation attained in the
coupling reactions is clearly influenced by the length of the primary chains used.
The apparent molecular weight distribution obtained in these reactions remains
relatively narrow (M

�
/M

�
� 1.14—1.66), presumably because of the role of steric

crowding in limiting the growth of the molecules. The narrow molecular weight
distributions obtained were rationalized in terms of a kinetic model, relating
steric crowding effects to the individual rate constants of the coupling reactions
involved [28].
The variation in intrinsic viscosity with molecular weight was examined for a

series of dendrigraft-poly(styrenes) obtained by varying the ratio of styrene
monomer to coupling agent in the grafting reaction [28]. The polymers obey the
Mark—Houwink—Sakurada equation, and are characterized by lower intrinsic
viscosity values relative to linear poly(styrenes) of comparable molecular weight,
in agreement with a compact structure.
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Scheme 7

The approach outlined in Scheme 7 was directly applied to the synthesis of
dendritic poly(isoprenes), by simple substitution of isoprene for the styrene
monomer [29]. Two coupling agents were examined in this case, namely
CDMSS and 2-chlorodimethylsilyl-1,3-butadiene. Other interesting architec-
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tures have been prepared based on these reactive dendron structures. For
example, the focal anion present on the molecules (after full consumption of the
coupling agent) can be used to initiate the polymerization of monomers such as
styrene to prepare more complex structures such as linear-dendritic hybrids, or
poly(styrene) stars with dendritic poly(styrene) end blocks.

6 CONCLUSION

It should be apparent that dendrigraft (arborescent) methodologies described in
this chapter offer new options for macromolecular structure control that surpass
those available for producing random hyperbranched polymers. On the other
hand, one cannot attain the precise control that is possible from dendrimer
synthesis. Many of the core-shell type topologies reminiscent of dendrimers can
be synthesized with these methods, producing in some cases ‘container-like’
properties with relatively monodispersed character (i.e. M

�
/M

�
� 1.1—1.5). A

major advantage offered by these strategies is the ability to attain very high
molecular weight products in relatively few iterations (i.e. G� 1—3). The dra-
matic amplifications/generation and the ability to use relatively inexpensive
monomers for ‘reactive oligomer’ grafting, offers the potential to manufacture
and develop dendrigraft polymer products, possessing dendrimer-like proper-
ties, at a much lower cost. Commercial development in this area will undoubted-
ly be receiving substantial attention in the future.
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1 INTRODUCTION

Gel electrophoresis is widely used in the routine analysis and separation of many
well-known biopolymers such as proteins or nucleic acids. Little has been
reported concerning the use of this methodology for the analysis of synthetic
polymers, undoubtedly since in many cases these polymers are not soluble in
aqueous solution — a medium normally used for electrophoresis. Even for those
water-soluble synthetic polymers, the broad molecular weight dispersities
usually associated with traditional polymers generally preclude the use of elec-
trophoretic methods. Dendrimers, however, especially those constructed using
semi-controlled or controlled structure synthesis (Chapters 8 and 9), possess
narrow molecular weight distribution and those that are sufficiently water
solubile, usually are ideal analytes for electrophoretic methods. More specifi-
cally, poly(amidoamine) (PAMAM) and related dendrimers have been proven
amendable to gel electrophoresis, as will be discussed in this chapter.
We begin with a short introduction to provide polymer chemists who may be

new to the field of electrophoresis with a brief background concerning elec-
trophoretic separation and characterization. Those who wish to obtain an
in-depth understanding of the theory or detailed practical techniques are referred
to textbooks/monographs on this subject [1—6]. Next, the advantages of gel
electrophoresis as an analytical tool, and the structural requirements regarding
dendrimers as electrophoretic analytes are discussed. Finally, studies directed at
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gel electrophoretic characterization of dendritic polymers and related materials
are reviewed in the rest of the chapter.

2 GEL ELECTROPHORESIS: BASIC CONCEPTS

A particle with a net charge moves under the influence of an electric field toward
an oppositely charged electrode. This phenomenon, defined as electrophoresis, is
the basis for various electrophoretic methods in biochemistry research. Separ-
ation of particles via electrophoresis is achieved through the difference in their
migration distances, which is dependent upon their electrophoretic mobility.
The electrophoretic driving force for a particle to move, depending on the

electric field strength (E) and the net charge on the particle (z), is balanced by the
frictional resistance (f) which the particle must overcome to migrate.

f�E · z (1)

In free solution, the frictional force obeys Stokes’ law so that

f� 6�rv� (2)

where r is the particle radius, v its velocity and � the viscosity of the medium. In
gels, frictional resistance is a complex function of gel pore size and particle size.
Electrophoretic mobility (m) is defined as the particle’s migration distance (d)

in time t under the influence of unit electric field strength

m�
d

E·t
�
v

E
(3)

Based on equation (3), when E·t is kept constant, migration distances can be
used directly for comparing electrophoretic mobility of different particles. Com-
bining equations (1)—(3), one can see that the electrophoretic mobility of charged
particles in free solution depends on their net charge, particle size and nature of
the medium. The situation in solid support gels is much more complicated, and
particle electrophoretic mobility is determined by its charge density (charge-to-
mass ratio) rather than net charge, in addition to its size and nature of the
medium.
In the following, we will take a brief look at additional factors that affect the

electrophoretic mobility and thus separation of charged particles.

2.1 INFLUENCE OF MEDIUM PH

Proteins possess both anionic and cationic groups as part of their primary
structure and form zwitterions. Since the dissociation constants (pK values) of
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these groups are different, the charges on proteins may vary widely depending
upon pH of the medium. As a result, pH has a profound influence on protein
mobility.
Nucleic acids possess sugar—phosphate backbones, whose net charges do not

change over a relatively wide range of pH. Thus, charge densities are nearly
constant for different nucleic acids, as their net charge is proportional to the
number of residues (i.e. mass). Therefore, the pH of the medium is not as critical
in nucleic acid electrophoretic characterization.
Structure controlled dendritic polymers that have been studied using gel

electrophoresis generally behave as mimics of either proteins or nucleic acids,
and possess similar ionic groups such as —NH

�
≈, —COOQ, or PO

�
Q functional-

ity. Dendrimer structures may be widely modified as a function of their interior
composition and as well as the nature of their surface groups. Depending on their
structure, the influence of pH may vary dramatically for different dendrimers.

2.2 IONIC STRENGTH OF THE MEDIUM

In general, lower ionic strength of the separation medium leads to higher
migration rates of analytes, while higher ionic strength yields lower migration
rates but sharper separation. Thus, the choice of buffer ionic strength is an
important parameter in determining the time and resolution of an elec-
trophoretic analysis.

2.3 SUPPORT MEDIA

Though electrophoretic separations were historically first studied in free sol-
utions, more recent developments have extended its application to solid sup-
ports, including polyacrylamide, agarose, and starch gels. The purpose of a solid
support is to suppress convection current and diffusion so that sharp separations
may be retained. In addition, support gels of controlled pore sizes can serve as
size-selective molecular sieves to enhance separation — smaller molecules experi-
ence less frictional resistance and move faster, while larger molecules move
slower. Therefore, separation can be achieved based on molecular size.
Polyacrylamide gel is themost commonly used type of supportmedium for gel

electrophoresis, and polyacrylamide gel electrophoresis is simply known as
PAGE. The gel is usually formed by polymerization of acrylamide and the
cross-linking agent N, N�-methylene-bis-acrylamide (Bis) in the presence of
ammonium persulfate (APS, initiator) and N, N, N�, N�-tetramethyl-
ethylenediamine (TEMED, accelerator). The total concentration of acrylamide
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�T(%)
acrylamide(g)�bis(g)

100ml (solution) �
and the proportion of Bis

�c(%)�
Bis(g)

acrylamide(g)�Bis(g)
� 100�

are two important factors in determining such physical properties of the gel such
as mechanical strength, density, elasticity and pore size. In fact, a major advan-
tage associated with poly(acrylamide) gels is the ease with which the pore sizes
and hence the degree of molecular sieving can be altered by simply changing T
and c. For this reason, PAGE is effective in separation of molecules of different
sizes, yet possessing similar charge densities.
Particles are subjected to molecular sieving during their passage through the

gel, and the molecular sieving effect is, to a large extent, determined by pore sizes.
Therefore, careful consideration must be given to the choices of an appropriate
acrylamide concentration for the optimal separation of particles of certain sizes.
For example, if the gel cross-link density is too high, the particles may be totally
excluded from the gel or if too low, all the particles will run together and no
separation may be achieved.
Gels of a uniform cross-link density are referred to as ‘homogeneous gels’,

while those possessing cross-link density gradient are ‘gradient gels’. Gradient
gels are normally used to extend the particle size range that may be separated,
and to sharpen the separation.
Agarose is a purified linear galactan hydrocolloid, isolated from agar or

recovered directly from agar-bearing marine algae. Gels are formed through
physical crosslinking of the linear polymers simply achieved by cooling down
their hot solutions. Agarose gels have larger pore sizes than polyacrylamide gels,
and are usually used for separation of large molecules or complexes (e.g. den-
drimer/DNA complexes shown later in this chapter).
Two kinds of gel configurations are usually used, either slab-gels or cylindrical

rod gels. Slab-gels have the advantage of easymanipulation and better reproduc-
ibility and they are currently the method of choice for most electrophoretic
analyses. Shown in Figure 10.1 is an illustration of a vertical slab-gel setup.
Normal polarity (with the anode at the bottom) is used for negatively charged
analytes (e.g. half generation PAMAM dendrimers possessing anionic —COOQ

surface groups), while reverse polarity is used for positively charged analytes (e.g.
full generation PAMAM dendrimers possessing cationic —NH

�
≈ surface

groups).
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 Figure 10.1 An illustration of a vertical slab-gel apparatus. Samples are applied
in the wells set in the gel using a ‘comb’. Side-by-side comparison of samples is
possible in slab systems (ref. 7). (Reprinted with permission from reference 7,
Figure 11.2, Page 295, copyright (1994) Springer-Verlag.)

2.4 GEL ELECTROPHORESIS UNDER NATIVE OR DENATURING
CONDITIONS

As discussed above, electrophoretic separation is based on both the charge
density and size of the analyte particles. When the influence of charge is elimin-
ated, gel electrophoresis may be used to determine molecular size or mass. In
protein chemistry, this is achieved by running PAGE in the presence of additives,
such as sodium dodecylsulfate (SDS). SDS is an anionic detergent that com-
plexes with proteins at a rough ratio of one SDS per two amino acid residues,
providing protein—SDS complexes whose net charge is proportional to molecu-
larmass. Therefore, SDS denatured proteins have nearly identical charge density
which is independent of molecular mass, and for this reason, SDS—PAGE is
commonly employed to measure protein molecular weight.
Nucleic acids of different molecular mass possess very similar charge density,

as mentioned previously, so they are also separated as a function of particle size.
A non-ionic additive such as urea is usually used to prevent multimolecular
aggregation.
This introduction was intended to merely provide basic concepts and prin-

ciples of electrophoretic separation. It should be noted that a wide variety of
electrophoretic techniques, such as isoelectric focusing and two-dimensional gel
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electrophoresis, in addition to various visualization and quantification methods,
are often used in more sophisticated analyses, however, these techniques will not
be reviewed in this chapter.

3 WHY GEL ELECTROPHORESIS IS USEFUL IN ANALYZING
DENDRIMERS

Since the first reports on dendritic architecture appeared in the mid-1980s
[8—10], the number of new synthetic dendritic polymers has increased almost
exponentially [11—14]. As the efforts in dendrimer synthesis intensifies, charac-
terization of these large yet complex molecules have offered new challenges to
scientists in this field. From the previous chapter, one can see that chromato-
graphic methods such as size exclusion chromatography (SEC) and HPLC can
provide basic information about the purity, homogeneity and size (molecular
mass) of these dendrimers. Yet a major advance in characterizing dendrimers
should probably be attributed to the recent progress in the development of two
important mass spectroscopic techniques as discussed in Chapter 13, electros-
pray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI)
mass spectroscopic (MS) methods, which are capable of detecting fine structural
defects at relatively highmolecular weights [15, 16]. However, all these methods,
although they are very useful, require expensive instrumentation, which is some-
times cost-prohibitive to many laboratories, especially for routine analysis.
Gel electrophoresis, on the other hand, offers many benefits, since it does not

require sophisticated instruments and has been used as a routine lab tool by
biochemists for decades. In many respects, gel electrophoresis for dendrimer
chemists is comparable to thin layer chromatography (TLC) for synthetic or-
ganic chemists. Furthermore, gel electrophoresis has remarkably high resolving
power, compared to that of SEC. This is primarily due to a minimum zone
spreading resultant from migration in a homogeneous medium, and efficient
fractionation aided by focusing the sample in a stacking gel prior to elec-
trophoretic separation [17, 18]. Gel electrophoresismay be used qualitatively, or
semi-quantitatively, if it is combined with densitometric analysis. On the other
hand, preparative separations of important dendritic species are possible on a
very small scale.
In the following section, some of the basic requirements for dendritic polymers

as electrophoretic analytes are discussed.

3.1 NARROW DISPERSITY

Proteins and nucleic acids are structure controlled monodispersed compounds
that typically exhibit narrow bands as analytes on gels. Synthetic polymers, on
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the other hand, generally form smears rather than bands because of their
traditionally broad molecular weight distributions (see Figure 10.5). For this
reason, electrophoretic analysis has been reported for relatively few synthetic
polymers so far [18, 19]. Dendrimers, as illustrated in Chapters 8 and 9, are
usually constructed through controlled or semi-controlled processes that lead to
precise molecular architecture with very narrow molecular weight distributions.
This is the fundamental reason they may be analyzed using gel electrophoresis
methodology to yield useful characterization results.

3.2 SOLUBILITY

Electrophoresis is normally run in aqueous media, hence the analytes must be
soluble in water. Presently only three types of water-soluble dendrimers have
been successfully analyzed using gel electrophoresis techniques. The list includes
Starburst“ PAMAM dendrimers [21], nucleic acid dendrimers [21] and
poly(lysine) dendrimers [23, 24] (see Figures 10.2, 10.4 and 10.6). However, in
each case appropriate water solubilizing terminal groups are required (i.e. —NH

�
,

—OH or —CO
�
H groups) for suitable electrophoretic analysis.

3.3 CHARGE

Particles must possess a net charge to migrate in a electrophoretic field. All the
dendrimers that have been analyzed using gel electrophoresis have either
cationic or anionic groups that may be ionized at appropriate pH values and
form charged particles.
In summary, dendrimers are a unique class of monodispersed synthetic mol-

ecules reminiscent of proteins or nucleic acids. If they can be functionalized to be
soluble in water with appropriately charged terminal groups, they are generally
ideal candidates for gel electrophoretic analyses.

4 GEL ELECTROPHORESIS IN ANALYZING DENDRITIC
POLYMERS AND RELATEDMATERIALS

Just as gel electrophoresis methodology is commonly used to determine homo-
geneity, as well as molecular weights of proteins these techniques may be used
similarly for dendrimer analysis. Other uses have included the assessment of
DNA/dendrimer binding constants which have been studied using gel elec-
trophoresis. Application of gel electrophoresis in dendritic science will be dis-
cussed from these three aspects.
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Figure 10.2 Schematic illustration of synthesis of (EDA) core PAMAM den-
drimers (E 0–2). Higher generations can be obtained by successive reiterations.

4.1 PURITY AND HOMOGENEITY ASSESSMENT

Poly(amidoamine) (PAMAM) dendrimers have been envisioned as globular
covalent assemblies reminiscent of folded, three-dimensional proteins. The
mimicry is not confined to the globular topology, but also includes their �-
alanine interior composition, amide linkages, cationic or anionic surface groups
andmonodispersity. This family is probably themost thoroughly studied class of
dendrimers using gel electrophoresis [10, 11, 19]. PAMAM dendrimers are
constructed via a controlled divergent approach, which includes alternating
reiterations of exhaustive Michael addition followed by amidation as shown in
Figure 10.2 [8, 9]. The initiator core may be either NH

�
, ethylenediamine (EDA)

or other variations. Full generations are produced at the amidation stage and
possess terminal NH

�
groups, while half generations are formed at the Michael

addition stage to yield terminal methyl ester groups. Hydrolysis of half gener-
ation PAMAMs in the presence of group I metal hydroxides affords PAMAM
dendrimers with —COOH terminal [9].
With each iteration of the reaction sequence (Michael addition and amidation)

leading to formation of the next generation, the number of terminal groups
doubles, and the mass approximately doubles. As a result, PAMAM dendrimers
of different generations possess approximately identical charge density (charge-
to-mass ratio) assuming that all the terminal groups carry a charge. Thus,
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Figure 10.3 Electrophoretogram of several generations of (EDA-core) PAMAM
dendrimers (E 0–10). The unlabeled smear in the middle of the gel is a conven-
tional polydispersed linear poly(lysine) sample as a comparison

PAMAM dendrimers provide a series of nearly precise macromolecules with
almost equivalent charge density, yet a wide molecular weight range (a few
hundred to almost a million), of which gel electrophoretic analysis can be carried
out under native conditions [21].
In Figure 10.3 is shown the electrophoretogram of (EDA-core) PAMAM

dendrimers from generation 2 to 10 on a 5—40% T gradient gel. In the running
buffer at pH� 3, both the primary and the tertiary amines are presumably
protonated, leading to positively charged particles that move to the cathode on a
reversed polarity gel. The lower generations, (i.e. small sized particles) move
further than their higher and larger analogs.
As shown in Figure 10.3, PAMAMs of each generation are flanked by its

precursors (G� 1) and its next higher (G� 1) generations on the elec-
trophoretogram.Referring to the synthetic scheme in Figure 2, it is apparent that
dimers and higher oligomers are possible. Such is the case as observes ‘higher
flanking species’ which have been shown by mass spectroscopy to be dimers that
resulted from a double amidation of EDA between two dendrimer molecules.
The similar migratory properties are consistent with the expectation that they
should have nearly identical molecular weights to that of the next higher gener-
ation. The ‘lower flanking species’ are formed as a result of incomplete removal of
EDA after the amidation step. The residual EDA can then act as a new initiator
core then to form a ‘so-called’ (G� 1) trailing generation. In this way, the purity
or homogeneity of each generation is clearly demonstrated using gel electrophor-
esis. In addition, semi-quantitative or quantitative assessment can be conducted
to determine purity at a specific generation as long as appropriate linearity
studies are performed.
For comparison, linear and dendritic poly(lysine)s were analyzed in a parallel

study using PAGE [21]. The linear poly(lysine), with a reported polydispersity of
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Figure 10.4 Synthetic scheme for ‘Denkewalter’ dendrimers of generations 0 to
2 (D 0–2).

1.3 and molecular weight of 37 200, exhibits a broad smear. On the other hand,
the so-called ‘Denkewalter dendrimer’ poly(lysine) [22] constructed according to
dendritic rules as shown in Figure 10.4 was found to possess substantial molecu-
lar weight monodispersity, as manifested by the narrow bands observed in its
PAGE (Figure 10.5).
In another study, nucleic acid dendrimers were synthesized via both conver-

gent and divergent approaches, and their purity assessed using PAGE [23, 24].
In Figure 10.6 is shown convergent synthetic route, which involves:
(1) synthesis of thymidine (T) oligonucleotides on the surface of controlled-pore
glass;
(2) introduction of branching-points by coupling of two adjacent oligomer chain
ends with an adenosine (A) derivative;
(3) repetitive chain elongation and branching steps to form higher generations
(G� 1—3).
The resultant nucleic acid dendrimer can be cleaved from the support and

analyzed using PAGE. Shown in Figure 10.7 is the electrophoretogram of crude
dendron 4 [23]. The least mobile band has been identified as the full-length
dendrimer, while other ‘fingerprint’ bands resulted from incomplete reactions at
the branching step. Preparative PAGEpurificationwas conducted to afford pure
dendrimer 4 with purity greater than 98%.
In a recent report, the divergent solid-phase synthesis of nucleic acid de-

ndrimers was also reported and the purity assessed using PAGE [24], however,
the details are not included here due to space constraints.
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Figure 10.5 Electrophoretogram of linear poly(lysine) (left) and dendritic
poly(lysine)s (D 3–7).

4.2 MOLECULAR WEIGHT ESTIMATIONS

PAMAM dendrimers have been used as nanoscale building blocks (tectons) to
construct more complex dendritic topologies referred to as core—shell
tecto(dendrimers)�� (see Chapter 5). In this case, amine terminated dendrimers
are used as a core, around which carboxylic acids or their esters terminated
dendrimers are covalently bonded to form core-shell tecto(dendrimers) [25].
Using PAMAM dendrimers (G� 2—10) as calibration standards, molecular
weight of the resultant tecto(dendrimers) were estimated using PAGE. The
results are in excellent agreement with molecular weights obtained both from
MALDI-TOFmass spectrometry and calculated fromAFMobservedmolecular
dimensions, as summarized in Table 10.1.

4.3 STUDY OF DNA/DENDRIMER COMPLEXES

Dendrimers with positively charged surfaces can complex with DNA and have
shown great potential in gene transfection [11, 26]. Studies have used agarose gel
electrophoresis to detect the binding between dendrimers and DNA, by examin-
ing the charge neutralization, which retards the migration of the DNA in
electrophoresis.
In the first report, PAMAM dendrimers with primary amine surface groups

were used [27]. It was found that complex formation is dependent both upon the
size (generation) of the dendrimers used and the charge ratio between the
(cationic and anionic species, i.e. ammonium groups on PAMAM to phosphate
groups on DNA). Retardation of DNA migration was not observed with
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Figure 10.6 Synthetic scheme of nucleic acid dendrimers

Table 10.1 Core-shell tecto(dendrimer) molecular weight analysis results obtained
fromMALDI-MS, AFM and PAGE.

Core—Shell compounds 1 2 3 4

MALDI—MS (MW) 114 000 172 000 238 000 403 000
AFM (MW) — 195 000 369 000 469 000
PAGE (MW) 120 000 168 000 250 000 670 000

PAMAM dendrimer G3 or lower generations at any charge ratio, while com-
plete retardation with higher generations occurred only when an equivalent
(charge ratio of 1) or excess dendrimer amine groups are present.
In a similar study, poly(ethylene glycol)-block-poly(-lysine) dendrimers were

used to complex with DNA [28]. It was found that retardation of migration
increases with increasing charge ratios, and complete retardation occurs at
cationic/anionic ratio of 2.
In summary, gel electrophoresis is a very convenient method to assess the

purity of dendrimers, to estimate molecular weight of similar materials, or to
probe the interaction between various dendrimers and important biopolymers
such as DNA. It is noteworthy that capillary electrophoresis (CE), which offers
analogous features to gel electrophoresis, also has shown great potential in
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Figure 10.7 Electrophoretogram of dendritic nucleic acid 4 (lane 2) and a linear
analog of identical base composition (lane 3). Lanes 1 and 4: marker dyes xylene
cyanol (XC) and bromophenol blue (BPB). (Reprinted with permission from
reference 23, copyright (1993) American Chemical Society.)

analyzing dendritic polymers [21, 30]. In view of the fact that dendrimers have
manifested important benefits in a variety of biomedical fields, such as drug
delivery, gene transfection or immunodiagnostics, one can expect that biomedi-
cal tools, such as electrophoresis will become increasingly valuable for den-
drimer scientists as significant methodology for characterization and purity
assessment.

5 CONCLUSION

It is widely recognized that dendrimers are the first synthetic ‘structure control-
led polymers’ that rival the control and monodispersity observed for proteins.
Their precise masses and behavior as analytes on electrophoretic gels demon-
strate the contention that dendrimers (i.e. specifically poly(amidoamines)) may
be viewed as ‘artificial proteins’.
Gel electrophoresis, a common analytical method in biological and medical

research, can be conveniently applied in the analysis of dendritic polymers,
owing primarily to the unique structure of the dendrimer analytes. It has
currently been used to assess purity, measure molecular weight of dendrimers,
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and probe the binding between dendrimers and DNA. As the number of new
biomedical applications for dendrimers continues to grow, the use of elec-
trophoretic methods for characterization of dendritic polymers and related
materials are also expected to expand.
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Characterization of
Dendritically Branched
Polymers by Small Angle
Neutron Scattering (SANS),
Small Angle X-Ray Scattering
(SAXS) and Transmission
Electron Microscopy (TEM)
B. J. BAUER AND E. J. AMIS
National Institute of Standards and Technology Gaithersburg, MD, USA

1 THE UNIQUENESS OF DENDRITIC STRUCTURES

Since the introduction of synthetic techniques to produce dendritic polymers, it
has become widely recognized that they produce structures unlike any previous
synthetic polymers [1, 2]. The stepwise layering of shells (generations) around a
core with uniform branching in each step produces molecules of elegant symme-
try that have become immediately recognizable. Figure 11.1 illustrates a two-
dimensional projection of a classical dendrimer that is instructive of the synthetic
steps required to develop such topology and architecture.
At the center of the dendrimer is the core that represents the first synthetic

step in divergent synthesis, or the last step in convergent synthesis. Each concen-
tric shell of branched units is a generation (X), designated (GX), of identical
repeat units. Hundreds of chemical repeat units have been reported [3, 4], but
our characterization has been focused primarily on poly(amidoamine)
(PAMAM), —(CH

�
CH

�
CONHCH

�
CH

�
N)� [1], or poly(propyleneimine)
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Figure 11.1 Classical two-dendrimer projection showing core, branch points
and terminal groups

(PPI), —(CH
�
CH

�
CH

�
N)� [5, 6] dendrimers. The discontinuous lines at the

perimeter of the circle in Figure 11.1 are the terminal units of the dendrimer
which are —NH

�
for the full generations of both PAMAM and PPI dendrimers.

We are interested in the structure of a generic dendrimer, however, whose
properties result from the connectivity within a dendrimer and not primarily
from the chemistry involved in the synthesis.
Although the synthetic techniques of dendrimer production have been exten-

sively studied [3, 4], characterization of the size, shape and interactions of
dendrimers have lagged behind.While the cartoon of Figure 11.1 is very instruc-
tive for learning about the covalent connectivity resulting from the synthesis, it
can be very misleading if it is used to describe how a dendrimer actually
distributes itself in space. If dendrimers were shaped as depicted by Figure 11.1,
they would be round (circular in two dimensions, spherical in three dimensions),
have a lower segment density on the inside than at the outside and have all of the
terminal units at the outside. Since these factors have very important application
implications, it is imperative that measurements be made to characterize the
reality of dendrimers.
The doubling or amplification that is inherent in dendrimer chemistry is the

dominant process that controls the dendrimer shape [1]. With each generation,
the number of terminal units usually doubles. Each shell (generation) enhances at
approximately a constant value, whereas the total molecular mass approximate-
ly doubles with each generation as does the number of branch points. While the
dendrimer mass doubles with generation, the space to fit the units increases at a
much slower rate. The contour length of any chain from the core to the terminal
units is proportional to the number of chemical bonds and hence the number of

256 B. J. BAUER AND E. J. AMIS



generations. Equation (1a) and (1b) show the relationship between the molecular
mass, M, and the molecular volume, V, for a dendrimer of generation G. The
ratio ofM to V gives a relative local density � and the inverse of this quantity
gives an intrinsic viscosity [�].

M � 2� (1a)

V � G3 (1b)

� � [�]�� � M/V � 2�/G� � � (1c)

The increase of the molecular mass proceeds much more rapidly than the space
available and means that after a few generations, there will not be enough room
to fit in all of the required units of the next generation. The result is that the
chemistry at a certain generation cannot be complete and less than 100%
chemical conversion will result. It is of interest to study dendrimers up to this
limit to find the effect of such extreme crowding.

2 HISTORY OF DENDRIMER CHARACTERIZATION

The earliest work on dendrimer characterization was concerned with aspects of
the organic chemistry — did the proposed chemical reaction take place without
side reactions and what was the conversion? Since near-100% conversion and
near-perfect removal of excess reactants is required for making pure dendrimer,
commonmethods of spectroscopy and chromatography can be used to verify the
structure. In a wide variety of dendrimer chemistries, nearly perfect structures
have been produced, at least for earlier generations wherein the techniques are
more quantitative.
The development of mass spectroscopic techniques such as matrix assisted

laser desorption (MALDI) and electrospray mass spectrometry has allowed the
absolute determination of dendrimer perfection [7, 8]. For divergent dendrimers
such as PAMAM and PPI, single flaws in the chemical structure can be meas-
ured as a function of generation to ‘genealogically’ define an unreacted site of or a
side reaction producing a loop at a particular generation level. Mass spectromet-
ric results on dendrimers, not only demonstrate the extreme sensitivity of the
technique, but also demonstrate the uniformity of the molecular mass. The
polydispersity index of M

�
/M

�
for a G6 PAMAM dendrimer can be @ 1.0006

which is substantially narrower than that of ‘living’ polymers of the same
molecular mass [7].
Hydrodynamic sizes from intrinsic viscosity (IV), gel permeation chromatog-

raphy (GPC), and holographic relaxation spectroscopy (HRS) map the changes
in size with generation. For example, (IV) of PAMAM [9] and PPI [6] den-
drimers goes through a maximum as a function of generation suggesting that the
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dendrimers become more densely packed. While these techniques give valuable
information, they are actually communicating more about the size of the
dendrimers rather than about their internal structure.
Light-scattering techniques measure the radius of gyration (R

�
) of dendrimers

which is an average of the spatial distribution of all of the units. Aharoni and
Murthy [10] have used scatteringmethods to measure theR

�
of dendrimers with

lysine repeat units and conclude that they are spherical. These molecules differ
from conventional dendrimers, however, in that the branch cell (units) are
asymmetric and therefore the internal segment distributions are modified. Other
laboratories have begun to publish results of small angle neutron scattering
(SANS) [11] and small angle X-ray scattering (SAXS) [12, 13] of dendrimers, but
only a few studies have had sufficient resolution to resolve the higher order
features characteristic of uniform dendrimers [14—17].
Transmission electron microscopy (TEM) [1, 18—20] has been used to image

individual dendritic molecules, usually the larger generations. More recently,
atomic force microscopy (AFM) [21] has also been used to image dendritic
molecules.

3 IMPORTANT TECHNOLOGICAL QUESTIONS

The unique topology and architectural components of dendrimers suggest many
important applications that may be possible. We have identified at least five
important factors that pose questions concerning these technological applica-
tions. Table 11.1 lists these factors along with the applicability of SANS, SAXS
and TEM to address the questions.
The first question concerns the segment density distribution (SDD) of the

atoms in the interior of a dendrimer. Predictions vary from the extremes of a very
hollow structure with a densely packed exterior [22] to a high central segment
density with a gradually tapering concentration of units [23] and a variety of
intermediate structures [24—28]. If dendrimers have a unimolecular micelle-like
structure, they may be able to solubilize molecules in the interior for important
applications such as drug delivery [29], phase transfer [30], etc. If dendrimers
have tapered distributions, they may not be significantly different from linear or
slightly branched polymers for these applications.
Another important issue is the difference between various branching types

such as random hyperbranched [31], dendrigrafts and dendrimers. The com-
plexity of synthesis requirements manifested by the statistical dendritic polymers
versus the more structurally controlled dendrimers could make the former
orders of magnitude more expensive than hyperbranched. Are the structures as
significantly unique and of sufficient value effectiveness to justify the higher
costs?

258 B. J. BAUER AND E. J. AMIS



The terminal groups of a dendrimer are large in number and can have
functionalities capable of chemical reactions. If the terminal reactive terminal
groups were near the periphery, they would be readily accessible for attachment
to surfaces or to reagents. Block copolymers or networks with dendrimers as
crosslink points would benefit from having them on the outside.
When dendrimers are exposed to forced intermolecular contact by increasing

their concentration in solution, or by placing them on a surface, do they freely
pass through one another or do they avoid interpenetration and align them-
selves? Dendrimers have sizes in the range 1—20 nm and would be excellent
candidates for nanoscopic structures if such ordering does occur.
Finally, do dendrimers change greatly in size when placed in different sol-

vents? For applications as size standards or molecular probes dendrimers pos-
sessing a relatively fixed size would be preferable. For applications using the
release of stored guest molecules, however, it would be preferable to ‘open’ and
‘close’ dendrimers by designing appropriate ‘container release strategies’.

4 MEASUREMENTMETHODS USED

Dendritically branched polymers have been characterized in our laboratory
primarily by SANS, SAXS and TEM. All three techniques are capable of
measuring and defining the sizes of dendritic materials. SAXS and SANS probe a
size scale that reveals information about the average size of the molecules,
namely, the radius of gyration (R

�
) [14, 15, 17, 32, 33]. More complex treatment

of the scattering data can reveal information about the internal structure of the
entire dendrimer or individual components of dendrimers [17, 32, 34]. Scattering
data may also give information concerning the intermolecular spacing between
dendrimers [32, 35, 36]. TEM can be used to image individual polymer mol-
ecules, giving direct information on size, shape, polydispersity and alignment
[20].
Both SANS and SAXS probe the same size length scale characterized by the

scattering vector q (with q � (4�/�) sin(�/2), � being the scattering angle and �
being the wavelength of the probing radiation). The intensity of the scattering as
a function of angle (q) gives information on the arrangement and spacing of the
polymer segments. The scattering from a collection of particles can be broken
into contributions from a single particle, P(q), as well as between particles, S(q).

I(q))� P(q)S(q) (2)

The form factor term, P(q), contains information on the distribution of segments
within a single dendrimer. Models can be used to fit the scattering from various
types of particles, common ones being a Zimm function which describes scatter-
ing from a collection of units with a Gaussian distribution (equation (3a)), a

CHARACTERIZATION OF DENDRITICALLY BRANCHED POLYMERS 259



Table 11.1 Major technological issues. Key to symbols, ��, best technique for
measurement;�, acceptable technique for measurement; —, unsuitable for measurement

Structure Issues Critical Questions
Influence on
Applications SANS SAXS TEM

Segment
distribution

Uniform or
diffuse?

Solubilization � �� �

Type of
branching

Important
differences?

Major cost
differences

� � �

Terminal group
location

Surface or
interior?

Attachment
networks

�� � —

Dendrimer—
dendrimer
interactions

Interpenetration
or collapse?

Ordering
nanostructures

� �� �

Size variation
with solvent

Large changes of
stable size?

Standards release � � —

Guinier function which describes the scattering from sphere-like objects (equa-
tion (3b)), and the Sphere function which gives the exact scattering from a perfect
sphere, where R� (5/3) �R

�
(equation (3c)).

P(q)� (1� q�R
�
�/3)�� (3a)

P(q)� exp(� q�R
�
�/3) (3b)

P(q)� 9(sin(qR)� qR cos(qR))�/(qR)	 (3c)

Therefore, a fit of the scattering data not only gives information on an average
size, R

�
but also information on the segment density distribution within the

dendrimers.
Table 11.1 compares the usefulness of the three techniques in addressing the

questions posed. SANS has the ability to analyze labeled parts of themolecule by
replacing hydrogens with deuterium. This allows for the location of dendrimeric
components, such as the end groups. SAXS offers the advantage of working with
very low background radiation, thus providing the best resolution of the higher q
features which are normally weak in intensity. TEM is the best technique of the
three for viewing individual molecules and offers direct visualization.
Descriptions of the experimental scattering and microscopy conditions have

been published elsewhere and are referenced in each section. Throughout this
report certain conventions will be used when describing uncertainties in
measurements. Plots of small angle scattering data have been calculated from
circular averaging of two-dimensional files. The uncertainties are calculated as
the estimated standard deviation of the mean. The total combined uncertainty is
not specified in each case since comparisons are made with data obtained under
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Figure 11.2 SAXSRg of PPI and PAMAMdendrimers. Straight line is the limit of
PAMAM dendrimers collapsed to bulk density. The 1/3 power law suggests
uniform spherical shape

the same conditions. In cases where the limits are smaller than the plotted
symbols, the limits are left out for clarity. Data plots produce uncertainties larger
than the symbols, representative confidence limits are plotted at appropriate
places. Fits of the scattering data aremade by a least-squares fit of the data giving
an average and a standard deviation to the fit, this is the case for fit values such as
radius of gyration and exponents.

5 DENDRIMER SIZE VS GENERATION

SANS and SAXS have been used to measure the average (radius of gyration),R
�

of dendrimers in dilute solution [14, 15, 17, 33]. Figure 11.2 is a plot of R
�
vs

theoretical M
�
for both PPI and PAMAM dendrimers. The theoretical R

�
of

spheres with a density of 1.23 g/cc, based on the value reported for PAMAM
dendrimers, is plotted for comparison. Therefore, these values provide a limit for
PAMAM dendrimers that have excluded all solvent and shrunken to single
molecules without any interior void space. The distance from these PAMAM
reference points to the line gives the relative segment density within the den-
drimers. These data points roughly parallel the line, with the points getting
slightly closer to the line for the highest generations.
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Figure 11.3 TEM of G5, G6, G8, and G10 PAMAM dendrimers. Individual mole-
cules are seen

A slope of 1/3 would suggest that the dendrimers are spherical with similar
internal density profiles. There seems to be a slight increase in internal segment
density as the dendrimers get larger. For the highest PAMAM generations, it is
known that the theoretical molecular mass is not reached due to crowding [1].
This would shift the high generation data points to the right and may indicate
that the internal densities are uniform after a certain generation.
TEM has been used to measure the average diameter of PAMAMdendrimers

from G5 to G10 [20]. Figure 11.3 shows micrographs of G5, G6, G8, and
G10.The G5 micrograph also has a small amount of G10 dendrimers added to
help focus themicroscope and to identify the relative sizes. Single dendrimers can
easily be distinguishedwithin each of the populations shown. Individual polymer
molecules can easily be seen, while conventional linear polymers in this molecu-
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Figure 11.4 PAMAM dendrimer diameter from SAXS and TEM

lar mass range would be difficult to image. This attests to the fact that the
dendrimers are indeed much more spherical in shape and possess have a very
high internal segment densities compared to traditional polymers.
Size ranges are tabulated from the TEM images and are reported elsewhere

[20]. Each generation has a well-defined average with a relatively narrow range
of sizes. Figure 11.4 compares a plot of the average diameter fromTEM [20] and
fromSAXS [17] assuming that the dendrimers are spheres and that therefore the
diameter D� (20/3)� R

�
. It is apparent there is excellent agreement between the

two types of measurements.

6 DENDRIMER INTERNAL SEGMENT DENSITY DISTRIBUTION
(SDD)

While microscopy can give important information on the average size of den-
drimers, scattering gives much more detailed information on their internal
structure. Based on the variety of predictions concerning SDDs that may exist
within a dendrimer, ranging from a hollow structure with a dense shell [22] to a
dense center with a gradually tapering outward distribution [23], it is important
to clarify this issue.
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Figure 11.5 SAXS curves for PAMAM mass fraction ~ l% dendrimer/methanol
solutions of generation G3 (top) through G10 (bottom). Power law behavior
continuously varies from −5/3 ( − 1.7) to −4

The angular dependence of the scattered intensity contains information on the
SDD. In principle, if the SDD is known exactly, then the scattering can be
calculated exactly and vice versa. The uncertainties in the scattering become
translated into uncertainties in the SDD, however, and direct transformation is
not practical for samples that do not scatter strongly. There are some character-
istics of the scattering at intermediate or high q that can provide insights into
relative structures, thus easily distinguishing the structural class.
Figure 11.5 is a plot of the SAXS from G3 through G10 PAMAMdendrimers

over a very wide q range [34]. The scattering at low q is a measure of dendrimer
R

�
, and a gradual transition is easily seen from G3 to G10, indicating increasing

R
�
with generation number. The high q scattering also has a gradual transition

in the limiting power law that is sensitive to the transition of segment densities at
the outside of the dendrimer. The G3 dendrimer has a high q power law of
� 5/3 which is characteristic of a macromolecule in a good solvent such as
linear or star polymers [32]. This indicates a relatively diffuse outer boundary.
The G10 dendrimer, however, has a power law of � 4 which is characteristic of
an object with a very sharp outer boundary [32]. There is a gradual transition
from G3 to G10, showing that dendrimers transform from star-like to sphere-
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Figure 11.6 Fits of the G10 PAMAM dendrimer data to a distribution of spheres
and a single ellipsoid of revolution

like entities [1, 34].
Another important factor is the appearance of inflections in the high q data

that become multiple peaks as the generation number increases. Equation (3c),
which describes scattering from a monodisperse, uniform sphere has multiple
peaks at high q. These features also appear in the SAXS data, indicating that the
large generation PAMAM dendrimers are becoming quite sphere-like. Even the
relatively small G5 dendrimer is beginning to show this feature and the G10
dendrimer shows at least five additional peaks in the data.
The strong scattering from theG10 dendrimers and amultitude of other subtle

features make it the best candidate for thorough fitting of the structure. Figure
11.6 is a plot of the G10 SAXS data in a Porod plot, Iq
 vs q. A Porod plot is a
convenient way of looking at the scattering from objects with sharp outer
boundaries, since scattering with a � 4 power law will be a horizontal line in this
type of plot. The data points oscillate around a horizontal line showing a
sphere-like structure with a sharp outer boundary. The diminished size of the
oscillationswith increased q is due to the polydispersity of the sizes of the objects.
The polydispersity can be fit by two limiting cases: namely, as a population of

perfect spheres with a range of diameters or as a single randomly oriented
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ellipsoid. The solid line in Figure 11.6 is the theoretical scattering from a
population of spheres with a Gaussian distribution of radii with a mean of 69.9Å
and a distribution half width of 4.9Å. The dashed line is for a randomly oriented
ellipsoid with a major axis of 74.1Å and a minor axis of 59.8Å. It is not possible
to distinguish between these two types of polydispersities, but it is likely that
both types are present, resulting from a population of slightly elliptical molecules
with a small size variation.
Therefore, within the PAMAM family, the shapes of dendrimers span the

range from stars to spheres. Small G3 dendrimers have a diffuse, open structure
while large G10 dendrimers are spheres with a uniform interior, sharp outside
transition, and low polydispersity.

7 COMPARISON OF DENDRIMERS, HYPERBRANCHED, AND
DENDRIGRAFT

Dendrimer synthesis involves a repetitive building of generations through alter-
nating chemistry steps which approximately double the mass and surface func-
tionality with every generation as discussed earlier [1—4, 18]. Random (statisti-
cal) hyperbranched polymer synthesis involves the self-condensation of
multifunctional monomers, usually in a ‘one-pot’ single series of covalent forma-
tion events [31]. Random hyperbranched polymers and dendrimers of compar-
able molecular mass have the same number of branch points and terminal units,
and any application requiring only these two characteristics could be satisfied by
either architectural type. Since dendrimer synthesis requires many defined syn-
thetic and process purification steps while hyperbranched synthesis may involve
a ‘one-pot’ synthetic step with no purification, the dendrimers will necessarily be
a much more expensive material to produce.
A third type of branchedmolecule has been described recently, known alterna-

tively as dendrigraft [37] or arborescent [38] molecules. They are made in a
stepwise synthesis as are dendrimers, however, the iterations involve conven-
tional grafting reactions of end functionalized linear polymers onto a polymer
substrate. Ungrafted linear polymer is removed by fractionation and the grafting
reaction is repeated, forming the next generation of dendrigrafts. Since many
linear grafts can be added to the precursor generation each time, the molecular
mass increases by substantially more then the doubling that is usually observed
for dendrimers. Molecular mass increases of 10 to 100 times per generation are
often typical.
Figure 11.7 illustrates the three different subtypes of dendritically branched

molecules that have been identified within the major architectural class of
dendritic polymers. Random hyperbranched polymers, not only exhibit polydis-
persity in molecular mass between individual molecules, it should also be noted
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A)  Random  (Statistically)      

Hyperbranched 

                                                                            B) Dendrigraft 

                   C) Dendrimer 

Figure 11.7 Cartoons representing dendritically branched polymers listed in
Table 11.2

that the internal covalent connectivity between the core and the terminal units
varies dramatically. A dendrigraft made by repeated grafting of ‘living’ linear
polymers, each having a very narrow molecular mass distribution, making the
overall distribution narrow. Dendrimers are the most precise, structure control-
led subset of dendritic polymers as described earlier.
Table 11.2 lists some of the typical characteristics of the three types. All have

some characteristics in common, such as a high degree of branching as is defined
by having a low number (typically � 10) of covalent bonds between branch
points and a large number of terminal groups. The most important differences
between these dendritic types are in the polydispersity, the number of end groups
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Figure 11.8 Zimm and Guinier plots of G4 PAMAM dendrimer and G5 hyper-
branched polyol. The dendrimer fits Guinier (spherical) and the hyperbranched
fits Zimm (Gaussian)

and the number of synthetic and purification steps. The last factor is mirrored in
the resultant cost thatmay be different by orders of magnitude. For this reason, it
is important to determine property and performance differences between these
three dendritic types, as well as traditional cost—performance benefits.
As was described earlier, SANS [39—41] and SAXS [17, 34] have been used

successfully to define certain structural parameters of dendrimers. Different
types of structures have different form factors. If the scattering fits a given model
over a wide q range, then the molecular structure is well described by the
distribution described by that model. Figure 11.8 is a plot of the SANS from aG4
PAMAM dendrimer and a G5 random hyperbranched polyol, both of which
have the same nominal M

�
, 14 000 g/mol. Both SANS curves are plotted as a

Zimm plot (I��) and a Guinier plot (ln(I)). It is quite clear that the dendrimer is
linear in the Guinier plot and curved in the Zimm plot, with the opposite being
true for the random hyperbranched polymer. A Zimm plot describes the scatter-
ing from particles such as a linear chain having a Gaussian distribution of
segments, while a Guinier plot in this q range fits the scattering from a uniform
spherical object. Therefore, to a first approximation, the segment density dis-
tribution of a dendrimer is relatively uniform, while that of a hyperbranched is

268 B. J. BAUER AND E. J. AMIS



Figure 11.9 Kratky plots of G1 PS dendrigraft, G3 PS dendrigraft, G4 PAMAM
dendrimer and G10 PAMAM dendrimer. Flat high q shows star-like structure,
higher order features shows sphere-like structure

quite tapered, with a high density in the center and a gradual decrease in segment
density as one moves outward.
The low q range shown in Figure 11.8 gives important information, but the

most sensitive q range is at somewhat higher values of q. Figure 11.9 is a Kratky
plot, of scattering from low-generation (G4) and high generation (G10) PAMAM
dendrimers [17], along with low-generation (G1) and high-generation (G3)
polystyrene dendrigrafts [42]. AKratky plot, Iq� vs q, emphasizes the differences
in scattering at higher q values. The uppermost curve is the theoretical scattering
from a linear polymer. All of the others show a peak in the scattering which is
characteristic of dense internal structure. TheG1 dendrigraft has a shape charac-
teristic of a star polymer with a broad peak and leveling off at higher q. The G4
dendrimer has a similar shape, but the peak is much narrower. This suggests a
star-like structure on the outside, but more of a tendency for uniform a spherical
interior than the G1 dendrigraft. As shown previously, the G10 dendrimer
exhibits several higher order peaks typical of a robust sphere-like distribution.
TheG3 dendrigraft has a weak higher order peak, however, but the uniformity is
less pronounced than the G10 dendrimer.
Figure 11.10 is a plot of the average local segment density distribution for
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Figure 11.10 Volume fraction of interior polymer segments in solution. PPI
dendrimer in methanol, PAMAM dendrimer in methanol, random hyperbran-
ched polyol in methanol, and PS dendrigraft in cyclohexane

typical dendrimers, dendrigrafts and random hyperbranched. The average size is
calculated from the R

�
as measured from SAXS or SANS, assuming a spherical

shape. The size of a collapsedmolecule calculated fromM
�
and bulk density, �, is

then used to calculate the average internal volume fraction of polymer segments,
�
�
, as is shown in equation (4).

�
�
�

4�
3 �

5

3�R���
���

M
�
/N

��
�

(4)

N
��
is Avogadro’s number. The hyperbranched molecules have the most open

structure, with values of �
�
, in the range of (2—3)%. PPI and PAMAM den-

drimers form a composite curve with �
�
, ranging from (20 to 75)% from the

smallest to the largest dendrimers. The dendrigrafts �
�
, ranges from (10 to 50)%

from G0 to G3.
The results are summarized in Table 11.2. A low generation dendrimer has the

shape of a dense star with an interior having a more uniform density than a low
generation dendrigraft. As the generation number increases, the shape becomes
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Table 11.2 Comparison of different dendritically branched polymer types, see Figure
11.7

Dendrimer Dendrigraft Hyperbranched

Interior branching High High High

Terminal units Small Linear chains Small

Molecular mass
distribution

Narrow Narrow Broad

Shape — low
generation

Dense star Star-like Polydisperse, Diffuse

Shape — high
generation

Dense sphere Uniform center
star-like exterior

Polydisperse, Diffuse

Synthetic steps 4—20 2—5 1

Purification steps 4—20 2—5 0

Cost Very high Moderate Low

more sphere-like. At the limit of a G10 PAMAMdendrimer, the molecules have
a uniform interior with an abrupt transition in segment density at the outside,
and low polydispersity. A G0 dendrigraft is like a conventional multiarm star,
but a G3 dendrigraft has a uniform interior with a narrow, star-like zone of
transition at the outside. Random hyperbranched molecules have polydispersity
both in molecularmass and in the internal structure of eachmolecule. They have
a much more open structure with a broad, tapered segment density distribution
than do dendrimers of similar size.

8 LOCATION OF THE TERMINAL GROUPS

A dendrimer is illustrated in two forms, Figure 11.11a being the classical picture
with all of the terminal groups (shown as circles connected with a single bond)
extended in an exo-configuration to the outside of the dendrimer. Figure 11.11b
shows how the terminal groups could enter the interior of the dendrimer by
backfolding. SANS of unlabeled dendrimers can give detailed information on the
SDD as was demonstrated in the SAXS studies [17]. However, the calculated
density distribution cannot distinguish between the terminal units and all of the
other units. Therefore, the distributions described in Figures 11.11a and 11.11b
would be expected to give identical scattering information.
To distinguish the terminal groups from the groups of the earlier generations,
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Figure 11.11 Cartoon of possible end group locations. a) whole dendrimer end
groups outside, b) whole dendrimer end groups backfolded, a) matched den-
drimer end groups backfolded, a) matched dendrimer end groups backfolded.
Outside end groups have a larger Rg

deuterium labeling is used. PAMAMdendrimers having a tetrafunctional core of
ethylenediamine (EDA) were synthesized according to reported methods [43].
Fully hydrogenated G7 PAMAM dendrimers and partially deuterated versions
were prepared. The partially deuterated dendrimer were prepared by reacting
the fully hydrogeneous G6 dendrimer with partially deuterated methyl acrylate,
CD

�
�CDCO

�
CH

�
to form G6.5 dendrimer with a hydrogenated interior and

deuterated terminal units. The G6.5 was converted to the partially deuterated
G7(D) dendrimer by reaction with hydrogenated EDA.
Solutions for SANS experiments were prepared with methyl alcohol

(CH
�
OH), and its partially deuterated counterpart, CD

�
OH. For the determina-

tion of the contrast match point of the unlabeled parts of the dendrimer, two
stock solutions of equal G9 dendrimer concentrations were prepared in CH

�
OH

and CD
�
OH, respectively. Various amounts of the two stock solutions were

mixed tomake a series of solutions with different isotopic contents. The CH
�
OH

/ CD
�
OHmatch point was determined as the point at which the coherent SANS

scattering goes to zero. The procedure is described elsewhere [43].
After the match point was determined, solutions were made of labeled G7(D)

and unlabeled G7(H) dendrimer in the ‘match solvent’ together with the un-
labeled G7(H) in CD

�
OH. Figure 11.12 shows the SANS of the three samples.

The unlabeled sample in the ‘match solvent’ is completely flat, showing only
incoherent scattering. This proves that the ‘match solvent’ completely masks the
hydrogenous parts of the dendrimer. The unlabeled G7(H) in CD

�
OH shows

strong scattering characteristic of dendrimer scattering. The labeled dendrimer
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Figure 11.12 SANS of G7(H) in CD3OH, G7(D) in contrast match methanol, and
G7(H) in contrastmatch solvent. Labeled dendrimer in corematch solvent shows
scattering from labeled terminal generation

in the match solvent still shows some coherent scattering. This scattering is from
the deuterated half of the last generation.
To ensure that instrumental artifacts do not perturb the results, we collected

two independent data sets for G7(D) in the match solvent by measuring the
solutions on two different 30m SANS instruments at NIST [44, 45]. The
absolute values of the coherent scattering intensity of the G7(D) labeled seg-
ments were reproduced to high accuracy, independent of the SANS instrument
and its configuration. The values of the R

�
are determined by weighted, linear

least-squares fits to equation (3b) and give an R
�
of non-labeled dendrimer of

(34.4
 0.2) Å. For the deuterated segments of the partially deuterated den-
drimer, the results are R

�
(G7(D))� (38.8
 1.2) Å and R

�
(G7(D))� (39.8
 1.2)

Å for the data taken on NG3 and NG7, respectively (uncertainties are based on
the standard deviation of the fits). We can take the average value of R

�
(G7(D)) as

(39.3
 1.0) Å for the deuterated segments of G6.5 in a G7 dendrimer.
If a uniform distribution of end groups were present throughout the den-

drimer, we would see the same R
�
for both the labeled and the whole dendrimer.

This is demonstrated by the illustration in Figure 11.11, where the end groups
have different locations. Instead, we see a clear difference between the R

�
values

for the labeled units and the unlabeled dendrimers. The distribution of den-

CHARACTERIZATION OF DENDRITICALLY BRANCHED POLYMERS 273



drimer terminal groups is not uniform throughout the interior of the dendrimer,
but rather the terminal groups are localized near the periphery of the dendrimer
much as predicted by de Gennes et al. [22].
There have been solid-state NMR studies [46] on the distribution of end

groups by site-specific stable-isotope-labeling, rotational-echo double-reson-
ance (REDOR) NMR. REDOR experiments which measure dipolar couplings
between C-13 atoms located near the chain ends and an F-19 label placed at the
core of benzyl ether dendrimers (generations 1—5). They find that average distan-
ces are quite small, suggesting that terminal units do approach the core unit. The
important difference between the NMR and the SANS studies is the moment of
the average distribution. The weighting of the R

�
from SANS goes as the square

of the distance,R�, so that segments with large distances from the center of mass
are weighted heavily and those near the core have little weighting. The NMR
technique, however, weighs the cube of the inverse distance, R�� so that small
distances are weighted heavily and large distances are not seen. Therefore SANS
andNMR are complementarymeasurements with the SANS showing that most,
but not all of the terminal units are predominately on the outside of the
dendrimer, but some can approach the core through backfolding.
Most, but not all of the terminal units are near the outside of the dendrimer at

any given time. The SAXS studies [17] of the segment density distribution have
shown that there is an abrupt transition region at the outside of large PAMAM
dendrimers. The combination of these two factors suggests that the terminal
functionalities of dendrimers are accessible from the outside and available for
chemical reactions such as attachment to surfaces, mounting of a catalyst, or for
use as a crosslink junction.

9 DENDRIMER–DENDRIMER INTERACTIONS

As was described earlier, the internal SDD of dendrimers is remarkably high
compared to traditional polymers and is well defined by a narrow transition
zone at the outside.When linear polymers are forced together by increasing their
concentration in a solvent, they freely interpenetrate each other due to their open
structure. Dendrimers, on the other hand, appear to represent a different case,
due to their compact size and architectural features.
At low concentrations, dendrimers may avoid interpenetrating each other by

occupying the space available between other dendrimers. As the dendrimer
concentration is increased, the solvent swollen dendrimers begin to encroach
upon each other, first by touching, and then interacting more strongly. Two
possibilities arise, first, the dendrimers could retain their dilute solution sizes and
begin to interpenetrate, by mixing their outer segments. The other possibility
would be for the dendrimers to collapse upon themselves, avoiding interpenetra-
tion. Figure 11.13 illustrates the three possible states with 11.13a showing a
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a) Dilute 

b) Contact 

c) Collapse 

d) Interpenetrate 

 

Figure 11.13 Cartoon showing dendrimers at different concentrations

dilute solution, 11.13b showing the overlap concentration at which point the
dendrimers contact one another, 11.13c showing dendrimer collapse and nonin-
terpenetration; whereas, 11.13d shows a concentration above the overlap con-
centration where the dendrimers retain their size and interpenetrate.
SANS was used to measure the scattering of G4 and G5 PPI dendrimers at

concentrations up to a mass fraction of 80% [47]. Partially deuterated solvent,
CD

�
OHwas used instead of CD

�
OD to prevent exchange of deuteriumwith the

terminal primary amine hydrogens. Scattering experiments were performed at
the 30 m SANS facility at NIST [44, 45] with the spectrometer operating in a
configuration which gave a wide scattering vector range, q, 0.05 Å��� q � 0.55
Å��. The maximum q was required to resolve the scattering at high concentra-
tions.
Figure 11.14 is a plot of the coherent scattering from a G5 PPI dendrimer as a
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Figure 11.14 SANS of G5 PPI dendrimer at variousmass fractions. Peaks move
to higher q (smaller separation distance) with increased concentration

function of concentration. At concentrations below a mass fraction of 5% the
scattering decreases monotonically with q. This is typical of dilute solution
scattering with no interactions. A peak in the SANS appears at a mass fraction of
10% indicating that long-range fluctuations have been suppressed because the
dendrimers avoid each other. The overlap concentration can be calculated from
the R

�
assuming a spherical shape and is equal to a mass fraction of about 25%.

At the overlap concentration and higher, the peak is strong and moves to higher
q as the dendrimers are forced together.
A previous SANS study of concentrated PPI dendrimers also noted that this

peak appears and moves in a way consistent with increased concentration [48].
This peak behavior suggests ordering, but cannot easily distinguish between
dendrimer shrinking and interpenetrating. It is interesting to note, however, that
in Figure 11.14 at q values higher than the peak position, there is excess
scattering over the incoherent background. As was shown earlier, higher order
features in scattering from spheres can be used to fit the size of the sphere. As the
sphere size decreases, this feature moves to higher q. If this feature could be
resolved, the size of a dendrimer could be measured at high concentrations.
SANS often displays a large amount of incoherent scattering that is a flat

background containing no structural information. The higher order peaks are in
a q range that has low coherent scattering so that a large fraction of the scattering
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Figure11.15 Kratkyplot of SAXSof G5PPI dendrimer at variousmass fractions.
Higher order feature moves to higher q, suggesting shrinkage with increased
concentration

is a noisy baseline, and resolving features becomes difficult. SAXS, however, has
only weak background scattering in this angular region. The experiments were
repeated at the Advanced Polymers PRT beamline (X27C; SUNY Stony Brook/
NIST/GE/Allied Signal/Montell) at the National Synchrotron Light Source,
Brookhaven National Laboratory.
Figure 11.15 is a Kratky plot of the scattering of a G5 PPI dendrimer at

various concentrations. The mass fraction 1% scattering can be fit with the
scattering from a sphere giving R� 18.6 Å and R

�
� 14.4 Å which is consistent

with previous results which involved fitting the low q scattering alone. It is easy
to distinguish the higher order features in these plots. As the concentration
increases, the minimum remains stationary until the overlap concentration of
25% is reached. Beyond this point the minimummoves to higher q, showing that
the dendrimers are becoming smaller. At the highest concentration, the resolu-
tion is lost, but at moderate concentrations above the overlap concentration, the
dendrimers tend to shrink in size rather than to overlap.
Figure 11.16 is a cryo-TEM image of G10 PAMAMdendrimers in water. The

cryo technique involves flash freezing of the dendrimer solution as a thin film on
a grid and is described elsewhere [20]. Individual dendrimers appear to be
organized into an array of single dendrimer thickness. While there are com-
plicating factors due to the sample preparation, the picture is consistent with
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Figure 11.16 TEM of aqueous PAMAM G10. Note dendrimers are touching but
not interpenetrating

den-drimer—dendrimer contact behavior which demonstrates lack of inter-
penetration. AFM studies of G3 dendrigraft polystyrene have resolved individ-
ual molecules as a surface monolayer [21]. This work also is consistent with our
PAMAM results and is further evidence of dendrimer or dendrigraft noninter-
penetration.
Dendrimers remain discrete objects in dilute solution, avoiding interpenetra-

tion. As the concentration increases above overlap, the dendrimers preferentially
shrink in size rather than interpenetrating. When dried to a solvent-free condi-
tion, the dendrimers must either deform from their spherical shape into polyhed-
rons, or must interpenetrate. The solvent-free condition would require
deuterium labeled dendrimers, and experiments are under way to probe this last
concentration regime.
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10 DENDRIMER SIZE CHANGE IN DIFFERENT SOLVENTS

The effect of solvent quality on the dimensions of linear chains has been studied
for many years, and chain dimensions can change a large amount, especially at
high molecular mass. There are reports in the literature that the size of den-
drimers is largely influenced by the solvent quality. A molecular dynamics study
by Murat and Grest [26] resulted in an increasing internal segment density of
dendrimers when the dendrimer—solvent interactions are less favorable, which
leads to a considerable decrease of the average dimensions of the simulated
structures. A holographic, relaxation spectroscopy, HRS, study by Stechemesser
and Eimer [49] concluded that the radius of higher generation PAMAM de-
ndrimers would be extremely sensitive to solvent conditions. The effect of
introducing charges on a dendrimer in aqueous solution was investigated by
Welch and Muthukumar [50] using Monte Carlo simulations. They found that
simulating a charged PPI dendrimer can change its linear dimension by as much
as a factor of 1.8.
Small-angle scattering is a direct method for determining dendrimer size, thus,

SANS was used to measure dendrimer size by two methods. Dilute solutions of
noninteracting dendrimers can be fit by equation (3b) to determine R

�
as a

function of dendrimer generation, solvent type and temperature. The effect of
charging is more complex since long-range ionic interactions can impose a
uniform spacing between dendrimers that affects the low-angle scattering. In this
case, higher q scattering can be used to measure a size if a higher order feature
can be resolved, as was the case for the high concentration dendrimer solutions
discussed earlier.
The SANS experiments [51] were performed with solutions of G8 PAMAM

dendrimer inD
�
O,methyl-d



, ethyl-d

	
, and n-butyl-d

��
alcohol at a temperature

of T � 20.0°C. PAMAMdendrimers do not dissolve in acetone, but they readily
dissolve in methyl alcohol/acetone mixtures over a wide range of composition.
Solvents of different composition, were prepared and added to a weighed
amount of dried G5 or G8 dendrimer. In a separate set of experiments, the NIST
NG7 30 m instrument was used to measure the effects of charging on the
dendrimer size. PAMAM G8 dendrimers in D

�
O were charged by addition of

HCl in the presence of various amounts of NaCl to the charged dendrimers to
screen the electrostatic interactions.
Guinier plots were made of the scattering from G8 PAMAM dendrimers to

measure the R
�
in alcohols possessing different chain lengths. Figure 11.17 is a

plot of the values vs alcohol chain length. There is a small but consistent drop in
R

�
as the length of the hydrocarbon chain goes from 0 to 4, with the total relative

change being 10%. The range of solvents goes from very good (water) to very
poor (n-butanol). This is considerably lower than the range predicted from
dynamic calculations. Also plotted in Figure 11.17 are results of holographic
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Figure 11.17 Rg of G8 PAMAM dendrimer in alcohol of various types from
SANS. Rg of G8 PAMAM dendrimer calculated from HRS results in ref. 50

relaxation spectroscopy from the literature [49]. The large changes in the
reported hydrodynamic size are not found in the SANS results.
Similar results were observed with mixtures of acetone-d

	
and methanol-d



,

wherein the R
�
of the dendrimers is not significantly affected by the fraction of

acetone in the solvent. The same result is found over the whole range of
temperature studied (i.e. in the range � 10°C� T � 50°C). Only data obtained
in the solvent compositions, x

�
� 0.50 show some consistent decrease of R

�
,

relative to the other solvent compositions. This may indicate the onset of
dendrimer shrinkage in the vicinity of the solubility gap, which is around x

�
�

0.52. However, the difference from the a value of R
�
for x

�
� 0.50� 5% of the

mean value of R
�
for the other solvent compositions.

Monte Carlo calculations [50] have predicted that there should be a strong
effect, with R

�
varying by as much as 1.8 by charging with acid and by screening

the charges by addition of salts. Ionic effects were used in an attempt to modify
the size of a G8 PAMAMdendrimer. Figure 11.18 shows SANS of the dendrimer
under three conditions [52]. A dendrimer solution without acid or salt addition
has a pH of 10.1 and exhibits scattering typical of dilute noninteracting spheres.
The R

�
of the dendrimer can be calculated from the position of the higher order

feature of the sphere scattering and is consistent with previous measurements.
The dendrimer is then charged by addition of acid until the pH becomes 4.7. At
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Figure 11.18 SANS from G8 PAMAM dendrimer with and without acid and salt
additions. Note constant position of higher order features showing constant size

this point the low q scattering changes dramatically, developing a peak that is
characteristic of dendrimer ordering by long-range ionic effects. As with the high
concentration dendrimer studies, the minimum in the scattering can be used to
calculate a dendrimer R

�
, even when the interactions occur. The R

�
has changed

only very slightly, increasing by no more than 5%. Upon addition of salt to
screen the long-range interactions, the peak disappears, indicating that the long-
range ordering has been lost. The position of the minimum has not changed,
however, indicating that charging and screening the dendrimers does not signifi-
cantly modify the dendrimer dimensions.
Both large (G8) and small (G5) PAMAM dendrimers do not significantly

change size when the solvent environments are changed. When the solvent is
made increasingly hydrophobic by increasing the hydrocarbon chain length,
only a 10% change occurs. Also the addition of a nonsolvent to a good solvent
does not significantly change the dendrimer size up to the point of phase
separation. Charging a dendrimer in aqueous solution does not change the size
of the dendrimer by more than 5%.
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11 SUMMARY

Dendritically branchedmolecules have shapes and interactions that are radically
different from traditional linear polymers. SANS, SAXS and TEM have been
used to measure the properties of dendrimers and a generic understanding of
their properties has emerged. Five technologically important questions on the
nature of dendrimers have been posed and generalized observations can be
made.
Dendrimers are nearly spherical in shape when compared to conventional

linear polymers [17, 34]. The lower generation dendrimers have internal segment
density distributions similar to star molecules, but even the smallest are more
compact than stars. As the generation number increases, the sphere-like charac-
teristics increase and the largest dendrimers form a population of spheres with
uniform internal density (roughly half dendrimer units—half solvent) [47], sharp
interfaces on the outside and a small polydispersity in shape.
Dendrigraft molecules are star-like in the 0th generation, but have a uniform

interior with an exterior transition zone for G3 [17, 34]. Randomhyperbranched
molecules have broad distributions both in molecular mass and in shape [17].
Scattering from hyperbranched is closer to that of linear polymers than to
spheres, indicating that there is a gradually tapering distribution on units from
the center to the exterior.
The terminal units of a dendrimer are extended predominately towards the

exterior of the dendrimer [43]. While some terminal units may fold inwards,
most of the terminal units are on or near the outside perimeter. Combined with
the fact that there is a narrow interface on the outside of large dendrimers [17],
most terminal groups should be accessible for chemical manipulation such as
attachment to surfaces, mounting of catalysts or attachment of linear chains.
As dendrimers are forced together by increasing the concentration, they avoid

interpenetrating each other and prefer to shrink in size rather than overlap [35,
47]. This should provide a strong thermodynamic force for ordering dendrimers
on surfaces or in the bulk. Dendrimers seem to be well-suited for forming well
ordered nanostructures.
The size of dendrimers in dilute solution is relatively constant. Changing the

quality of the solvent or charging the dendrimers results in only a very small
change in dimensions. Therefore, dendrimers seem well suited for applications as
standards or as probes of other materials.
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Synthesis, Perspective, VCH, Weinheim, Germany, 1996.

5. Debrabandervandenberg, E. M. M. and Meijer, E. W., Angewandte Chemie-Interna-
tional Edition in English, 32, 1308 (1993).

6. Debrabandervandenberg, E. M. M. et al.,Macromolecular Symposia, 77, 51 (1994).
7. Dvornic, P. R. and Tomalia, D. A.,Macromolecular Symposia, 98, 403 (1995).
8. Hummelen, J. C., vanDongen, J. L. J. and Meijer, E. W., Chemistry — a European

Journal, 3, 1489 (1997).
9. Uppuluri, S., Keinath, S. E., Tomalia, D. A. and Dvornic, P. R.,Macromolecules, 31,
4498 (1998).

10. Aharoni, S. M. and Murthy, N. S., Polymer Communications, 24, 132 (1983).
11. Potschke, D., Ballauff, M., Lindner, P., Fischer, M. and Vogtle, F.,Macromolecules,

32, 4079 (1999).
12. Kleppinger, R., Reynaers, H., Desmedt, K., Forier, B., Dehaen, W., Koch, M. and

Verhaert, P.,Macromolecular Rapid Communications, 19, 111 (1998).
13. Omotowa, B. A., Keefer, K. D., Kirchmeier, R. L. and Shreeve, J. M., Journal of the

American Chemical Society, 121, 11130 (1999).
14. Bauer, B. J., Hammouda, B., Briber, R. M. and Tomalia, D. A., ACSPMSE Preprints,

69, 341 (1993).
15. Bauer, B. J., Hammouda, B., Barnes, J. D., Briber, R. M. and Tomalia, D. A., ACS

PMSE Preprints, 71, 140 (1994).
16. Bauer, B. J., Topp, A., Prosa, T. J. and Amis, E. J., ACS PMSE Preprints, 77, 140

(1997).
17. Prosa, T. J., Bauer, B. J., Amis, E. J., Tomalia, D. A. and Scherrenberg, R., Journal of

Polymer Science Part B — Polymer Physics, 35, 2913 (1997).
18. Tomalia, D. A. et al.,Macromolecules, 19, 2466 (1986).
19. Newkome, G. R., Moorefield, C. N., Baker, G. R., Saunders, M. J. and Grossman, S.

H., Angewandte Chemie — International Edition in English, 30, 1178 (1991).
20. Jackson, C. L., Chanzy, H. D., Booy, F. P., Drake, B. J., Tomalia, D. A., Bauer, B. J.

and Amis, E. J.,Macromolecules, 31, 6259 (1998).
21. (a) Sheiko, S. S., Gauthier, M. andMoller, M.,Macromolecules, 30, 2343 (1997); (b) Li,

J., Swanson, D. R., Qin, D., Brothers, H. M., Piehler, L. T., Tomalia, D. A. andMeier,
D. J. Langmuir, 15, 7347 (1999); (c) Li, J., Piehler, L. T., Qin, D. Baker, Jr., J. R.,

CHARACTERIZATION OF DENDRITICALLY BRANCHED POLYMERS 283



Tomalia, D. A. and Meier, D. J. Langmuir, 16, 5613 (2000).
22. deGennes, P. G. and Hervet, H., Journal De Physique Lettres, 44, L351 (1983).
23. Lescanec, R. L. and Muthukumar, M.,Macromolecules, 23, 2280 (1990).
24. Mansfield, M. L. and Klushin, L. I.,Macromolecules, 26, 4262 (1993).
25. Mansfield, M. L., Polymer, 35, 1827 (1994).
26. Murat, M. and Grest, G. S.,Macromolecules, 29, 1278 (1996).
27. Boris, D. and Rubinstein, M.,Macromolecules, 29, 7251 (1996).
28. Naylor, A. M., Goddard, W. A., Kiefer, G. E. and Tomalia, D. A., Journal of the

American Chemical Society, 111, 2339 (1989).
29. Uhrich, K., Trends in Polymer Science, 5, 388 (1997).
30. Cooper, A. I. et al., Nature, 389, 368 (1997).
31. Kim, Y. H. and Webster, O. W., Journal of the American Chemical Society, 112, 4592

(1990).
32. Higgins, J. S. and Benoı̂t, H. C. Polymers and Neutron Scattering (Clarendon Press,

Oxford, 1994).
33. Bauer, B. J., Briber, R. M., Hammouda, B. and A., T. D., ACS PMSE Preprints, 67,

430 (1992).
34. Prosa, T. J., Bauer, B. J. and Amis, E. J.,Macromolecules, 34, 4897 (2001).
35. Prosa, T. J., Bauer, B. J., Topp, A., Amis, E. J. and Scherrenberg, R., ACS PMSE

Preprints, 79, 307 (1998).
36. Topp, A., Bauer, B. J., Amis, E. J. and Scherrenberg, R.,ACSPMSE Preprints, 77, 137

(1997).
37. Yin, R., Qin, D., Tomalia, D. A., KukowskaLatallo, J. and Baker, J. R., ACS PMSE

Preprints, 77, 206 (1997); Grubbs, R. B., Hawker, G. J., Dao, J. and Fréchet, J. M. J.
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1 INTRODUCTION

Dendritic and hyperbranched macromolecules possessing tree like architecture
are recognized as promising nanoscale building blocks for both super and
supramolecular constructs [1a, b]. These macromolecules are uniform in size,
with a high density of functional groups located in close proximity to the surface
(see Chapter 10 by Amis and Bauer) [2]. Dendrimers are produced in an iterative
sequence of reaction steps, in which each additional iteration leads to a higher
generation material [3]. The precisely defined size, structure, and large number
of exo-presented functional groups have qualified dendrimers as ideal nano-
scaffolding for the attachment of antibodies, contrast agents, radionuclides,
etc. for use in biological/medical and various chemical applications [4, 5].
Recent research has shown that PAMAM dendrimers can be used as DNA-
transfer vectors for gene transfection[6, 7] or drug delivery vehicles for small
molecules [42].
With these emerging applications, there is a critical need for analytical tech-

niques that will provide insights to fundamental questions concerning dendrimer
characteristics and properties (e.g. their dimensions, uniformity of size, shape and
degree of rigidity, etc.) [8—10]. atomic force microscopy (AFM) offers this
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possibility, since it provides high-resolution imaging, measurement of surface
topography as well as other molecular level [11] and nanoscale [12] structure
properties. It has been shown to be very useful in gaining insight into the
properties of nanostructures [12].
This chapter describes the use of AFM as a methodology for characterizing

dendritic macromolecules and their self-assembled films. Systematic AFM stu-
dies of the PAMAM dendrimers properties (e.g. their size, shape, rigidity, pack-
ing textures and molecular weight calculations) will be fully addressed in this
chapter.

2 OVERVIEW OF ATOMIC FORCE MICROSCOPY

SPM (scanning probe microscopy) is a universal term for a multitude of micro-
scopy modes, all based on the same principle [13]. Scanning microscopy oper-
ates on principles that are substantially different than those involved with optical
or electron microscopy. In traditional microscopy, lenses focus light or electrons
to produce images that are substantial amplifications of the original. The result-
ing resolution is ultimately limited by the wavelength of the illumination source.
Optical microscopes can amplify features measuring as small as approximately
250 nm; electronmicroscopes can image (amplify) features smaller then 1 nm, but
only under vacuum and with samples that have been laboriously prepared.
Scanning microscopes, on the other hand, use no lenses, need minimal sample
preparation and images are produced by ‘touch contact’ with the sample as
shown in the schematic diagram Figure 12.1.
The key to scanning microscopy is the sensitive cantilever arm. AFM senses

the deflection of the cantilever beam as it interacts with the sample surface. A
very sharp probe whose apex is only tens of nanometers wide is mounted on the
free end of the cantilever which often has a spring constant of the order of 1 N/m.
A laser beam reflects off the end of the cantilever onto a position-sensitive
photodetector. A piezoelectric scanner drags the probe across the surface to be
imaged. When changes in surface topography cause the probe tip to move up or
down, the photodetector senses the motion, and the microscope’s computer
translates the deflection into three-dimensional surface information. Since the
AFM is normally operated in the contact mode (the cantilever is held less than a
few angstroms from the sample surface), the interactive force between the canti-
lever and the sample is repulsive, as shown in Figure 12.2. Here the force
increases dramatically with a decrease in the tip-sample distance. In the noncon-
tact regime, the cantilever is held on the order of tens to hundreds of angstroms
from the sample surface, and the interatomic force between the cantilever and the
sample is attractive. In the intermitent-contact regime, the vibrating cantilever
tip is brought closer to the sample so that the tip just ‘taps’ the sample. This
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Figure 12.1 Schematic of the atomic force microscope

Figure 12.2 AFM operating force regions [14]
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patented technique allows high-resolution topographic imaging of sample surfa-
ces that are soft, adhesive or fragile. Changing tips and techniques can also
provide different information. Whereas the light microscope can produce only
visual images, a skilled researcher with an SPM canmap magnetic fields, surface
friction, adhesion, magnetism, electrostatism, thermal conductivity and more
[15].
With the development of AFM, the capability of imaging at the molecular

level allows the surface profile of each molecule to be obtained from which the
molecular volume of individual molecules can be obtained. AFM has become
one of the most powerful instruments for use in the characterization of surfaces
and materials [16].

3 CHARACTERIZATION OF DENDRITIC MACROMOLECULES
BY AFM

3.1 DENDRITIC MACROMOLECULAR FILMS

The structural state of dendritic macromolecules at air—water (Langmuir mono-
layers) and air—solid (adsorbed monolayers, self-assembled films and cast films)
interfaces have been reviewed by Tsukruk [17]. Although this work summarizes
various characterization techniques for dendritic films by AFM techniques, in
this chapter, we will present recent progress on the characterization of the
dendritic film surface morphologies.
Full generation poly(amidoamine) (PAMAM) dendrimers possessing amino

surface groups are easily spread by spin coating on a mica surface to form films.
Interdendrimer assembly events appears to influence these operations. Regard-
less of the generation levels examined, the film uniformity is determined primar-
ily by the concentration of the dendrimer solution.
Figures 12.3 (a) and (b) show this effect using a G4 (PAMAM) dendrimer, in

which the dendrimer is deposited on a mica surface by spin coating. The AFM
image in Figure 12.3a of the film deposited from a higher concentration (0.1%
w/w) solution shows randomly deposited globular structures (aggregates) of
different sizes. In contrast, the AFM image of a film deposited from a lower
concentration solution (0.01% w/w) Figure 12.3(b), shows a very uniform and
flat surface. This indicates that these amine terminated dendrimers tend to form
uniform densely packed films on a mica surface in order to maintain lower
surface tension at lower concentrations. On the other hand, excess dendrimers at
higher concentrations tend to aggregate to produce dendrimer films with less
uniform globular structures (Figure 12.3(a)).
As the dendrimer concentration is lowered to 0.001% w/w, the cast G4 film is

no longer uniform and flat. Individual dendrimer molecules are not seen, but
instead the dendrimers aggregate to produce a patchy film, Figure 12.4(b).
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Figure 12.3 Tapping mode AFM images of G4 PAMAM dendrimers on mica
surface at different concentrations. (a) 0.1% w/w; (b) 0.01% w/w (provided by
Jing Li, D. A. Tomalia) [18]

Figure 12.4 Tapping mode AFM images of G4 PAMAM dendrimers on mica
surface at differentmagnifications. Conc.: 0.001%w/w (a) 2000nm×2000nm, (b)
500nm×500 nm (provided by Jing Li and D. A. Tomalia) [18]

Except for some regions indicated by arrows, most of the surface consists of small
domains of various sizes, as seen in Figure 12.4 (b). Low generationmembers (i.e.
G� 0—3) in the PAMAM dendrimer series appear to exist as floppy open,
plate-like molecules in which the dendrimer branches can easily interpenetrate
each other and establish intermolecular interactions [19].
Spin-coating films of other compositionally different dendritic macro-

molecules such as carbosilane dendrimers and hyperbranched poly(styrene) were
studied by Sheiko et al. [20—22] using tapping mode AFM.
Substantial long-range order was observed for dendrigraft poly(styrene)

films using two-dimensional Fourier transformation of the AFM images. The
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A B

Figure 12.5 [18] Structure of the monolayer of S05-3 arborescent graft (dendri-
graft) polystyrenes cast on mica as prepared (A) and Fourier filtered (B)

resulting image in Figure 12.5 (A and B) demonstrated ordered particles of
approximately 46 nm diameter. These macromolecules appeared to manifest
distinct hexagonally packed globular arrays whose size was consistent with
molecular dimensions obtained from viscosity and dynamic light-scattering
measurements [21]. Similarly, AFM images of carbosilane dendrimers with
methyl terminal groups formed a variety of assemblies including: individual
islands, monolayers, bilayers and trilayers with a globular conformation [20].
These aggregation events were visualized as follows: (1) single molecules coagu-
lated to (2) clusters, followed by formation of (3) continuous layers on the solid
substrate. Interestingly, replacement of the methyl terminal group with hydroxyl
groups led to significant changes in the dendrimer aggregation behavior. Using
AFM these hydroxylated carbosilane dendrimers were observed to form mono-
layers upon casting on mica and are highly deformed macromolecules, oblate in
shape with an axial ratio close to 1: 3. This reorganization of the dendritic
structure is believed to be caused by the preferential adsorption of the hydroxyl
terminal groups on mica [22].
An AFM study of monomolecular layers of diarylethene-containing de-

ndrimers (i.e. G2 and G3) which were synthesized from bis-phenol derivative of
the diarylethene chromophore [23] was reported by Karthaus et al. [24] AFM
images have demonstrated that only G3 of this dendrimer family is capable of
forming stable, homogeneous, transferable Langmuir films as seen in Figure
12.6(b). Generation 2 in this series does not form stable monomolecular films, as
shown, which may indicate that the rigid chemical structure of these asymmetric
dendrimers is critical to the preservation of their original ‘half bowl’ shape within
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Figure 12.6 AFM images of a transferred film G2 (a) and G 3 (b) on freshly
cleavedmica surface [24]

Figure 12.7 AFM images of monolayers and multilayers of dendritic self-as-
sembled films:(a) surface morphology of G10 monolayer with light grainy struc-
ture, scan size 3 �m; (b) G6monolayer at the edge of the film, scan size 5 �m. The
edge of the film is running in the vertical direction with monolayer and bare
silicon surfaces located on the right and left sides, respectively. Images were
obtained with the tapping mode in air, 256× 256 resolution, 1Hz scanning rate.
Fringes at the bottom of the images are the result of laser beam interference

monolayers at the air—water interface and after deposition on mica.
Polyamidoamine (PAMAM) dendrimers (G3.5—G10) were used by Tsukruk et

al. [25, 26] to fabricate self-assembled monolayers by an electrostatic deposition
techniques [27].
It was found that dendrimer monolayers formed on a silicon surface by all

amine-terminated generations are very smooth and homogeneous, with very
light, grainy surface morphologies, Figure 12.7(a). The thickness of dendrimer
monolayers was measured by the AFM technique from occasional holes in the
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Figure 12.8 Procedure for using dendrimers as building blocks for multilayer
films [28]

monolayer and near the edge formed by the meniscus as shown in the Figure
12.7(b). The measured thickness of the dendrimer monolayer should represent
the size of the dendrimers. However, the thickness of the monolayer was much
smaller than the theoretical value. This suggests that the high attractive force
between ‘sticky’ surface groups as well as short-range van der Waals forces and
long-range capillary forces are responsible for the formation of the compressed,
compact monolayer dendrimer structures.
Watanabe and Regen [28] used an electrostatic layer-by-layer deposition

technique to fabricate self-assembled films from alternating molecular layers of
opposite charged PAMAM dendrimers and low molar mass compounds as
shown in Figure 12.8. Using AFM, linear growth of the film thickness was
observed which is consistent with multilayer ordering. Evensong and Badyal
[29] also studied the G9.5 PAMAM dendrimers by AFM. Observations were
made on a new type of cell structure, and randomly intertwined PAMAM
dendrimer microfibrils obtained by casting high concentrations of dendrimer
solution onto hydrophilic silicon substrates.

3.2 SHAPE CONTROL WITH QUASI-EQUIVALENT DENDRITIC
SURFACES – DENDRITIC CYLINDRICAL AND SPHERICAL
SHAPES

Controlling the size, shape and ordering of synthetic organic materials at the
macromolecular and supramolecular levels is an important objective in chemis-
try. Such control may be used to improve specific advanced material properties.
Initial efforts to control dendrimer shapes involved the use of appropriately
shaped core templates upon which to amplify dendritic shells to produce either
dendrimer spheroids or cylinders (rods). The first examples of covalent de-
ndrimer rods were reported by Tomalia et al. [43] and Schluter et al. [44]. These
examples involved the reiterative growth of dendritic shells around a preformed
linear polymeric backbone or the polymerization of a dendronized monomer to
produce cylinders possessing substantial aspect ratios (i.e. 15—100) as observed
by TEM and AFM. These architectural copolymers consisting of linear random
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Figure 12.9 Mechanism of self-assembly of spherical and cylindrical supra-
molecules from polymer backbones jacketed with quasi-equivalent dendritic
coats [31]

coil cores surrounded by dendritic shells have been referred to as ‘dendronized
polymers’ [44].
Recent seminal work reported by Percec et al. [45—47] has shown that either

spheroidal or cylindrically shaped ‘dendronized polymers’ may be obtained by
the polymerization of a ‘dendronized macromonomer’. The degree of polymeriz-
ation of these monomers determines the ultimate shape which appears to dem-
onstrate the ‘quasi-equivalence of dendritic coats’.
The self-assembly mechanism proposed for these spherical and cylindrical

polymer backbones surroundedwith quasi-equivalent dendritic coats is outlined
in Figure 12.9. This knowledge allows the rational design of polymers with well
defined spherical and cylindrical shapes. Quasi-equivalent character of these
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Figure 12.10 Topographic scanning forcemicrscopy images ofmonomolecular
films of 12G2-AG-PS. A. Mn=10,800, b. Mn=186,500

dendritic structures is controlled by the degree of polymerization (DP) of the
backbone. As illustrated, an increase in DP changes the backbone conformation
and polymer shape, respectively, from random-coiled and spherical to extended
and cylindrical. AFM is a methodology of choice.
Monolayers of both spherical and cylindrical polymers were visualized in their

isotropic phase by AFM as shown in Figure 12.10. For both cylindrical and
spherical 12G2-AC-PS, the monolayer thickness and the lateral diameters were
about 50� 5 A. Topographic contrast shows strong molecular aggregation and
weak interpenetration of 12G2-AC-PS consistent with high steric crowding of
the dendritic coats. The geometric constraint of the flat and hard substrate, as
well as the cohesive forces acting during film formation from dilute solution,
appear to cause some orientational ordering of the cylindrical molecules. The
average length of the straight segment is about 400 A for 12G2-AC-PS and 600 A
for 12G2-AC-PMA. Hairpin folding, expected for relatively long worm-like
molecules, is also visible in Figure 12.10(b).

3.3 POLY(AMIDOAMINE) (PAMAM) DENDRIMERS

3.3.1 The Packing of PAMAM Dendrimers (Generation=9)

Polymerization in microemulsions allows the synthesis of ultrafine latex par-
ticles in the size range of 5 to 50 nm with a narrow size distribution [33]. The
deposition of an ordered monolayer of such spheres is known to be increasingly
difficult as the diameter of such particles decreases [34]. Vigorous Brownian
motion and capillary effects create a state of disorder in the system that is difficult
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Figure 12.11 Tapping Mode AFM image of G9 PAMAM dendrimer molecules
on mica surface. Sample prepared by placing 6 �l of a dilute aqueous solution,
conc. 5 × 10–3% (w/w) G9 on a freshly cleavedmica surface and allowing the film
to dry slowly at room temperature (provided by Jing Li and D. A. Tomalia)

to control. So far, the smallest 2-d arrays of latex spheres prepared have had a
periodicity of 42 nm [35]. However, successful AFM imaging of G9 PAMAM
dendrimers 11.4 nm diameter is an exception which has broken the record of the
smallest latex arrays.
This section will demonstrate G9 PAMAM dendrimer packing using AFM

imaging techniques. G9 PAMAM dendrimers can easily form two-dimensional
packing on a freshly cleaved mica surface, as seen in Figure 12.11. This top-view
AFM image reveals very well-ordered particle packing except for some va-
cancies, dislocations and grain boundaries.
Most of the areas show very dense packing of globular G9 dendrimer, exhibi-

ting a clear hexagonal order as indicated in the square of Figure 12.11. The
driving force for this unique two-dimensional packing is considered to be chiefly
a function of the specific chemical and physical properties of G9 PAMAM
dendrimers. This is related to the dispersion forces, molecular interpenetration
and rigidity of the dendritic structure.
It was also found that the deposition pattern changes if the amount of G9

solution placed on the mica surface is decreased from 6 �l to 3 �l as illustrated in
Figure 12.12. It can be seen that the molecules assembled to make connections
with each other to form an interlinked chain texture. Some hexagonal pattern
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Figure 12.12 TappingMode AFM image of G9 dendrimers onmica surface. The
sample prepared from the same solution in Figure 12.10, except that 3 �l solution
was placed onto the freshly cleavedmica surface and the filmwas allowed to dry
at room temperature (provided by Jing Li and D. A. Tomalia)

can be observed within these arrays as indicated in Figure 12.12. Very few if any
isolated G9 dendrimer molecules were found even after multiple scans of several
areas. These results indicate that the interfacial forces between dendrimer mol-
ecules dominated the particle pattern. The chemical and physical characteristics
of G9 PAMAM dendrimer molecules, such as its spherical shape, high surface
density of the functional groups with hydrogen bonding characteristics as well as
the relative rigidity of the dendrimers plays a very important role in this inter-
facial behavior.
Figure 12.13 shows the striking perturbation of G9 PAMAM packing that is

possible by applying the small force of a nitrogen gas stream flowing at an
approximate 35 degree angle to the sample surface, after placing 3 �l of G9
solution on a freshly cleaved mica surface.
A variety of self-assemble patterns, which could be considered a G9 PAMAM

dendritic packing library under these perturbation conditions, can be observed
in Figure 12.13. One can observe including single isolated G9 dendrimer mol-
ecules, dimers, trimers and other packing patterns. These patterns may be seen
more clearly in the highmagnification images shown in Figure 12.14. A single G9
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Figure 12.13 Tapping Mode AFM images of G9 PAMAM dendrimer molecules
on mica surface. Sample prepared by placing 3 �l of a dilute aqueous solution,
conc. 5 × 10−3% (w/w) G9 dendrimer onto a freshly cleaved mica surface and
allowing the film to dry with a 35 degree angle by streamof nitrogen gas at room
temperature (provided by Jing Li and D. A. Tomalia)

is enclosed by the circle, the dimer by the oval and the trimer by the square.
The real surprise of the application of small flow forces is that, in addition to

the dimer and trimer configurations of G9, molecules in image (a), Figure 12.14
changes in the shape of the G9 dendrimer can also observed. Some of the G9
molecules have the appearance of having been squeezed together, their shape
contorted into irregular, unsymmetrical forms instead of their characteristic
round shape, indicated by arrows 1 and 2 in Figure 12.14, image (b). These results
suggest that dendrimers are soft, spongy and elastic, and that their shape can be
changed by the application of very small flow forces.
A large variety of packing assemblies is also present, some resembling curved

linear catenations as in Figure 12.14, image (c) 3, and others such as barbell
type-dimers, pyramidal trimmers parallelogram-type tetromers and hexamers.
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Figure 12.14 Magnification images from Figure 12.13

3.3.2 G5 to G10 PAMAMDendrimers [18]

The spin coating technique of preparing PAMAM dendrimer samples for AFM
is the best method to maintain undistorted dendrimer shape allows the visualiz-
ation of isolated single dendrimer molecules. In spin coating, a dendrimer
solution is rapidly spread across the sample surface and the majority of particles
separate from one another.
In the AFM images of Figure 12.15, one can seemany separated and randomly

deposited globular particles on the mica surface. In each image, the particles
appear to be substantially uniform in size, i.e. they are essentially monodisperse.
This is not surprising if each bright spot represents a single dendrimer molecule.
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Figure 12.16 Profile section of G9 dendrimer on the mica surface

There are a few large irregular clusters in the G6 image, perhaps caused by
dendrimer aggregation. It is noteworthy that the images for G5 and G6 gener-
ations havemore particles present than the images of the higher generations, due
to their lower molecular weight (i.e. at the same weight concentration, their
solutions contain more molecules than those of the higher generations).
Using computer imaging analysis (TopoMetrix SPMLab 3.06.06) [36], profile

data for each dendrimer molecule was obtained as shown in Figure 12.16.
A plot of diameter and height as a function of generation (Figure 12.17)

demonstrates that the measured diameters are always larger than the heights,
indicating that the dendrimer molecules are no longer spherical, but instead
dome-shaped when deposited on a mica surface. It also shows that the diameter
from G5 to G9 increases slowly with an increase in generation, with curve
flattening out as it approaches G10. In contrast, the height change from G5 to
G8 increases slowly with the increase in generation, with the height increasing
more rapidly after G8. These results suggest that the molecular rigidity of
dendrimers increase dramatically with increasing generation, as expected from
molecular packing considerations. It is also evident that the surface adsorption
forces between the mica surface and individual dendrimers decreases with in-
creasing generation, as predicted from Mansfield’s model of dendrimer surface
adsorption (see Figure 12.18) [37].
In fact, it has been previously observed that measured diameters of dendrimer

molecules by AFM are much larger than the theoretical values, which indicates
that the dendrimers ‘spread out’ and flatten on the surface [25, 26]. Three major
factors could account for this deformation. First, the unique architecture and
chemical structure of PAMAM dendrimers result in macromolecules that are
not solid balls, but instead are relatively ‘open’ and hence soft materials. It is
expected that the rigidity will increase substantially with increasing generation
number [9]. Therefore, when deposited on solid substrates, they tend to deform
to different degrees as a result of the interplay between their inherent rigidity and
surface energetics from the interaction between the dendrimer molecules and
the mica surface. Secondly, amine-terminated PAMAM dendrimers possess a
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Figure 12.17 Mean dendrimer diameter and height measured by AFM from
particle’s profiles, as a function of generation. The error bars for AFM data
represent one standard deviation

Figure 12.18 Model of PAMAM dendrimers after drying on a mica surface

positively-charged surface (in aqueous solution of pH 7.0), while mica surfaces
possess the opposite polarity. Finally, we believe that the AFM tip can influence
the sample surface morphology. This occurs when the tip scans a soft sample,
even when using the tapping mode. Unfortunately, there is currently no estab-
lished method to explore how an AFM tip acts on soft molecules to induce
apparent size changes [38].
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Figure 12.19 The absolute molecular weight distribution as measured by AFM

Figure 12.18 shows models representing single, isolated dendrimer molecules
from G5 to G10 after drying on a mica surface. Based on the dendritic dome
shape (i.e. a spherical cap), molecular volume can be calculated from the follow-
ing equation [36]:

V � 1/6 � h (h�� 3/4 d�) (1)

where h is the height and d the diameter of the cap. For each generation,
molecular volume can be calculated using measured diameter and height from
each particle’s profile. If the density of the dried dendrimer molecules is taken to
be 1.0 g/cm�, an absolute molecular weight can be estimated, with results shown
for each generation in Table 12.1.
The distribution of molecular weights of each generationwas determined from

measurements on about 50 molecules, with results shown in Figure 12.19 (the
weight fraction is the percent dendrimer in each interval of molecular weight
under consideration). Based on these distributions, the polydispersity index
(M

�
/M

�
) of G5 to G10 can be calculated, with results shown in Table 12.1 [39].

They are all less than 1.08, which means that the particle size distribution is very
uniform for each generation.
Comparing the calculated and theoretical values for molecular weight, we

found that there is a very goodmatch for G5 to G8, but not for G9 andG10. The
discrepancy for G9 andG10 are probably due to a breakdown of the assumption
that the deposited molecular shape is that of a spherical cap (see Figure 12.18).
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Figure 12.20 Schematic representation of a core–shell tecto-(dendrimer) mol-
ecule in solution

Table 12.1 Comparison of the mean molecular weight calculated by AFM and theor-
etical molecular weight of PAMAM dendrimers

PAMAM
dendrimers

No. of
molecules

MW (AFM)
measured

MW
theoretical

Relative
error (%) Polydispersity

G5 48 27 900 28 826 � 3.2 1.05
G6 48 56 000 58 048 � 2.7 1.06
G7 61 120 000 116 493 3.2 1.05
G8 59 242 000 233 383 3.7 1.06
G9 52 616 000 467 162 31.9 1.08
G10 47 1 198 000 934 720 28.2 1.07

3.3.3 Core-shell Tecto-dendrimers [36]

Dendrimers are a unique class of polymer that may bridge the gap between the
synthetic and biological polymer fields [40]. Although, the size of most den-
drimers, e.g. PAMAM dendrimers, is large enough to mimic many protein
molecules, they are substantially smaller than other biological targets such as
viruses. An important approach in synthesizing larger dendritic molecules with-
out excessive synthetic steps has been recently reported [41]. These are dendritic
architectures in which a PAMAMdendrimer molecule is used as a core, around
which a shell of other PAMAMdendrimers are covalently attached as illustrated
in Figure 12.20. Typically, the generation number of the core is larger than that
of the surrounding shell dendrimers. These new architectures are referred to as
core-shell tecto-(dendrimer) (shortened to tecto-(dendrimer) here). The individ-
ual tecto-(dendrimer) molecules could also be clearly observed in the AFM
images as shown in Figure 12.21.
The images show many globular particles randomly deposited on the mica

surfaces. In each of the images, the particles appear to be substantially uniform in
size, i.e. they are essentially mono-dispersed. Also, the images apparently are of
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Figure 12.21 Tapping mode AFM images of tecto-(dendrimer) molecules.
(Sample preparation: one drop of a 1× 10−5 wt% solution was spread on a freshly
cleavedmica surface by spin coating, and then dried at room temperature)

single molecules (a few obvious clusters or aggregates can be identified in the
images). The behavior of newly prepared films was consistent, provided the
casting solutions were not allowed to stand or age. Solutions of the G4G3 and
G5G3 tecto-(dendrimer)s were stable for about one month, after which substan-
tial aggregation occurred. In contrast, the solutions of the G6G4 and G7G5
tecto-(dendrimer)s remained stable for at least six months, showing that solution
stability increases with increasing molecular size.
From the profile of each particle, the size and the height data were obtained

using the analytical capabilities of the AFM instrument, with results shown in
Table 12.2 for the average height and width of the individual molecule on the
mica surface.
Based on the same equation (1), absolute molecular weight of tecto-de-

ndrimers could be calculated. The results shown in Table 12.3 clearly demon-
strate that the molecular weights calculated from the AFM images of individual
molecules are very close to those obtained by the more classical MALDI-TOF
MS and PAGE techniques.
There are a few requirements that must be met if this AFM technique is to be

used to measure molecular volumes. First, the molecules on the surface must be
‘soft’ enough that the molecule flattens out completely on the surface, i.e. the
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Table 12.2 The molecular size of the core—shell tecto-dendrimers

Core—shell tecto-dendrimers Theoretical calculations AFMmeasurement

Diameter� Diameter Height
Observed shell sat. levels (nm) (nm) (nm)

G4(G3)
�

11.6 25.0 0.38
G5(G3)

	—�

12.6 33.0 0.53

G6(G4)
�—	

15.6 38.0 0.63
G7(G5)

�
19.0 43.0 1.10

� In the solution.

Table 12.3 Molecular weights of the tecto dendrimers

Tecto dendrimers PAGE (MW) MALDI-TOFMS (MW) AFM (MW)

G4(G3)
�

58 048 56 496 56 000
G5(G3)

	—�

116 493 120 026 136 000

G6(G4)
�—	

233 383 227 606 214 000
G7(G5)

�
467 162 288 970 479 000

molecule cannot have an undercut region such that the probe cannot ‘see’ those
portions hidden under the molecule. Also, the actual AFM image represents a
convolution of the probe tip and contour of the material being examined. This is
not a problem for very soft materials where the height-to-diameter ratio is quite
small, but deconvolution will be required for more rigid molecules where the
height is an appreciable fraction of the diameter. These experiments have demon-
strated that AFM is not only useful in imaging dendritic macromolecules, but is
also useful in estimating important dimensional molecular parameters, such as
volume andmolecularweight, which are not easily obtained by other techniques.
The authors are grateful to Drs Dale J. Meier, Lars T. Piehler, Dujie Qin and

Mr. Walter Meixner for valuable discussion and acknowledge financial support
from the US Army Research Laboratory and the National Cancer Institute.
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Characterization of
Dendrimer Structures by
Spectroscopic Techniques
N. J. TURRO1, W. CHEN1, M. F. OTTAVIANI2
1Columbia University, New York, USA
2Institute of Chemical Sciences, University of Urbino, Italy

1 INTRODUCTION

Dendrimers have precise compositional and constitutional aspects, but they can
exhibit many possible conformations. Thus, they lack long-range order in the
condensed phase, which makes it inappropriate to characterize the molecular-
level structure of dendrimers by X-ray diffraction analysis. However, there have
beenmany studies performed using indirect spectroscopicmethods to character-
ize dendrimer structures, such as studies using photophysical and photochemical
probes by UV-Vis and fluorescence spectroscopy, as well as studies using spin
probes by EPR spectroscopy.
Computer simulations [1, 2] of dendrimer structures revealed that the shape,

morphology and surface structure of dendrimers could be controlled as a func-
tion of generation and size. These simulations indicated a rather dramatic
change in the dendrimer morphology and the surface characteristics as a func-
tion of generation for PAMAM dendrimers (Figure 13.1). The early generations
(G� 1—3) possess a highly asymmetric, open, hemispherical shape, while the
later generations (G� 4) possess a nearly spherical shape with dense-packed
surface.
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Figure 13.1 Simulated dendrimer morphology (aspect ratio, Iz/Ix) as a function
of generation for PAMAM dendrimers. Adapted from ref. 1

Scheme 1 Four different approaches of photophysical and photochemical
probes

2 STRUCTURAL CHARACTERIZATION BY PHOTOPHYSICAL
AND PHOTOCHEMICAL PROBES

Scheme 1 summarizes four different approaches used to characterize dendrimer
structures by photophysical and photochemical probes: 1. Non-covalent, inter-
molecularly bound interior probes — to study the internal cavities and the
encapsulation abilities of dendrimers. 2. Non-covalent, intermolecularly bound
surface probes — to study surface characteristics of dendrimers. 3. Covalently
linked probes on dendrimer surfaces — to study the molecular dynamics of
dendrimers. 4. Covalently linked probes at the dendrimer central core — to study
the site isolation of the core moiety and define the hydrodynamic volume of
dendrimers by the concentric dendrimer shells. Critical literature in these four
categories will be described using representative examples.
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Scheme 2 Two ways to encapsulate probe molecules inside dendrimers

2.1 ENCAPSULATION OF PROBE MOLECULES

As the dendrimer generation increases, the diameters increase linearly as a
function of each added shell, the number of surface groups amplifies according to
a power function and as a consequence the surface area per surface group
becomes increasingly smaller. de Gennes and Hervet [3] predicted that ideal
dendrimer growth will reach a self-limiting generation in which the dendrimer
surface becomes too dense-packed to allow further ideal growth without branch
defects. Molecular simulation studies by Goddard and Tomalia [1, 2] indicated
that later PAMAM dendrimer generations (G�4) are dense-packed spheroids
with internal cavities. The existence of the internal available spaces makes it
possible for symmetrically branched dendrimers to host small guest mole-cules.
As shown in Scheme 2, guest molecules may bind to the dendrimer interior by
either hydrophobic or hydrophilic interactions, in this case they still can diffuse
out of the interior of the dendrimers at suitable conditions; in the other case,
guest molecules are physically entrapped inside a so-called ‘dendritic box’, in
which the highly dense-packed end groups of dendrimer form a ‘closed shell’.
Thus, guests can be released only after the ‘closed shell’ is removed or perturbed.

2.1.1 Non-covalent, Dynamic Interior Binding

In this section, references regarding the adsorption and binding of guest mol-
ecules to the dendrimer interior, as well as the binding onto dendrimer surface
will be reviewed. Many important studies have demonstrated the encapsulation
of guest molecules by dendrimers; however, issues regarding the specific binding
sites have not been well resolved yet. In most cases, the binding of guest
molecules is presumably dynamic; wherein, the guest molecules can diffuse in
and out of dendrimers, although there is little direct evidence.
Goddard and Tomalia [1] investigated the encapsulation of 2,4-dich-

lorophenoxyacetic acid and acetylsalicylic acid into methyl ester-terminated
PAMAM dendrimers by measuring the ��C spin-lattice relaxation times (T

�
) of

the guest molecules. In the presence of dendrimer, the T
�
values of these guest
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Figure 13.2 ‘Unimolecular micelle’ type dendrimer (1) reported by Newkome
and probes

molecules in CDCl
�
were much lower than those in pure solvent. The relaxation

time decreased from G0.5 to G3.5, but remained constant for generations 3.5 to
5.5. The transition of the change in T

�
occurred at dendrimer G3.5, paralleling

the morphology transition (from open hemispherical domes to closed spheroids)
between G3 and G4 as predicted by computer simulation. In this study, the
maximum guest: host stoichiometries was shown to be � 4: 1 by weight and
� 3: 1 based on the concentration ratio of guest to the interior tertiary amino
groups of dendrimers.
Binding of small hydrophobic probe molecules within the interior of ‘uni-

molecular micelle’ type dendrimers was first demonstrated by Newkome and
coworkers [4]. This type of dendrimer (Figure 13.2) has a completely hydropho-
bic interior (saturated hydrocarbon branches) and polar surface groups, which
mimics surfactant aggregates. The micellar properties of these dendrimers in
aqueous solutions were established by fluorescence and UV-Vis spectroscopy.
For example, the phase-resolved fluorescence anisotropy results of diphenyl-
hexatriene (DPH) in the presence of 1 were similar to those previously observed
with DPH in micelles, indicating that DPH molecules were predominately
associated within the lipophilic interior of dendrimers. Further support of in-
terior binding came from the observation that chlortetracycline, a probe which
exhibits fluorescence only in a lipophilic environment, gave such a signal in
aqueous solution of 1. The increased solubility of naphthalene in aqueous
solution of 1 evaluated by the UV-Vis spectrum of naphthalene provided addi-
tional evidence for the interior binding.

312 N. J. TURRO ET AL



Figure 13.3 Carboxylic acid-terminated poly(aryl ether) dendrimer (2) and
probes

Another ‘unimolecularmicelle’ type carboxylic acid-terminated dendrimer (i.e.
poly(aryl ether) dendrimers) (Figure 13.3) were synthesized and investigated by
Fréchet and coworkers [5]. Solubilization studies of hydrophobic guest mol-
ecules in aqueous solution of 2 were performed by first sonicating the host/guest
mixture at elevated temperature and then examining the UV-Vis absorbance of
the guest molecule. In the presence of 2, the saturated concentration of pyrene
(9.5� 10�� M) increased 120-fold compared to that in pure water (8.0� 10��

M), revealing a solubilization property comparable to SDS micelles. It was
suggested that the high solubilization of 2might be related to the stabilizing �—�
interaction of pyrene with the aryl groups of the dendrimer 2. This concept was
supported by the solubility of polycyclic aromatic guests possessing different
electron densities. Compared with that in pure water, the solubility in the
presence of 2 increased by 58 times for anthracene (a probe less electron deficient
than pyrene), and 258 times for 2,3,6,7-tetranitrofluorenone (a probe more
electron deficient than pyrene). On average, 0.45 pyrene dissolved in one single
dendrimer 2 in water. The number increased to 1.9 pyrene per dendrimer by the
addition of 1.5 M NaCl. This salt effect was attributed to less water within the
interior of the dendrimer at higher ionic strength.
Meijer et al. [6] reported on inverted ‘unimolecular micelle’ type dendrimers

(Figure 13.4) which have a hydrophilic interior and a hydrophobic shell, syn-
thesized by modifying the end groups of hydrophilic poly(propylene imine)
dendrimer with alkyl chains. It was shown that these dendrimers could host
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Figure 13.4 Inverted ‘unimolecular micelle’ type dendrimer (3) reported by
Meijer and the probe

hydrophilic guest molecules such as Rose Bengal. As determined by UV spec-
troscopy, one dendrimer 3 could encapsulate up to 7 Rose Bengal molecules.
Binding of hydrophilic guest molecules within the hydrophilic dendrimer in-
terior was achieved in either ethanol or n-hexane solution. The encapsulated
guests could be released by the addition of toluene, but not by the addition of
water.
Turro and co-workers [7] studied a series of amine-terminated PAMAM

dendrimers (Gn(Cm), n� 0—5, with G1(Cm) shown in Figure 13.5) possessing a
hydrophobic aliphaticmethylene core (Cm). The hydrophobic fluorescent probe,
Nile Red (phenoxazon-9), fluoresces intensely in the presence of hydrophobic
lipids and organic solvents, but gives weak emission in aqueous media. Judged
by the fluorescence emission spectra and polarization values of the probe, it was
concluded that the dendrimer in this series with methylene chain core (where
(C)m� 12) dendrimers provided a hydrophobic environment to the probe,
whereas such behavior was not observed for dendrimers Gn(C4) and Gn(C8)
with shorter chains [8]. The accessibility of the probe to the methylene chain
core of Gn(C12) was the highest for generation� 1 with core (C12) compared
with higher generations. This is undoubtedly due to an idealized balance be-
tween the spacial and hydrophobic character of the core relative to the steric
demands of the higher generation shells. Further, a more extended structure of
Gn(C12) was achieved by changing the pH value from pH 9 to pH 7, presumably
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Figure 13.5 PAMAM dendrimer G1(Cm) (with an aliphatic methylene chain as
the central core) and the probe

caused by higher protonation of surface and internal amino groups of den-
drimers.
Binding of pyrene to amine-terminated PAMAM dendrimers (G0—G2) with

an ethylenediamine core was investigated by Malliaris and co-workers [9]. In
the aqueous solution of these dendrimers, the solubility of pyrene increased
linearly with the size of the dendrimers as determined by UV-Vis spectroscopy.
In addition, the I

�
/I

�
ratio of pyrene, which is the intensity ratio of the first to the

third vibrational peak, in the pyrene fluorescence spectrum, was used as an index
of the micropolarities at the solubilization sites of pyrene in these dendrimers.
The I

�
/I

�
value of pyrene decreases when the polarity of its environment de-

creases, from ca. 1.6 in water to ca. 0.6 in n-hexane. The I
�
/I

�
values of pyrene in

G0 and G1 solutions were close to that observed in pure water (ca. 1.5—1.6),
whereas in G2 solution it was close to that in aqueous micelles (ca. 1.0—1.4). This
was attributed to less water penetration into the microcavities of G2 compared
to G0 and G1. It was observed that pyrene fluorescence was quenched by
adsorption onto G2. This quenching was attributed to the tertiary amino groups
in dendrimer interior and thus supported the proposal that pyrene was asso-
ciated with the interior of these dendrimers. Finally, excimer emission of pyrene
was observed in a situation where there was negligible probability of two pyrene
molecules occupying a single dendrimer, possibly caused by the exciplex forma-
tion between pyrene and some part of the dendrimer interior.
Diederich and coworkers [10] synthesized so-called ‘dendrophanes’ (Figure

13.6) containing a paracyclophane core embedded in dendritic poly(ether-amide)
shells. X-ray crystal-structure analysis indicated that these dendrimers had an
open cavity binding site in the center, suitable for the binding of aromatic guests.
NMR and fluorescence titration experiments revealed a site specific binding
between these dendrimers and 6-(p-toluidino)naphthalene-2-sulfonate (TNS)
with a 1: 1 association. Also, the fluorescence spectral shift of TNS, which is
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Figure 13.6 Dendrophanes synthesized by Diederich and probe TNS

sensitive to the environmental polarity, suggested that the microenvironment
around the cavity binding site becomes less polar with increasing dendrimer
generation shells.

2.1.2 Non-covalent Encapsulation – ‘Dendritic Box’

In the preceding section, we reviewed the non-covalent dynamic encapsulation of
guest probe molecules within dendrimer interiors. The second case, Scheme 2,
involves the physical encapsulation of guest molecules; wherein, guest molecules
are ‘locked’ inside dendritic containers (so-called dendritic boxes). This concept
was originally proposed by Tomalia et al. and referred to as ‘unimolecular
encapsulation’ [2]. More recent and well characterized examples have now been
demonstrated by Meijer and co-workers [11—15].
These dendritic boxes (Figure 13.7) were synthesized by the conjugation of a

chiral shell of protected amino acids onto a flexible poly(propylene imine)
dendrimer with 64 amino end groups. In solution, the shell was highly hydrogen-
bonded and dense-packed, displaying a solid-phase behavior, which was in-
dicated by the low NMR relaxation time of the surface groups [11].
The encapsulation of small guest molecules was achieved by constructing the

dendrimer shell in the presence of the guest molecules followed by extensive
dialysis to remove free guest molecules in solution [11]. A variety of probe
molecules were applied, including Rose Bengal, 7,7,8,8,-tetracyano-quino-
dimethane (TCNQ) and 3-carboxy-PROXYL. UV-Vis, fluorescence and EPR
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Figure 13.7 Meijer’s dendritic box and probes

Scheme 3 Two step opening of the dense shell of dendritic boxes

studies of these probe molecules confirmed the entrapment of guest molecules
inside the dendritic boxes. The number of entrapped guests per dendritic box
could reach up to eight, depending on the architecture of the dendritic box (such
as the dendrimer generation and the surface amino acid derivatives), as well as
the shape of the guest.
The diffusion of entrapped guest molecules out of dendritic boxes was un-

measurably slow over a period of several months. However, Meijer and co-
workers have demonstrated that the shape-selective liberation of encapsulated
guests could be achieved by removing the ‘closed shell’ in two steps (Scheme 3)
[15]. First, hydrolysis of the tBOC groups of the dense shell with formic acid
gave a ‘partly open dendritic box’. At this point, small guests such as p-nitroben-
zoic acid and nitrophenol could diffuse out of the box by dialysis. Susequent and
complete removal of the outer shell by refluxing with 12 N HCl, lead to the
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Scheme 4 Approaches to study the surface morphologies of PAMAM den-
drimers

release of bigger guests such as Rose Bengal, RhodamineB, andmethylene violet.
The starting poly(propylene imine) dendrimer was recovered in 50—70% yield.
Although each individual amino acid group in the outer shell was enan-

tiomerically pure, the dendritic boxes displayed negligible optical activity. This
was attributed to the internal compensation effects caused by the rigid, dense-
packing conformation of the shell [13]. However, induced circular dichoism
(CD) signals, originating from transfer of chirality from the dendritic box to an
entrapped achiral guest, were observed for several entrapped achiral guests.
Even more interestingly, the exciton-coupled CD spectrum was obtained in the
case of 4 Rose Bengal molecules entrapped in one dendritic box. This indicated
the close proximity of the entrapped Rose Bengal molecules with a certain fixed
orientation. However, it was not clear why the induced chirality was not present
for some of the guest molecules. Furthermore, it was noticed that the inducedCD
signals were dependent on the solvent used and the history of the sample [14].

2.2 SURFACE BINDING OF PROBE MOLECULES

The surfacemorphologies of PAMAMdendrimers have been studied extensively
by Turro and co-workers [16—23]. As shown in Scheme 4, one approach was to
study the adsorption of organic dye molecules and metal complexes on the
dendrimer surface by UV-Vis and fluorescence spectroscopy; another approach
took advantages of electron transfer processes between two adsorbed species on
a single dendrimer surface or between the adsorbed species on a dendrimer
surface and other species in aqueous solution.

2.2.1 Binding Properties of Probe Molecules

Pyrene was used as a fluorescent probe to sense various hydrophobic sites in the
microheterogeneous architecture offered by PAMAMdendrimers, possessing an
ammonia core and sodium carboxylated surface (Gn.5, n� 0—9) [17]. The I

�
/I

�
ratio of pyrene in the presence of low generations (G0.5—G3.5) remained very
similar to those in pure water. In the presence of higher generation dendrimers,
however, pyrene sensed a more hydrophobic outer surface which was presum-
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Figure 13.8 I3/I1 ratio of pyrene emission as a function of dendrimer generation.
Modified from ref. 17

Scheme 5 Aggregates formed between DTAB and a PAMAM dendrimer

ably congested (Figure 13.8). From a study of dendrimer-surfactant complexa-
tion probed by the pyrene fluorescence, lower generations behaved as ordinary
electrolytes and higher generations acted as a novel type of polyelectrolytes. For
the later generations, the addition of dodecyltrimethylammonium bromide
(DTAB) first occurred in a noncooperative manner via electrostatic binding, but
at higher concentration, cooperative binding caused aggregation of surfactants
to form micellar structures on the dendrimer surface (Scheme 5). This
cooperative binding was suggested to result from alkyl chain association which
was induced by the closely packed charged groups on the surface of higher
generation dendrimers. Overall, the break in the dendrimer behavior sensed by
pyrene coincided with the predicted change in the morphology of the dendrimer
structures by simulation [1, 2].
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Figure 13.9 Emission lifetimes of Ru(bpy)32+ (20 �M)monitored in air saturated
aqueous solutions of PAMAM dendrimers (20 �M) as a function of generation.
Adapted from ref. 23

The photophysical parameters (such as luminescence lifetime �) of ruthenium
polypyridyl complexes (Ru(bpy)

�
�� and Ru(phen)

�
��, bpy� 2,2�-bipyridine,

phen� 1,10-phenanthroline) have also been used to characterize the surface
environment of these dendrimers [16, 18, 21, 23]. NMR experiments suggested
that the Ru(L)

�
�� complexes were bound to the dendrimer surface, presumably

from electrostatic interactions with the negatively charged dendrimer surface.
The lifetimes of Ru(bpy)

�
�� (Figure 13.9) were indistinguishable in the presence

of and absence of the earlier generation dendrimers (G0.5—G2.5); while they were
strongly enhanced by the later generations (G3.5—G9.5). This indicated a quali-
tative difference in the binding of Ru(L)

�
�� complexes to the earlier and later

generation dendrimers. The binding constant of Ru(phen)
�
�� to dendrimer G4.5

was 5.0� 10�M��, determined from changes in the excited state lifetime of the
probe as a function of dendrimer concentration. It decreased to 2300 and 750
M�� with the addition of 0.24 and 0.48 MNaCl respectively, consistent with the
electrostatic interactions involved. Similar results were found in the binding of
Ru(4,7-(SO

�
C

�
H

�
)
�
-phen)

�
	� to the positively charged PAMAM dendrimers

possessing amine surface groups (Gn, n� 1—7) [22]. The determined binding
constant of the probe to G4 was 4.7� 10�M�� in water and decreased with the
addition of NaCl.
Adsorption and aggregation of organic dye molecules on anionic PAMAM

dendrimers with carboxylate surface groups were studied by UV-Vis and fluor-
escence spectroscopy [20]. The aggregation of methylene blue (MB) depended
strongly on the dendrimer generation: for later generations, the aggregation
occurred more readily and the number of MB molecules involved in one aggre-
gate was larger. It was proposed thatMBmolecules stacked perpendicular to the
dendrimer surface. Again, a qualitative break in the binding behavior of the dye
to the dendrimer surface was observed between G2.5 and G3.5 (Figure 13.10).
The same trend was observed in the binding of fluorescein to the cationic
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Figure 13.10 Concentration of PAMAM dendrimers in surface groups at the
minimum optical absorption (666 nm) as a function of generation. Adapted from
ref. 23

PAMAMdendrimers, and in the binding of probes to PAMAMdendrimers with
an ethylenediamine core [23].

2.2.2 Photoinduced Electron Transfer Processes on Dendrimer
Surface

Photoinduced electron transfer processes between Ru(L)
�
�� and several quen-

chers (Scheme 6) have been investigated in the presence of anionic PAMAM
dendrimers [16, 18, 19, 23].
In the presence of earlier generations, the luminescence quenching of aqueous

solutions of Ru(L)
�
�� by methyl viologen (Figure 13.11) was found to follow

Stern—Volmer bimolecular kinetics with a quenching constant k
�
� 5� 10


M��s��, typical for the bimolecular quenching in homogeneous solutions. This
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Figure 13.11 Stern–Volmer constant KSV for the quenching of *Ru(bpy)32+ (5
�M)byMV2+ in air-saturated aqueous solutions of PAMAMdendrimers. Adapted
from ref. 23

Scheme 6 Electron transfer quenching of the excited state of Ru(L)32+ by differ-
ent quenchers

revealed the weak interactions between the probes and the anionic dendrimers,
as well as the rapid exchange between the adsorbed probes and the probes in the
aqueous phase during the lifetime of Ru(L)

�
��. However, the quenching process

in later generation dendrimer solutions (G3.5 and up) obeyed a general kinetic
model employed for micellar solutions. In these cases, the quenching was found
to be unimolecular (or, namely, intradendrimer) in nature, indicating that the
probes did not leave the dendrimer surface during their luminescence lifetime.
The quenching constant k

�
(c. 10�—10� s��) decreased with increasing dendrimer
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Figure 13.12 Functional moieties used as photophysical probes

size, presumably because of the slower diffusion rate of the probes on the
dendrimer surface. Quenching studies using other quenchers such as
[Fe(CN)

�
]	� and Co(phen)

�
�� substantiated this conclusion.

2.3 PROBE COVALENTLY LINKED ON THE DENDRIMER
SURFACE

In order to study the molecular dynamics of the outer segments of a dendrimer,
one pyrene moiety was selectively and covalently attached to one dendron of
poly(aryl ester) dendrimers by Adams (in total three pyrene molecules per
dendrimer) [24]. The fluorescence decay of pyrene in the THF solution of the
labeled dendrimers provided details of the pyrene excimer formation, such as the
excimer formation rate, the excimer decomposition rate constant and the equi-
librium constant of the excimer formation. These parameters were utilized to
evaluate the diffusional mobility of the dendrimer branches.
In another case, a fluorescein moiety (Figure 13.12) was covalently linked to

the surface of the amine-terminated PAMAM dendrimers with average labeling
density less than one probe per dendrimer [25]. The diffusion coefficients and the
hydrodynamic sizes of the labeled dendrimers in aqueous solutions were meas-
ured by fluorescence recovery after photobleaching, and compared with those of
unlabeled dendrimers determined by dynamic light scattering. Despite the small
perturbation (a small decrease in the dendrimer diameter) upon the labeling of
the dendrimers, the authors suggested that these fluorescently labeled den-
drimers could make suitable markers and diffusion probes in different environ-
ment.

2.4 PROBE COVALENTLY LINKED AT THE CENTER OF THE
DENDRIMER

Fréchet et al. [26] studied the microenvironment in dendritic molecules by
covalently attaching a solvatochromic probe; namely: N-methylamino-p-
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nitrobenzene (Figure 13.12) to the center of the dendritic polyethers. They
studied the solvatochromic behavior of various generations of labeled den-
drimers in solvents varied as a function of polarity. For solvents of low polarity,
there was a dramatic change in the absorption maximum for the probe from G3
to G4, consistent with a transition from an open, extended to a more globular
dendrimer structure. The probe also sensed a high polar environment for den-
drimers at generations higher than G4.
A similar approach was taken byMoore [27], utilizing poly(phenyl acetylene)

dendrimers with a dimethylbenzene moiety attached at the core of the den-
drimer. An anomalous shift (41 nm) in the fluorescence spectra of the probe in
various nonpolar hydrocarbon solvents was observed for G5 andG6, but not for
G1 to G4. This observation confirmed significant in the size and shape changes
for these dendrimers between G4 and G5.
A series of poly(aryl ether) dendrimers with a Rubicene moiety (Figure 13.12)

as the dendrimer core were synthesized by De Schryver and co-workers [28].
Time-resolved fluorescence anisotropy of the Rubicene core was used to deter-
mine the hydrodynamic volume of dendrimers in a variety of solvents. These
dendrimers were fully extended in a good solvent — toluene, indicated by the
same hydrodynamic volume between 20 and 94°C. In a poor solvent, acetonit-
rile, the hydrodynamic volume of dendrimers was substantially smaller, especial-
ly for the higher generations. It was further proposed that these dendrimers could
adopt a conformation where the dendrons interact with the dendrimer core.
They also demonstrated the possibility of detecting a single dendrimer molecule
embedded in a thin polystyrene film, utilizing poly(aryl ether) dendrimers with a
fluorescent dihydropyrrolopyrroledione core.
Aida and co-workers prepared poly(aryl ether) dendrimers with a zinc tet-

raphenyl porphyrin as the core (Figure 13.13) [29, 30]. A clear hypochromicity
was observed for the aqueous solution of [KO

�
C]

��
L4PZn (4) upon increasing

the ionic strength or lowering the pH value. This was attributed to the shrinkage
of the hydrophobic dendrimer framework when the surface became less ionic.
[KO

�
C]

�
L2PZn had a very open structure, thus the porphyrin core could be

accessed by quencher molecules such as methyl viologen. Interestingly, while the
zinc porphyrin core within 4 was sterically shielded by the dendritic shell from
access by the quenchers, the quenching behavior suggested a long-range photo-
induced electron transfer process through the dendrimer framework between the
porphyrin core and the electrostatically adsorbed methyl viologen on the den-
drimer surface.
Furthermore, they investigated the interpenetrating interaction between

methyloxy-terminated dendrimers LnPZn (i.e. 5) and dendritic imidazoles
(LnIm: i.e. 7) [31]. Spectral changes in the Soret absorption band of LnPZn was
used to calculate the binding constants. Results indicated a 1: 1 complexation
between LnPZn and LnIm. The binding constant decreasedwhen the generation
number increased, with a notable gap between L3PZn and L4PZn.
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Figure 13.13 Poly(aryl ether) dendrimers with a porphyrin core and dendritic
imidazoles

Fréchet and co-workers [32] studied the ability of the dendrimer shell to
provide site isolation of the core porphyrin moiety, using benzene-terminated
dendrimers Zn[G-n]

	
P (i.e. 6). From the cyclic voltammograms in CH

�
Cl

�
, the

interfacial electron transfer rate between the porphyrin core and the electrode
surface decreased with increasing dendrimer generation. However, small mol-
ecules like benzyl viologen could still penetrate the shell of 6 to access the
porphyrin core as observed from the quenching of porphyrin fluorescence. Their
results also revealed that the dendritic shell did not interfere electrochemically or
photochemically with the porphyrin core moiety.

3 OTHER PHOTOCHEMICAL CHARACTERIZATION

3.1 PHOTORESPONSIVE DENDRIMERS

3.1.1 Photoswitchable Dendrimers

Vögtle and co-workers first reported a photoswitchable dendrimer [33] with six
peripheral azobenzene groups, which took advantage of the efficient and fully
reversible photoisomerization reaction of azobenzene-type compounds (Scheme
7). In a follow-up study [34], poly(propylene imine) dendrimers bearing azoben-
zene moieties (p-Im-Gn, n� 1—4) on the periphery were synthesized. These
dendrimers displayed similar photoisomerization properties as the azobenzene
monomers. Irradiation of the all-E azobenzene dendrimers at 313 nm led to the
Z-form dendrimers, while irradiation at 254 nm or heating could convert the
Z-form dendrimers back to the E-form dendrimers. The observation that the
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Scheme 7 Reversible photoisomerization of azobenzene

quantum yield of the photoisomerization did not depend on the dendrimer
generation, indicated the negligible steric constraint of the photoisomerization
for dendrimers up to p-Im-G4.
They also investigated the quenching of the azobenzene dendrimer fluor-

escence by Eosin Y (2�,4�,5�,7�-tetrabromofluorescein dianion) [35]. It was con-
cluded that Eosin Ywas hosted in these dendrimers andZ-form dendrimers were
more efficient hosts than E-form dendrimers.
McGrath and Junge [36] reported a photoresponsive poly(aryl ether) den-

drimer with azobenzene as the dendrimer core. These dendrimers exhibited
reversible trans to cis photoisomerization by irradiation at 350 nm. The authors
proposed the use of this type of dendrimer as novel photoswitchable transport
vectors. This is based on the expected ability of dendrimers to encapsulate or
eject small molecules reversibly upon light perturbation.
A similar type of azobenzene dendrimers was reported by Jiang and Aida [37].

Interestingly, the aryl groups in such a dendrimer were found to be able to
simultaneously absorb five infrared photons and then transfer the energy to the
azobenzene core moiety to cause trans/cis isomerizations.

3.1.2 Dendritic Antennae

Stewart and Fox [38] first reported a study on light harvesting antenna using
chromophore-labeled dendrons (Figure 13.14). These dendrons have an electron
acceptor (C

�
: 3-[dimethylamino]phenoxy group) attached at the focal point and

electron donors (C
�
: pyreneyl or naphthyl groups) attached at the periphery.

Detailed studies on quenching of the electron donor fluorescence by the acceptor
suggested significant electronic coupling between appended chromophores and
quencher. This electron transfer appears to occur intramolecularly across the
dendrimer framework.
Moore and coworkers [39, 40] designed perylene-terminated poly(phenyl

acetylene) monodendrons (Figure 13.15) which could efficiently transfer light
energy absorbed by the phenylacetylene chromophores to the perylenemoiety at
the dendron focal point. Determined by steady-state and time-resolved fluor-
escence spectroscopy, the light-harvesting ability increased with generation
while the energy transfer efficiency decreased with generation. Dendrimer 8 had
an energy transfer quantum yield of 98% and energy transfer rate constant of
1.9� 10�� s��. This was explained by the presence of an electronic energy
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Figure 13.14 Light harvesting antenna reported by Fox and coworkers

Figure 13.15 Dendritic antenna (8) reported by Moore
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gradient in the dendrimer framework, which facilitated the directional transduc-
tion of excitation energy to the focal point.
Jiang and Aida [41] demonstrated the efficient intramolecular energy transfer

from the dendron subunits (aryl groups) to the porphyrin core using dendrimer 6.
The tetrasubstituted (L5)4P with a spherical morphology exhibited a much
higher energy transfer quantum yield (80.3%) compared with other partially
substituted dendrimers. Kawa and Fréchet [42] reported a similar example of an
‘antenna effect’ observed in self-assembled lanthanide-cored dendrimer com-
plexes. A review of dendritic antennae and light harvesting dendrimers [43] has
appeared recently.

3.2 METAL NANOCOMPOSITES STABILIZED BY DENDRIMERS

UV-Vis spectroscopy has been utilized to characterize the amount of copper(II)
ions bound inside PAMAM dendrimers, as well as the size of resulting Cu
nanocomposites upon chemical reduction [44—46]. This work has been reviewed
extensively by Balogh and Tomalia [50].

3.3 ELECTRONIC CONDUCTING DENDRIMERS

Near-infrared (NIR) absorption spectroscopy has been used to characterize the
delocalized �-stacks on electronic conducting dendrimers by Miller and co-
workers [47—49]. These dendrimers were prepared by peripherally modifying
PAMAM dendrimers with cationically substituted naphthalene diimides, and
then reduced with one electron per imide group to convert each imide into its
anion radical. The �-stacking of these radical anions on these dendrimer surfaces
was indicated by an absorbance band beyond 2000 nm in the NIR spectra.
This work was supported in part by the MRSEC Program of the National

Science Foundation under Award Number DMR-98-09687 and by NSF grant
CHE98-12676 to the authors at Columbia University.
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Rheology and Solution
Properties of Dendrimers
P. R. DVORNIC
Michigan Molecular Institute, Midland, MI, USA

S. UPPULURI
Flint Ink Corporation, Research Center, Ann Arbor, MI, USA

1 INTRODUCTION

Rheological behavior is among the most characteristic and at the same time
potentially most important technological properties of dendrimers. In many
aspects it is unprecedented among macromolecular substances, as it directly
reflects some of the unique fundamental features of dendrimer molecular archi-
tecture [1]. However, the understanding is still in its infancy, and it has not yet
received deserving scientific attention. This is mostly because some of the re-
quired testing methods use relatively prohibitive quantities of samples that are
either unavailable from typical laboratory-scale dendrimer syntheses, or rather
expensive for higher generation commercially available products [2]. Neverthe-
less, even from a limited number of reported studies, a picture is beginning to
emerge which suggests that some of the most promising applications of den-
drimers may either directly result from their unique rheological behavior, or at
least seriously depend on it. In materials science, these may include utilization of
dendrimers for preparation of various nano-structures and/or nano-devices,
high-viscosity standards, flow modifiers, lubricants and/or processing aids,
nanoscopic toughening and/or reinforcing agents, specialty fluids with electrical,
magnetic, or optical properties, multicomponent blend compatibilizers, sizing
agents, etc. In the biomedical areas, rheological behavior of dendrimers in blood
and other bodily fluids may directly or indirectly predetermine their fate as
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potential drug carriers, release substances, gene transfer or cell-targeting agents,
anti-viral decoy molecules, vaccine components, etc.
Until the present, rheology of dendrimers has developed mostly as an analyti-

cal probe of their molecular and morphological structure. Indeed, it has been
shown that many rheological properties of these unique polymers clearly and
directly depend on their size, shape, inherent flexibility, molecular weight, den-
sity of end-group functionality, intramolecular morphology and intermolecular
interactions. Therefore, in this chapter we will also assume a structural perspec-
tive of the subject, beginning with a brief overview of selected fundamental
molecular parameters that predetermine dendrimer rheological behavior. Fol-
lowing this, their rheological properties are discussed in three separate sections
dealing with different states of interdendrimer interactions. The first of these
sections treats isolated dendrimer molecules in good solvents as examined by
dilute solution viscometry; the second deals with the rheology of concentrated
dendrimer solutions and gradually increasing interdendrimer interactions; and
the third focuses on the dendrimer bulk state where individual molecules are
subjected to intermolecular forces that are strong enough to cause significant
molecular deformation.With only a few notable exceptions, the relevant data are
presently available for only three compositionally different dendrimer families:
polyamidoamines (PAMAMs), polypropyleneimines (PPIs) and poly(benzyl
ether)s (PBzEs). However, while all three of these families were examined by
dilute solution viscometry and in the bulk state, only PAMAMs were studied in
concentrated solutions. Throughout the chapter, rheological results are comple-
mented with selected data from other relevant methods. However, because of
serious space limitations only some of the latter could be included, and apologies
are offered to all whose work had to be regretfully omitted.

2 ARCHITECTURAL FEATURES OF DENDRIMERMOLECULES
THAT AFFECT THEIR RHEOLOGICAL BEHAVIOR

Dendrimers are globular, nano-scaled macromolecules that consist of two or
more tree-like dendrons emanating from a single central atom or atomic group
referred to as the core. The main constitutive element of their molecular architec-
ture are branch cells, which represent the excluded volume associated with
repeat units that contain at least one branch juncture [3]. A dendrimer consists
of three different types of such branch cells: the core cell, the interior cells and the
exterior cells. In an idealized case of complete and perfect connectivity (i.e. in
ideal dendrimer), these branch cells are organized in mathematically precise,
geometrically progressive arrangements that result in a series of radially concen-
tric layers (called generations) around the core. Consequently, an ideal den-
drimer has its molecular size and shape precisely defined by the generation
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PAMAMs PPIs PPIsPAMAMs

 

Figure 14.1 Energy minimized CPK models of generation 0 through 4 PAMAM
and PPI dendrimers. EDA: ethylene diamine; DAB: diamino butane; G�: gener-
ation number; numbers of end groups given in parentheses

number, chemical composition and functionality of the branch junctures.
Molecular modeling and theoretical calculations have shown that with in-

crease in generation dendrimers evolve from open, dome-shaped molecules to
relatively closed spheroids [4] (see Figure 14.1). Based on structural consider-
ations and many experimentally observed structure-property relationships, the
former may be considered as simple branched, low molecular weight precursors
for truly developed dendrimers that have overgrown a certain generation stage
defined by the so-called critical degree of branching [3]. This stage corresponds
to the smallest molecule of the homologous series that contains all three types of
fundamental branch cells of a dendrimer structure. It is specific for every compo-
sitional dendrimer family, but for many, including both PAMAMs and PPIs, it
corresponds to generation 2 [3, 5].
During this hierarchical transition from simply branched molecules to fully

developed dendrimers, the molecular weight and size discretely increase with
generation spanning the range from only several hundred to almost 1 million
Daltons, and from about 1 nm (i.e. 10 A�´ ) to almost 7 nm (i.e. 70 A�´ ) [3] in
diameter (see Table 14.1). At the same time, the molecular shape changes to
spheroidal, but does not seem to reach ideal sphericity even at very high
generations (see Figure 14.1) [4, 6]. For example, molecular asphericity of
tetradendronPAMAMdendrimers decreases from 0.46 at generation 1 to 0.15 at
generation 6, but does not reach the value of zero, characteristic for ideal sphere,
even at generation 9 [6]. Consistent with this, the ratio of the two principal
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moments of inertia of the same dendrimers undergoes a stepwise transition from
4.2 at generation 2 to 1.3 at generation 5, but does not reach unity, characteristic
for an ideal sphere, even at generation 7 [4].
Thus, dendrimers exhibit a unique combination of (a) high molecular weights,

typical for classical macromolecular substances, (b) molecular shapes, similar to
idealized spherical particles and (c) nanoscopic sizes that are larger than those of
low molecular weight compounds but smaller than those of typical macro-
molecules. As such, they provide unique rheological systems that are between
typical chain-type polymers and suspensions of spherical particles. Notably,
such systems have not been available for rheological study before, nor are there
yet analytical theories of dense fluids of spherical particles that are successful in
predicting useful numerical results.

3 DILUTE SOLUTION VISCOMETRY

The first rheological study of a dendrimer family was reported in 1982—83 by
Aharoni [7] and Aronini andMurthy [8]. It involved dilute solution viscometry,
DSV, of poly(�,�--lysine) dendrimers, which had —�C(O)-C(H)[(CH

�
)
�
-N(H)]-

N(H)�- branch cells [9], and in N,N-dimethylformamide/LiCl showed constant
intrinsic viscosity, [�], of 2.5 mL/g over nine generations that ranged in nominal
molecular weight,M, from 511 to 233 600 [7, 8]. In addition, these dendrimers
also showed a linear increase of both hydrodynamic radius, R

�
(calculated from

viscosity data), and radius of gyration, R
�
(obtained from SAXS measurements)

withM���, and had R
�
/R

�
values of about 0.88 to 1.04 [8]. Concluding that this

indicated non-draining, hard-sphere-type behavior [10], and assuming uniform
molecular density, the authors calculated that in the dry state they occupied
about 52% of their molecular volume (i.e. three times as much as the 17% that is
expected for freely draining linearmacromolecules of identical molecular weight)
[8].
Following this early work, a whole decade passed before new reports on

dendrimer rheology started to appear in the literature. During this time, many
compositionally new dendrimer families were synthesized, a number of theoreti-
cal models of intradendrimer morphology was proposed, and the first data on
dendrimer physical properties were reported. Amidst the ‘explosion’ of interest in
these new polymers, an expectation was born that because of their unique
molecular architecture, dendrimers should also exhibit highly unusual physical
properties, among which the rheological behavior may be a particularly extra-
ordinary one. For example, it was predicted that in contrast to the constant
intrinsic viscosity of polylysines, and monotonic, Mark—Houwink-type increase
with molecular mass characteristic for more traditional macromolecular archi-
tectures such as linear, randomly branched or star-like polymers, dendrimers
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should exhibit a maximum in the dependence of [�] on generation [11, 12]. This
resulted from the realization that for ideal dendrimers, molecular volume scales
withG� (whereG is the generation number proportional to the molecular radius
which in turn is a linear function of the number of branch cell layers around the
core), while molecular mass increases withN

	
� (where N

	
is the functionality of

the branch junctures). Therefore, for small values of G, the volume of dendrimer
molecules should grow faster with generation than the molecular weight, until a
certain generation is reached at which the rate of increase of the latter overtakes
that of the former. As a consequence, generational dependence of dendrimer
intrinsic viscosity, [�]
molecular volume/molecular mass � G�/N

	
� [11],

should follow a curve that falls in between those predicted for rigid rods by
Zimm’s equation and for flexible coils by Fixman’s equation [12], and have a
maximum at the generation at which G� becomes equal to N

	
�. To account for

the obvious deviation of polylysine dendrimers from this behavior, it was sugges-
ted [13] that it resulted from the geometrical asymmetry of their branch cells,
which contained two arms of unequal lengths (i.e. —(CH

�
)
�
NH— and —NH—) and

enabled very close segmental packing into compact interior structure of constant
average molecular density. It was also pointed out that because the experimen-
tally determined intrinsic viscosity of these dendrimers exceeded 2.12 mL/g,
which is the calculated value for hard spheres resulting from [�]
 5/(2�) if
average molecular density � is assumed to be constant and equal to the reported
1.18 g/mL [8], their hydrodynamic volumes were larger than the volumes
occupied by their van der Waals radii, indicating substantial solvation by the
medium and not completely solid sphere character [14].
Several experimental studies confirmed the existence of maxima in [�] vs G

relationships in all three of themost investigated dendrimer families: PBzEs [15],
PAMAMs [16] and PPIs [17, 18]. Figure 14.2 summarizes some of the reported
data, indicating that generational locations of the respective maxima may even
be compositionally specific: appearing for PBzE dendrimers at generation 3
[15], for amine terminated PAMAMs at generation 4 [16], and for amine and
CN terminated PPIs at generation 5 [17—19]. It was also pointed out that if the
reciprocal of intrinsic viscosity is taken as the average hydrodynamic density of
solvatedmolecules [13, 15], dendrimers should exhibit generationally dependent
minima of molecular densities at generations at which the corresponding [�] vs
G curves show their maxima [13]. In support of this view it was shown that the
generational dependence of the refractive index increment, dn/dc, of PBzE
dendrimers indeed passed through a minimum between generations 1 and 4 (see
Figure 14.3) [15]. In addition to this, it also seems that this behavior is in general
agreement with the density well model of dendrimer molecular morphology,
suggested by Mansfield and Klushin [20], and to some extent by Murat and
Grest [21].
Polypropyleneimines have been examined by dilute solution viscometry by

several groups of investigators [17—19, 22]. For example, Scherrenberg and
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Figure 14.2 Dependence of intrinsic viscosity, [�], on generation for PAMAM,
PPI and PBzE dendrimers. Data for PBzE monodendrons are included for com-
parison

co-workers [18] combinedDSVwith small-angle neutron scattering, SANS, and
molecular dynamics modeling to study both NH

�
and CN terminated deriva-

tives in good solvents, including D
�
O and methanol-d

�
for the former, and

acetone-d
�
and THF-d

�
for the latter. They found linear dependencies of both

hydrodynamic radii, R
�
(obtained from DSV), and radii of gyration, R

�
(ob-

tained from SANS), onM
���—
���, which implied that both the volume and the
mass of these dendrimers increased almost equally fast with generation number.
SinceR

�
/R

�
values ranged from 0.70 to 0.79 forNH

�
terminated derivatives, and

from 0.77 to 0.85 for CN terminated counterparts, the authors concluded that
these dendrimers behaved as compact, space-filling structures with fractal di-
mensionality of three and some degree of back-folding of their chain ends into
interiors. The accompanying molecular dynamics calculations also indicated
substantial molecular flexibility and a relatively homogeneous intramolecular
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and tridendron dendrimers as a function of generation number. (according to
ref. [15])

density distribution in agreement with the Mansfield-Klushin [20] and
Murat—Grest models [21].
In another recent study, Rietveld and Smit examined the first five generations

of amine-terminated PPIs in methanol by combined DSV and static low-angle
laser light scattering, LALLS, vapor pressure osmometry, VPO [19], and solu-
tion densitometry [22]. They found from molecular radii determined from
second virial coefficients, viscosity and partial specific volumes, that in solutions
about 30—40% of the dendrimer volume was occupied by solvent molecules, but
that swollen dendrimers still showed averageR

�
/R

�
ratios of about 0.81, indica-

ting non-draining, hard-sphere-type character. Interestingly, however, the intrin-
sic viscosities determined in this work showed no generational maximum, but
instead leveled off at about generations 4—5 in a manner similar to that predicted
by Cai and Chen [23]. In agreement with this, experimental specific partial
volumes decreased continuously with generations, but the N

�
R

�
�/M ratios

calculated from experimentally determined molecular weights showed a maxi-
mum at generations 3—4, which agreed quite well with the maximum in the
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intrinsic viscosity data of Scherrenberg and co-workers [18] (see Figure 14.2).
Comparing the generational dependencies of the molecular radii obtained from
SANS, DSV and molecular modeling, and by Scherrenberg and co-workers,
these authors concluded that in agreement with an earlier observation by Val-
achovic [24], dendrimer radii did not seem to scale with molecular weight,
probably because of the lack of self-similarity between generations that is re-
quired for scaling laws to be valid [19]. Most recently, Bodnar and co-workers
examined acetylated- (i.e. hydrophobic) and amine-terminated (i.e. hydrophilic)
generation 4 and 5 PPIs in water, using DSV, dynamic and steady shear
rheometry, solution densitometry and SANSmeasurements [22]. They observed
considerable electrostatic interactions between the protonated amine-termin-
ated derivatives, and from intrinsic viscosity data concluded that both acetylated
and nonacetylated derivatives showed great solvent penetration (i.e. as high as
about 50% of hydrodynamic volume), with the latter being somewhat more
swollen than the former.
Water has been the solvent of particular interest for both PPI and PAMAM

amine-terminated dendrimers for many investigators [16, 25—28]. In this me-
dium, these highly soluble, multifunctional polyamines behave as precise, globu-
lar, nanoscopic polyelectrolytes whose high density of surface charge may be
easily manipulated by varying pH and concentration [28]. Therefore, they are
exceptionally convenient for testing theories and gaining a better understanding
of interactions between charged particles, but also extremely important as a
potential means of delivery in many proposed biomedical applications where
dendrimers show promise. A DSV study of PAMAMdendrimers in water over a
relatively wide concentration range from 5� 10�� to 13 g/dL [16] showed that
generation 4 and higher dendrimers behaved in amanner similar to conventional
polyelectrolytes [29, 30], while the lower homologues did not show the charac-
teristic upswing of reduced viscosity at low concentrations [16]. In addition to
this, it was also observed that in agreement with what had earlier been found for
polylysine dendrimers [8], the polyelectrolyte-like behavior could be suppressed
by addition of monovalent salts, such as NaCl, capable of screening electrostatic
interdendrimer interactions [16]. Subsequent SANS studies showed that in
dilute D

�
O solutions generation 5 PAMAMbehaved as noninteracting particles

[28], but that local ordering through long-range repulsive electrostatic interac-
tions occurred if amino groups were protonated by acidification with HCl.
Furthermore, it was also shown that as the intensity of the charge on dendrimers
increased, these electrostatic repulsions gave rise to electrostatic excluded vol-
ume, which results in the establishment of a limiting distance for the closest
approach of neighboring dendrimers to each other (see Figure 14.4) [28]. Con-
sistent with this, it was demonstrated in another study that generation 5 PPI in
D

�
O also underwent local ordering that was dependent on concentration [27].

In fact, interdendrimer correlations were detected by SANS already above about
5% (v/v) concentration, but diminished as the dendrimer content increased
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Figure 14.4 Illustration of the ordering phenomena in aqueous solutions of
amine terminated PAMAM dendrimers. (A) ‘Gaslike’ structure forming at very
low concentrations or upon addition of NaCl to screen the long-range interac-
tions. (B) ‘Organized’ structure resulting from electrostatic excluded volume at
higher concentrations and/or in the absence of salt. CS: salt concentration; �:
extent of dendrimer end-group ionization; �: dendrimer volume fraction; 2�/q*:
average interdendrimer distance where q* is the peak in the scattering profile
(according to ref. [28])

(solutions of up to 60% (v/v) were examined) similar to the behavior of many
polyelectrolyte, protein and ionic micelle systems [27]. For concentrations
above the overlap dendrimer concentration (which was calculated to be 36.5%
(v/v) fromV

�
/(4�/3)R

�
�N

�
using experimentally determinedR

�
values), this was

explained by ‘large interpenetration’ which was enabled by the softness of the
dendrimer molecules and the filling of the medium which caused excluded
volume interactions. Assuming the Guinier—Fournet model based on the ar-
rangement of particles in a distorted face-centered cubic lattice, the average
distance between particles, D, was determined to decrease with solution concen-
tration as shown in Figure 14.5. Nevertheless, even at the highest studied
concentration, the SANS data indicated that the internal dendrimer structure
was not significantly influenced by intermolecular interactions [27].
The fact that in spite of their relatively high intramolecular density which

results from extensive branching within the confined molecular volume, den-
drimers exhibit surprisingly high flexibility, has been pointed out by a number of
different invetsigators [5, 14, 16, 22, 27, 28, 31]. For example, various calcula-
tions based on experimentally determined molecular radii and assumed spheri-
cal shape indicated that in solutions various dendrimers can fill as much as 50%
of their molecular volume with solvent molecules [14, 16, 22, 31]. It was also
found that in medium and concentrated (30—75 wt. %) ethylene diamine (EDA)
solutions, PAMAMdendrimers exhibited considerable sensitivity of viscosity to
temperature [5]. In addition to this, on dissolution in water their molecular
volumes expanded by more than sevenfold relative to the bulk state depending
on generation [16, 31], but also substantially shrank on the addition of NaCl to
screen the long-range electrostatic interactions [16]. For example, intrinsic
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viscosities of generation 5 and 6 PAMAMs reduced from 1.55 and 0.78 dL/g,
respectively, in deionizedwater, to 0.22 and 0.18 dL/g, respectively, when 0.004%
(w/w) of NaCl was added, and to 0.06 dL/g for both generations when the
amount of salt was increased to 5% (w/w) [16]. Although the reasons for this
behavior are not completely clear from these data alone, they may involve the
complexation of cations by amino groups and consequent more pronounced
back-folding by an increased pull of nucleophilic interior branch junctures on the
charged dendrimer end-groups.

4 RHEOLOGY OF CONCENTRATED DENDRIMER SOLUTIONS

Compared to dilute solution viscometry and to some extent to bulk rheology, the
flow properties of dendrimers in concentrated solutions have been the least
investigated area of dendrimer rheology. In fact, with the notable exception of
some recent data on generation 4 PPI in water [22] the only [32] reported

RHEOLOGY AND SOLUTION PROPERTIES OF DENDRIMERS 341



 

G6

G0

G1

G2

G3

G4

G5

10-1

100

101

100 101 102 103 104

Shear Rate (sec-1)

V
is
co
si
ty

(P
o
is
e
)
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detailed study of the flow of a dendrimer family in medium to highly concen-
trated solutions is that of PAMAM dendrimers in ethylene diamine (EDA)
solvent [5]. In this work, the steady-shear flow behavior of 34 different solutions,
spanning the concentration range from 30 to 75 wt%, of the first seven gener-
ations of amine terminated PAMAMs, havingmolecularweights from about 500
to almost 60 000, was investigated at seven different temperatures between 10
and 40°C [5].
The main result was that regardless of dendrimer generation (i.e. molecular

weight) and concentration, all of the examined solutions exhibited characteristic
Newtonian flow behavior, as shown in Figure 14.6. This was in striking contrast
to the typical behavior of either chain-type polymers of comparable molecular
weights [33], or suspensions of spherical particles [34—37], both of which exhibit
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characteristic non-Newtonian shear-thinning above some critical shear rate (or
shear stress), molecular weight and/or concentration [38]. In chain-type poly-
mers, including linear, randomly or regularly branched, cyclic, star-shaped and
H-shaped ones [38], this behavior results from the establishment of transient
quasi-networks through entanglement-type intersegmental interactions [33],
while for suspensions of spherical particles, it originates from concentration-
dependent particle agglomeration, which, in turn, results from the tendency to
minimize surface energy. Hence, the observed behavior of PAMAM solutions
indicates that under the examined conditions these dendrimers did not undergo
either of these two types of interactions, even at relatively high concentrations
and/or molecular weights (i.e. generations) [5]. Notably, this conclusion is in
good agreement with the behavior of generation 4 PPI in water [22], and with
the result of small-angleX-ray scattering (SAXS) study, which for nonprotonated
generation 10 PAMAM found no interdendrimer correlation even at concentra-
tions as high as 26 wt%. in methanol [39]. However, this is also quite different
from the behavior of electrostatically charged PAMAM dendrimers in acidified
water solutions [16, 28].
The dependencies of the steady-shear viscosity of PAMAM/EDA solutions on

dendrimer molecular weight showed monotonically increasing viscosity with
molecularweight with the slopes of log � vs logM curves steadily decreasingwith
molecular weight and the magnitude of this decrease increasing with an increase
in solution concentration and a decrease in temperature (see curves A and B of
Figure 14.7) [5]. In addition to this, dependencies of identical type were also
found for the zero-shear viscosities from steady and dynamic oscillatory shearing
of all three examined dendrimer families in the bulk, including: PPIs (see curve C
of Figure 14.7) [50], PAMAMs (curve D of the same figure) [5, 40] and PBzEs
(curve E of the same figure) [41]. This behavior is fundamentally different from
what is generally found for typical chain-type polymers which show characteris-
tic breaks in the slopes of the linear portions of their log �



vs logM

�
depend-

encies at the chain length at which entanglement couplings are established
between chain segments, as was clearly demonstrated by direct comparison of
linear and dendrimer PAMAMswithin the same range of molecular weights (see
F of Figure 14.7) [5]. In addition, the shape of the dendrimer viscosity vs
molecular weight relationship is also distinctly different from the steep linear
relationship (slope � 10) reported for suspensions of spherical microgels of
comparable particle sizes (7—28 nm) [38]. For all these reasons, although more
experimental data would be desired, it appears that the viscosity—molecular
weight relationship is a dendrimer fingerprint property that is independent of the
state (i.e. solution or bulk) and chemical composition (i.e. PAMAM, PPI or
PBzE), but characteristic of their molecular architecture. It seems to reflect their
rather sharp outer boundaries [39] and apparent lack of interdendrimer interac-
tions [5].
Figure 14.8 shows the shear viscosity-concentration dependencies for EDA
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solutions of generation 0—5 PAMAMdendrimers in comparison with the theor-
etical predictions of three frequently used models of idealized suspensions of
non-draining hard spheres of uniform density, including the Krieger [42], Eilers
[43] and Mooney [44] models. For this comparison, the volume fractions of
dendrimer solutions were obtained from experimentally determined dendrimer
bulk densities [31], and the model curves were calculated using the earlier
reported value for the viscosity of EDA solvent [16]. It can be seen from Figure
14.8 that although all dendrimer solutions clearly deviate from the models, they
seem to approach model behavior with an increase in dendrimer generation.
This indicates a decrease in dendrimer surface permeability to solvent molecules
at higher generations, which should correlate with an accompanying decrease of
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R
�
/R

�
ratio. Unfortunately, in this respect the available data are not conclusive

enough (compare with Table 14.1) [45].
Within the temperature range from 10 to 40°C, both PAMAM dendrimers in

EDA [5] and PPI dendrimers in water [22] showed a linear relationship
between ln � and 1/T, in good agreementwith the kinetic rate theory of flow [46].
The apparent activation energies of flow (E�) were constant and independent of
temperature, and it was shown for PAMAM/EDA systems that the dependence
of E� on solution concentration was linear for all generations examined [5]. This
was considerably different from the typical relationships for the solutions of
linear and/or randomly branched chain polymers, where a break in the slope of
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E� vs c [47] is usually associated with the establishment of entanglement coup-
lings [48]. Thus, the observed linearity of E� vs c dependencies of dendrimer
solutions seems to be another manifestation of dendrimer reluctance to inter-
penetrate, either with other dendrimers or with their parts.

5 DENDRIMER BULK RHEOLOGY

Bulk rheology was studied under steady and dynamic oscillatory shear for PBzE
[41, 49], PAMAM [16, 40] and PPI [50] dendrimers. Of the former, three
different series of samples were examined, including six generations of monoden-
drons (which spanned the molecular weight, M, range from 320 to 13 464), six
generations of tridendron dendrimers (M ranging from 576 to over 20 292), and
three types of so-called ‘hypercore’ dendrimers which contained 6, 12 and 24
generation 4 dendrons (ranging in M from 20712 to 84 219) [49]. Of the
PAMAMs, eight generations of tetradendron amine-terminated dendrimers,
ranging inmolecularweight from 517 to 116 493 were investigated [16, 40], while
of the PPIs, the first five generations of NH

�
terminated dendrimers and three

high generations of their CN homologues were tested [50]. All studies were
performedwithin theWLF temperature region [51] of up to about 100°C above
the respective dendrimer glass transition temperatures. For PBzEs this spanned
the range from 60 to 120°C, while for PAMAMs between 40 and 95°C. All
studies were also performed within the dendrimer’s linear viscoelastic response
range, using for PBzEs parallel plates, and for PAMAMs and PPIs the cone-
and-plate geometry. In all studies, care was taken to protect the samples from
thermal oxidation and, in the case of PAMAMs, also from atmosphericmoisture
absorption.
Consistent with the Newtonian flow of concentrated PAMAM solutions, it

was found that all three types of dendrimers [40, 41, 50] under steady-shear
conditions, and both PAMAMs [40] and PPIs [50] under creep [16, 50] showed
typical viscous behavior at all applied stress levels and testing temperatures. For
example, as illustrated in Figure 14.9 [40], all of the first seven generations of
PAMAMs showed constant viscosities over the entire ranges of shear rates
investigated, and in addition to this, there was no hysteresis between the forward
and the reverse stress sweeps in steady shearing, indicating the absence of
thixotropy.
In contrast to this, however, small-amplitude oscillatory shearing of these

same dendrimers revealed rather unexpected viscoelastic responses, manifested
by generationally dependent complex-viscosity thinning and finite elasticmoduli
at all generations [16, 40]. The former was especially prominent at lower
temperatures and for higher generations, suggesting either the proximity of the
respective glass temperatures or some kind of supramolecular structuralization
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Figure 14.9 Dependence of steady shear viscosity, �, on shear rate, 	̇, for the
first seven generations of PAMAM dendrimers at 70°C in the bulk state

in the state of rest [40]. In addition, the Cox—Merz rule was found to hold and
the results obtained from steady and oscillatory shear could be time-temperature
superimposed, permitting the construction of viscosity master curves shown in
Figure 14.10 [40]. A ‘slight decrease’ in complex viscosity at higher frequencies
was also noted for higher generation PBzEs, with their terminal complex viscosi-
ties being identical to their terminal viscosities under steady shear [49]. In
contrast to this, however, amine-terminated PPI dendrimers showed essentially
Newtonian flow even under dynamic shear, but their CN substituted counter-
parts exhibited a frequency dependence of the storage and relaxation moduli
consistent with Rousean behavior [50].
Bulk PAMAM dendrimers showed finite moduli of elasticity at all gener-

ations, as shown for the storage (G
) and loss (G�) components in Figure 14.11
[40]. For lower generations (i.e. generations 0 through 3) these dependencies
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conformed very closely at all frequencies to a single relaxation time Maxwell
model, which was also representative of the steady shear data since it predicts
constant steady-shear viscosity as a function of shear rate. Higher generations,
however (i.e. generations 4 through 6), were much better represented by a
multimodemodel which included a spectrum of relaxation times associated with
a variety of corresponding mobility modes. The spacing of the modes was
consistent with a truncated Rouse spectrum [52, 53], so that a good fit of
experimental data for generation 4 required two suchmodes, while generations 5
and 6 needed 9 and 15 modes, respectively. Notably, generation 6 also required
yet another (16th) non-Rousean low-frequency mode, to fit the observed
G
������ and G�� �
��� dependencies in the terminal zone.
Comparison of the longest relaxation times calculated from the time-tempera-

ture superimposed moduli with directly measured viscosities revealed consider-
able internal consistency of the data over the entire range of molecular weights
(i.e. generations) examined. This reconfirmed the Rouse-like behavior at higher
generations, and was also in good agreement with the data for PPI and PBzE
dendrimers which showed an ‘almost linear relationship’ between �



andM [49,

50]. For PBzEs, a slope of 1.10 at higher generations was obtained after the data
was corrected to a constant reference fractional free volume (see Figure 14.7)
[49].
Hence, it seems that bulk dendrimers change their rheological behavior from

Maxwell-like at lower generations to Rousean at higher ones. For PAMAMs for
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example, this change takes place at generation 4 [40], which is about the same
generation at which a major molecular conformation change seems to occur as a
result of overgrowing the critical branching stage [3] at which the dendrimer
outer surface closes in upon itself [5]. Therefore, in contrast to the situation
found in concentrated PAMAM solutions, higher generations of these den-
drimers in bulk do not act as single kinetic flow units [5]. Instead, they seem to
develop more than one submolecular mode of stress relaxation through the
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motions of smaller parts of their structure, including individual dendrons, sub-
dendrons, etc. [40].
Conversely, the appearance of an ultra-low frequency relaxation mode, found

for generation 6 PAMAM [40], indicates the formation of a structure that is
larger than an individual dendrimer molecule. Such supramolecular organiz-
ation in the state of rest can account for the observed complex-viscosity thinning,
and is consistent with relatively high dendrimer bulk densities [16, 31]. It would
also suggest the establishment of interdendrimer interactions as a result of the
collapse of dendrimer spheroids into flattened pancake-like entities. However,
even in such conformation, the dendrimer interiors appear able to retain a
surprising degree of mobility. This follows not only from the relaxation mobility
modes of the Rousean model discussed above, but also from the well-known
universal trend of the dendrimer glass transition temperature (T

�
) vs generation

[16, 54—56], and from the demonstrated ability of some dendrimer networks to
accommodate low molecular weight guests inside their dendritic domains even
in the solid state [57, 58]. The only reported exception to this is the dynamic
experiments with bulk amine terminated PPI dendrimers by Sendijarevic and
McHugh which showed G
� 0 and G� �� [50]. From a comparison with the
corresponding steady shear and creep data, the authors concluded that this
behavior indicated that the PPIs did not exhibit any intermolecular entangle-
ment couplings and remained essentially Newtonian, even in the bulk state. If so,
this would make these dendrimers unique among their PAMAM and PBzE
counterparts, probably reflecting their smaller and more compact molecules (see
Figure 14.1).
In attempts to better understand dendrimer intramolecular morphology, con-

siderable attention was devoted to the fractional free volume near the glass
temperature [40, 49, 50]. Because all of the studies were performed within the
WLF temperature range, the data were analyzed using the equation

log a
�

 �C

�

(T � T



)/[C

�

 � (T � T



)],

where

C
�


B/2.303f

���
; C

�


 f

���
/�

�

the reference free volume, f
���
, was taken to be f



the free volume at T




 40°C for

PAMAMs [41] and at T



 80°C for PBzEs [49], respectively, with �

�
being the

thermal expansion coefficient at the same reference temperature. Values of C
�



andC
�

 were obtained by a least-squares method from the slopes and intercepts

of the linear fits of (T � T


)/log a

	
vs (T � T



) diagrams, and from the values of

C
�

, the fractional free volumes, f



, were calculated assuming B
 1 [59], to give

the results listed in Table 14.2. It was demonstrated for PAMAMs [40] (see curve
A of Figure 14.12) that the fractional free volume initially rapidly decreased with
increasing dendrimer molecular weight (i.e. generation), but then considerably
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slowed down between generations 3 and 6, in good agreement with the leveling
off of these same dendrimers’ glass temperatures (see curve B of the same figure),
which are expected to depend on the free volume and which reach an asymptotic
value of about 15°C at generation 4 (compare with Table 14.1).
Values of the fractional free volumes at the glass temperature were calculated

for PBzEs and PAMAMs from f
�

 f

���
� (T

�
� T

���
)/2.303C

�

 [53], and the

results obtained are listed in Table 14.2 and shown (for PAMAMs) as C in Figure
14.12. It can be seen from these data that f

�
appears to be independent of
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dendrimer composition, type and molecular weight, and equal to about
0.032� 0.002 [40, 49]. Notably, this is somewhat higher than the ‘universal’
value of 0.025 that is usually found for most linear polymers [53], and it remains
an open question whether it supports the concept of the glass temperature as an
iso-free volume state [49, 60]. However, it certainly seems significant that
identical f

�
values were obtained for two dendrimer families of very different

chemical compositions and end-groups.
For linear polymers, it is well known that the fractional free volume, f,

increases with 1/M leveling off at high molecular weights where the free volume
associatedwith the end groups becomes an insignificant contribution to the total
free volume. For dendrimers, however, this cannot be expected to hold because
the number of end-groups increases in a geometrically progressive manner with
generation [49, 55], so that at every dendrimer generation, the fractional free
volume associated with the end groups does contribute to the total free volume
of the molecule, f (M), together with the free volume associated with the core cell
and interior branch cells [40]. Hence, the fractional free volume for dendrimers
may be represented by the following equation:

f (M)
 (�/M)(V
����

� V
�	
�����

N
�	
�����

� V
��
�����

N
��
�����

)

where � is the density, V
����
, V

�	
�����
and V

��
�����
are molar volumes of the core,

interior and exterior branch cells, whileN
�	
�����

andN
��
�����

are the correspond-
ing numbers of the interior and exterior branch cells (since N

����

 1) [40]. As

shown in Figure 14.13, this equation gives rise to curves A and B for bulk PPIs
and PAMAMs, respectively, and straight line C for bulk PBzEs. However, over
the intermediate molecular weight range from about 800 to about 15 000 (i.e.
1000/M between about 1.3 and 0.065), all three dendrimer families showed
reasonably similar, linear f (1/M) relationships (compare dashed lines in Figure
14.13), while at lower and higher values of 1/M (where the data are not available
for PBzEs), this relationship is clearly and significantly curved. The authors of
the PBzE study [49] suggested that the linearity of the dependence C in Figure
14.13 indicates that the contribution of dendrimer end-groups to the total free
volume may not be as important as anticipated [55], and that the free volume
theory is, therefore, flawed when applied to dendrimers. In light of the compari-
son of all three examined dendrimer families, however, which was not available
to the authors of the PBzE study, it appears that this suggestionmay not apply to
very low and truly high generation dendrimers.
On the same subject, Sendijarevic and McHugh concluded that for PPIs the

fractional free volume contributed by the end-groups remained constant with
generations [50], indicating the possibility of backfolding [61] of the end-groups
into the ‘void space’ in the dendrimer interior, with the relative intensity of this
backfolding increasing with generation in order to keep the fractional free
volume of the end groups constant. As a consequence, the ‘void space’ would
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Figure 14.13 Dependencies of the fractional free volume (f̀0980/B) onmolecular
weight for PPI (A), PAMAM (B) and PBzE (C) dendrimers. Data are from ref. [40],
[50] and [49], respectively (see Table 14.2)

have to decrease, forming a more compact space-filling structure similar to the
model proposed by Scherrenberg [18], or earlier byMansfield andKlushin [20],
or Murat and Grest [21].
It was also noted by Farrington and co-workers that the chemical nature of

the end-groupsmay have a substantial effect on the viscosity of bulk dendrimers,
even under iso-free volume conditions [49]. This seems consistent with the
establishment of interdendrimer interactions and supramolecular organization
at rest in the bulk state. However, as in most other areas of dendrimer rheology,
more data are desirable before definite conclusions can be drawn.

6 CONCLUSION

Although a body of data on dendrimer rheological behavior has been accumu-
lated, and new reports are appearing at an increasing pace, the field is still in its
infancy and will remain an intriguing and important subject of research for some
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time to come. The picture that is emerging, however, seems to indicate that
dendrimers do not behave as idealized hard spheres, but that instead they more
closely resemble relatively ‘soft’ and flexible spheroids that are prone to penetra-
tion by solvent and other small molecules. Although under appropriate experi-
mental conditions asmuch as one half of a dendrimer’smolecular volumemay be
occupied by solvent, even highly swollen dendrimers still have an unusually high
molecular density due to extensive intramolecular branching and high regularity
of segmental packing. Furthermore, although decreasing with generation, this
considerable solvent draining ability does not seem to disappear even at very
high generations.
In many aspects different dendrimers seem to respond similarly to similar

testing conditions, indicating that the dominant role in these responses is played
by their molecular architecture, and not by chemical composition. For example,
several studies showed that different dendrimers exhibited similar size depend-
encies (i.e. R

�
and/or R

�
) on molecular weight (i.e. generation), and that at least

those that have symmetrical branch cells appear to show maxima in their
intrinsic viscosities. In addition to this, all examined dendrimers indicate con-
siderable inherent molecular flexibility as judged by their volume change on
dissolution, type of solvent and temperature; show identical dependencies of
viscosity, fractional free volume and glass temperature on molecular weight (i.e.
generation).
Nevertheless, the existence of the famed maximum in the dendrimer [�] vs G

relationship, and whether this behavior could be a characteristic fingerprint
property of this type of macromolecular architecture, was questioned recently
[19, 23]. In fact, so was the linearity of the dependence of dendrimer molecular
radii on M��� [19], so that whether this may be the beginning of yet another
controversy, remains to be seen. Perhaps the future may bring an interesting
debate on these subjects, but until new data become available, one should refrain
fromdrawing premature conclusions because the exciting architectural beauty of
idealized dendrimer structures has already proven itself to easily tempt the most
astonishing hypotheses that may not be readily substantiated by reality.
Inherent segmental flexibility can account for the characteristic Newtonian

flow of dendrimers in solutions [5] and under steady shear in the bulk state [40,
41, 49, 50] even at unusually high molecular weights (i.e. generations) and
solution concentrations. It can also explain their Rousean viscoelastic response
to dynamic shearing [40, 50], and the ‘universal’ shape of dendrimer glass
temperature vs generation curves [54]. In fact, this flexibility is probably respon-
sible for a rather surprising degree of conformational mobility of dendrimer
segments with respect to their high density of packing relative to the correspond-
ing open chain-type macromolecules. Such conformational mobility may enable
the controversial segmental bending back into the molecular interior [61], and
provide for the proposed relatively constant intradendrimer density profile [20,
21]. Finally, dendrimer segmental flexibility may also be the reason for the

RHEOLOGY AND SOLUTION PROPERTIES OF DENDRIMERS 355



considerable cargo space responsible for the accommodation of various guest
ions or molecules (even in the solid state [57, 58]), including large macro-
molecules [62] in the dendrimer hosts. Its relative degree, however, would be
expected to depend on dendrimer chemical composition, predetermining the
intensity of secondary interactions both in inter- or intramolecular group com-
munications.
However, perhaps the most inspiring rheological property of dendrimers is

nevertheless their inability to interpenetrate (i.e. entangle) even at unusually high
molecular weights and solution concentrations [5]. In this respect, they are
indeed unique among high molecular weight polymers and because their entire
molecules flow as a single kinetic flow unit they may rightfully be referred to as
nanoscopic ‘molecular ball bearings’ [41].
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1 INTRODUCTION

Multiantennary cell surface carbohydrates are recognized as versatile motifs that
direct adhesion to other cells, pathogens, or soluble proteins such as antibodies,
hormones, toxins and enzymes [1—3]. These rather weak interactions, on a per
saccharide basis, are transformed into very potent and effective attractive forces
whenmultiple ligand copies are presented to similarly clustered receptors [4—6].
This phenomena, known as the glycoside cluster effect [7], has been initially
observed with asialoglycoprotein receptors found on hepatocytes. This finding
has stimulated the syntheses of several N-acetylgalactosamine/galactose clusters
designed as vectors for liver targeting [7]. It should be pointed out, however, that
glycobiologists have long observed the high inhibitory potencies of naturally
occurring glycoproteins having dense carbohydrate decoys [8]. Unfortunately,
such proteins are highly heterogeneous and immunogenic, thus they are capable
of triggering unwanted anti-carbohydrate antibodies by virtue of the T-cell
dependent nature of the protein scaffolds. On the contrary, polysaccharides,
which are essentially natural carbohydrate polymers, are non- or only poorly
immunogenic since they lack the peptide components. In this respect, they are
considered T-independent antigens.
Since carbohydrates are ubiquitous in their interactions with the surround-

ings, it is very appealing to design carbohydrate-based drugs from a therapeutic
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Table 15.1 Glycodendrimers showing the carbohydrate ligands and their applications

Sugar Structure
Microbial/protein
receptors� Ref.

Sialic acid Neu5Ac Flu virus; Limax flavus 13—15
GM

�
Gal(�1—3)GalNAc(�1—4)
[Neu5Ac(�2—3)]Lactose

Cholera toxin B; E. coli
enterotoxin

16, 17

GM
�

Neu5Ac(�2—3)Lactose Cancer vaccine 18
Sialyl-LewisX Neu5Ac(�2—3)Gal(�1—4)

[Fuc(�1—3)GlcNAc�
Selectin 19

3�-Sulfo-LewisX 3�SO
�
-Gal(�1—4)[Fuc(�1—3)]

Glc
Selectin 20

T-antigen Gal(�1—3)GalNAc� Cancer vaccine 21
Tn antigen �-GalNAc Cancer vaccine

Lectin (Vicia villosa)
22—25

Trimannoside Man(�1—2)Man(�1—6)Man� MBP� 26
Galabiose Gal(�1—4)Gal� Streptococcus suis 27
Pk trisaccharide Gal(�1—4)Gal(�1—4)Glc Shiga toxin 28
Lactosamine Gal(�1—4)GlcNAc� Lectin (E. cristagalli) 29
�-Mannoside Man� E. coli; lectin; collitis 26, 30, 31
Lactose Gal(�1—4)Glc� Galectin-1 32—35
Melibiose Gal(�1—6)Glc Xenotransplantation 36
B-Disaccharide Gal(�1—3)Gal� Anti-B IgG 37

� As antiadhesin and inhibitors unless stated otherwise.
� MBP: Mannose binding protein.

standpoint (Table 15.1). Deceptively, carbohydrate analogs have rarely been the
candidate of choice since they generally show low K

�
s [9]. This behavior is due

primarily to their largely hydrophilic nature and flexibility. Complementarily,
carbohydrate protein receptors also show polar residues in their active sites.
Therefore, both entities are highly hydrated and, consequently, large entropic
loss occurs upon binding and release of water molecules to the bulk surround-
ings [10]. Except for a few successful glycohydrolase enzyme inhibitors, the
syntheses of potent glycomimetics or conformationally restricted analogs has
remained elusive [11—12].
Alternatively and fortunately, most mammalian carbohydrate ligands are

formed by a rather limited array of mono- or oligosaccharides. It is estimated
that the largest of these ligands encompass between 1 and 4 saccharide residues
at most (see Table 15.1). It thus becomes apparent that a conceptually novel
approach may be designed necessary to target a wide range of medicinally
relevant applications involving saccharide binding (e.g. cancer, metastases, in-
flammation, fertilization, microbial infections, glycoprotein processing, etc.)
[1—3].
Our group is focused upon applications dealing with inhibitions of: bacterial

(E. coli, Streptococcus suis) and viral (flu) infections, selectins involved in inflam-
mation processes, acute rejection following xenotransplantation, homing of
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Figure 15.1 Schematic representation of hyperbranched glycocluster having
inclusion complex capability, ex. calix[4]arene and �-cyclodextrin

metastatic cells, sperm egg fertilization, and several plant lectins used as models
[4, 38]. The advantages of lectins (phytohemagglutinins) as models reside in the
fact that several crystalline structures are known and their carbohydrate binding
requirements are well established, at least on a per saccharide basis [39]. More-
over, their degree of association, i.e. whether they exist as dimers, tetramers, etc.
is in a few cases, known and somewhat controllable. This chapter will highlight
some recent findings in the design of multivalent glycoconjugates [4, 38, 40]. A
particular emphasis will be dedicated toward the synthesis of dendritic or
hyperbranched sialosides built on a biocompatible chitin polysaccharide iso-
lated from the shell of crustaceans. We will also describe the syntheses of
calix[4]arene and �-cyclodextrin neoglycoconjugates. These molecules are at-
tractive starting materials since they are already highly branched with the added
advantage that they can form inclusion complexes with drugs. In this way, these
molecules may act as ‘Trojan horses’ to deliver medication to specific target cells
(Figure 15.1).

2 ADHESIONMECHANISMS INVOLVED IN INFLUENZA VIRUS
AND RELATEDMICROBIAL INFECTIONS

The initial step in the sequence of events leading to influenza virus infections in
mammalian hosts is mediated by the multiple attachment of virus particles to
host sialoside receptors in the nasopharynx [41]. These receptors consist largely
of cell surface sialylated glycoproteins and gangliosides. The subsequent steps
involve receptor—mediated endocytosis with ensuing release of the viral nucleo-
plasmid. The first event responsible for the receptor-virus interaction is therefore
an attractive target for both antiviral and related microbial intervention.
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Influenza virus particles are spheroidal and approximately 100 nm in diam-
eter. The outer-membrane envelope contains � 500 copies of hemagglutinin
(HA) trimers and � 100 copies of neuraminidase tetramers. The hemagglutinin
constitutes the receptor sites for �-sialoside ligands. X-ray analyses show that the
three sialic acid binding pockets reside � 46 Å apart, each trimer being separ-
ated on the virion surface by about 65—110 Å [42].
Numerous researchers have attempted to map the arrangements of hemag-

glutinin combining sites through the syntheses of sialic acid analogs. Almost all
of the sialic acid functionalities are essential for favorable binding interactions.
The carboxylate group constitutes the critical site of attachment and any modifi-
cations to this function abolishes binding [43]. Except for few aromatic glyco-
sides, there has been no better ligand than monovalent �-sialosides [44].
As mentioned above, individual carbohydrate protein interactions are gen-

erally of low affinity, and sialic acid-influenza virus interactions are no exception.
Detailed �H-NMR experiments with methyl �-sialoside and bromealin-released
hemagglutinin (BHA) have revealed an intrinsically weak dissociation constant
of 2.8 mM [45]. In fact, it has been known for a long time that influenza viruses
bind to these ligands with low affinity since naturally occurring sialomucins of
high sialic acid contents were a thousandfold better inhibitors of human eryth-
rocytes hemagglutination than monosaccharides or mucins of low sialic acid
contents [8].
Evidence gained toward the requirements for multivalency in tight binding

interactions has been accumulating. The synthesis of bidentate �-sialoside
ligands has been reported [44, 46]. It was found that, while none of these clusters
showed improved binding to isolated hemagglutinin (BHA), both demonstrated
evidence of increased affinity with the intact virus particles as measured by
inhibition of hemagglutination of human erythrocytes. However, several sialic
acid containing polymers were shown to be powerful inhibitors [4, 12a, 14, 47].
As mentioned above, several pathogens or their released toxins use the above

strategy as an initial infectionmechanism. As illustrated in Figure 15.2, carbohy-
drate clusters, polymers, and hyperbranched polymers have the potential to
behave as competitive inhibitors against the attachment of pathogens to host
tissues. There have been several recent accounts of this fact and a few reviews
cover the topic in depth [1, 2, 4]. The approach allows the amplification of local
carbohydrate ligand concentrations to produce an enhanced ‘velcro’ effect,
which augments the overall avidity of the binding interaction. It is likely that this
effect has its origin in a favorable combination of variable thermodynamic and
entropic terms in both the microscopic and macroscopic complexes. In the
discussion that follows, several related strategies have been employed to generate
suitable dendritic scaffolds for presentation of these carbohydrate motifs.
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Figure 15.2 Hyperbranched sialosides and related glycopolymers can inhibit
microbial attachment to host tissues by blocking their receptor sites

3 SUITABLY FUNCTIONALIZED CARBOHYDRATE
PRECURSORS

Except for small clusters, our experience in multivalent neoglycoconjugate syn-
theses suggests that the ideal approach consists of using pre-made scaffolds onto
which one can attach the required carbohydrate ligands of interest. This is true
whether linear polymers, dendrimers or dendronized polymers were involved.
This strategy has the advantage of giving access to alternative saccharide decoys
that can be tested as negative control in subsequent biological assays. Moreover,
a single scaffold can be fully or partially derivatized, thus allowing accurate
evaluation of the sugar density effect on a given scaffold. In the present study,
readily available sialosides were used in either fully protected or deprotected
forms and thus, ready to be evaluated. In our hands, the preferred and most
effective functionalities for conjugating these sugar moieties to scaffolding in-
cluded: carboxylic acids, aldehydes, thiols (or thioacetates), bromo- or chloro-
acetamides or isothiocyanates (1–6, Scheme 1). Interestingly, amine-ending scaf-
folds gave highly reproducible results with aldehydes by reductive amination
and with isothiocyanates by thiourea formation. Scheme 1 illustrates typical but
not exclusive examples that are obviously applicable to other carbohydrate
derivatives.
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Scheme 1 Sialoside precursors having varied functionalities for direct attach-
ment to hyperbranched or dendritic scaffolds

4 CALIX[4]ARENE AND �-CYCLODEXTRIN AS SIALOSIDE
SCAFFOLDS

Calix[4]arenes and cyclodextrins (CDs) have found widespread applications as
molecular scaffolds and templates in supramolecular chemistry (Scheme 2) [48].
In particular, CDs have been used as a core in the synthesis of medium-sized
glycoconjugates with the aim of developing new vectors for site-specific delivery
of therapeutics [49]. These structures combine both the inclusion capabilities of
the hydrophobic cavity of CDs and the high biological receptor binding ability of
multiple saccharide epitopes in the same molecule. Most CD-based glycoconju-
gates synthesized to date are monosubstituted derivatives at a single primary
position of the CDs. Recently, the monoconjugation of �-mannosylated den-
dritic branches has been described [50]. Persubstituted CDs are scarce and only
a few of them contain mono-or di-saccharidic monovalent branches, as well as
divalent branches. Grafting of the saccharides to the CD core has been per-
formed in the majority of cases by nucleophilic displacement or by means of
amide or thiourea linkages obtained by reaction of isothiocyanates with amines
[51]. In an effort to design multivalent glycoforms as a function of molecular
weight, shape, valency and geometry, we prepared a variety of per-sialylated
calix[4]arenes [13] and �-cyclodextrins [52].

Tert-butyl calix[4]arene possessing four antennary amine groups (7) were
initially synthesized from commercially available phenolic tert-butyl
calix[4]arene according to a published procedure [13]. After derivatization of
the phenolic group by alkylation with ethyl bromoacetate, hydrolysis, acid
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Scheme 2 Examples of polyaminated calix[4]arene 7 and b-cyclodextrin scaf-
folds 8

chloride formation, treatment with mono-Boc-protected hexamethyl-
enediamine, and finally deprotection of the Boc-protecting groups, tetramine 7
(Scheme 2) was obtained. Using a novel strategy, each of the amine group from
tetramine 7 was treated with sialic acid bromoacetamide derivative 9 to provide
double N-alkylation of the primary amines [22] to generate an octameric
derivative which upon full deprotection with sodium hydroxide afforded bran-
ched sialoside 10 (Scheme 3) [53].
In order to avoid the construction of congested architectures that would result

from the direct attachment of sialic acid derivative such as 4 at the convergent
CD’s lower rim in amine 8, a derivative having a long spacer arm was built.
Based on our previous experience, �-CD containing an extended chloro-
acetamido function at the primary position appeared to be the template of choice
upon which to perform such a substitution reaction [51]. The previously de-
scribed N-cloroacetamide derivative, obtained by addition of chloroacetic an-
hydride to a suspension of per-6-amino-6-deoxy-�-CD (8, Scheme 2), was further
O-acetylated prior to spacer arm extension to facilitate the isolation and charac-
terization of the resulting intermediates. Successive treatment with thiolated
6-N-Boc-hexamethylenediamine derivative, trifluoroacetolysis and coupling
with the protected form of isothiocyanate 4 afforded heptameric �-CD cluster 11
after protection group removal (Scheme 4) [52]. Preliminary biological assays of
these novel sialoside conjugates with model receptors showed interesting protein
cross-linking abilities.

DENDRITIC AND HYPERBRANCHED GLYCOCONJUGATES 367



Scheme 3 Octameric p-tert-butyl calix[4]arene prepared by a double N-alkyla-
tion strategy of tetramine 7with N-bromoacetamido sialoside 9

5 GLYCODENDRIMERS BASED ON POLY(AMIDOAMINES)
(PAMAM) DENDRIMERS

Prebuilt poly(amidoamine) dendrimers offer several advantages as scaffolding
for biologically relevant glycodendrimer syntheses. First, the core structure has
been shown to be nontoxic and nonimmunogenic [54], even when carbohydrate
haptens are linked to them [23]. Secondly, they are readily available [55] and
can be efficiently transformed by routine coupling methodologies. The exposed
surface amine functionality can directly react with lactones [33], acids through
amide coupling reagents [21, 23], aldehydes by reductive amination [16], and
with isocyanates or isothiocyanates [4, 15b]. A wide range of carbohydrate
ligands have been attached to PAMAM dendrimers, including sialic acid, sia-
lyloligosaccharides, simple sugars and cancer markers such as the T and the Tn
antigens (Table 15.1). Because of their spheroidal nature and the increased
surface group congestion as a function of generation, higher generation
glycodendrimers are difficult to fully substitute. On the other hand, we showed
that G5 (128 surface sites) can still be completely functionalized [35]. In all cases
observed so far, a plateau of inhibitory potency is reached as a function of
dendrimer scaffolding generation above which the binding interactions begin to
diminish [4]. This is simply due to the surface congestion induced inaccessibility
of individual sugars toward their protein receptors. Moreover, we also observed
that the structures (antibodies vs globular proteins) and valency (number of
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Scheme 4 Heptameric a-thioaryl sialosides at the convergent rim of �-cyc-
lodextrin using thiourea linkages

binding sites per protein) were critical factors that determine maximize individ-
ual binding interactions [35].
Scheme 5 below illustrates the structure of a fully sialylated G3 PAMAM

dendrimer (32-mer) [15b]. It was prepared by simply reacting peracetylated
p-isothiocyanophenyl �-sialoside such as 4 with commercially available
PAMAM. The extent of substitution could be easily monitored during the
coupling reaction using a ninhydrine test. At this rather low level of molecular
weight, high field protonNMR can still give an accurate level of incorporation. It
was demonstrated that mono-dendron-type scaffolding could be equally well
synthesized using solid-phase synthesis [15a, 15c, 56]. In fact, these sialo(den-
drons) represented the first case of glyco(dendritics) made available in 1993.
Moreover, an analogous version built on a 3,3�-iminobis(propylamine) core
showed even better binding properties toward the slime lectin Limax flavus
perhaps due to the exposed sialoside residues which were better interspaced
[15d, e].
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Scheme 5 Typical example of poly(amidoamine) PAMAM dendrimer (G3, 32-
mer) fully substituted with �-sialosides. Several such glycodendrimers are read-
ily available

6 POLY(ETHYLENEIMINE) SCAFFOLD TOWARD
HYPERBRANCHED SIALOSIDES

When evaluated on a per saccharide basis, the modest inhibitory improvement
generally observed with dense packed glycodendrimers suggests that individual
carbohydrate ligands are experiencing steric crowding toward their homologous
protein receptors. On the other hand, glycopolymers based on linear, random
coil scaffolding were generally showing the desired strong cluster effects. These
observations have led to the design of two novel approaches. In the first case, the
direct consequences of ligand crowding was solved by synthesizing
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poly(amidoamine) dendrimer scaffolding possessing interspaced functionalities
as schematized by structure 18 (Figure 15.3). The scaffolds for these glycoden-
drimers were readily constructed using the usual methyl acrylate/
ethylenediamine strategy to PAMAM dendrimers, except that, at higher half
generation levels, a few surface methyl ester groups were capped with
tris(hydroxymethyl)amine [14]. This provided a reduction in surface amine
functionality as one advanced to the next generation. The surface amine func-
tionality were both better interspaced, as well as enhanced with water-solubiliz-
ing hydroxyl groups. Finally, the residual amines were treated with sialic acid
p-isothiocyanatophenyl derivative 4 (Scheme 1) to provide heterobifunctional
sialo-PAMAM dendrimers having varied levels of substitutions. For instance,
G5PAMAMseries havingOH/Neu5Ac ratios varying from 50: 50 to 67: 33 were
produced [14].
In the second strategy, it was decided that both dendrimer and linear-polymer

properties should be combined into a single architecture. To this end, comb-
branched (15), dendrigraft (16), and hyperbranched (17) structures were prepared
(Scheme 6) [14]. Using a linear- poly(ethyleneimine) (PEI) backbone (14), the
three types of structures described above were prepared using further various
divergent construction schemes. The first strategy involved the synthesis of
dendrigraft scaffolding. This involved grafting poly(2-ethyl-2-oxazoline) (PEOX)
onto a PEI backbone (14); followed by amide hydrolysis of the comb-branched
precursor (13) (30%) and then regrafting to give PEI sequences as a part of the
branches (16) [57]. These secondary amine sites were used to further build up
PAMAM onto the PEI backbone (17) [58]. The PEIs were prepared by living
cationic polymerization of 2-ethyl-2-oxazoline (12) withmethyl tosylate, capping
with morpholine, followed by amide hydrolysis of PEOX 13 (aq. H

�
SO

�
) to

provide the PEIs (14) with various molecular weights (Scheme 6). By capping the
accessible amine residues with sialoside derivatives 4, various hyperbranched
glycopolymer conjugates were obtained and demonstrated as successful inhibi-
tors in the hemagglutination of erythrocytes by different influenza virus strains
(Sendai, X-31 H3N2, H2N2 mouse, and H2N2 chicken). The most potent of the
linear and spheroidal inhibitors (18) were 32-256-fold more effective than the
monomeric sialoside against H2N2 virions. Linear-dendron copolymers were
1025—8200-fold more effective against H2N2, X-31 and sendai viruses. The most
potent were the comb-branched and dendrigraft inhibitors which showed up to
50 000-fold increased activity against these viruses. Dose-dependent reductions
of influenza infection in mammalian cells were demonstrated. These new bi-
omaterials were not cytotoxic to mammalian cells at therapeutic levels. In order
to further increase the therapeutic potential of such biomolecules, other poly-
meric backbones possessing amine functionality were investigated.
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Scheme 6 Representative examples of hyperbranched base polymers used for
sialic acid attachment and subsequent inhibition of flu virus infection. 14:
Poly(ethyleneimine) (PEI) backbone; 15: comb-branch polymer; 16: dendrigraft
polymer; 17: PAMAM scaffolded on PEI

7 CHITOSAN AS POLYSACCHARIDE SCAFFOLD TOWARD
HYPERBRANCHED SIALOSIDES

Chitin and the deacetylated form, chitosan, are attractive linear amino polysac-
charides found in the shell of crustaceans. These abundant biopolymers, com-
posed mainly of poly(�-(1,4)-2-acetamido/2-amino-2-deoxy--glucopyranose)
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Figure 15.3 Various strategies leading to dendronized or hyperbranched
glycopolymers. (A) grafting of dendrons to pre-formed polymers; (B) polymeriz-
ation of dendron monomers; (C) grafting dendrimers on pre-formed polymers

repeating units constitute valuable biomass resources useful in the preparation of
functional biomaterials. Since chitosan itself is nontoxic, biodegradable and
shows widespread biological activities, it is an appealing bioactive polymer for
further development [59]. Unfortunately, its poor solubility in both organic
solvents and aqueous solutions has hampered its widespread development.
Recently, this problem has been partly overcome by using counter anions of
organic acids [60].
Dendronized polymers, on the other hand, are also attractive because of their

rod-like nanostructures. Although several investigations have been published
toward the synthesis of dendronized polymers [61], there are few reports on
dendronized polysaccharide, especially related to chitosan backbone. The prep-
aration of a chitosan—dendrimer hybrid for the purposes of generating novel
hyperbranched chitosans is described herein. Figure 15.3 illustrates several
existing strategies that may be used to obtain dendronized polymers. Recently,
we prepared chitosan-sialodendrimer containing tetra(ethylene glycol) type
spacers [62]. The synthesis of these hybrids (path A, Figure 15.3) was limited,
however, due to low dendron attachment. This was particularly true at higher
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Scheme 7 Chitosan-sialic acid hybrid as branched polysaccharide

generations, undoubtedly due to steric hindrance inherent to forming these
sialodendrimers. The stepwise coupling of surface preformed dendrimers is
expected to avoid such problems (path C, Figure 15.3). Moreover, this type of
hybrid is a novel form of dendronized form of linear polymer wherein the
preformed dendrimers are attached directly to the linear scaffolding. In this
study, the successful preparation of surface bound chitosan—sialodendrimer
hybrids using a doubly convergent approach (path C) is reported [63].
We initially prepared the first chitosan—sialoside hybrid 19 by treating 80%

de-N-acetylated chitosan with p-formylphenyl �-sialoside 6 (Scheme 1) under
reductive amination conditions (NaBH

�
CN) (Scheme 7) [64]. The level of sialo-

side incorporation could be controlled by increasing the amount of 6 (Table
15.2). The reactivity of aldehyde 6 toward chitosan was found to be in the range
25—48% due to excessive reduction of the aldehyde under the acidic reaction
conditions. Water-soluble materials were only achieved at high DS (DS� 0.53).
Sialo-hybrids with lower substitutions were further derivatized with succinic
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Table 15.2 Preparation of chitosan-sialoside hybrids 19 with aldehyde 6 (Scheme 7)

Entry 6 (equiv.) DS Yield (%) Water-solubility
MW
(KDa)

1 0.2 0.06 100 No 27
2 0.4 0.10 77 No 29
3 0.6 0.29 76 No 39
4 0.9 0.44 74 No 48
5 1.2 0.53 84 Yes 53

anhydride to provide water solubility (20), a condition necessary for biological
applications. All these derivatives 20 showed strong binding with the plant lectin
wheat germ agglutinin (WGA), thus demonstrating the validity of the approach
[64].
With the proof of concept in hand, the challenging synthesis of hyperbranched

chitosan-sialodendrimer hybrids was undertaken. As discussed above (Figure
15.3), it is conceivable to synthesize these dendronized polymer hybrids using
either convergent or semi-convergent approaches. In initial attempts, sialoden-
drons having an aldehyde functionality at the focal point were build up using the
reiterative PAMAM strategy [63].
The desired long spacer necessary to allow multiple branch construction, was

obtained with commercial tetra(ethylene glycol) which was readily modified into
aminoacetal 21 in five steps (Scheme 8). Using 21 as an amine source,
poly(amidoamine) (PAMAM) dendrons were prepared according to published
protocol using reiterative cycles of methyl acrylate and ethylenediamine reac-
tions. The terminal amines of each generation (G� 1, G� 2 and G� 3, 22a-c)
were obtained quantitatively from each of the half generation methyl ester
precursors.
The sialic acid residues were initially attached onto each dendron by reductive

N-alkylation with known p-formylphenyl �-sialoside 6a using NaCNBH
�
in

methanol. Since 3 equiv of aldehyde 6a were used to ensure complete amine
substitutions, partial N,N-disubstitution of 22a-c inevitably occurred (on aver-
age, 10 mol sialosides were bound to 8 mol of amine in octameric dendron 23c,
with three sialosides in G1 23a and five in G2 23b. The deprotection of dendritic
sialoacetal 23a–c was carried out with 80% aqueous trifluoroacetic acid
(CF

�
CO

�
H) at room temperature for 16 h to provide aldehydes 24a–c. After

purification, aldehydes 24a–c were then used directly in the reductive amination
of chitosan (Scheme 9). The deprotection of O-acetyl groups and methyl ester of
the �-sialoside moieties was performed with 0.1 M NaOH at room temperature
for 2 h to afford hyperbranched hybrids 25a–c. The degree of substitutions (DS)
were determined to be 0.08 (25a, 47%), 0.04 (25b, 25%), and 0.02 (25c, 25%),
which suggests that only a small proportion of aldehyde 24a–c reacted with
chitosan. The low reactivity in the third generation could be ascribed to the steric
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Scheme 8 Synthesis of PAMAMdendrons having aldehyde functionality at the
focal point and sialylated dendrons using reductive amination

hindrance of the high molecular weight 24c (MW� 7567). From the DS values
(0.02—0.08) of the products and the DP [140] in the original chitosan, it was
assumed that an average of 2.8—11.2 molecules of sialodendrimers were attached
per molecule of the polysaccharide (approximately 28—33.6 sialoside residues/
polysaccharide chain) [63].
3,4,5-Trihydroxybenzoic acid (gallic acid)-based sialodendrons were next syn-

thesized using commercially available tri(ethylene glycol) as spacer arms and
following our previous methodology [15f, 53]. The hydrophilic spacer was
chosen to ensure advantageous water solubility of the resulting hybrid and to
counteract the hydrophobic effect of the aromatic gallic acid used as the focal
backbone.The terminal carboxyl groupof the gallic acid corewasmodified into a
focal acetal precursor of 26a by simple coupling with commercially available
aminoacetaldehyde diethyl acetal using carbodiimide (EDC) and hydroxyben-
zotriazole, followed by reiterative build up of the next generation of poly(amino)
dendrons as described (Scheme 10). Attachment of peracetylated derivative of 3
using urea linkages and hydrolysis of acetal with aq. 80% CF

�
CO

�
H at room

temperature (25°C) for 1 day provided fully sialylated aldehyde 26b. Noteworthy
is the fact that theO-sialoside linkage has resisted the hydrolysis step owing to the
presenceof the ester protectinggroups that confer higher stability to themolecule.
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Scheme 9 Attachment of focal sialodendrons to chitosan backbone by reduc-
tive amination

Scheme 11 shows the structure of sialodendron aldehyde 26a that was effi-
ciently coupled to chitosan by reductive amination with NaCNBH

�
as shown

above for 19 (Scheme 7) to give 27 after ester group hydrolysis. The degree of
substitution (DS) of the trimer was shown to be 0.13 by NMR which indicates
that 87% of aldehyde trimer equivalent to 26b (not shown) conjugated to the
primary amino groups of chitosan. The nonavalent dendronized chitosan hybrid
27 was also successfully prepared from aldehyde 26b (0.15 equiv) in 80% yield.
TheDS of hybrid 27was 0.06 and only 40% of aldehyde 26b could be attached to
chitosan. The lower reactivity of 26b could be due to the steric hindrance of the
higher molecular weight aldehyde (MW� 7866), compared with its trimeric
analog (MW� 2361). Both trimeric and 9-mer hybrids 27 were only slightly
soluble in neutral water and thus not as useful in biological evaluation. To
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Scheme 10 Sialylated dendron having a focal aldehyde group and gallic acid
scaffold

further improve their water solubility, the remaining unmodified amino groups
of the chitosan backbone were succinylated as before with excess succinic
anhydride to provide 27 (R �COCH

�
CH

�
CO

�
Na) [63].

Tomalia et al. reported that the surface amines of PAMAM dendrimer can
successfully react with methyl esters of other PAMAM dendrimers to afford
‘core—shell tecto-(dendrimer) molecules’ [65]. Furthermore, they also reported
the synthesis of rod-shaped cylindrical dendronized polymers from
poly(ethyleneimine) cores without any crosslinking, albeit with the use of excess
reagents [58]. These reports lead us to propose a new approach toward hybrid-
ized dendrimers and polymers (path C, Figure 15.3). As shown in Scheme 12,
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Scheme 11 Gallic acid sialylated dendron branched on chitosan backbone
prepared by a convergent approach

high generation PAMAM dendrimers (G� 2—5) were indeed successfully at-
tached to chitosan ester 28 to give chitosan—dendrimer hybrid 29 without gel
formation. The absence of gel formation strongly suggests that no intramolecu-
lar crosslinking had occurred. The slow reaction under the heterogeneous condi-
tions may have been responsible for the lack of intramolecular crosslinking. The
results of these chitosan dendronizations are summarized in Table 15.3. As
expected, the DS of the hybrids gradually decreased with increasing dendrimer
generation. This indicates again that steric hindrance of the underivatized
PAMAMdendrimers as a function of a generation affects the reactivity, but to a
much lesser extent than those of previously synthesized preformed sialoden-
drimers. All hybrids were soluble in acidic water (0.2 M HCl). Especially, low
generation (G� 1 and 2) hybrids were soluble even in neutral water.
Sialodendrimer-chitosan hybrid (30a–e) and their N-succinates (R �
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Scheme 12 PAMAM dendrimers attached to chitosan backbone modified with
acrylate residues

Table 15.3 Reaction of N-carboxyethylchitosan ester 28 with PAMAM�

Dendrimer� Solubility

PAMAM NH
�
/CO

�
Me Product % Yield� DS H

�
O 0.2 M HCl

G� 1 4 29a 70 0.53 Yes Yes
G� 2 8 29b 68 0.40 Yes Yes
G� 3 16 29c 77 0.21 No Yes
G� 4 32 29d 70 0.17 No Yes
G� 5 64 29e 86 0.11 No Yes

� Solvent: MeOH, rt, 3 days.
� Dendrimer (equiv/ CO

�
Me)� 1.0.

� Yield was estimated on the basis of the weight of 28.

COCH
�
CH

�
CO

�
Na) were next prepared. Since several primary amino groups

are available in these chitosan—dendrimer hybrids (29a–e), these amines would be
useful for further modifications. We tested the attachment of peracetylated
p-formylphenyl �-sialoside 6a to the various hybrids by reductive amination
(Scheme 13). The results are summarized in Table 15.4. Although an excess
amount of sialoside 6a (3.0 equiv/ NH

�
) was used, 22—23% of it was attached to

dendrimer G� 1—3 and 64—70% of primary amines were N-alkylated. The
reactivity decreased with increasing generation, especially above G� 4. Several
hybrids (30c–e) were insoluble in neutral water and thus were be useless for
biological evaluation. The remaining amino groups of all hybrids (30a–e) were
transformed by N-succinylation. The N-succinylated hybrids were obtained
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Table 15.4 Preparation of sialodendrimer-chitosan hybrid 30a–d (Scheme 12)�

PAMAM-
Chitosan 29a—e DS (NH

�
)

Sialoside
hybrid

DS
(Neu5Ac)

Reactivity
(%)�

G� 1 1.0 30a 0.70 23
G� 2 2.0 30b 1.40 23
G� 3 2.1 30c 1.35 22
G� 4 4.0 30d 1.27 11
G� 5 5.0 30e 1.21 8

� Aldehyde 6a, 3.0 equiv/NH
�
.

� %� (DS(Neu5Ac)/DS(NH
�
)� 3)� 100.

Scheme 13

quantitatively and a dramatic increase in the water solubility was observed.
Although the actual DS value of succinyl group in hybrids 30a–e could not be
directly estimated by �H NMR because of partial overlapping signals, most
primary amines in the PAMAM—dendrimer moiety and part of the secondary
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amines in both dendrimer moiety (sialic acid branches) and chitosan backbone
were N-succinylated [63]. These novel chitosan-sialo-PAMAM hybrids are
presently being evaluated in various antimicrobial adhesin assays.

8 CONCLUSION

The design and successful syntheses of several clustered and hyperbranched and
dendritic sialic acid neoglycoconjuagtes have been described. They are defining
new routes as routes to novel biomacromolecules with the potential to inhibit
microbial adhesion to host tissues. Many of the new structures described in this
chapter differ from previous copolyacrylamides due to the following important
attribute. Firstly, they are likely to be less toxic, and secondly represent com-
pletely new architectural presentations [14], [62—64]. Because most biomac-
romolecules described herein are initially targeted to respiratory, gastrointes-
tinal and urinary tract infections, their large molecular weights will constitute a
positive aspect, not a negative one, as usually required for small drug molecules.
The strategies described herein are being applied to other important carbohy-
drate antigens listed in Table 15.1.
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Some Unique Features of
Dendrimers Based upon
Self-Assembly and
Host–Guest Properties
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Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of
Technology, Eindhoven, The Netherlands

1 INTRODUCTION

Since the introduction of low molecular weight cascade molecules by Vögtle in
1978 [1] the rapid evolution of dendrimers has led to their application in an
impressive, still growing, plethora of research areas [2—12]. This chapter de-
scribes the contribution of dendritic macromolecules in the rapidly developing
fields of supramolecular host—guest chemistry and self-assembly by noncovalent
interactions. In the first part, dealing with the self-assembly of dendrimers, the
emphasis will be on the use of amphiphilic dendrimers as multifunctional build-
ing blocks in the construction of mono- and multilayers, liquid crystals and
supramolecular architectures in solution. Functional materials that utilize speci-
fic dendritic properties will be discussed. The, very often unique, conformational
behaviour of different dendrimer types within these supramolecular assemblies
will be explained. In the second part, an overviewof dendritic host—guest systems
will be presented. These systems are arranged by the type of interactions from
topological encapsulation to hydrophobic, hydrogen bonding, electrostatic and
metal—ligand interactions. The critical question concerning the presence or
absence of internal void space in dendrimers will be addressed and the ability of
certain dendrimers to create a specific micro-environment will be exemplified.
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2 SELF-ASSEMBLYOF DENDRIMERS

The design and synthesis of supramolecular architectures with parallel control
over shape and dimensions is a challenging task in current organic chemistry [13,
14]. The information stored at a molecular level plays a key role in the process of
self-assembly. Recent examples of nanoscopic supramolecular complexes from
outside the dendrimer field include hydrogen-bonded rosettes [15, 16], polymers
[17], sandwiches [18, 19] and other complexes [20—22], helicates [23], grids
[24], mushrooms [25], capsules [26] and spheres [27].
As early as 1993, Tomalia presented the idea that dendrimers are ideal,

well-defined building blocks for creating self-assembled nanostructures [28—31].
Meanwhile, dendrimers have indeed been shown to be an exciting class of
multifunctional building blocks in the versatile construction of (a) mono- and
multilayers, (b) Langmuir—Blodgett films, (c) liquid crystals and (d) supramolecu-
lar architectures in solution. In order to successfully assemble molecules in an
organized array one generally needs well-defined, but flexible modules that
control their shape but can assume different conformational states in the process
of self-assembly [32]. Examples in this section will show that the successful
application of dendrimers in the areas mentioned above rely not only on their
uniformity, but also on their tuneable architectures. The focus will be on am-
phiphilic dendrimers at interfaces, in solution and in liquid-crystalline materials.
The trend toward the construction of functional assemblies, that exploit unique
dendritic properties, will be illustrated with recent examples.

2.1 DENDRIMERS ON SURFACES: CONFORMATIONAL
BEHAVIOUR

The preparation of thin films and layers from dendrimers by self-assembly is a
topic of great current interest since it allows the construction of functional
interfaces that use specific dendritic properties such as: size, shape, porosity,
end-group density and multifunctionality. It is also an area of research that
benefits substantially from the flexible character intrinsic to most dendrimers.
Using Monte Carlo simulations, Mansfield et al. was the first to predict

dendrimer deformations when deposited on a surface [33]. More importantly,
these calculations predicted an enhanced flattening for higher generation den-
drimers with increasing interaction strength as indicated in the phase diagram in
Figure 16.1.
Predictions made by Mansfield et al. regarding the surface behaviour of den-

drimers were confirmed by Tsukruk et al. who used poly(amidoamine)
(PAMAM) dendrimers (generations G3.5—G10) to construct self-assembled
monolayers (SAMs) [34, 35]. PAMAMsof two adjacent generationswith surface
amine and carboxylic acid end-groups, respectively, were used in an electrostatic
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Figure16.1 ‘Phasediagram’ displaying the influence of the interaction-strength
and generation number on the shape of a dendrimer at a surface [33]

layer-by-layer deposition. The resulting films were studied using scanning probe
microscopy and X-ray reflectivity. The dendrimers were found to possess oblate
shapes with axial ratios in a range from 1: 3 to 1: 6. Similar results were obtained
upon deposition of anionic carboxylated PAMAMs on positively charged surfa-
ces [36, 37]. Next to electrostatic interactions, various other types of secondary
interactions have been used to adhere dendrimers to surfaces, ultimately leading
to flattened dendrimer structures. Sheiko et al. observed strong deformations of
hydroxyl terminated carbosilane dendrimers on mica due to multiple hydrogen
bonding interactions [38]. These interactions were absent in case of substrates
that were first coated with a semi-fluorinated polymer, resulting in a surface that
was only partially wetted with dendrimers. Crooks et al. utilized amine—Au
interactions in the construction of PAMAMmonolayers on gold [39—43]. Three
different methods were used leading to the successful confinement of dendrimers
on Au, as depicted schematically in Figure 16.2.
The first approach involved direct attachment of PAMAM dendrimers to Au,

without any intermediate (Figure 16.2A) [39, 40]. Close-packed, highly stable
layers were obtained for generations 4—8 in which the individual dendrimers
exhibit a disk-like shape. Upon addition of hexadecathiol (C

��
H

��
SH) the

dendrimers were highly compressed from an oblate to prolate conformation. The
change in conformation is ascribed to the stronger thiol—Au interactions com-
pared to the dendritic amine—Au interactions. For surfaces of near-monolayer
coverage, instead of single dendrimers, exposure to hexadecanethiol caused the
dendrimers to gradually agglomerate, forming dendrimer ‘pillars’ up to 30 nm
high [41]. In a second approach the PAMAM dendrimers were covalently
attached to a self-assembled monolayer (SAM) of alkylthiols [42]. This surface
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Figure 16.2 Three different approaches used by Crooks et al. to immobilize
PAMAM dendrimers on Au surfaces: (A) Direct attachment, using amine–Au
interactions [39–41]; (B) covalent attachment on a SAMprepared from alkylthiols
using multiple interactions [42]; (C) covalent attachment on a SAM prepared
from alkylthiols using only one or a few connections [43]

attachment protocol resulted again in a significant flattening of the dendrimers,
as shown in Figure 16.2B. The last approach also involved the immobilization of
PAMAM dendrimers on a SAM prepared from alkylthiols, but in this case the
SAM was diluted with longer alkylthiol molecules terminated with reactive
groups [43]. This resulted in linking of one or just a few dendrimer end-groups to
the surface and hence distortion of the dendritic spherical shape was avoided
(Figure 16.2C).
The conformational behaviour of several types of amphiphilic dendrimers at

the air—water interface has also been investigated extensively [44—47]. Am-
phiphilic molecules have been prepared both from the polar PAMAMs and
poly(propylene imine) dendrimers by functionalization with apolar alkyl chains
[44, 45]. In the case of amphiphilic apolar poly(benzyl ether) Fréchet-type
dendrons, the polar component of the amphiphile consisted of a single hydroxyl
group [47, 48] or a hexa(ethylene glycol) tail [46] at the focal point. Fréchet
dendrimers bearing eight alkyl chains at the periphery and alcohol or carboxylic
acid functions at the focal point have also been reported [49]. For poly(propy-
lene imine) dendrimers, PAMAMdendrimers and poly(benzyl ether) dendrimers
a linear increase was found between the molecular area and themolecular weight
[44, 46].Moreover, in the case of alkyl chainmodified poly(propylene imine) and
PAMAMdendrimers the molecular areas obtained were equal to the sum of the
molecular areas of the alkyl chains attached to the dendrimer for each gener-
ation. In addition to the generation number, other parameters such as core size
and the length of the alkyl chains were varied, but these were found not to
influence the dendritic molecular area [45]. These results support that the
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Figure 16.3 Schematic representation of the compression of alkyl modified
dendrimers at the air–water interface, the dendrimers assume a flattened, disk-
like conformation

molecular area of a dendrimer at the air—water interface is dictated entirely by
the total area of the substituents attached to the dendrimer as depicted schemati-
cally in Figure 16.3 [44].
For all three types of dendrimers described above, a flattened, disk-like

conformation was observed for the higher generations. However, the molecular
shape at the air—water interface is also intimately associated with the polarity,
and hence the type of dendrimer used. In case of the poly(propylene imine) and
PAMAM dendrimers the hydrophilic cores interact with the sub-phase and
hence these dendrimers assume an oblate shape for all generations. The
poly(benzyl ether) dendrimers, on the other hand, are hydrophobic and want to
minimize contact with the water surface. This property results in a conforma-
tional shape change from ellipsoidal, for the lower generations, to oblate for the
higher generations [46].
Studies on dendrimers at interfaces have shed new light on the conformational

behaviour of these macromolecules. Conventionally, dendrimers were viewed as
spherical macromolecules with a hollow-core, dense-shell character, according
to the theoretical model of de Gennes [50]. Later, Mansfield, Muthukumar and
others argued against this model based on their calculations which suggest that
the end-groups were back-folded into the dendritic interior to a nonnegligible
extent [51—54].When we take recent literature into account, we realize that next
to the dendrimer structure itself, the medium around the dendrimer manifests a
profound influence on its conformational behaviour. Dendrimers may swell or
contract dramatically in response to changes in solvent type [55, 56] or pH [57],
a property which obviously affects the end-group localization as well. In this
context, the behaviour of dendrimers at surfaces provides us with the most
extreme examples of conformational changes in response to external stimuli.
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Depending on the strength and type of interaction between the dendrimer and
the surface, they can flatten out almost completely. Although the unique spheri-
cal shape of the dendrimer is very often lost in self-assembled films, other specific
properties such as multifunctionality, porosity etc. are retained. This important
feature has led to the birth of a new and exciting area of research: functional
dendritic surfaces, which will be discussed in the next section.

2.2 FUNCTIONAL THIN FILMS USING DENDRIMERS

Recently, the focus of the dendrimer chemist has shifted towards the construc-
tion of functional interfaces. In this section a brief compilation of functional
self-assembled dendritic surfaces will be given along with the specific dendritic
property(ies) used in each application. The areas in which functional dendritic
films have been applied so far include chemical- and biosensors, lithography,
photoresponsive materials, magnetic resonance contrast agents and organic
light-emitting diodes (LEDs).
Dendrimers are viewed as high potential materials for chemical sensing be-

cause of their morphological characteristics, synthetic flexibility, and highly
amplified terminal functionality [58]. The self-assembled monolayers on Au
developed by Crooks et al. are very effective chemical sensors for volatile organic
compounds (VOCs). The PAMAM dendrimer shown in Figure 16.2B, for in-
stance, displays ideal chemical sensor features towards butanol: rapid response,
low signal-to-noise ratio and full reversibility [42]. The extent of penetration of
the VOC in the dendrimer framework is governed by the size and surface density
of the dendrimer, and hence, by the generation number. Gorman et al. used the
same permeability strategy in the construction of monolayers on gold from
organothiol dendrons of the first through third generation [59]. The ability to
trap and hold small molecules within these layers was found to be generation
dependent. Miller et al. modified poly(amido) dendrimers with oligothiophene
cation radicals that could be used as ‘molecular sponges’ to detect VOCs [60].
The electrical conductivity of thin films prepared from these dendrimers showed
rapid, dramatic (up to 800�), and reversible increases in conductivity when
exposed to certain VOCs.
Biosensors are fabricated by immobilizing enzymes or other functional pro-

teins on the surface of an electrode [61]. A promising approach in this direction
was developed byAnzai et al. who preparedmultilayered thin films of avidin (Av)
and biotin labeled PAMAM (G4) dendrimers (Figure 16.4) [62, 63]. Avidin is a
glycoprotein (68 000 Da) containing four binding sites for biotin. The binding
constant between avidin and biotin is very high (K

�
� c. 10�� M��) and hence

virtually irreversible [64, 65].
The layer formation was initiated by the deposition of avidin on a hydropho-

bic quartz slide, yielding a homogeneous monomolecular layer [66]. Subse-
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Figure 16.4 Proposed structures of multilayer films based on avidin–biotin
interactions in case of: (A) PAMAM (G4) dendrimer, (B) PAA, (C) PEI [62, 63]

quently, a multilayer structure was built up in a step-by-step fashion by immers-
ing the quartz slide alternately in a PAMAM—biotin and avidin solution (Figure
16.4A). Similar experiments carried out with biotin labeled poly(ethylene imine)
(PEI) and/or poly(allylamine) (PAA) resulted in the formation of less defined
avidin multilayers (Figure 16.4B�C). The controlled multilayer formation
obtained with dendrimers is ascribed to their unique spherical shape. It should
be emphasized here that, from the viewpoint of practical applications of these
layers, control over the loading of the films is considered to be a prerequisite.
Although the avidin/PAMAM—biotin layers exhibit no intrinsic functionality,
the approach is promising because of its versatility. Several avidin—enzyme
conjugates are commercially available and can in principle be used in this
immobilization concept.
Alonso et al. prepared ferrocenyl silicon dendrimers [67], which could be used

as mediators in glucose biosensors, based on glucose oxidase [68, 69]. The
ferrocenyl units are located at the end of long, flexible, silicon containing
branches and serve to electrically connect the enzyme to the electrode. The
flexibility of the dendrimer is proposed to play an important role in the interac-
tion with the redox center of glucose oxidase.
Fréchet et al. showed that both ionically and covalently bound SAMs of

poly(benzyl ether) dendrimers [70, 71] can serve as resists for scanning probe
lithography [72, 73]. The tip of a scanning probe microscope (SPM) was used to
write a pattern in a dendritic monolayer by oxidation of the underlying silicon
substrate. The oxide pattern thus obtained could be removed selectively under
aqueous hydrofluoric acid etching conditions. The dendrimer monolayers pro-
ved resistant to the HF (aq) etchant and in this way a positive tone image of the
written pattern could be obtained with dimensions below 60 nm. The increased
stability of the dendritic monolayers toward the etchant compared to traditional
monolayers prepared from low molecular weight molecules is ascribed to the
dense nature of the dendrimers used, resulting in a better protection of the
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anchoring group. Future applications of these dendritic resists are foreseen in the
area of high-density data storage systems.
Weener et al. prepared photo-responsive monolayers from azobenzene modi-

fied poly(propylene imine) dendrimers which also hold promise in the area of
optical data storage [74]. A fifth generation poly(propylene imine) dendrimer
was functionalized with equal amounts of palmitoyl and azobenzene containing
alkyl chains, resulting in the formation of an amphiphilic copolymer with a
random shell structure (Figure 16.5).
AFM and grazing incidence X-ray reflectivity measurements revealed an

orientation of the dendrimers within the monolayers identical to the one previ-
ously established by Schenning et al. (Figure 16.3) [44]. The azobenzene groups
displayed facile and reversible isomerization in Langmuir and Langmuir—
Blodgettmonolayers as shown in Figure 16.5. The dendrimer used can be viewed
as a very well defined, headgroup polymerized, amphiphilic system. The use of
the dendritic scaffold in this case resulted in the formation of stable monolayers
and, additionally, prevented microphase separation of the azobenzene units
within the monolayers, resulting in reversible switching behaviour.
Vögtle and Balzani et al. recently reported on poly(propylene imine) den-

drimers up to generation four functionalized with azobenzene groups in the
periphery with potential use as materials for holographic data storage [75].
Repetitive cis-trans isomerizations of the azobenzene groups in solvent cast films,
resulted in a preferred orientation of the azobenzene moieties, perpendicular to
the polarization direction of the incident light. AFM measurements performed
on films after irradiation revealed the presence of relief gratings with heights up
to 1500 nm.
Dendrimers are promising candidates in the area of organic LEDs [76—84].

Starburst molecules were shown to function very well as hole transport layers in
organic LEDs and the increased lifetimes found have been attributed to the
prevention of crystallization by the dendrimer [76—78]. Conjugated dendrimers
were shown to be particularly interesting as materials for application in organic
LEDs. The concept of a light-emitting core, conjugated branches and carefully
chosen surface groups to increase processing properties has led to the successful
preparation of blue-emitting LEDs [79—82]. Sooklal et al. reported on blue-
emitting CdS/dendrimer nanocomposites [83]. It was shown that the molecular
architecture of the PAMAMdendrimers used was necessary for the nucleation of
the highly luminescent CdS clusters. Recently, Schenning et al. presented a
universal approach to adjust the emission wavelength of LEDs using dendrimer/
dye assemblies [84]. Poly(propylene imine) dendrimers up to generation five
were functionalized with �-conjugated oligo(p-phenylene vinylene)s (OPVs)
(Figure 16.6), yielding amphiphilic macromolecules capable of forming SAMs.
Moreover, these dendrimers proved to be good hosts for anionic dye mol-

ecules. Films prepared from these host—guest complexes showed efficient
(� 90%) energy transfer from the OPV units to the encapsulated dye molecules
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Figure 16.5 Reversible switching of amphiphilic azobenzene modified
poly(propylene imine) dendrimer on quartz, and at the air–water interface (inset)
[74]

(Figure 16.6). By choosing the appropriate dye, the emissionwavelength could be
tuned.
Dendrimers have also been found useful in the construction of thin films

containing isolated fullerenes [85, 86]. Such materials could eventually find
practical application in sensors and/or optoelectronic devices [87]. Generally,
monolayers prepared fromC

��
are ill-defined due to the aggregation tendency of

fullerenes. The covalent attachement of C
��

to bulky dendritic frameworks
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Figure 16.6 Schematic representation of the energy transfer process between
OPV–poly(propylene imine) dendrimer and a dye guest molecule [84]

prevents such fullerene—fullerene aggregation. However, so far no reports have
been made describing properties and/or applications of such films.

2.3 AMPHIPHILIC DENDRIMERS

In this section the emphasis will be on assemblies prepared from amphiphilic
dendrimers. Amphiphilic dendrimers, carrying both hydrophobic and hydro-
philic regions within one molecule, tend to self-assemble into a large variety of
different aggregates depending on their structure. The dendritic amphiphiles
investigated so far include unimolecular micelles, bolaamphiphiles, superam-
phiphiles and various other AB and ABA block copolymers.
Unimolecular micelles are defined as a class of dendritic macromolecules,

wherein an interior hydrophobic core is surrounded by a hydrophilic surface
layer. These structures closely resemble the shape of classical micelles (shape,
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size, number of end-groups) except that they are static, in contrast to the dynamic
nature of micelles, with all end-groups attached to a central core. Newkome et al.
prepared the first unimolecular micelle containing 36 carboxylic acid groups
equidistant from a central neopentyl core [88]. The ability of guest molecules to
penetrate the lipophilic interior of this cascade framework showed the unimol-
ecular micelle concept [89]. In the same group three series of polyamide de-
ndrimers were prepared with either acidic, neural or basic terminal groups
starting from a pentaerythritol core-molecule [90]. Upon a change in the envi-
ronmental pH, these dendrimers displayed swell/shrink behaviour leading to
expansion/contraction of the internal void domains within these molecules [91,
92]. Fréchet et al. showed that dendritic polyethers based on 3,5-dihydroxyben-
zyl alcohol with 32 carboxylate surface groups also behaved as unimolecular
micelles capable of solvating hydrophobic molecules [93]. More recently, the
same group reported on the synthesis of poly(benzyl ether) dendrimers modified
with apolar alkyl chains that could function as nanoscale catalytic systems [94].
Only a few reports have been made concerning the self-assembly of dendritic
unimolecular micelles. Newkome et al. observed the association of dendritic
polyols into aggregates containing c. 20 molecules [95]. A critical aggregation
constant of 2 mM was found and dynamic light scattering (DLS) gave a Stokes
radius for the aggregates of c. 95 nm. Recently, glucose substituted PAMAM
dendrimers, with unimolecular micelle behaviour, were found to form super-
structures in water judging from DLS and TEM measurements [96]. However,
no comments were made concerning the exact nature of the aggregates in this
case. The aggregation behaviour of palmitoyl and alkoxyazobenzene modified
poly(propylene imine) dendrimers of different generations has been investigated
extensively by Schenning et al. (Figure 16.7) [44].
Upon immersion in acidic water (pH� 1) these unimolecular inverted

micelles form vesicles in which the dendrimer component has a highly distorted
conformation with an axial ratio of 1: 8 for the highest generations. The am-
phiphilic dendrimers within the aggregates in solution are thought to have a
flattened shape similar to those proposed for dendrimers at the air—water inter-
face (section 16.2.1).
Bolaamphiphiles are molecules carrying two polar end-groups separated by

an hydrophobic spacer [97, 98]. Several different types of bolaamphiphiles have
been reported (Figure 16.8).
Some of the bolaamphiphiles depicted in Figure 16.8 could form thermally

reversible aqueous gels, depending not only on the length and rigidity of the
spacer used, but also on the size of the polar dendritic groups. In case of an alkyl
spacer for example (Figure 16.8a), long fibrous rods with a uniform diameter of
40 Å and variable lengths (c. � 2000 Å) were observed under the transmission
electron microscope [99, 100]. Appearance of the fibres was explained with a
model in which the hydrophobic spacers stack on top of each other in an
orthogonal fashion while the polar dendritic head-groups shield them from the
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Figure 16.7 TEM picture (uranyl acetate staining) of vesicles reported by
Schenning et al. [44]: (A) schematic representation of the bilayer, (B) palmitoyl-
and (C) azobenzene-modified poly(propylene imine) dendrimers used in the
construction of the aggregates

aqueous solution. Bolaamphiphiles containing a central triple bond (Figure
16.8b) were also shown to form aqueous gels, but in this case the individual
strings (30—40 Å) self-organized into higher order helical rods with diameters up
to 600 Å [101]. The difference in aggregation behaviour is proposed to arise from
the rigid alkyne moiety which prefers nonorthogonal stacking (Figure 16.8).
Bolaamphiphiles containing biphenyl or spirane central spacers failed to form
aqueous gels [102, 103]. Incorporation of a tetrathiafulvalene (TTF) unit in the
spacer (Figure 16.8c) led to the formation of gels in ethanol/water and DMF/
water mixtures in which the TTF units are stacked on top of each other [104].
Block copolymers are known to form a wide variety of different aggregates in

solution [105—108]. Superamphiphiles are a special class of dendritic—linear
diblock-copolymers that mimic, on a macromolecular level, traditional, low
molecular weight, organic surfactants [109]. A variety of parameters can be
varied (e.g. length and nature of the linear block, size and nature of the dendritic
part) leading to a morphological wonderland. Chapman and co-workers re-
ported on the formation of aggregates in aqueous solution constructed from
linear poly(ethylene glycol) (PEG) and tert-butyl terminated poly--Lysine
dendrimers called hydraamphiphiles [110]. Surface tension measurements in-
dicated a critical micelle concentration (cmc) of 8� 10�� M. Above the cmc, the
hydraamphiphiles could solubilize the orange-OT dye in water. Fréchet et al.
functionalized hydrophilic PEG tails of different lengths with apolar poly(benzyl
ether) dendrons of different generations and thus obtained superamphiphiles
with various PEG/dendron mass ratios [111]. The PEG—dendron coupling was
achieved using the Williamson ether synthesis. End-group analysis was carried
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Figure 16.8 Three different kinds of bolaamphiphiles containing different apo-
lar spacers and/or polar head groups. The cartoons represent the orthogonal and
nonorthogonal arrangements proposed to explain the fiber structures observed
in solution

out with the aid of MALDI-TOF and indicated that all of the PEG tails had
indeed been functionalized with dendrimer [112]. Below the cmc, unimolecular
micelles were observed in which the PEG chains formed a hydrophilic corona
around the apolar poly(benzyl ether) dendrons, whereas above the cmc multi-
molecular micelles were formed [113]. In comparison to common surfactants,
which have a polar head and an apolar tail, these superamphiphiles have a
unique composition in that the polar and apolar parts are reversed. This prop-
erty allowed for the hydrophilization of hydrophobic surfaces [114]. Recently,
superamphiphiles constructed from PEG (MWts. 2000 and 5000) and PAMAM
dendrimers (generation 1—4) have been reported [115, 116]. Their behaviour in
solution, at the air—water interface and on solid substrates was studied, using
intrinsic viscosity, Langmuir—Blodgett and AFM respectively. Similar to the
findings of Fréchet and co-workers it was established that, in the case of PEG-
5000-PAMAMs, the PEG-tail could wrap around the dendrimer, leading to the
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Figure 16.9 TEM photographs (negative staining) of different types of aggre-
gates resulting from changes in the head-group size of superamphiphiles: (a)
PS-dendr-(NH2)32; (b) PS-dendr-(NH2)16; (c) PS-dendr-(NH2)8 [117]

formation of unimolecular micelles. Van Hest et al. used the unique hydrophilic
character of the poly(propylene imine) dendrimers in the preparation of am-
phiphilic block copolymers [117]. The dendrimer was grown fromOH-function-
alized polystyrene (PS) which in turn was prepared via an anionic polymeriz-
ation (M

�
� 3� 10� g.mol��, M

�
/M

�
� 1.05). Five different generations, from

PS-dendr-NH
	
up to PS-dendr-(NH

	
)
�	

were prepared [118]. Dynamic light
scattering, conductivity measurements and transmission electron microscopy
(TEM) showed that in aqueous solution, PS-dendr-(NH

	
)
�	

formed spherical
micelles (Figure 16.9a), PS-dendr-(NH

	
)
��

formed micellar rods (Figure 16.9b),
PS-dendr-(NH

	
)



formed vesicular structures (Figure 16.9c) and PS-dendr-
(NH

	
)
�
formed inverted micellar structures [117]. The change in amphiphile

geometry, influenced by the size of the dendrimer head-group, was in qualitative
agreement with the theory of Israelachvili et al. [119].
Hence, this observation provided the bridge between the classical surfactants

and amphiphilic block copolymers. The versatility of these amphiphiles is based
not only on the ability to change the size of the head-group, but also on the
possibility of chemically modifying of the dendritic head-group. Carboxylic acid
terminated dendritic amphiphiles were prepared that exhibited a pH dependent
aggregation behaviour due to the zwitter-ionic nature of their head-groups
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[120]. TEM measurements revealed clustering of aggregates in all cases except
for PS-dendr-(COOH)



for which individual ‘worm-like’ micelles were observed.

More recently, Fréchet et al. reported on the solution behaviour of ABA and
star-shaped block copolymers. The ABA block copolymers have a barbell-like
shape, and consist of a linear, polar PEG block which is end-capped with apolar
poly(benzyl ether) wedges at both sides [121]. Copolymers with different PEG
chain lengths and of varying dendrimer generations were used. The star-shaped
block copoymers were prepared starting from star-shaped PEG with a pen-
taerythritol core to which four poly(benzyl ether) wedges were attached [122].
The influence of the solvent type on the aggregation behaviour of these macro-
molecules was investigated along with the effect of different polar/apolar ratios.
Different micellar structures were observed as a function of the environment.

2.4 LIQUID CRYSTALLINE DENDRIMERS

Thermotropic liquid crystalline (LC) phases or mesophases are usually formed
by rod-like (calamitic) or disk-like (discotic) molecules. Spheroidal dendrimers
are therefore incapable of forming mesophases unless they are flexible, because
this would allow them to deform and subsequently line up in a common
orientation. However, poly(ethyleneimine) dendrimers were reported to exhibit
lyotropic liquid crystalline properties as early as 1988 [123].
Percec was the first to report on flexible, non-spherical dendrimers with AB

	
mesogens in the branches, that exhibited nematic and smectic LC behaviour
[124, 125]. Since then several reports have been made concerning the decoration
of dendrimers with mesogenic units on the periphery. Frey et al. attached several
mesogenic units to carbosilane dendrimers, such as cyanobiphenyl [126] and
cholesteryl [127]. Besides these classical calamitic mesogens, carbosilane den-
drimers carrying perfluoralkyl groups have also been also reported [128]. In all
cases smectic mesophases were observed in which the dendrimers were deformed
(stretched) in a cooperative way to adjust to the superstructure imposed by the
mesogens [129]. However, reduction of the spacer length and/or increasing the
generation number complicated the formation of well-developed smectic phases
[126]. A comparable generation effect was observed by Latterman and co-
workers who functionalized poly(propylene imine) dendrimers with mesogenic
3,4-bis-(decyloxy)benzoyl groups [130, 131]. Generations one to four exhibited a
hexagonal columnar mesophase in which the dendrimers had a cylindrical
conformation (Figure 16.10a), whereas generation five was not liquid crystalline.
The lack of mesomorphism for the highest generation dendrimer was attributed
to the incapability of this dendrimer to reorganize into a cylindrical shape.
Baars et al. functionalized poly(propylene imine) dendrimers (generation 1, 3,

5) with pentaoxycyanobiphenyl and decyloxycyanobiphenyl mesogens [132].
All dendrimers were found to exhibit smectic A mesophases. The S

�
-layer
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Figure 16.10 Conformational changes of poly(propylene imine) dendrimers in
LCmaterials from spherical to (a) cylindrical, in hexagonal columnarmesophase
[130], and (b) ellipsoid, in smectic A mesophase [132]

spacings observedwere independent of the dendrimer generation for both spacer
lengths, indicating that the dendritic part was completely distorted, even for the
higher generations (Figure 16.10b). These findings were later confirmed by
Yonetake and Ueda et al., who also used cyanobiphenyl substituted poly(propy-
lene imine) dendrimers [133]. PAMAM dendrimers (generations 1—4) de-
rivatized with mesogenic ester units (4-(4�-decyloxybenzyloxy)salicylaldehyde)
also displayed a smectic A mesophase. The molecular picture to explain this
behaviour is identical to the flattened dendrimer model previously described by
Baars et al. [132]. For poly(propylene imine) dendrimers functionalized with
palmitoyl alkyl chains (—C

��
H

��
) lamellar structures were present in the bulk

according to XRD, TEM [134] and SANS [135] measurements. The inter-
lamellar distance found was 5 nm and independent of dendrimer generation, a
featurewhich again could be explained by assuming a flattened dendrimer shape.
A similar observation has recently been described by Stün et al. in a SANS/SAXS
study of perfluorinated carbosilane dendrimers. In this case the strong tendency
of the perfluorinated end-groups to form layered structures led to strong defor-
mations of the dendritic scaffolding [136].
The above-mentioned examples clearly illustrate that two opposing forces

compete in the formation of liquid crystal phases from dendrimers terminated
with mesogenic units. The functionalization of PAMAM, poly(propylene imine)
and carbosilane dendrimers with mesogenic groups results in an initial spherical
arrangement, while the mesogenic units tend to interact with each other to form
a parallel arrangement at the same time. Therefore, the flexibility of dendrimers
is a prerequisite for the successful preparation of LC materials from these
macromolecules. Recent exciting developments in the field of LC dendrimers
include control over polymer shape by rational design [32, 137—141] and appli-
cations of dendrimers in LC displays [142].
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3 HOST–GUEST CHEMISTRY OF DENDRITIC
MACROMOLECULES

Host—guest chemistry involves the binding of a substrate molecule (guest) in a
receptormolecule (host). The design and construction of hosts that are capable of
selectively binding guest molecules requires precise control over geometrical
features and interacting complementarily. As early as 1982, Maciejewski pres-
ented a theoretical discussion of highly branched molecules as ideal molecular
containers, showing the challenges in host—guest interactions of dendritic mol-
ecules [143]. In the mean time, the field of host—guest properties of dendritic
molecules has developed significantly and now occupies a unique position within
the area of supramolecular chemistry [144—146]. Many exciting applications
have been suggested for dendrimers in this relatively new area, including their
use as drug-delivery vehicles [147—150]. In this section a brief survey of dendritic
host—guest systems will be presented arranged by type of interactions from
topological encapsulation to electrostatic, hydrophobic, hydrogen bonding and
metal—ligand interactions.

3.1 DO CAVITIES EXIST IN DENDRIMERS?

A very important question in the context of dendrimers and their utility as host
molecules relates to the existence of cavities within these macromolecules. The
presence of internal voids in dendrimers is closely related to their conformational
behaviour and to the degree of back-folding of the terminal branches into
the interior of the dendrimer. The issue of back folding was already briefly
touched upon in section 16.2.1. Next to the purely theoretical calculations
mentioned there, several calculations have been performed on specific dendrimer
types.
Scherrenberg et al. modeled the conformational behaviour of poly(propylene

imine) dendrimers in good and bad solvents [151]. In the latter case the authors
found a homogeneous density distribution, but emphasize at the same time that
it is precarious to generalize their findings to other dendrimers because the
internal dendritic structure is determined by a variety of parameters such as
segment length, core and branch multiplicity and rigidity of the building blocks.
Next to these parameters several external factors, such as solvent type and pH,
influence the conformational behavior of dendrimers significantly. Weener et al.
showed a transient from a ‘dense-core’ to a ‘hollow-core, dense-shell’ situation
for poly(propylene imine) dendrimers, upon lowering of the pH [57]. Welch and
Muthukumar observed similar changes in the density profile of dendritic poly-
electrolytes, with a constitution almost identical to that of the poly(propylene
imine) dendrimers, which depended on the ionic strength of the solvent [55].
Murat and Grest performed a molecular dynamics study on PAMAMs in
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Figure 16.11 The pH-dependent conformational behaviour of poly(propylene
imine) dendrimers. At low pH (left) the occurrence of a ‘soft-core, dense-shell’
dendrimer, whereas at high pH (right) severe back-folding occurs leading to a
‘dense-core’ structure [57]

solvents of various qualities and found significant back-folding [52]. Moreover,
it was found that the amount of back-folding increased with decreasing solvent
quality. The conformational behaviour of PAMAM dendrimers has also been
investigated with size exclusion chromatography (SEC) in combination with
intrinsic viscosity measurements [152, 153]. From these studies the authors
conclude that the dendrimers have a hollow core and a densely packed outer
layer, in agreement with the de Gennes model [50]. However, these inhomo-
geneous distributions are in contrast to the general findings for most other
unmodified dendrimers, for which homogeneous density distributions were
found.
Poly(benzyl ether) dendrimers synthesized by Fréchet et al. have been studied

with many techniques in order to reveal their conformational properties. Size
exclusion measurements performed by Mourey et al. [154], rotational-echo
double resonance (REDOR) NMR studies by Wooley et al. [155] and spin
lattice relaxation measurements by Gorman et al. [156] reveal that back-folding
takes place and the end-groups can be found throughout the molecule. The
observed trends are in qualitative agreement with the model of Lescanec and
Muthukumar [54].
Several studies have been devoted to determine the localization of end-groups

in modified poly(propylene imine) dendrimers. Goddard et al. [157] and Cavallo
and Fraternali [158] investigated the properties of the dendritic box, a fifth-
generation poly(propylene imine) dendrimer functionalized with (t-BOC)-pro-
tected -phenylalanine residues (Figure 16.12a) [159].
Their results are indicative of a low-density region inside the dendrimer with a

considerable end-group interaction in the shell. Similar results were obtained
from CHARMmmolecular mechanics calculations on the dendritic box (Figure
16.12b), which indicated a globular architecture in which the dendritic interior is
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Figure 16.12 Chemical structure (a), and CHARMmmolecularmodeling picture
(b), of the dendritic box [159]

almost completely shielded by the bulky amino-acid end-groups [160]. Chiropti-
cal studies [161] and spin-lattice relaxation times (T

�
), also pointed toward a

solid phase behaviour of the shell around the dendrimer in solution. Presumably,
intramolecular hydrogen bonding between several -Phe residues in the shell is
responsible for this rigid nature. Similar results were obtained in case of
poly(propylene imine) dendrimers modifiedwith second-order, nonlinear optical
chromophores (4-dimethylaminophenylcarboxamide) [162]. The symmetry of
these macromolecules was probed with hyper-Rayleigh scattering, and it was
concluded that in case of generations 4 and 5 globular structures were present, in
which the end-groups had a restricted mobility. On the other hand, SANS
studies recently performed on poly(propylene imine) dendrimers, modified with
deuterated acetyl groups, pointed to significant back-folding of the terminal
groups [163].
Returning to the question formulated at the start of this section, concerning

the presence of voids in dendrimers, the studies summarized above indicate that
the molecular conformation of dendrimers is strongly influenced by several
different factors. These factors not only involve the nature of the dendrimer
under investigation and the type of end-groups, but also include the surrounding
solvent and pH. Some studies indicate severe back-folding in case of unmodified
dendrimers, whereas in the case of functionalized dendrimers, secondary interac-
tions between end-groups can occur leading to phase separation or rigid shell
formation through hydrogen bonding.
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3.2 TOPOLOGICAL ENCAPSULATION OF GUEST MOLECULES

The possibilities for encapsulating guest molecules in dendritic hosts were first
proposed byMaciejewski in 1982 [143]. In 1990, Tomalia presented evidence for
‘unimolecular encapsulation’ of guest molecules in dendrimers and pointed out
that it was one of the possible future research areas in dendrimer chemistry
[164].
Jansen et al. demonstrated that it was possible to physically lock guest

molecules in a dendritic host molecule, the so-called dendritic box [159]. The
dendritic box was constructed from a fifth-generation poly(propylene imine)
dendrimer with 64 amine end-groups (Figure 16.12a). Guest molecules were
captured within the internal cavities of the box when an outer (t-BOC protected)
phenylalanine shell was constructed in the presence of guest molecules. Several
types of guest molecules were incorporated, yielding information that proved to
be valuable in the understanding of the properties of this novel host.
The dendritic box loaded with Bengal Rose, an anionic xanthene dye, was

studied with several spectroscopic techniques including UV [165], circular
dichroism (CD) [161, 166] and fluorescence spectroscopy [159]. From UV
measurements it was evident that the maximum number of guest molecules
attainable was limited to four. Induced circular dichroism (ICD) was found for
Bengal Rose in the chiral phenylalanine dendritic box. ICD is based on the
transfer of chirality from the environment to an achiral guest. These results
seemed to indicate the presence of chiral cavities in the dendritic box. Moreover,
an exciton coupled CD spectrum was obtained for a dendritic box that was
loaded, on the average, with 4 Bengal Rose molecules. The observed exciton
coupling suggested that the guest molecules were in close proximity with a
certain fixed orientation. The use of 3-carboxy-proxyl radicals as guest molecules
in various concentrations led to the incorporation of 0.3—6 molecules per den-
dritic box as determined by electron spin resonance (ESR) spectroscopy [167].
The ESR spectra obtained from a ‘radical-in-dendrimer’ suggested that at least
two different trapping sites existed, one that allowed relatively free motion and
another where the radical was almost immobilized. The dye Eriochrome Black T
was used to study possible diffusion of dye out of the box [159]. Even after
prolonged heating, dialysis or sonication the dye remained inside. Therefore, it
was concluded that the diffusion of the dye out of the box was unmeasurably
slow.
Further investigation of this host—guest system showed not only that different

guests could be incorporated in one host, but also that guest molecules of
different size could be liberated in a shape selective fashion [168, 169].
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Figure 16.13 Example of a dendritic cyclophaneused byDiederich et al. [172] as
a receptor for hydrophobic guest molecules

3.3 RECOGNITION BASED ON HYDROPHOBIC INTERACTIONS

The fact that the dendritic shell can produce localized microenvironments has
been used byDiederich et al. who developedwater-soluble dendritic cyclophanes
(dendrophanes) as models for globular proteins (Figure 16.13) [5, 170, 171].
These dendrimers contain well-defined cyclophane recognition sites as initiator
cores for the complexation of small aromatic guests [172—174] and steroids
[174—176]. Enlargement of the cyclophane core could be used as a tool to
complex larger steroid molecules.

�H-NMR binding titrations and fluorescence relaxation measurements in
solution indicated fast host—guest kinetics and suggest a relatively open structure
for the dendrimer at all generations. Fluorescent probes like 6-(p-
toluidino)naphthalene-2-sulfonate (TNS) demonstrated that the micro-polarity
around the binding cavity was significantly reduced with increasing dendritic
size. The reduced micro-polarity in the cyclophane core and fast host—guest
exchange kinetics make the water-soluble dendrophanes attractive targets as
mimics of globular enzymes. More recently, Kenda and Diederich described the
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threading of dendritic cyclophanes onmolecular rods functionalizedwith steroid
termini [177]. The threading of the dendrophanes onto testosterone termini is
hydrophobically driven (apolar interactions, hydrophobic desolvation) and
yields well-defined structures with molecular weights exceeding 14 kD.
Several research groups have been involved in the complexation of �-

cyclodextrin (�-CD) to dendrimers. Cuadrado [178] and Kaifer [179] et al.
described the synthesis of various generations of ferrocenyl-functionalized
poly(propylene imine) dendrimers. Since ferrocene is an excellent substrate for
the inclusion complexation by �-CD (K

�
� c. 1230 M��) [180], the host—guest

properties of these dendrimers toward �-CD have been investigated. Although
the solubility of the dendrimers in aqueous media decreased with generation, a
significant solubility enhancement was observed in the presence of �-CD. This is
rationalized by the formation of �-CD/ferrocene inclusion complexes on the
surface of the dendritic structures. Interestingly, the availability of redox-active
ferrocene end-groups made it possible to break up these supramolecular species
electrochemically, since the binding affinity constant of the �-CD—ferrocene
complex is strongly diminished after oxidation. The same concept of using
dendrimers as three-dimensional, electrochemically switchable templates for the
organization of �-CD has been shown for a series of poly(propylene imine)
dendrimers functionalized with 4, 8, 16 and 32 peripheral cobaltocenium units
[181]. These dendrimers represent a novel type of host—guest system in which the
formation of multi-site �-CD/dendrimer complexes is driven by the reduction of
the cobaltocene subunits of the dendrimers. Upon reduction, the charged end-
groups are transformed into very hydrophobic species that efficiently complex in
the �-CD cavity.
Newkome et al. described the synthesis of dendritic wedges of different gener-

ations attached to a �-cyclodextrin receptor [182]. Binding studies with phen-
olphthalein, adamantane-amine or a bis(adamantane) units showed that the
binding cavities of the modified receptors retained their molecular recognition
properties. Using a bi-functional adamantyl compound, a first step toward
recognition-based assembly of dendrimers was established, comparable to
Diederich’s threading process.
Shinkai et al. described the synthesis of dendritic saccharide sensors based on

a PAMAM dendrimer labeled with eight boronic acid residues [183]. The
dendritic compound showed enhanced binding affinity for -galactose and -
fructose. The fact that the dendritic boronic acid functions as a saccharide
‘sponge’ is ascribed primarily to the cooperative action of two boronic acids to
form an intramolecular 2: 1 complex.When one boronic acid binds a saccharide,
its counterpart cannot participate in dimer formation and seeks a guest.
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3.4 RECOGNITION BASED ON HYDROGEN BONDING
INTERACTIONS

Hydrogen bonding interactions between dendrimers and guests have been
achieved by incorporation of coordinating sites, that are complementary to the
guest, at several different positions in the dendrimer including the focal point,
interior and the periphery.
Fox et al. investigated hydrogen bonding interactions between PAMAM

dendrimers (with up to eight end-groups) and several molecules of biological
interest [184]. The guests employed (pyridine, quinoline, quinazoline, nicotine
and trimethadione) were chosen, not only because of their biological activity, but
also for their established reactivity as hydrogen bond acceptors. Only lower
generations PAMAM dendrimers were used in this study, containing two active
sites for potential complexation with hydrogen bonding partners: the external
surface amino functions and the internal amido groups. It was found that
complexation could in principal occur at both the external and the internal sites.
The inability of some of the guest molecules to complex internally was surpris-
ingly attributed to the tight local packing of the dendrimers.
Newkome et al. reported the construction of dendrimers in which four

2,6-diamidopyridine units were incorporated in the interior [185]. Several
generations were synthesized containing up to 36 end-groups. The association
behaviour with complementary guests such as glutarimide, barbituric acid and
3�-azido-3�-deoxythymidine (AZT) was investigated, yielding apparent associ-
ation constants of c. 70 M��. These constants are comparable with reported
values for similar, non dendritic, host—guest complexes [186].
Zimmerman and Moore recently reported on dendrimers with hydrogen

bonding units at the focal point [187]. Two classes of dendritic hosts were
synthesized with naphthyridine units in the core capable of hydrogen bonding
benzamidinium derivatives (Figure 16.14).
Since the strength of hydrogen bonding is dependent on the polarity of the

solvent, the guest molecules serve as sensitive probes of the dendrimer’s internal
accessibility and polarity. From their measurements the authors conclude that
the dendrimer exerts a negligible influence on the core nano-environment, even
for the highest generations. Moreover, the insensitivity of the complexation
strength to the dendrimer size and nature suggests that the hosts are highly
porous. These data are in contrast to the observations by Hawker and Fréchet
[188] who reported a change in the local polarizability at the core of similar
dendrimers.
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Figure 16.14 To investigate hydrogen bonding in dendrimers Zimmerman and
Moore [187] prepared dendritic wedges (A–B=CH2O or C∫C) functionalized with
anthypyridine units at the focal point that function as hosts for benzamidinium
guest molecules

3.5 RECOGNITION BASED ON ELECTROSTATIC
INTERACTIONS

The field in which the interaction between the dendritic host and the guest
molecule(s) can be classified as electrostatic is very elaborate and therefore the
focus in this section will be on the interaction of organic acids with dendrimers.
Tomalia et al. reported the complexation of guest molecules in dendritic

structures by acid—base interactions and studied the change in guest ��C spin-
lattice relaxation times (T

�
) [189]. PAMAM dendrimers with methyl ester

termini were used as the dendritic host with aspirin and 2,4-dichloro-
phenoxyacetic acid as guest molecules. The values for T

�
decreased, as the

generation number increased from 0.5 to 3.5, but remained constant for the
higher generations. The maximum concentration of the guests was roughly 3: 1

410 J.-W. WEENER ET AL.



 

O

O

O O O O O

O O O O

O O O O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O
O

O
O

O

O
O

O
O

O
O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

O

N

H

H H

H

H

H

H

N

N

N

N

N

N

N

N
N

N

N

N
N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

O

O
O

O
O

O
O

O
O

O
O

O
O

O

O

O

H

H
H

H

H

H

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O
O

O

O
O

O
O

O
O

O
O

O

O

O

O

O O O O

O O O O

O O O O O

O

O

H

O

O
O

O
OO

O
O

O
O

O
O

O
O

O

O

H

O

O

O

O

O

O

O

O

O

O

O

O

O

O

OO

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O O
O

O
O

O
O

O
O

O
O

O
O

O

O

O

host guest

OO O

COO

Cl
ClCl

Cl

OO O

COO

Cl
ClCl

Cl

I I

II

O

O

O O O O O

O O O O

O O O O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O
O

O
O

O

O
O

O
O

O
O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

O

N

H

H H

H

H

H

H

N

N

N

N

N

N

N

N
N

N

N

N
N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

O

O
O

O
O

O
O

O
O

O
O

O
O

O

O

O

H

H
H

H

H

H

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O
O

O

O
O

O
O

O
O

O
O

O

O

O

O

O O O O

O O O O

O O O O O

O

O

H

O

O
O

O
OO

O
O

O
O

O
O

O
O

O

O

H

O

O

O

O

O

O

O

O

O

O

O

O

O

O

OO

O

O

O

O

O

O

O

O

O

O

O

O

O

O O

O

O O
O

O
O

O
O

O
O

O
O

O
O

O

O

O

host guest

OO O

COO

Cl
ClCl

Cl

OO O

COO

Cl
ClCl

Cl

I I

II

Figure 16.15 Ethyleneglycol-functionalized poly(propylene imine) dendrimers
as water-soluble hosts of TCF (top) and RB (bottom) [191]

based on a molar comparison of the carboxylic guest and the interior tertiary
amines, confirming an acid—base interaction between host and guest. Twyman
and Mitchell, who developed a convenient route to highly water-soluble den-
drimers starting from PAMAM-dendrimers, obtained similar results [190].
These dendrimers were shown to be capable of binding and solubilizing small
acidic, water insoluble, hydrophobic molecules, like benzoic acid, salicylic acid
and 2,6-dibromonitrophenol.
Baars et al. recently investigated the host—guest properties of poly(propylene

imine) dendrimers functionalized with tris-3,4,5-tri(tetraethyleneoxy)benzoyl
units (Figure 16.15) [191]. These hosts are highly soluble in a broad range of
solvents, from apolar solvents such as toluene to polar aqueous media.
The host—guest properties were studied in buffered aqueous media using two

water-soluble anionic xanthene dyes (i.e. 4,5,6,7-Tetrachlorofluorescein (TCF)
andRose Bengal (RB)) as guest molecules. Interactions could again be rationaliz-
ed by acid—base interactions between the acidic functionality of the guest and the
tertiary amines of the dendritic host. SAXS measurements showed a preferential
organization of the guests in the center regions of the dendritic hosts. The large
size of this novel dendritic host (�6 nm) was exploited in the separation of
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non-encapsulated guest molecules from encapsulated ones, in a pH selective
manner, using ultrafiltration.
Recently, Archut et al. reported the first attempts to develop a dynamic

host—guest system of which the interactions could be tuned by an external
stimulus, for instance light [192]. The interaction of a fourth generation azoben-
zene-functionalized poly(propylene imine) dendrimer with eosin Ywas studied in
DMF. The light absorbed by eosin was effective to promote the photoisomeriz-
ation of azobenzene moieties from the E-form to Z-form. Fluorescence quench-
ing experiments showed that eosin was hosted inside the dendrimer, as a conse-
quence of acid—base interactions between host and guest, and suggested that the
Z-form of the dendrimer was a better host than the corresponding E-form.
Polar dendrimers modified with apolar end-groups resemble unimolecular

inverted micelles which can be used as molecular shuttles to transport guest
molecules between two different phases. Modification of poly(propylene imine)
dendrimers with palmitoyl (—C

��
H

��
) alkyl chains, for instance, resulted in the

formation of a unimolecular micelle (Figure 16.7b) with a polar core and an
apolar periphery as demonstrated by Stevelmans et al. [193]. The palmitoyl-
dendrimers displayed single particle behaviour with a hydrodynamic radius of
2—3 nm in dichloromethane as was concluded from dynamic light scattering
measurements. These compounds were able to encapsulate guest molecules like
Rose Bengal in organic media. Recently, Baars et al. [194] extended research in
this field and showed that these dendrimers actually represent a new family of
tertiary amine extractants resembling the structures of low molecular weight
tri-octylamine extractants. The dendritic extractants proved very effective and
selective in the transfer of anionic solutes from an aqueous medium into an
organic phase, typically dichloromethane or toluene. The interaction between
the dendrimer (host) and solute (guest) is dominated by acid—base interactions.
The dendrimer generation determines the number of tertiary amine sites, and as
a consequence, the amount of solute molecules that can be extracted per den-
drimer. In case of a fifth-generation dendrimer (carrying 62 tertiary amines) it
was possible to extract up to 50 molecules of Rose Bengal, yielding an assembly
with a molecular weight of 70 kD, c. 2.5 times the molecular weight of the
dendrimer. Modification of poly(propylene imine) dendrimers with fluorinated
chains made the extraction of water-soluble solutes into supercritical carbon
dioxide possible [195, 196]. The mechanism of extraction is similar to that of the
poly(propylene imine) dendrimers with apolar end-groups; however, this tech-
nology uses an environmentally friendly process design with environmentally
compatible solvents and has the potential to replace hazardous organic solvents.
Stephan and Vögtle et al. demonstrated that lipophilic urea-functionalized den-
drimers are efficient carriers for oxyanions [197]. Extraction experiments were
performed with diagnostically relevant anions like pertechnetate, perrhenate,
ADP and ATP. The anions were bound to these unimolecular inverted dendritic
micelles through electrostatic acid—base interactions and their pH dependency
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allowed controlled release of the guest molecules from the dendrimer host. The
hydrophobic periphery of the dendrimer shielded the anions from hydrophilic
attack. The urea groups located in the periphery of the dendrimer were believed
to stabilize the complexed anions as well.
Crooks et al. reported the transfer of amine-functionalized poly(amidoamine)

dendrimers into toluene containing dodecanoic acid [198]. The method is based
on the formation of ion pairs between the fatty acids and the terminal amine-
groups. These dendrimer-fatty acid complexes resemble unimolecular inverted
micelles and could be used as phase transfer vehicles for the transport of Methyl
Orange, an anionic dye molecule, into an organic medium.

3.6 RECOGNITION BASED ON METAL–LIGAND
INTERACTIONS

The area of dendrimer—metal complexes is one of the most challenging areas in
dendrimer research from an application point of view. Owing to their large size,
promising applications are foreseen in the field of catalysis combined with
ultrafiltration [199—201]. Recently, van Koten and co-workers reported on
novel gas-sensor materials based on metallodendrimers [202]. The development
of contrast agents for magnetic resonance imaging (MRI), to visualize the
bloodstream in the body, is probably the most spectacular progress made so far
in this field [203—209]. The focus in this section will be on dendrimer—metal
interactions within the framework of host—guest chemistry. For dendrimers that
use metal ions as building blocks, the reader is referred to specific reviews on this
topic [12, 210, 211]. The complexation of metal ions in dendrimers has been
investigated at various positions within the dendrimer framework including the
core, interior and periphery.
In 1993, Fréchet et al. was the first to demonstrate that the dendritic architec-

ture could alter certain physical properties at the core [188]. Dendrons of
varying generation were functionalized with a solvatochromic probe at the focal
point. UV/Vis absorption spectra of the central chromophore shifted to longer
wavelengths with increasing generation, resulting from an increase in shielding
from the environment by the dendrons. Since then, several attempts have been
made to exploit the unique microenvironment created by the dendrimer in the
field of host—guest chemistry.
Aida et al. reported the coordination of imidazoles with varying sizes to a

dendritic zinc porphyrin (Figure 16.16) [212, 213]. With a 1: 1 stoichiometry of
host and guest, binding constants decreased significantly as the generation
number of the porphyrin increased from 4 to 5, indicative of a decreased
possibility for interpenetration of host and guest. Size-selective guest complexa-
tion was observed as the dendritic porphyrin binds preferentially a small vitamin
K

�
molecule (2-methyl-1,4-naphthoquinone) in the presence of a larger por-
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Figure 16.16 Dendritic aryl ether zinc porphyrins and dendritic imidazoles used
by Aida et al. [212, 213] to study the interpenetrating interactions between
dendrimer molecules

phyrin guest. The dendritic substituents serve as a steric barrier preventing the
larger molecule from binding close to the core of metalloporphyrin [213]. The
same group recently reported on an iron porphyrin covalently encapsulated in a
large aryl ether dendrimer cage representing the first monomolecular model of
dioxygen-carrying haemoproteins [214, 215]. In the case of fifth-generation
Fréchet dendrons, the dioxygen adduct was stable over a period of months, even
in the presence of water. The long-lived dioxygen complex is believed to arise
from steric and hydrophobic protection of the active site by the dendrons.
Meijer, Nolte and co-workers recently reported an example of peripheral

metal—oxygenbinding [216]. Poly(propylene imine) dendrimers (generation 1—4)
were reacted with vinylpyridine yielding dendrimers with bis[2-(2-
pyridyl)ethyl]-amine (PY2) ligands. UV/Vis titrations showed quantitative coor-
dination with Cu(I) metal ions for all generations. Low-temperature (
 85°C)
UV/Vis measurements revealed that approximately 60—70% of the copper cen-
ters could bind dioxygen. These complexes can be viewed as synthetic analogs of
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Figure 16.17 Amine-terminated poly(propylene imine) dendrimers act as
tridentate ligands for the complexation of transition metals [217] (a), and can
function as templates for the assembly of Tröger’s base dizinc(II) bis-porphyrin
molecules, (b) [218]

hemocyanin, a copper-containing oxygen transport protein.
Bosman et al. reported on the use of amine-functionalized poly(propylene

imine) dendrimers as polyvalent ligands for various transitionmetals, like Cu(II),
Zn(II) or Ni(II) [217]. The bis(propylamine)amine pincer, present in the periph-
ery of the parent poly(propylene imine) dendrimers, acts as a tridentate ligand for
these metals as evidenced by UV/Vis, EPR and NMR measurements (Figure
16.17a). The strong dendrimer—metal interactions allowed for ‘counting’ of the
dendrimer end-groups in a UV-Vis titration experiment. A first-generation
amine-functionalized poly(propylene imine) dendrimer could also be used as a
template for the assembly of two rigid Tröger’s base dizinc(II) bis-porphyrin
receptor molecules, yielding a self-assembled molecular capsule (Figure 16.17b)
[218]. The same concept was also extrapolated to the higher generations
poly(propylene imine) dendrimers, but in these cases steric interactions ham-
pered complete loading of the dendrimers [219].
In contrast to Bosman et al., who only found metal complexation in the

periphery of poly(propylene imine) dendrimers, Tomalia and co-workers re-
ported on the incorporation of copper ions into the interior of PAMAM den-
drimers judging from EPR and UV/Vis studies [220, 221]. Metal binding in the
dendrimer interior has also been observed for dendrimers carrying multiple
ligands for metal complexation within their framework such as crown-ethers
[222, 223] (Cs(I)-complexes), piperazine [224] (Pd(II)- and Cu(II)-complexes) or
triazocyclononane [225] (Cu(II)- and Ni(II)-complexes). In most cases addition
of the metal-salt to the dendrimer led to the formation of 1: 1 complexes.
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4 CONCLUSION AND PROSPECTS

The successful application of dendrimers as functional building blocks in the
construction of mono- andmultilayers, liquid crystals and supramolecular archi-
tectures in solution is mainly due to the flexible nature intrinsic to most den-
drimers. The numerous examples involving assemblies of dendrimers described
in this chapter clearly illustrate that the conventional viewpoint of dendrimers,
as spherical macromolecules with a dense shell, often has to be adjusted when
dendrimers are used as building blocks in the construction of higher order
aggregates. The shape of most dendrimers changes drastically from spherical to
oblate or prolate under the influence of secondary interactions when they are
incorporated in monolayers, liquid crystalline materials or assemblies in so-
lution. In this context it is important to realize that next to the dendrimer
structure itself, the medium around the dendrimer influences its conformational
behaviour significantly [44, 77, 84, 226]. External stimuli like hydrophobic
effects, phase-separation, electrostatic interactions and hydrogen bonding inter-
actions are driving forces that determine the localization of the end-groups and
hence the dendrimer shape to a large extent. Unique dendritic properties such as
multi-functionality, porosity and chemical tuneability are often retained within
assemblies prepared from these macromolecules. This explains successful appli-
cations for dendrimers in the fields of chemical- and bio-sensors, lithography,
photo-responsive materials, organic LEDs and LC materials. The conforma-
tional characteristics of dendrimers also play a predominant role in the field of
host—guest chemistry, wherein the presence of internal voids is closely related to
the degree of back-folding, which in turn is influenced by solvent type and pH.
The fact that the dendritic shell can produce localized micro-environments has
been shown in a number of elegant studies that are of significant interest in the
area of bio-organic chemistry. The dendrophanes developed by Diederich and
co-workers serve as models for globular proteins [174], whereas the dendritic
porphyrins reported by Aida [214, 215] and Diederich [170] represent the first
examples of artificial haemoproteins. The nanometer dimensions of dendrimers
combined with their multifunctionality has led to exciting applications in the
fields of catalysis [199—201], sensor materials [202] and more recently resulted
in the development of a novel contrast agents for magnetic resonance imaging
(MRI) [203—209]. The development of unimolecularmicelles led to the birth of a
novel class of amphiphiles with properties that are superior to those of conven-
tional, low molecular weight surfactants. Their static nature, high local concen-
tration of sites and cooperative effects render them effective phase-transfer
agents [194] and make them promising candidates for future applications as
drug-delivery vehicles [191]. The areas in which specific dendritic properties are
exploited to obtain particularmaterial characteristics will undoubtedly continue
to grow and lead to many additional applications in the near future.
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Dendritic Polymers: Optical
and Photochemical
Properties
D-L. JIANG AND T. AIDA
Department of Chemistry and Biotechnology, Graduate School of Engineering,
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

1 INTRODUCTION

To achieve photosynthesis with a totally artificial system is a supreme challenge
in science and a dream of chemists. In nature, plants and photosynthetic bacteria
depend on photosynthesis utilizing elaborate chromophore arrays to trap solar
energy, followed by an efficient energy transfer to the reaction center. Although
there have been many efforts to design molecular systems for light harvesting,
they usually suffer from inadequate energy transfer efficiency. Synthetic macro-
molecules have attracted attention as potential photosynthetic antennae, since
multiple chromophoric functionalities can be incorporated and organized.How-
ever, examples thus far reported are generally derived from linear-chain poly-
mers which, unlike biological macromolecules, can adopt ill-defined morpholo-
gies, many of which lead to complicated photochemical events associated with
intra- and interchain interactions. Moreover, broad molecular weight distribu-
tions and uncontrolled structures inherent in linear-chain synthetic polymers,
make it difficult to develop meaningful correlation between their structures and
photochemical function.
Recent developments in the design of dendritic molecules has provided both

new methodology and molecular architecture which are structure controlled
macromolecules, globular-shaped, dendritic-branched tree-like structures with
nanoscscale dimensions [1]. Dendrimers generally consist of a focal core, many
building blocks (monomer units) and a mathematically defined number of ex-
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© 2001 John Wiley & Sons Ltd

Dendrimers and other Dendritic Polymers
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terior termini. The synthetic methods involve either divergent or convergent
approaches which can provide nearly total control over critical molecular design
parameters such as molecular size, shape and disposition of functionalities intro-
duced at the interior core, building units, and/or the exterior surface. Recently,
dendrimers have attracted great attention as artificial light-harvesting antennae
[2], due to their morphological similarity to chromophore aggregates discovered
in natural photosynthetic centers [3]. For example, Balzani et al. have reported a
tridecanuclear ruthenium(II)-polypyridine supramolecular dendrimer as a light-
harvesting complex [2a, b]. Fox et al. have investigated poly(benzyl ether)
dendritic structures as intervening media for photoinduced electron transfer
reaction [2c]. Fréchet et al. [2d] have reported site isolation and antenna effects
related to luminescence properties of self-assembled lanthanide-core dendrimers.
On the mechanism of energy transduction, Moore and Kopelman et al. have
investigated the luminescence properties of a series of perylene-terminated highly
conjugated dendrons consisting of aromatic and alkynyl units, and have high-
lighted the importance of an energy gradient for the efficient transfer of the
excitation energy [2f, g]. Theoretical calculations on energy transduction events
in dendritic architectures have also been investigated by Klafter [2g, h] and
Mukamel et al. [2i].
In the present chapter, emphasis is placed on the authors’ recent studies

concerning the molecular design and optical/photochemical properties of
Fréchet-type poly(benzyl ether) dendrimers.

2 LIGHT-HARVESTING ANTENNA FUNCTIONS OF
DENDRIMERS

2.1 MORPHOLOGY DEPENDENCE OF EXCITED SINGLET
ENERGY TRANSFER EVENTS

Poly(benzyl ether) dendritic molecules with a focal porphyrin functionality are
good motives for investigating the intramolecular energy transfer events, since
the dendrimer framework serves as a potential antenna, while the porphyrin core
may function as an energy trap [4]. For a study on the excited singlet energy
transfer characteristics [5], dendrimer porphyrins 1a–1f bearing different num-
bers (1—4) of five-layered poly(benzyl ether) dendron subunits have been syn-
thesized by an alkaline-mediated coupling of a four-layered poly(benzyl ether)
dendron bromide with tetraphenylporphyrin derivatives having corresponding
numbers of 3�,5�-dihydroxyphenyl groups at the meso-positions. The products
can be isolated by flash column chromatography and identified by �H NMR,
MALDI-TOF-MS, and UV-Vis spectroscopies.
The dendron subunits, upon excitation at the characteristic 280 nm absorp-

tion band, emit a fluorescence centered at 310 nm, which is slightly overlapped
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with the Soret absorption band of the porphyrin core (421.5 (1a)—425.5 nm (1e)).
Therefore, the dendron subunits appear to have the possibility to communicate
with the porphyrin core by energy transfer. In fact, upon 280 nm excitation of
tetra-substituted dendrimer porphyrin 1e, the emission from the dendron
subunits is significantly quenched, while a strong fluorescence from the por-
phyrin core (656, 718 nm) appears. This is clearly the result of an excited singlet
energy transfer from the dendron subunits to the porphyrin core. By comparison
of the excitation spectrum with the absorption spectrum, the energy transfer
quantum efficiency (�

���
) has been evaluated to be 80%. In sharp contrast,

excitation of partially substituted dendrimer porphyrins 1a–1d at 280 nm results
in an emission predominantly from the dendron subunits with only a weak
fluorescence from the porphyrin core. The �

���
values for 1a, 1b, 1c and 1d are

respectively 31, 19, 10 and 10%, which are obviously smaller than that of
tetra-substituted 1e. Also of interest is the difference in�

���
between geometrical

isomers of di-substituted 1b and 1c, where the�
���

value of the anti-isomer (1c) is
definitely lower than that of the syn-isomer (1b), and is almost comparable to that
of mono-substituted dendrimer porphyrin 1a. Such amorphology dependence of
the energy transfer characteristics is indicative of a possible cooperation of the
dendron subunits for the intramolecular singlet energy transfer. Fluorescence
depolarization measurements have indicated that the four dendron subunits in
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1e behave like a single, large chromophore, where the excitation energy migrates
over the dendrimeric three-dimensional array of the aromatic building units
around the energy trap. Consequently, the probability of energy transfer to the
interior trap is highly enhanced. On the other hand, in partially substituted
1a–1d, the dendrimeric arrays of the aromatic building units are more loosely
packed and discontinuous, so that the excitation energy may migrate less effi-
ciently and is more likely to be lost by radiation before transfer to the energy
trap.

�H NMR pulse relaxation time T
�
measurements have shown an egg-like

structural resemblance to tetra-substituted 1e: The T
�
value of the pyrrole-�

signal of the porphyrin core is virtually intact to the number of the dendron
subunits (1.50—1.58 sec), indicating that the interior environment is not con-
strained, even in the largest 1e. In contrast, the T

�
of the exterior OMe signal,

which stays in the range 0.96—0.86 s for 1a–1d, displays a significant drop (0.25
sec) for 1e. Thus, the dendron subunits in tetra-substituted 1e are highly con-
strained in conformational change due to their dense packing, whereas those in
partially substituted 1a–1d are able to change their conformation. Relative to
this trend, the cooperation of the dendron subunits (aromatic building units) for
the energy migration process is expected to be reduced upon elevating the
temperature to activate conformational motion. In this regard, temperature
dependency of the energy transfer event in partially substituted 1d, together with
those of tetra-substituted 1e and 1f, has been investigated.When the temperature
is raised from 20 to 80°C in 1,2-dichloroethane, the �

���
of 1d, upon 280 nm

excitation of the dendron subunits, drops off in a sigmoidal fashion from 31 to
12%, which is almost comparable to that of 1a having a single dendron subunit.
Tetra-substituted 1f with one-generation smaller dendron subunits, displays a
much clearer temperature dependency, where the �

���
is decreased significantly

from 79 to 35% upon elevating the temperature from 20 to 80°C. In sharp
contrast, the �

���
of the largest 1e does not drop but stays around 80% even at

80°C. As mentioned above, the dendron subunits in 1e are highly constrained in
conformational change, whereas those in tri-substituted 1d are able to change
their conformation. Tetra-substituted 1f is almost comparable to 1d in terms of
the conformational change activity, as judged from the �HNMR T

�
value of the

exterior OMe signal (0.81 s). Since the fluorescence properties of neither the
dendron subunits nor the porphyrin core are little affected by the temperature in
the range 20—80°C, the obvious reductions of �

���
, observed for 1d and 1f at

higher temperatures, have been attributed to the thermal-enhanced conforma-
tional motion of the molecule: The four dendron subunits (aromatic building
units) at higher temperatures are likely to behave virtually independently or
much less cooperatively for the energy migration process. In this sense, it is quite
interesting that the four dendron subunits in the largest 1e are still highly
cooperative at 80°C, indicating a high potential for the conformationally rigid,
spherical poly(benzyl ether) dendrimeric framework to function as an artificial
antenna for light harvesting.
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The energy transduction profile observed for the large, spherical dendrimer
porphyrin (1e) is related to the light-harvesting events in wheel-like supra-
molecular assemblies of chromophores found in a purple photosynthetic bac-
terium. In this case, the excitation energy migrates very rapidly and efficiently
along the wheel, followed by transfer to the interior energy trap (special pair) to
initiate the photosynthetic process [3].

2.2 MOLECULAR DESIGN OF BLUE-LUMINESCENT DENDRITIC
RODS

Conjugated polymers have attracted special attention for their potential utility
as molecular wire for the transfer of electron and excitation energy along the
backbone and also as organic photo/electro-luminescent devices. However,
because of their high conformational rigidity, conjugated polymers usually have
a limited solubility and are difficult to process. On the other hand, from a
photochemical point of view, such a strong aggregation tendency of the con-
jugated macromolecular chain also results in a collisional quenching of the
excited state, and therefore spoils its photofunctional properties. From this point
of view, soluble conjugated polymers with long hydrocarbon side chains have
been developed, in which self-quenching of the photo-excited states cannot be
suppressed efficiently.
A dendritic macromolecular rod 2c is an interesting luminescent molecule [6],

since the conjugated backbone is spatially isolated by large poly(benzyl ether)
dendritic wedges possessing a light-harvesting function [7]; 2c and its lower-
generation homologues 2a and 2b have been synthesized by a Pd(0)/Cu(I)-
catalyzed polycondensation of the corresponding dendritic diethynylbenzenes
(3a–3c) with 1,4-diiodobenzene at 50°C in THF/iso-Pr

�
NH [6]. Dendritic

monomers 3a–3c can be prepared in DMF at 60°C by an alkaline-mediated
coupling of 2,5-diethynylhydroquinone with poly(benzyl ether) dendron bro-
mides of different generation numbers. Higher-generation 2b and 2c are soluble
in common organic solvents such as THF, CHCl

�
, CH

�
Cl

�
, and benzene,

whereas 2a has a limited solubility; 2b with a high molecular weight (MW�

280000) can be obtained from 3b, while the polycondensation with the largest 3c
takes place rather sluggishly to give lower-molecular-weight 2c (MW� 40 000).
In THF at 20°C, dendritic monomers 3a–3c show absorption bands at 335

and 278 nm, due to the focal 1,4-diethynylbenzene unit and the dendritic wedges,
respectively. On the other hand, dendritic macromolecular rods 2a–2c display a
strong absorption band in the visible region (400—460 nm), characteristic of an
extended electronic conjugation in the backbone. Upon excitation of the con-
jugated backbone at 425 nm in THF (abs

��	 ��
� 0.01) at 20°C, 2a–2c show a

strong blue fluorescence at 454 nm, where the quantum yield (�

�
) has been

evaluated to be virtually 100%. Of much interest is the fact that the �

�
value of

2c stays at nearly 100%, even when the solution is concentrated until the
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absorbance at 425 nm (abs
��	 ��

) is increased to 0.1. Such a high�

�
value over a

rather wide concentration range has never been realized with other soluble
poly(phenyleneethynylene) derivatives reported to date (35—40%). The lumines-
cence activity of 2a–2c is substantially dependent on the size of the dendritic
wedges: Although the �


�
value of one-generation smaller 2c is also very high

under dilute conditions (� 100%at abs
��� ��

of 0.01), it shows a significant drop
to 67% when the absorbance of the solution is increased to 0.1. Such a trend is
more explicit in the case of the lowest-generation 2a, where the �


�
value is only

56% even under dilute conditions (abs
��	 ��

� 0.01), and further drops upon
concentration of the solution. Therefore, the large dendrimer framework in 2c
appears to encapsulate the conjugated backbone as an ‘envelope’ and prevent
the photoexcited state from collisional quenching.
Even more interestingly, the dendrimer framework functions as a light-har-

vesting antenna, which can channel the excitation energy very efficiently to the
focal luminescent unit. Upon excitation of the dendritic wedges at 278 nm
(abs� 0.06) in THF at 20°C, 3c emits a fluorescence at 373 nm from the focal
diethynylbenzene unit without any detectable fluorescence from the dendritic
wedges at 310 nm. This observation indicates a highly efficient intramolecular
singlet energy transfer (ENT) from the dendritic wedges to the focal chromo-
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phore unit (quantum efficiency �
���

� 100%). Similarly, the dendritic macro-
molecular rod 2c displays highly efficient ENT characteristics: Upon excitation
of the dendrimer framework at 278 nm (abs� 0.06), only a blue fluorescence at
454 nm from the conjugated backbone appears, whereas no luminescence from
the dendrimer framework is observed. The fluorescence intensity is much higher
than that upon direct excitation of the conjugated backbone at 425 nm. The
excitation spectrum, monitored at 454 nm, is a perfectly superimposed image of
the absorption spectrum, again indicating a 100% ENT quantum efficiency.
Owing to the prominent light-harvesting function together with the efficient ‘site
isolation effect’ of the large dendritic envelope, 2c is much superior to lower-
generation 2a and 2b in terms of the luminescence activity. For example, excita-
tion of the dendritic wedges of 2c at 278 nm in THF (abs

��	 ��
� 0.1), the

observed fluorescence is 11 times more intense than 2a under identical condi-
tions. Therefore, the highest-generation 2c is an excellent candidate as an organic
light emitter, which can efficiently collect photons of a rather wide wavelength
range from ultraviolet to visible, and then convert them into the blue emission.

2.3 ISOMERIZATION OF AZODENDRIMERS BY LIGHT
HARVESTING

Azobenzene is a well-known photochromic molecule, which isomerizes from the
trans form to the cis form upon irradiation with ultraviolet light, while the cis
form isomerizes to the trans form under irradiationwith visible light or thermally
(Scheme 1). A large poly(benzyl ether) azodendrimer 4b with an azobenzene
functionality at the focal point has been synthesized by an alkaline-mediated
coupling of the corresponding poly(benzyl ether) dendron bromide with trans-
3,3�,5,5�-tetrahydroxyazobenzene [8, 9]. �H NMR pulse relaxation time (T

�
)

measurement has shown that the T
�
value of the exterior MeO signal in 4b is

much shorter than that of nondendritic 1a, while the T
�
values of the aromatic

signals due to the interior azobenzene unit in 4b are almost identical to those of
1a. These contrasting trends indicate an egg-like structural resemblance to
dendritic 4b, where the interior environment has a freedom of conformational
change, whereas the exterior surface region is rather constrained due to dense
packing of the exterior dendritic units.
Similarly to the case of non-dendritic 4a, the trans form of dendritic 4b, upon

irradiation of a CHCl
�
solution at 340 nm, isomerizes to the cis form, which

undergoes a backward isomerization to the trans form upon irradiation at 450
nm or heating. On the other hand, when the dendritic wedges are irradiated at
280 nm, cis—4b undergoes an isomerization to the trans form, to reach a photo-
stationary state. In contrast, nondendritic 4a does not undergo such a cis-to-
trans isomerization under similar conditions. Relative to these observations, a
large but nonsymmetrically substituted azodendrimer such as 4c in the cis form,
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Scheme 1 Isomerization of azobenzene

upon 280 nm excitation of the dendritic wedge, hardly isomerizes to the trans
form. Therefore, large 4b with a spherical morphology is photochemically very
unique. As described in the above two sections, poly(benzyl ether) dendrimers,
upon excitation at 280 nm, emit a fluorescence centered at 310 nm. Since the
azobenzene core in the trans form has an absorption band centered at 340 nm,
the 280 nm excitation of the trans-azodendrimer 4b at the dendritic wedges may
possibly result in an energy transfer to the focal azobenzene unit to cause the
trans-to-cis isomerization. However, the presence of the photostationary state in
the isomerization of 4b, upon 280 nm excitation at the dendritic wedges, suggests
the occurrence of a cis-to-trans isomerization in competition with the expected
trans-to-cis isomerization.
Relative to these interesting observations, dendritic 4b has been shown to

undergo the cis-to-trans isomerization upon irradiation with a 75 W Nichrome
glowing light source. In contrast, nondendritic cis—4a hardly isomerizes to the
trans form under similar conditions. On the basis of several experiments with an
infrared monochromater, using an infrared light at 1600 cm��, which corre-
sponds to the vibrational mode of aromatic rings, has been claimed to account
for the isomerization of 4b. From the temperature dependency of the thermal-
induced isomerization rate, the activation free energy for the cis-to-trans isomer-
ization of 4b in CHCl

�
has been evaluated to be 0.84 eV. Since the energy of a

single photon at 1600 cm�� is only as low as 0.2 eV, the isomerization is likely to
involve multiple low-energy photons. However, considering an extremely low
photon density and an incoherency of the light source, simultaneous absorption
of multiple photons by 4b is unlikely [10], and one may consider some alterna-
tive mechanisms. In any case, this unusual isomerization event of large, spherical
4b may possibly be related to the isomerization induced by the 280 nm UV
excitation of the dendritic wedges. Further studies are necessary to clarify the
mechanism of such a unique energy transduction event.
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Scheme 2 Electrostatic assembly of positively charged dendrimers to form a
well-defined photofunctional aggregate

3 PHOTOINDUCED ENERGY TRANSFER THROUGH
DENDRIMER ARCHITECTURE

As described above, dendrimers are nanosized hyperbranched macromolecules
withwell-defined three-dimensional shapes, and are potential building blocks for
the construction of organized functional materials with nanometric precision
[1b]. A photofunctional dendritic supramolecular assembly, in which energy-
donating and -accepting units are arranged in a highly controlled fashion
(Scheme 2), has been prepared by electrostatic assembly of negatively and posi-
tively charged dendrimer porphyrins [11].
Poly(benzyl ether) dendrimer porphyrins with methyl ester functionalities on

the exterior surface have been synthesized by an alkaline-mediated coupling of 5,
10, 15, 20-tetrakis(3�,5�-dihydroxyphenyl)porphyrin with methoxycarbonyl-ter-
minated poly(benzyl ether) dendron bromides. The free-base dendrimer por-
phyrins, thus obtained, are metalated with Zn(OAc)

�
, followed by alkaline

hydrolysis of the ester groups, affording water-soluble dendrimer zinc porphyrin
6a bearing 32 carboxylate ion functionalities on the exterior surface. Here 6a can
be transformed into a positively charged dendrimer zinc porphyrin 6b upon
amidation of the carboxylic acid functionalities, with N, N-dimethylethylene
diamine followed by methylation of the dimethylamino groups. Similarly, alka-
line hydrolysis of the exterior ester groups of the dendrimer porphyrin free-base
affords 5a, which can also be converted into 5b in a manner similar to the above
method for the preparation of 6b. Likewise, lower-generation homologues 7a
and 7b can be prepared.
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Upon mixing of phosphate buffer solutions of dendrimer zinc porphyrin 6b
bearing a positively charged surface and dendrimer porphyrin free-base 5a
having a negatively charged surface, large fluorescent aggregates, sized 10—20
�m, appear and grow. Of interest, is the fact that aggregate formation is highly
sensitive to the mole ratio of 6b to 5a (Scheme 2). Large aggregates are formed
only when the mole ratio [6b]/[5a] is close to unity. However, when either 6b or
5a is added to this solution in excess with respect to the counterpart, the large
aggregates spontaneously disappear. This is in sharp contrast to the assembly of
linear-chainmacromolecular electrolytes, in which the electrostatic interaction is
usually irreversible due to chain entanglement.
The zinc and free-base porphyrin functionalities of compounds 6b and 5a in

the aggregates are interactive photochemically by energy transfer from the
former to the latter. In methanolic KOH (0.1 M), positively charged dendrimer
zinc porphyrin 6b, upon excitation of the Soret band at 439 nm, emits fluorescen-
ces at 613 and 664 nm from the zinc porphyrin core. On the other hand, in the
presence of an equimolar amount of negatively charged dendrimer free-base
porphyrin 5a, the fluorescences from 6b are quenched significantly, while 5a
emits fluorescences at 654 and 718 nm from its free-base porphyrin core. These
results are clearly due to an intermolecular energy transfer from 6b to 5a. In
sharp contrast, upon mixing of negatively charged 6a and 5a under the same
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conditions, no aggregate formation takes place due to an electrostatic surface
repulsion, and therefore no intermolecular energy transfer from 6a to 5a (fluor-
escence quenching of 6a) occurs.
The energy transfer efficiency (ratio of fluorescence intensities at 718 and 613

nm) is enhanced as the molar ratio [6b]/[5a] is increased. However, when the
ratio [6b]/[5a] exceeds 4, the energy transfer efficiency appears to reach a
plateau at a level of about 72% and is no longer enhanced. The saturation
tendency of the energy transfer efficiency suggests a possibility that 6b can
accommodate at most four molecules of 5a on its exterior surface. This interac-
tion profile has also been supported by the fluorescence polarization study on
the 6b/5a system. In general, when a chromophore with a limited rotation
activity is excited by a polarized light, it emits a polarized fluorescence. There-
fore, the degree of polarization should increase with the size of chromophoric
molecule or aggregate. Excitation with a polarized light at 520 nm of 5a in
methanolic KOH results in a polarized fluorescence at 654 and 718 nm. On the
other hand, addition of 6b to the above solution containing 5a results in an
increase in the degree of polarization, where the titration curve shows a clear
inflection point at a molar ratio [6b]/[5a] of 4/1. In sharp contrast, when
electrostatically repulsive 6a is mixed with 5a under the same conditions, the
degree of polarization increases only slightly upon increasing the concentration
of 6a. All the above observations indicate that the dendrimer porphyrins with
positively and negatively charged surfaces self-assemble through electrostatic
interaction.
Fluorescence lifetimemeasurements on the aggregate have shown that the rate

constant of the intermolecular energy transfer from the zinc porphyrin unit to the
free-base porphyrin unit has been evaluated to be 3.0� 10
 s��. This value is
reasonable from a model in which dendritic donor 6b and acceptor 5a contact
each other directly at their exterior surfaces (Scheme 2). Therefore, electrostatic
assembly of positively and negatively charged dendrimers provides a promising
supramolecular approach to construct photofunctionalmaterials with nanomet-
ric precision.

4 PHOTOINDUCED ELECTRON TRANSFER THROUGH
DENDRIMER ARCHITECTURE

Long-range electron transfer reactions have attracted attention relative to the
initial stages of photosynthesis, and special interest has been focused on the
design of noncovalently assembled donor—acceptor arrays. Dendrimers with
spatially isolated porphyrin cores are potential motifs for investigating such
long-range electron transfer reactions [12].
A water-soluble dendrimer zinc porphyrin 6a, having 32 carboxylate anion
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Scheme 3 Schematic representations of electrostatic assemblies of dendrimer
porphyrins 6a, 7awith MV2+

functionalities, has been found to trap positively charged electron acceptor
molecules such as methylviologen (MV��) on the exterior surface, to form a
spatially separated donor—acceptor supramolecular assembly in aqueous media
(Scheme 2B). When 6a (2.9 �M) is titrated with MV��, the absorption spectrum,
upon increase in [MV��] up to 2� 10� �M, shows no substantial change
associated with the interaction of the zinc porphyrin core with MV�� at the
ground state. In sharp contrast, titration of lower-generation 7a (2.0 �M) with
MV�� results in a notable spectral change, even upon increase in [MV��] to 10�
�M.Therefore, the interior zinc porphyrin functionality in lower-generation 7a is
directly interactivewithMV�� (Scheme 3A) at the ground state. This is due to the
open architecture of the dendrimer framework, whereas in higher-generation 6a
this intimate donor—acceptor interaction is sterically prohibited by the large
dendrimer framework.
Upon excitation of 6a and 7a (2.9 �M) at their Soret absorption bands in

aqueous media, the zinc porphyrin cores emit fluorescences at 610 and 660 nm.
On the other hand, these fluorescences are quenched by MV��, where the
quenching profiles differ dramatically from one another depending on the gener-
ation number of the dendrimer framework. Stern—Volmer plots (I

�
/I� [MV��])

for the 7a/MV�� system shows a highly efficient fluorescence quenching even at a
low [MV��]. In sharp contrast, the ratio I

�
/I of higher-generation 6a levels off

when the concentration of MV�� exceeds 10� �M, indicating that the negatively
charged surface of 6a is completely surrounded by positively charged MV��

molecules (Scheme 3B). The fluorescence quenching of 6a by MV�� is obviously
the result of a long-range, photoinduced electron transfer through the dendrimer
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framework: When the zinc porphyrin Soret of the 6a/MV�� system is continu-
ously irradiated in the presence of triethanolamine as sacrificial donor, the
solution turns blue, where the absorption due to the methylviologen radical ion
appears at 605 nm. Time-resolved fluorescence spectroscopy shows that the
lifetime of the 6a fluorescence (1.5 ns) is considerably shortened to 0.3 ns in the
presence of excess MV��. From the fluorescence lifetimes, the rate constant (k

��
)

for the long-range electron transfer from the zinc porphyrin core to the trapped
MV�� molecule has been evaluated as 2.6� 10
 s��. The observed k

��
is

sufficiently large, considering an estimated thickness of 20 Å for the dendritic
shell of 6a. Dendritic compound 6a may be a potential candidate as a sensitizer
for photochemical water splitting.

5 CONCLUSION

Poly(benzyl ether) dendrimers have several unique optical and photochemical
properties. In particular, it is quite interesting that some photochemical events
are considerably affected by themolecular size andmorphology of the dendrimer
molecules. These examples, together with those by other researchers [2], will
provide a new strategy toward next-generation, nanoscopic photofunctional
materials.
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1. (a) Fréchet, J. M. J. Science, 263, 1710 (1994); (b) Tomalia, D. A. Adv.Mater., 6, 529
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1 INTRODUCTION

Interest in dendritic polymers (dendrimers) has grown steadily over the past
decade due to use of these molecules in numerous industrial and biomedical
applications. One particular class of dendrimers, Starburst“ polyamidoamine
(PAMAM) polymers, a new class of nanoscopic, spherical polymers that
appears safe and nonimmunogenic for potential use in a variety of therapeutic
applications for human diseases. This chapter will focus on investigations into
PAMAM dendrimers for in vitro and in vivo nonviral gene delivery as these
studies have progressed from initial discoveries to recent animal trials. In addi-
tion, we will review other applications of dendrimers where the polymers are
surface modified. This allows the opportunity to target-deliver therapeutics or
act as competitive inhibitors of viral or toxin attachment to cells.

2 DENDRIMER SYNTHESIS AND CHARACTERIZATION

As outlined in other chapters in this volume, Tomalia et al. first reported the
successful well-characterized synthesis of dendrimers in the early 1980s [1].
These molecules range in size from 10 Å to 130 Å in diameter for generation 0
(G0) through generation 10 (G10). In the ideal situation, PAMAM dendrimers
are monodispersed spherical conformation with a highly branched three-dimen-
sional structure (Figure 18.1) that provides a scaffold for the attachment of
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Figure 18.1

multiple biomolecules. With each new layer that is synthesized, the molecular
weight of the dendrimer increases exponentially, the number of primary amine
surface groups exactly double and the diameter increases by 10 Å (Table 18.1)
[2]. As dendrimers grow in generation, the subsequent increase in exterior
branching density begins to impart various structural effects to the polymer
shape. Lower generation dendrimers (0 through 4) manifest a flexible, somewhat
flat shape, while at the higher generations (5 through 10), the congested branch-
ing induces a persistent, robust spherical conformation [3]. Beginning at gener-
ation 4 (ethylenediamine core), the interior of the dendrimer develops internal
void spaces that are accessible to molecules that may be encapsulated for drug
delivery or other potential applications [4, 5]. Dendritic purity (isomolecularity)
is typically around 98% due to small defects in branch formation during syn-
thesis. These defects may be due to retro-Michael reactions or intramolecular
macrocycle formation [6]. Dendrimer preparations are purified using ultrafiltra-
tion techniques. Subsequent structural characterization is performed by a numb-
er of analytical methods including: high performance liquid chromatography
(HPLC), size exclusion chromatography (SEC), nuclear magnetic resonance
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Table 18.1 Physical characteristics of PAMAM dendrimers (EDA core)

Dendrimer generation Molecular weight
Primary amino
surface groups Diameter (A� )

0 517 4 15
1 1 430 8 22
2 3 256 16 29
3 6 909 32 36
4 14 215 64 45
5 28 826 128 54
6 58 048 256 67
7 116 493 512 81
8 233 383 1024 97
9 467 126 2048 114
10 934 787 4096 135

(NMR) techniques (�H, ��C, ��N, ��P), electron paramagnetic resonance (EPR),
electrospray-ionization mass spectroscopy (ESI—MS), capillary electrophoresis,
or gel electrophoresis [7—11]. Analytical methodology usually requires a combi-
nation of the above techniques in order to provide a detailed account of the exact
identity and composition of the dendrimer sample. PAMAM dendrimers are
currently commercially available with production occurring under good manu-
facturing procedures (GMP) to provide suitable samples for various biomedical
and gene therapy applications [11b]. Atomic force microscope images of gener-
ation 9 (G9 EDA) dendrimers are shown in Figure 18.2. Li et al. have also
recently obtained AFM images of PAMAM dendrimers ranging from G5 EDA
to G10 EDA [12]. These studies clearly demonstrate the shape and consistency
of these molecules.

3 DNA DELIVERY IN VITROWITH UNMODIFIED DENDRIMERS

3.1 DENDRIMER/DNA INTERACTIONS: CHARACTERIZATION
OF THE COMPLEX FORMATION

Formation of a complex between DNA and polycationic compounds appears to
be the initial and quite possibly a critical parameter for nonviral gene delivery.
Several synthetic vector systems, which are generally cationic in nature, includ-
ing poly(lysines), cationic liposomes or various types of block copolymers and
recently dendrimers, have been shown to self-assemble with plasmid DNA
[13—15] [16]. Specific physicochemical properties manifested by these DNA
complexes depend on the type of cationic agent used; however, interesting
patterns for such interactions are beginning to evolve [17, 18]. Under certain
conditions, the interaction of DNA with polyvalent cations results in

BIOAPPLICATIONS OF PAMAM DENDRIMERS 443



Figure 18.2
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Figure 18.3

compaction of extended DNA structures to produce aggregation and precipita-
tion from the solution [19—21]. Similar to other large polycationic compounds,
PAMAM dendrimers form complexes with DNA through sequence-indepen-
dent electrostatic interactions between negatively charged phosphate groups of
the nucleic acid components and the cationic primary amino groups on the
dendrimer surface (Figure 18.3). Charge neutralization of both components and
alterations of the net charge of the complex lead to changes in both
physicochemical and biologically relevant properties.
Complex formation analysis and characterization as soluble—insoluble or

low—high density particles can be performed by various methods including UV
light absorption, laser light scattering (LLS) and measurements that utilize
radiolabeled DNA and/or dendrimers. The actual binding affinity constant (K

�
)

of DNAand dendrimers are difficult to determine in part because of the tendency
to aggregation and precipitation [22]. However, the formation of highmolecular
weight and high-density complexes depends strongly on the DNA concentration
(Figure 18.4). In salt-free water solutions, the precipitate formation increases as
the DNA concentration rises from 10 ng/ml to 1 mg/ml. At DNA concentrations
of 10 ng/ml, the complex formed with various dendrimer generations (i.e. G5, G7
and G9, with both NH

�
and EDA cores) form soluble, low density aggregates

that remain suspended in water. Complex formation is facilitated by increasing
the dendrimer concentration that effectively increases the dendrimer—DNA
charge ratio [21].
Electrostatic charge effects (attraction or repulsion of charged molecules)

appear to be modulated by the dendrimer generation (size of the polymer).
Figure 18.5 illustrates that, although generally parallel, the precipitation curves
shift as a result of the size (i.e. generation) of the dendrimer. Complexing of the
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Figure 18.4

smallerG5 andG7EDAdendrimers withDNA leads to highly aggregated forms
of the complex at lower charge ratios thanwith larger, G9 EDAdendrimers [21].
This suggests that a purely electrostatic effect is modulated by the size and
molecular weight of the dendrimer. PAMAM dendrimers readily form com-
plexes with various forms of nucleic acids including single stranded oligonucleot-
ides, circular plasmid DNA, linear RNA and various sizes of linear double
stranded DNA. The larger the nucleic acid molecule, the lower the dendrimer
concentration that is required to generate high-density complexes. With pro-
gressive increases in the dendrimer—DNA charge ratio (� 20), an increase in the
quantity of low-density, soluble complexes is observed. Functional analysis
revealed that the majority (� 90%) of transfection is carried by low-density,
soluble, subpopulations of complexes, which may represent approximately
10—30% of the total complexed DNA (Figure 18.6).
The continuous distribution of the radioactively labeled dendrimer—DNA

complexes in glycerol density gradients indicates the heterogeneous nature of the
complex population. The size evaluation of dendrimer—DNA complexes (in
water) using dynamic LLS, further reveals the polydispersed nature of particles
with hydrodynamic diameters ranging from 30—100 nm to 20—200 �mdepending
on DNA concentration, size of dendrimer and charge ratio between each poly-
meric component. Complexes formed at very lowDNA concentrations (e.g. 1—10
ng/ml) are usually smaller and more uniform than particles generated at high
DNA concentrations. Complex formation at higher DNA concentrations results

446 J. D. EICHMAN ET AL.



Figure 18.5

Figure 18.6
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Figure 18.7

in the nonuniform distributions of larger, high-density aggregates and precipi-
tates.

3.2 MECHANISM OF DENDRIMER-MEDIATED CELL ENTRY

Studies that focus on the cell entry mechanisms for several nonviral vectors,
including liposomes, lipospermines, poly(ethylenimine) and PAMAM de-
ndrimers have been previously reported [23—27]. Figure 18.7 shows a proposed
dendrimer—DNA complex pathway into cells with subsequent processing [28,
29]. The cationic surface charge imparted to the complex through high den-
drimer—DNA charge ratios (e.g. 5—20) is required for subsequent interaction
with the anionic glycoproteins and phospholipids that reside on the cell mem-
brane surface. This interaction initiates the interior movement of the den-
drimer—DNA complex into the cell cytosol, either by passive transport through
membrane or by endocytosis [30]. Complexes formed without an excess
cationic surface charge do not mediate high gene transfection efficiency, which
furnishes support for the importance of the initial electrostatic interaction be-
tween the complex and cell membrane. Studies following the incorporation of
radiolabeled DNA and/or dendrimer components into cells established that the
uptake in most cells was primarily via an active endocytosis mechanism [31].
Cells preincubated with inhibitors of endocytosis (i.e. cytochalasin B and
deoxyglucose) or cellular metabolism (i.e. sodium azide) reduced the uptake that
corresponded to lower transgene expression, regardless of cell type. After being
entrapped within the endosome, complex release into the cytosol is essential
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before acidic or enzymatic DNA degradation within the endosomal/lysosomal
compartment takes place. The enhanced dendrimer-mediated transfection can
be obtained in several cell types using chloroquine, an inhibitor of endosomal
acidification.
It has been postulated that branched cationic polymers have a high buffer

capacity owing to the basic amine groups [25, 32]. This characteristic enables
dendrimers to act as a weak base and retard degradation caused by acidifica-
tion within the endosome-lysosome. A reduction in pH might also lead to
polymeric swelling within the endosome, thus disrupting the membrane barrier
of the organelle and promoting DNA and/or complex release [23, 25]. After
discharge from the endosome, DNA must penetrate the nuclear membrane for
transcription and subsequent expression to occur. Translocation into the nu-
cleus does occur within 30 min post-transfection, but the exact molecular and
cellular mechanisms that mediate these events are unclear at this time, and are
probably different for each cell type [33]. Recent studies tracing the movement
of poly(ethylenimine) (PEI)—DNA complexes within cells indicated that com-
plete separation of the polymer—DNA complex was not necessary for DNA
entry into the nucleus [34]. Therefore, it might be possible that PAMAM
dendrimers are also associated with DNA as it crosses into the nuclear
compartment.

3.3 PLASMID DNA DELIVERY

The ability of PAMAM dendrimers to associate electrostatically with polyan-
ionic DNA imparts a unique property to these polymers that enables them to
be used as a synthetic vector for delivery of genes. Other cationic vectors such
as poly(lysine), PEI, liposomes and block copolymers can also interact with
plasmid DNA, resulting in successful gene transfer in vitro [13, 35—37]. Initially
Haensler and Szoka performed studies to investigate the application of
PAMAM den-drimers as nonviral vectors for in vitro gene transfer [32]. Their
results demonstrated that complexes consisting of G5 PAMAM dendrimer and
expression plasmid DNA had enhanced transfection efficiency over naked plas-
mid DNA in many cells, particularly cell lines derived from monkey and human
neoplasms [32]. Further work from these investigators revealed that the trans-
fection observed in their experiments was improved by thermally degraded
dendrimers [23]. Thermally degraded dendrimers appear to be polydispersed in
size and structure enhance transfection efficiency when compared with the
intact G5 dendrimer. The enhanced transfection activity of the degraded poly-
mer was attributed to increased flexibility of the structure. However, the exact
structural changes that account for this have not been identified. Independent
studies by Baker and co-workers documented the efficiency of intact
dendrimers as synthetic vectors for the delivery of genetic material into cells
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Table 18.2 Cell lines transfected with PAMAM dendrimers

Cell line Cell type

Rat 2 Rat embryonal fibroblast
Clone 9 Rat liver epithelium
rat Clone B Rat mesothelium
YB2 Rat myeloma, nonsecreting
NRK52E Rat kidney epithelial-like
NIH3T3 Mouse embryonal
10� Mouse embryonal, 3T3-like, p53 deficient
EL4 Mouse lymphoma
D5 Mouse melanoma
Cos1 Monkey kidney fibroblast
Cos7 Monkey kidney fibroblast
CHO Chinese hamster ovary
HMEC-1 Human microvascular endothelium
MSU1.2 Human fibroblast
NHFF3 Normal human foreskin fibroblast
QS Human synoviocyte
HepG2 Human liver hepatoblastoma
Jurkat Human T cell leukemia
JR Human T cell leukemia
SW 480 Human colon adenocarcinoma
COLO 320 DM Human colon adenocarcinoma
SW 837 Human rectum adenocarcinoma
YPE Porcine vascular endothelial
BHK-21 Hamster kidney fibroblast-like
NHBE Normal human bronchial epithelium
SAEC Small airway epithelium
CCD-37Lu Human normal lung fibroblast
A549 Human lung carcinoma epithelial-like

[31, 38]. They used different generations of intact dendrimers to transfect plas-
mid DNA in a variety of cells (Table 18.2) using luciferase, CAT (chloram-
phenicol acetyltransferase) and �-galactosidase reporter genes to quantify trans-
fection efficiency.
In contrast to the results obtained with degraded PAMAM dendrimers, only

intact dendrimers of G5 mediated significant transfection, and this required the
addition of a dispersing agent such as (diethylamino)ethyl (DEAE) dextran
[31]. In a number of cells analyzed, typified by the rat embryonal fibroblast cell
line Rat 2, an exponential rise in transfection efficiency was observed using
G5—G10 of either NH

�
or EDA core dendrimers [31]. High transfection levels

of the luciferase reporter gene were obtained in non-adherent cells of lymphoid
lineage (i.e. Jurkat and U937) and adherent cells (COS-1 and Rat 2). Expression
levels of luciferase in Jurkat and U937 cells was one to two orders of magnitude
greater than those obtained in experiments using the commercial lipid prepara-
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tions, Lipofectamine and DMRIE-C (1,2-dimyristyloxy-3-dimethylhydroxy
ethyl ammonium bromde formulated with cholesterol) [33]. Typically, non-
viral vectors do not mediate high levels of expression in primary cell lines.
PAMAM dendrimers are highly efficient in transfecting a wide array of pri-
mary cells of various origins including human fibroblasts (HF1) and human
lung epithelial cells [31]. Each cell line reacts differently to transfection with
this agent, owing to subtle changes in physiological makeup, so the dendrimer
generation that is optimal for each particular cell line must be determined
experimentally.
The addition of other agents to the DNA—dendrimer complex can markedly

alter transfection. For example, chloroquine or cationicDEAE dextran added to
dendrimer—DNA complexes significantly increase transgene expression in a
number of cell lines [31]. DEAE dextran alters the dendrimer—DNA complex by
dispersing the complex aggregates [31]. However, it is cytotoxic and might
prevent stable gene integration.

3.4 STABLE TRANSFORMED CELL LINES

One of the most important goals of gene therapy is the transfer of genetic
material that is permanently integrated and expressed in cells. A large percentage
of cells must be transfected for a few to retain stable gene integration. This is
owing to the low efficiency of DNA integration that is observed with nonviral
vector systems (as compared with retroviruses). To overcome these problems, ex
vivo approaches have been used, in which a small quantity of tissue is removed
from the patient and the cells within that tissue are placed into culture. After
clonal expansion of the cells, transfection of the desired gene is performed in vitro.
The genetically modified cells are then returned to the patient by transplantation
or implantation to obtain a limited number of stable clones expressing the gene
[39, 40]. Transfections with calcium phosphate—DNA precipitates, DEAE—dex-
tran—DNA, or dendrimer—DNA complexes with expression plasmids carrying
both �-galactosidase and neomycin resistance genes were performed on D5
mouse melanoma cells [41]. Dendrimer—DNA complexes produced approxi-
mately 90-fold more neomycin-resistant stable clones than other complexes,
including calcium phosphate precipitation and DEAE dextran [41]. It was
demonstrated that up to one-third of the neomycin resistant colonies produced
�-galactosidase activity. This indicates that a nonselected gene was integrated
into the cellular genomic DNA and expressed. It also suggested that if cells are
transfected with dendrimer—DNA complexes in vivo, the transfected DNA will
integrate into the host chromosome and be permanently expressed [41].

BIOAPPLICATIONS OF PAMAM DENDRIMERS 451



3.5 OLIGONUCLEOTIDE DELIVERY

Antisense oligonucleotides are short, gene-specific sequences of nucleic acids,
typically 15—25 bases in length. These molecules are designed to interact with
complementary sequences on a targeted mRNA and, in principle, prevent the
message from being translated into a protein. Protein synthesis is inhibited by
initiating enzymatic degradation of the mRNA by RNAse H or by interfering
with ribosomal reading of the message to form the encoded protein [42]. There
are approximately 10 different phosphorothioate oligonucleotides that are pres-
ently being tested in human clinical trials [42]. Additional experiments have also
demonstrated that some antisense oligonucleotides can inhibit gene expression
selectively [43]. The biological effect of an oligonucleotide will ultimately corre-
spond to its intracellular concentration and the rate of degradation. One of the
primary difficulties associated with the delivery of antisense nucleic acids is
obtaining a sufficient intracellular concentration. The second problem is preven-
ting its rapid degradation by cellular endo- and exonucleases. Methods such as
enhancing the chemical stability through modifications of the phosphodiester
bond attempt to increase the half-life of the oligonucleotide [44]. Other tech-
niques aim to increase cellular uptake, including the use of high initial concentra-
tions, use of cationic lipids as carriers and microinjection [44—46]. However,
these methods have encountered various problems associated with their use in
vivo. Therefore, more efficient delivery systems are needed to achieve successful
applications of antisense technology.
Recent studies by Bielinska et al. have shown that PAMAM dendrimers can

be complexed to antisense oligonucleotides or plasmid expression vectors coding
antisense mRNA, to inhibit specific reporter luciferase gene expression by 30%
to 60% (Figure 18.8) [38]. These results were obtained in several stable cell
clones that demonstrated long-term luciferase expression of cDNA from mouse
melanoma (D5) and rat embryonal fibroblast (Rat 2) cells. The wide variety of
inhibition depends onDNA concentration, charge ratios of the dendrimer—DNA
complex and generation of dendrimer used in the particular study. Specific
inhibition of gene expression is obtained in picomolar concentrations with
dendrimer delivery. When Bielinska et al. attempted to use Lipofectamine (Life
Technologies, Gaithersburg, MD, USA) a commercial liposome preparation,
consistent results were not obtained because of cytotoxicity. Dendrimers were
not cytotoxic at the concentrations required for gene delivery [38]. Oligonuc-
leotide stability is required for successful inhibition of gene expression through
antisense application. Exposure of ‘naked’ oligonucleotide leads to its rapid
degradation in serum and endosomes, or by cellular enzymes. An increase in
phosphodiester oligonucleotide stability occurs when such oligonucleotides are
complexed with dendrimers [38]. A later study was performed evaluating
PAMAM dendrimers as an adjuvant to enhance the delivery of antisense phos-
phorothioate deoxyoligonucleotides (PODN) directed against chloramphenicol
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Figure 18.8

acetyltransferase (CAT) in Chinese hamster ovary (CHO) cells [47]. The level of
antisense inhibition could be modulated as a function of DNA concentration,
and by generation of dendrimer and dendrimer—DNA charge ratio. The use of
G5 dendrimers resulted in a 35—40% reduction in CAT expression. G3 (EDA
core) dendrimers also enhanced PODN uptake 50-fold in human astrocytoma
cells (U251) and improved delivery to the nucleus [48]. Other transfection
studies achieved targeted gene expression inhibition in nano- to micromolar
oligonucleotide concentrations [49—51]. Thus the complexation of oligonucleot-
ides with dendrimers might enable DNA delivery in a manner that could lead to
in vivo uses for a variety of regulatory nucleic acid applications.

3.6 ENHANCEMENT OF IN VITRO GENE DELIVERY

The major limitation of nonviral-based gene delivery is low transfection effi-
ciencywhen comparedwith viral vectors. Various techniques have been develop-
ed in an attempt to increase the quantity of therapeutic genes delivered intracel-
lularly, including mechanical enhancements such as electroporation, the gene
gun and membrane permeability enhancers [52—59]. It has been demonstrated
that pulmonary surfactants increase in vitro adenoviral-mediated gene transfer,
but have the reverse effect when used in conjunctionwith cationic liposomes [58,
60]. Recently, Exosurf Neonatal“ (GlaxoWellcome, Research Triangle Park,
NC, USA) a commercialized pulmonary surfactant preparation used for treat-
ment of neonatal respiratory distress syndrome, was investigated for enhance-
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ment of dendrimer-mediated transgene expression in vitro [61]. Exosurf
Neonatal“ is a mixture of three components: dipalitoylphosphatidylcholine
(DPPC), tyloxapol and cetyl alcohol.
Studies with Exosurf Neonatal“ have demonstrated a significant enhance-

ment in luciferase reporter gene expression in a variety of cells, including primary
cells of different origins [61]. Primary human lung epithelial (NHBE) and
porcine vascular endothelial (YPE) cells showed the highest enhancement with a
41.4- and 25.3-fold increase in luciferase expression, respectively, over the control
[61]. Exosurf Neonatal“ also significantly enhanced luciferase expression in a
nonadherent lymphoid Jurkat cell line by 11.5-fold over control [61]. Jurkat
cells are historically difficult to transfect by nonviral transfection techniques. It
was determined that tyloxapol, a formaldehyde polymer of a polyoxyethylene
condensate of p-(1,1,3,3-tetramethylbutyl)phenol,was the sole component induc-
ing the den-drimer-mediated expression enhancement [61—63]. Tyloxapol is also
classified as a nonionic surfactant. Substitution of Exosurf Neonatal“ with
tyloxapol in transfection experiments produced comparable transfection enhan-
cement, while DPPC and cetyl alcohol alone had no effect [61]. Tyloxapol did
not induce significant toxicity at concentrations required for enhanced transgene
expression (0.25—0.50 mg/ml) [61].
Surfactants are commonly used as absorption enhancers and typically act by

destabilizing the cell membrane [64—67]. Initial studies seeking the mechan-
ism(s) of tyloxapol-mediated enhancement have been performed, but the mech-
anism has not been completely defined (J. D. Eichman, unpublished). Membrane
permeability studies measuring intracellular enzyme release (i.e. lactate dehyd-
rogenase; LDH) and fluorescent marker leakage (i.e. fluorescein diacetate) and
uptake (i.e. propidium iodide) indicated in part an enhancement of permeability
[61]. Preincubation of cells with tyloxapol with subsequent washing prior
to transfections was shown to elevate transgene expression (A. U. Bielinska,
unpublished). This indicates that tyloxapol might temporarily activate certain
cell membrane properties, which promote DNA uptake even after surfactant
removal [61].

4 DNA DELIVERY IN VIVO

Many human diseases, including cancer and inherited illness such as cystic
fibrosis are caused by genetic disorders. The progress in biotechnology, such as
being able to synthesize DNA constructs containing genes of interest, has
effected dramatic changes in therapeutic agents. Recent advances in molecular
biology leads to greater understanding of the molecular genetic basis for human
diseases, as well as the promise for the development of novel treatment through
gene therapy [68]. The feasibility of using gene therapy to correct human genetic
disorders has led to a flurry of excitement in both the scientific community and
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biotechnology industry [68, 69]. However, a major obstacle for successful in vivo
gene therapy has been the absence of suitable DNA delivery vectors [70]. The
therapeutic application of genes requires non-toxic, cost effective methods for
gene delivery that are safe, non-immunogenic and provide producible levels of
the gene products [71]. Viral vectors such as adenovirus are highly efficient for
gene transfer and have been used for various clinical trials such as cystic fibrosis
[72, 73]. However, a number of problemswith the adenoviral vector have limited
its use. The major drawback is immunogenicity associated with the adenovirus
that may have played an important role in the recent death of a patient enrolled
in a gene therapy clinical trial. Owing to the potential limitations of viral vectors,
non-viral in vivo strategies that employ plasmid DNA encoding a target gene are
seen to be a promising alternative. Cationic lipids have been used in gene delivery
to the lung. However, an inflammatory response to the lipid limits its use [74].
PAMAM dendrimers have recently been tested as a synthetic vector system for
gene therapy to the lung [75].
Poly(amidoamine) (PAMAM) dendrimers, as well as other families of den-

drimers are finding utility in a wide variety of uses, from particle size standards to
a number of biological applications [5]. In order for PAMAMdendrimers to be
useful for in vivo applications, studies establishing various parameters such as
pharmacokinetics and biocompatibility are necessary. The criteria for choice of
carrier molecules can be summarized as follows. The carrier should be (1)
non-toxic, (2) non-immunogenic, (3) biocompatible, (4) have adequate functional
groups for chemical fixation, (5) limited body accumulation and (6) maintain the
original drug activity until reaching the site of action.

4.1 IN VIVO TOXICITY

Evaluation of dendrimer toxicity was recently performed utilizing specific patho-
gen-free, female CBA/Jmice. Themice were injected intravasculary (i.v.) withG5,
G7 or G9 EDA PAMAMs dissolved in physiological saline at doses of 10, 50,
100, 200, 300, 600 �g/mice. Control animals received saline alone. The animals
were observed for behavioral abnormalities, activity level and eating/drinking
behavior. Dendrimers were injected every four days up to four times per mouse.
Changes in body weight over the 30-day observation period were recorded as a
measure of overall health. Groups of mice were sacrificed on days 4, 8, 16, 20 and
30 after treatment. Results indicated that dendrimer toxicity is dependent on
both the concentration and polymer generation. High doses of G5 EDA (200
�g/mouse) and G7 EDA (300 �g/mouse) dendrimers showed signs of toxicity.
Tissue pathology and toxicity studies with G9 EDA dendrimer i.v. administra-
tion up to 600 �g/mouse has not indicated lung inflammation and pneumoni-
tis. Dendrimers also did not induce an immune response when administered
alone or in combination with adjuvant [76].
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4.2 BIODISTRIBUTION

Biodistribution of G3 and G4 ���I-labelled PAMAM dendrimers after adminis-
tration by intravenous (i.v.) or intraperitoneal (i.p.) routes accumulated primarily
in the liver (60—90%) with only 0.1—1.0% of the recovered dose detected in the
blood after 60 min in Wistar rats [77]. This distribution is different from that
obtained with studies using i.v. delivery of generation 3, 5 and 7 on Swiss-
Webster mice. G3 dendrimers showed the highest accumulation in the kidney,
with G5 and G7 dendrimers mainly localized in the pancreas [76]. The differen-
ces between the studiesmay be attributable to the choice of animal model and/or
dendrimer generation used. When dendrimers interact with DNA to form com-
plexes of varying charge ratios, complex distribution patterns would be expected
to be entirely different from that obtained for naked dendrimer administration.
This is due to changes in the size, density and surface charge of the complex
compared to individual dendrimer molecules. To date, the in vivo distribution
patterns of dendrimer/DNA complexes have not yet been established.

4.3 EXPERIMENTAL TRIALS

A number of experimental in vivo gene therapy trials on animals using PAMAM
dendrimers are in their preliminary stages. Numerous in vivo experiments are
currently being conducted in order to optimize the dendrimer generation, con-
centration, and complex charge ratio to obtain optimal transfection efficiency.
Complexes of dendrimer and DNA have been administered to the lungs of

mice and rats by intranasal delivery. Preliminary results have indicated that
administration by this route may not led to optimal gene expression when
compared to ‘naked‘ DNA delivery [78]. Polymerase chain reaction (PCR)
confirmed long-term plasmid DNA survival when complexed with dendrimer.
Amplification was performed directly with lung homogenate and/or nucleic
acids isolated from lung tissue [33]. Semiquantitative PCR of plasmid DNA
removed from lung tissue showed up to a 10�-fold increase in its survival when
complexed with dendrimer than when plasmid DNA was administered alone.
Recently, i.v. delivery of dendrimer/DNA complexes was evaluated on mice.

When delivered by i.v. administration, the greatest amount of gene expression in
Balb/C mice has been obtained in the bronchial and alveolar regions of the lung
[75]. It is also possible that in vivo targeted gene delivery using antibody-
conjugated dendrimers may eventually be achieved. Antibody—dendrimer conju-
gates have already been used in tumor imaging, diagnostics and radioim-
munotherapy [79, 80] More recently, dendrimers were investigated as a method
to increase plasmid DNA gene transfer in a murine cardiac transplantation
model.
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4.4 GENETIC APPROACHES TO THE THERAPY
INFLAMMATORY AND FIBROTIC LUNG DISEASE

Pulmonary diseases are present in a heterogeneous group of lung disorders of
known or unknown etiology. Gene therapy has been a useful tool against these
diseases for a variety of reasons. First, the genetic basis for lung cancer and
common inherited pulmonary disease such as cystic fibrosis has been identified.
Secondly, there are no effective therapies for many lung diseases, especially for
chronic inflammatory lung diseases such as idiopathic pulmonary fibrosis (IPF).
IPF is a progressive disease resulting in respiratory failure. Recent progress in
understanding the pathogenic mechanisms of lung fibrosis has provided insights
into the inflammatory process underlying this disorder. IPF is commonly char-
acterized by inflammation of the alveolar wall leading to disruption of the
normal alveolar architecture and interstitial as well as intra alveolar fibrosis. The
process involves cellular interactions via a complex cytokine network and
heightened collagen gene expression with abnormal deposition in the lung.
Recent studies have identified a myriad of cytokines with potential roles in
pulmonary fibrosis (PF) including transforming growth factor �

�
(TGF�

�
),

tumor necrosis factor � (TNF-�), platelet derived growth factor (PDGF), inter-
leukin 5 (IL-5), and IL-8. Of the investigations so far, the TGF�

�
family has the

most potent stimulatory effect on extracellular matrix deposition. TGF�
�
stimu-

lates fibroblast procollagen gene expression and protein synthesis. The murine
model of bleomycin induced lung fibrosis, increased TGF�

�
gene expression and

collagen elevation. This information provides a rational basis for developing
anticytokine agents. Furthermore, recent studies have shown that in vivo admin-
istration of antisense oligonucleotides (ONDs) against TGF�

�
reduced malig-

nantmesthelioma tumor growth in mice. Antisense ODNs can block the transla-
tion of particular gene products within cells and represent a unique method of
specifically inhibiting the effects of target proteins in the cells. The ability of the
antisense technique to down-regulate the expression of specific genes is well
documented both in vitro and in vivo. In animal models, gene transfer was
achievedwith a variety of vectors such as lipids, virus or naked plasmidDNA. In
a recent study, Baker et al. investigated the ability of G9 (EDA core) dendrimers
complexed with TGF�

�
ODN to inhibit pulmonary fibrosis in a well-character-

ized model of bleomycin induced pulmonary fibrosis utilizing CBA/J mice.
Intravenous G9 (EDA core) dendrimer/TGF�

�
antisense ODN complex admin-

istration caused a significant reduction in lung fibrosis as indicated by TGF�
�

mRNA suppression and inhibition of lung hydroxyproline contents, collagen
synthesis, cytokine expression and pulmonary eosinophilia. Administration of
either TGF�

�
antisense ODNs alone or sense oligos complexed to G9 EDA

dendrimers did not produce an equivalent inhibition in pulmonary fibrosis
indicators. These results suggest the possibility for in vivo use of dendrimer
vectors with antisense ODNs to combat pulmonary fibrosis as well as other
diseases.
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5 CONCLUSION

PAMAMdendrimers are a highly efficient non-viral vector for gene delivery into
numerous cell lines in vitro and in vivo. Results obtained from in vitro studies do
not always correlate to similar observations obtained in the in vivo experiments.
The use of dendrimers for in vivo gene delivery is in its initial stages with studies
primarily focusing on optimizing localized transgene expression. The ability of
certain dendrimer generations to transfect cells without inducing biocompatibil-
ity issues or toxicity confers a significant advantage over other gene delivery
vectors for use in vivo. Preliminary studies delivering plasmid DNA and anti-
sense oligonucleotides in mice for gene therapy in cancer, pulmonary fibrosis and
other diseases have resulted in a positive outlook for the future use of dendrimers
as an in vivo synthetic gene delivery vector.
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Dendrimer-based Biological
Reagents: Preparation and
Applications in Diagnostics
P. SINGH
Dade Behring Inc., Newark, DE, USA

1 INTRODUCTION

Ever increasing demands on the healthcare industry offer challenging opportuni-
ties for producing products that are not only more cost effective and outperform
existing products, but also provide ready access to a variety of new biological
and analytical reagents. To achieve this goal it is necessary to explore emerging
technologies that can provide a broad family of products from common sets of
reagents and methods.
All commercial reagents, whether synthesized, isolated from natural sources

or prepared by a combination thereof mustmeet rigid performance requirements
for application to in vitro diagnostic test kits and for clearance by regulatory
agencies. A number of criteria must be fulfilled for broad acceptance of these
reagents, especially if the reagents or the components thereof represent new and
novel synthetic structures or possess unique properties. These synthetic ma-
terials must have the following characteristics:

1. Ease of preparation in commercial quantities.
2. Defined lot-to-lot purity.
3. Defined structure with minimum inclusion properties to prevent preferential

adsorption of specific components from plasma or serum.
4. Structural flexibility relative to functional groups and their placement.
5. Reasonable cost.

Starburst dendrimers��, commonly referred to as dendrimers [1, 2] can fulfill all
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of these requirements as reagents or components thereof for any commercial
application, including in vitro diagnostics. The dendrimers are synthetic, novel
water-soluble polymers [1] with a well-defined architecture. These polymers
have defined molecular weights, nanoscale molecular size (10—150 Å diameter)
and a high density of surface functional groups.

2 ANALYTE-ANTIBODY INTERACTIONS

The selective binding of antigens with specific antibodies is routinely utilized in
performing nonisotopic solid phase immunoassays. These techniques are used to
measure circulating levels of a number of markers utilized in management of
patients with specific clinical symptoms. For example, measurement of circula-
ting levels of myoglobin, creatine kinase and Troponin I have been shown [3] to
provide valuable diagnostic information for the evaluation of patients with chest
pain and suspected heart trauma. This is particularly true in situations where
other tests such as EKG do not provide a clear diagnosis.
Immunoassays fall into two broad categories; namely, ‘homogeneous’ and

‘heterogeneous’. A homogeneous assay system involves reactions carried out in
an aqueous monophasic solution. Both the reactants and the products formed
are present in a homogeneous phase in this format. As expected, in this mode of
immunoassay, equilibrium is often achieved quickly. The procedures for per-
forming these assays are simpler and the reagents employed are generally less
expensive than heterogeneous assays. Homogeneous assays do not require sep-
aration of free analyte from the analyte—antibody complex on a solid phase and
are thus devoid of artifacts resulting from nonspecific binding of analytes or
plasma proteins to solid surfaces. In addition, the reagents utilized for a homo-
geneous system are adaptable to a large number of automated systems.
The alternative heterogeneous system involves separation of the antibody-

antigen complex on a solid phase. Heterogeneous assays are inherently higher in
analytical sensitivity but can require longer incubation times, multiple wash
steps and more complicated instrumentation, especially in automated systems.
Many current immunoassay formats are limited either by high background
signals as in homogeneous immunoassays or by rate-limiting incubation times as
in heterogeneous immunoassays.

2.1 SOLID PHASE IMMOBILIZATION OF IMMUNE COMPLEXES

Anumber of automated systems, e.g. Stratus“CS (Dade Behring), IMx“ (Abbott
Laboratories) and COBAS“ core II (Roche Diagnostics) are now commercially
available for quantitation of a large variety of analytes of clinical significance. An
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essential feature, common to all these systems, is the solid-phase immobilization
of an immunoreactive component, such as an analyte-specific antibody known
as the primary or capture antibody. In the Stratus“ technology [4] the capture
antibody is immobilized onto a glass fiber matrix through passive adsorption of
a double-antibody immune complex. The resulting solid phase is referred to as a
‘tab’. In the double-antibody technique, carefully titrated amounts of the capture
antibody are mixed with a secondary antibody, specific for the Fc region of the
primary antibody. The secondary antibody employed depends on the nature of
the primary antibody utilized for the specific assay, e.g. goat anti-mouse anti-
body or goat anti-rabbit antibody would be utilized if the primary antibody is a
mouse monoclonal or a rabbit polyclonal antibody, respectively. This technique
has proven to be versatile as demonstrated by the immense assay menu for a
large variety of analytes that have been successfully commercialized using this
technology.
Despite extensive efforts toward covalent immobilization on the solid phase,

surface adsorption is still the most widely usedmethod for immobilization.Most
adsorptions are carried out by empirically adjusting conditions to avoid or
minimize immunoreactivity loses. Other factors that may affect the success of
immobilization include: (1) limited surface area availability, (2) nonuniform
distributions of the immune complexes on the solid phase; (3) the nature of
random absorption of the immunoreactive species on the solid surface.
From a manufacturing standpoint, preparation of the double-antibody im-

mune complex can be very labor intensive. For optimal manufacturability and
analytical performance of this system, it is important to have a secondary
antibodywith a moderate to high affinity so that a mixture of immune complexes
of appropriate molecular weights is formed. The molecular size and shape of
complexes formed depends on a number of parameters, such as temperature,
buffer characteristics, ionic strength and the presence of other solution compo-
nents such as detergents. These conditions must be carefully controlled or else
species of very high molecular weight could be formed due to temperature or
buffer interactions. Lot-to-lot variability in the primary and secondary antibody
rawmaterials can also affect the solid phase performance if not properly control-
led.
In order to develop a process that is more robust and free from some of the

limitations of the double-antibody concept, various methods have been explored
to immobilize the primary antibody onto the solid phase. Covalent immobiliz-
ation of the immunoreactive species directly on a solid support would have the
distinct advantage of overcoming the capacity limitations and the possible
molecular changes that can take place before or after immobilization. However,
this mode has not been widely utilized due to lack of successful and reproducible
methods of covalent attachment. A further complication is the uncontrollable
heterogeneity of the solid supports used currently for immobilization. Realizing
these limitations, the approach used for Stratus“ has been to choose a design
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based on strong electrostatic interactions between the solid phase and well-
characterized chemically modified immunoreactive species.

2.2 USE OF DENDRIMERS AS PROTEIN (IgG) REPLACEMENT

Of the several methods tested, the most promising results have been obtained
when the primary (capture) antibody is covalently coupled to a dendrimer. An
optically clear solution of this dendrimer-coupled antibody can either be applied
directly to the tab or premixed with the patient’s sample, in a competitive
manner, prior to immobilization on the tab. This chapter describes results on
the preparation and applications of dendrimer-coupled protein complexes in
immunodiagnostics. For this application both a single protein and multiple
proteins have been coupled onto dendrimers and the advantageous performance
of these complexes in an immunoassay system has been demonstrated. In
addition, utilization of dendrimer-based reagents in analysis of oligonucleotides
is provided as an example of broad capability of these reagents for diagnostic
testing.

3 A COMMERCIAL EXAMPLE OF DENDRIMER-PROTEIN
CONJUGATE-BASED REAGENT TECHNOLOGY

Commercial application of the dendrimer-based reagent technology has been
demonstrated by the successful development of The Stratus“ CS STAT
fluorometric analyzer [5] marketed by Dade Behring Inc. This rapid automated
point of care immunoassay system provides quantitative analysis of whole blood
or preprocessed plasma samples via unit use assay test packs. Up to four test
packs can be introduced for each sample. All reagents [5—9] required for
specimen analyses are contained within the test packs.
The Stratus“ CS system utilizes some of the technology that was originally

developed at Dade Behring for the Stratus“ family of immunochemistry ana-
lyzers. These analyzers utilize a patented technology referred to as radial parti-
tion immunoassay (RPIA). In its most common form, RPIA [4] is performed by
using a reaction zone created by immobilizing the capture antibody, as a
double-antibody immune complex, onto a glass fiber matrix. In the sandwich
assay format for large molecular weight analytes, such as proteins, sample and
enzyme—antibody conjugate are then applied to the reaction zone in a sequential
fashion. The enzyme, calf-intestinal alkaline phosphatase, is coupled to the
antibody that may be the same or different from the primary antibody, depend-
ing on the nature of the primary antibody. After controlled incubations, the
unbound reactants are then removed via application of a substrate-wash fluid.
The wash fluid partitions these unbound components into an area outside the
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reaction zone, where they cannot be detected. The amount of labeled material
remaining in the reaction zone is then quantified by front surface fluorescence
measurement of umbelliferrone that is produced by enzymatic hydrolysis of
umbelliferryl phosphate. The fluorescent signal is related to the concentration of
a sample by reference to a standard curve generated with calibrators.
The RPIA technology has been enhanced in the Stratus“ CS system by

utilization of a dendrimer—antibody complex in which the analyte-specific cap-
ture antibody is covalenty coupled onto a dendrimer. The test packs in the Stratus“

CS system include dendrimer—capture antibody complex reagent, the alkaline
phosphatase labeled antibody conjugate reagent, the substrate-wash reagent and
a piece of glass fiber filter paper as the solid phase. Preparation and unique
properties associated with these dendrimer-coupled antibody complexes are
described below.

4 DENDRIMER-COUPLED ANTIBODY COMPLEXES

4.1 PREPARATION

Dendrimers are synthetic ‘structure controlled core—shell’ macromolecules pre-
pared by a repetitive two-step reaction series, involving a methyl acrylate—
ethylenediamine reaction sequence. This produces precise mathematically de-
fined shell arrays of �-alanine around an intitator core molecule such as ammo-
nia or ethylenediamine. This two-step reaction is repeated to provide successive
shells and higher generations of these polymers. One set of reactions represents
each generation [1] thereby producing an amino-terminated full generation
dendrimer. The carboxy-terminatedhalf-generation dendrimers are produced by
base hydrolysis of the intermediate methyl ester obtained after reaction with
methyl acrylate.
The dendrimers have been derivatized with a number of heterobifunctional

crosslinking agents. These derivatized dendrimers have been well characterized
for their reactive group contents using a number of physical and chemical
methods [10]. Free amino groups in the full generation dendrimers react almost
instantly with a solution of sulfosuccinimidyl-(4-iodoacetyl)-amino-benzoate
(sulfoSIAB) in water to introduce the electrophilic phenyliodoacetamido groups
[11]. The activated dendrimers are then coupled to a molecule of interest, e.g. a
protein such as an antibody or a small molecular weight hapten such as a drug.
The general method of covalent coupling of the primary antibody with the
fifth-generation ethylenediamine, EDA core dendrimer (E5), to produce a den-
drimer—antibody complex (E5—Ab), involves dithioerythritol (DTE) reduction of
the disulfide groups present in the hinge region of the antibody molecule. The
free sulfhydryl groups that are thus generated are used for coupling with the
phenyliodoacetamido groups that had been incorporated in the dendrimer
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molecule by reaction with sulfoSIAB. This series of reactions is shown in
Scheme 1.

Scheme 1

4.2 PERFORMANCE AS A REAGENT ON STRATUS“ SYSTEMS

4.2.1 Heterogeneous Assay Format

For immunochemical evaluation of dendrimer-coupled antibody complex, a
buffer solution of the chromatographically pure E5—Ab stock was diluted and
stored in a spotting buffer [12]. The spotting buffer is comprised of TRIS with
added detergent and protein as stabilizers. All performance results described
here were obtained using the storage/spotting buffer, although this system has
not been optimized for each case of the modified antibody. These evaluations
were carried out on Stratus“, Stratus“ II or Stratus“ Intellect automated
fluorometric enzyme immunoassay systems, depending on the experimental
design and instrumental capability.
Initial studies showed that to achieve response comparable to Stratus“ II

double-antibody system, at a reasonable protein concentration, the fifth-gener-
ation (N5, ammonia core) dendrimer (diameter size, 53 Å) was most preferable
for coupling. A lower-generation dendrimer (G� 2, 23 Å) gave about 40% as
much signal as the 53 Å dendrimer. Higher generation dendrimer (95 Å) gave
about the same signal as that obtained from the 53 Å particles. This result
suggested that a certain size (thus determining the number of reactive functional
groups) and/or shape of the particles was essential for the optimumperformance.
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Comparative evaluation of anti-human thyroid stimulating hormone (hTSH)
antibody, bound to the fifth-generation ammonia core (N5) or the fifth-gener-
ation ethylenediamine core (E5) dendrimer (1), did not show any differences in
either the effective protein concentrations or the shape of the dose-dependent
response curves (calibration curves) as determined from the recovery of standard
controls. All the other experiments described here were thus carried out with the
fifth-generation (i.e. dia.� 70 Å) particles of ethylenediamine core (E5) de-
ndrimers. The later particles were selected for their ability to be produced
reproducibly on a large scale.
The fifth-generation dendrimers (i.e. (N5) and (E5)) possess a globular shape,

high solubility in water and molecular size roughly equivalent to the Fc region of
an IgG class antibody [1]. In essence they appear to function as ‘artificial
proteins’ in this particular application. The terminal amino groups in a de-
ndrimer possess unusually high chemical reactivity [13] and high positive charge
density at physiological pH. The E5—Ab complexes have unique solubility in
aqueous buffers, high charge density, high affinity and specificity. These com-
plexes provide for better presentation and functionality of the capture antibody
on the glass fiber solid surface used in the assay. This in turn leads to more
efficient capture of the specific analyte in question. In addition, these compounds
have the important ability to remain in solution throughout the course of an
analytical procedure allowing for flexibility in assay procedures. Application of
reaction mixtures containing these antibody—dendrimer complexes onto nega-
tively charged surfaces such as glass fibers showed very tenacious absorption
presumably by means of electrostatic interaction through the dendrimer compo-
nent of the antibody complexes.
The relative performance of a number of the E5—Ab complexes immobilized

on the solid phase was studied by substitution of the corresponding classical
double-antibody complexes with the dendrimer-based reagents. All other assay
procedures and reagents, except the solid phase, were utilized from the Stratus“

system without any changes. Analyses of creatine kinase MB-isoenzyme
(CKMB) and hTSH were selected as test cases for initial technical feasibility
demonstration. Data for CKMB and hTSH [12, 14] show that even without
extensive optimizations, dose-dependent response curves [12] can be generated
with the analyte-specific antibody present in the corresponding E5—Ab com-
plexes immobilized on the solid phase. The shapes of these curves generated by
the E5—Ab complexes immobilized on the solid phase were found to be very
similar to those generated by the commercial reagents available on Stratus“

system utilizing double-antibody immune complexes. The similarity in shapes of
the calibration curves was also confirmed from the identical recovery of the
standard serum-based control samples [12]. An additional advantage, observed
by solid- phase immobilization of the E5—Ab complex, was a 40—50% reduction
in the amount of the primary antibody requirement (Table 19.1) to perform these
two assays on the Stratus“ system.
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Table 19.1 Primary antibody requirements to perform a test (�g/ test)

Assay
Double-antibody E5—Ab complex [12]
Immune Complex Solid phase Solution phase
(4) format [12]� format [12]�

hTSH 3.8 2.3 0.76
CKMB 2.3 1.2 0.38
Myoglobin 3.75 0.17
T4 0.023 0.0095
Troponin I 10.0 0.05

� A buffered stock solution of the complex was prespotted on the tab. The dry tab with
preimmobilized E5—Ab complex was then utilized to perform the assay.
� At the time of assay a buffered stock solution of the complex was spotted on the tab
either by itself or as a mixture with the analyte depending on the specific assay format.

After the initial feasibility demonstration of this concept for the analysis of
CKMB and hTSH utilizing a sandwich assay format, this concept was extended
further to analyze sampleswith other possible assay formats. For smallmolecular
weight analytes, such as drugs, E5—capture antibody complex was mixed with
sample and a derivative or analog of the analyte modified with alkaline phos-
phatase (an enzyme conjugate). The sample analyte competes with the enzyme
conjugate forbinding siteson theE5—captureantibody.Themixture is transferred
to the Stratus“ tab where the E5—capture antibody becomes immobilized in the
central portion of the solid phase, where the enzyme conjugate bound to immobi-
lizedE5canbequantified.This liquidphase formatcanbe runasasequentialassay
aswell, as is showninFigure19.1, foranassaytodeterminethyroxine (T4). In some
instances the capture antibody may be an expensive reagent where procedural
losses due to purification and coupling onto E5 are cost prohibitive. For these
cases the anti-capture antibody (secondary antibody) has been coupled with the
den-drimer. This dendrimer—secondary antibody may be prespotted onto the
solidphaseor it canbespottedonto the tabat the timeofperformingtheassay.The
capture antibody can then be used in the liquid phase in either a competitive or
sequential mode. Upon transfer to the Stratus“ tab the primary antibody is
captured by the secondary antibody—dendrimer complex. Alternatively, the
capture antibody can be precomplexed to the dendrimer—secondary antibody
complex and be prespotted, spotted during the assay or used in the liquid phase.
Also, a format has been developed in which the derivatized analyte instead of the
antibody is linked to the dendrimer. Here, dendrimer—analyte is mixed with
patient sample and the capture antibody, resulting in a competition between the
dendrimer-analyte and patient sample analyte for the capture antibody binding
sites. The composite mixture is applied to the tab where the primary antibody
associated with the dendrimer-hapten will remain fixed to the center of the tab
afterapplication.Captureantibody is thenquantifiedby the separateadditionof a
secondary antibody-alkaline phosphatase conjugate. This format is useful for
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Figure 19.1 Dose-dependent response curve for thyroxine (T4) assay using
E5–Ab and double-antibody immune complex. Solutions (20 �L) of the reference
samples containing 0.0 to 25.0 �g/dL T4 were mixed with 180 �L of the releasing
solution. Fractions (132 �L) of thismixturewere combinedwith 38 �L of an E5–Ab
solution. After standard incubation, 76 �L of this mixture was spotted on a blank
Stratus“ tab. Incubation times and reagent volumes used for the rest of the
reagents, such as the conjugate and the substrate wash, were identical to those
defined for an existing T4 assay on Stratus“

assays where the reaction buffer has a composition designed to extract a binding
partner, but also has deleterious effects on the alkaline phosphatase conjugate.
Standard curves demonstrating required analytical sensitivity and range were

obtained for ferritin, myoglobin and prostate specific antigen (PSA) using a
sandwich assay format, for digoxin and cortisol with a sequential format, and
testosterone and folate with a competitive format. In all these cases, only the
capture antibody reagent, coupled onto E5, was changed while keeping all other
reagents and assay parameters constant.

4.2.2 Enhanced Assay Formats

Reactions performed in a true homogeneous solution are expected to follow the
law of mass action. In such cases, the binding reactions would reach equilibrium
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Figure 19.2 Kinetics of reaction of E5–Ab complex in a CKMB assay. A 132 �L
solution of CKMB containing 128 ng/mL of the analyte was mixed with 38 �L of
the E5–Ab complex containing various known concentrations of the antibody.
After incubation for a fixed period of time the mixture was spotted on a Stratus“

tab. Prior to addition of the substrate wash, a 60s incubation was carried out on
the solid phase with the Ab–ALP conjugate containing 360 ng/mL of the protein.

sooner by increasing the concentrations of the solution phase reactants. This was
indeed found to be the case as is shown in Figures 19.2 and 19.3. Figure 19.2
shows a time-dependent effect on response observed from solutions containing
various concentrations of an E5—Ab complex. For this study, an anti-CKMB
antibody was coupled onto E5. This figure shows that after 10—60s of incuba-
tions, the response measured as indication of the analyte—antibody complex
formation was dependent on the concentration of the E5—Ab complex. It is clear
that a 30 s incubation between the analyte and E5—Ab (at 100—150 �g/mL) was
required to capture the maximum amount of analyte.
A similar effect is observed when increased concentrations of the Ab—ALP

conjugate were utilized to study the time-dependent effect on response, while
keeping other reagents and their incubations constant. At any fixed time interval,
the response observed (Figure 19.3) was found to be directly dependent on the
protein concentration of the Ab—ALP conjugate.
This study suggests that by increasing the concentration of the reactants in
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Figure 19.3 Kinetics of reaction of Ab–ALP conjugate. A 132 �L solution of
CKMB containing 128 ng/mL of the analyte was incubated for 20s with 38 �L of
the E5–Ab complex containing 150 �g/mL protein. The mixture (76 �L) was
spotted on a Stratus tab followed by addition of 45 �L of a solution of the Ab–ALP
conjugate containing defined concentration of the protein

solution it should be possible to drive the binding reactions to completion
sooner. This was indeed found to be the case [12]. It was thus possible to mix the
samplewith a solution of E5—Ab followed by completion of the assay on the glass
fiber solid phase. Here rapid partition to remove the interfering components
takes place followed by generation of a fluorescence signal dependent on the
analyte concentration.

4.2.3 Performance Advantages of E5–Ab Conjugates

The flexibility to perform the analyte—antibody reaction in a homogeneous
solution followed by separation of the unbound reactants on a solid phase offers
new advantages. These advantages had previously been available only indepen-
dently in the homogeneous and heterogeneous assay formats, respectively. Such
a system would be expected to provide high speed, typical of a homogeneous
system, and increased analytical sensitivity observed normally with a heterogen-
eous assay system. This was indeed found to be the case when dendrimer-based
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Table 19.2 Sensitivity determination with analyte-specific primary antibody in the
form of a dendrimer complex or a double-antibody immune complex

Assay

Minimum detectable dose

E5—Ab� Double-Ab immune complex�

hTSH 0.01 �IU/mL 0.05 �IU/mL
CKMB 0.14 ng/mL 0.40 ng/mL
Myoglobin 0.05 ng/mL 0.37 ng/mL
Troponin I� 0.03 ng/mL 0.80 ng/mL

� Determined on Stratus“ II by the solution phase format [12].
� Determined on Stratus“ II as described by Giegel et al. [4].
� Determined on Stratus“ CS by Heeschen et al. [25].

protein reagents were utilized to perform immunoassays. Thus, it has been
possible to complete an assay for CKMB and hTSH in half the time [12] it would
normally take with the heterogeneous system. During this work there was an
indication that it would be possible to reduce further the time taken to complete
an assay on an appropriately designed automated analytical instrument. A
threefold to 27-fold increase in sensitivity has also been achieved (Table 19.2)
when an E5—Ab reagent is utilized to replace the classical double antibody
immune complex.
In nearly all cases studied, the amount of primary antibody required in the

E5—Ab complex to perform an assay has been found to be substantially less than
that required for the double antibody immune complex format. This was found
to be the case (Table 19.1) when the E5—Ab complex was either directly immobi-
lized on the solid phase, to imitate the double-antibody immune complex format,
or utilized in a solution phase format [12].

4.3 STABILITY OF DENDRIMER–ANTIBODY CONJUGATES

4.3.1 Real Time Storage

For long- term storage, antibody solutions are often kept frozen at a temperature
of � 20°C or lower. Successful application of dendrimer-based reagents in
immunodiagnostics would require that a dendrimer-coupled antibody complex
must maintain its immunoreactivity under similar storage conditions. To evalu-
ate stability under these conditions, aliquots of the antibody-coupled dendrimer
complexes in solution were stored at various temperatures and performance of
these solutions were examined. Figure 19.4 shows the results with dendrimer-
coupled anti-hTSH antibody after defined time intervals. The dendrimer-
coupled antibody solutions, stored for one year at 4°C or at ambient tempera-
ture, showed less than 10% change in immunoreactivity. Also, the dose-depend-
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Figure 19.4 Stability of E5–Ab solution. A solution of the dendrimer-coupled
anti-hTSH antibody containing 10 �g/mL of the protein in 100 mM Tris-2%
BSA-detergents, pH 8.0 was stored at − 20°C, 4°C and the ambient temperature.
At appropriate time intervals, the aliquots stored at the different temperatures
were tested on Stratus“ using standard hTSH solutions containing 0.0 and 0.25
and 50 �IU/mL hTSH. Data shown are only for testing with standard solutions
containing 0.0 and 50 �IU/mL hTSH. Percent change in response for the samples
stored at 4°C or ambient temperature was calculated from response of the
sample at − 20°C for a specific storage time point

ent response curves generated (not shown here) by these samples stored at
different temperatures for one year were indistinguishable from those of the
freshly prepared solution of the dendrimer—antibody complexes.

4.3.2 Effects of Exposure to Hydrogen Peroxide, Bubbled Air,
Oxygen and Nitrogen

It was of importance to determine the impact on performance of (E5)—den-
drimer—Ab complexes should they be exposed to unintentional oxidizing condi-
tions. To study such a challenge, the aqueous buffered solutions of naked
(E5)—dendrimer at pH 2.5, 7.0 and 9.0 were exposed separately to a bubble stream
of nitrogen, oxygen or air for 15 days at room temperature. These solutions were

DENDRIMER-BASED BIOLOGICAL REAGENTS 475



then analyzed for primary amine level with the fluorescamine assay [15], as well
as for phenyliodoacetamido content [16] after reaction with sulfoSIAB. Per-
formance of these treated and untreated samples was also evaluated after prep-
aration of the corresponding dendrimer-coupled antibody conjugates. Quite
remarkably, no essential differences were observed between the treated and the
untreated dendrimer samples relative to their amino group and phenyl-iod-
oacetamido group contents (data not shown). Furthermore, the dose-dependent
curves for the E5—Ab complex prepared with the treated E5—Ab conjugates
showed no change in comparison to that of an untreated E5—Ab conjugate.
An aqueous solution of E5 was treated with 0.5% hydrogen peroxide in water

and the resulting solution tested with the fluorescamine assay [15] for primary
amino group content. This titration showed a 20—25% decrease in the amino
group content of the dendrimer solution within 30 min to 4 h treatment. The
dendrimer sample containing 25% less amino groups showed very little differen-
ces in capillary electrophoretic pattern [17], or phenyliodoacetamido content on
treatment with sulfoSIAB (2.5 for the oxidized sample in comparison to 2.2 per
mole of protein for the unoxidized dendrimer sample). Furthermore, when this
oxidizedE5 solution was used to prepare an E5—Ab complex utilizing anti-hTSH
antibody, the response curve generated was identical to that of the correspond-
ing normal E5—Ab conjugate.
These results show that, even with detectable decrease in the amino group

content of E5 solutions, fully functional E5—Ab conjugates can be prepared with
such solutions of dendrimers. This suggests that the number of amino groups in
the E5—Ab conjugate is so large that even with a detectable decrease in amino
groups there is very little impact on its binding to the negatively charged glass
fiber matrix or target capture properties. This was confirmed by the fact that the
dendrimer oxidation product does not cause any deterioration effect on the
immunoreactivity of dendrimer-coupled antibody. Thus the method described
here provides a very robust process for manufacturing E5—Ab conjugates even
with samples of E5 that may not have been stored and handled under less than
optimal conditions.

4.4 DEVELOPMENT OF THE NEW COMMERCIAL STRATUS“

CS SYSTEM

As described above, the dendrimer-coupled antibody conjugates show uniquely
enhanced properties compared to the classical double antibody systems. Import-
ant characteristics such as complete solubility in aqueous buffers, flexibility in
immunoassay format, ability to improve assay sensitivity, consistent, reproduc-
ible manufacturing and favorable stability has driven the utilization of these
dendrimer-based reagents in Stratus“ CS, the latest member of the Stratus“

family of immunochemistry analyzers. In this new analyzer system, the primary
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antibody in the form of an E5—Ab complex replaces the capture immune com-
plex used in previous versions of this family of analyzers.
The Stratus“ CS system is a fluorometric enzyme, immunoassay system

designed for STAT testing applications; at present the test menu includes one
pregnancy marker i.e. human chorionic gonadotropin (hCG) and three cardiac
markers, i.e. CKMB, myoglobin and troponin I. All the reagents required for
analysis are contained within test packs. The analytical process consists of
adding dendrimer-coupled capture antibody, sample and the enzyme-labeled
antibody conjugate in a sequential manner to a glass fiber solid support, fol-
lowed by addition of the substrate-wash reagent. Unbound labeled antibody
reagent is removed from the reaction zone by radial elution using the substrate-
wash reagent. This permits the detection of fluorogenic product that is directly
related to the concentration of the analyte present in the sample.
In the new Stratus“ CS system results are available in less than 15 min after

sample draw and the system has the capability to analyze four samples in less
than 30 min. Ease of use, analytical sensitivity, accuracy, precision, and repro-
ducibility makes this system suitable for use in chest pain centers, emergency
departments, critical care units, observation wards and clinical laboratories.

5 DENDRIMER-MULTIFUNCTIONAL PROTEIN CONJUGATES

5.1 DENDRIMER-DOUBLE ANTIBODY CONJUGATES

5.1.1 Preparation and Performance as a Reagent on Stratus“

This concept of binding single proteins to poly(amidoamine) (PAMAM) den-
drimers has now been extended to the binding of multiple proteins with either
similar or dissimilar properties. As a model system for binding similar proteins,
equal amounts of anti-CKMB antibody and anti-hTSH antibody were coupled
simultaneously [18, 19] to the SIAB-activated E5-dendrimer by a procedure
similar to that described earlier for the coupling of a single antibody. The single,
multifunctional reagent prepared was used to analyze for multiple analytes;
namely, CKMB and hTSH, on a Stratus“ II analyzer utilizing the standard
analyte- specific instrument parameters. The shapes of these dose-dependent
standard curves were found to be remarkably similar [18] to those obtainedwith
the commercial reagents available on the instrument. Similar shapes of the
curves, even at the low analyte concentrations, suggests that the presence of a
second antibody, specific to an unrelated analyte, has practically no impact on
the immunoreactivity of the specific antibody in these multi-functional reagents.
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5.2 DENDRIMER–ENZYME–ANTIBODY CONJUGATES

5.2.1 Preparation and Performance as a Reagent on Stratus“

To study the binding of proteins with dissimilar structures and reactivities, an
enzyme alkaline phosphatase (ALP) and the Fab� fragment of anti-CKMB
antibody were selected. Performance of the dendrimer complex containing sim-
ultaneously, coupled Fab� and ALP (ALP-E-Fab�) could then be compared
directly with the commercial enzyme conjugate [20] utilized to quantitate
CKMB on the Stratus“ system. The negatively charged glass fiber solid support
of the Stratus“ system shows a strong affinity for the positively charged primary
terminal amino groups present in the full-generation dendrimers. For true
evaluations of these multiprotein—dendrimer complexes it was necessary to
minimize such an impact. For this reason the full-generation dendrimer—multi-
functional protein complexes were prepared by a series of reactions. Dendrimers,
activated with an excess of N-hydroxysuccinimidyl iodoacetate [10], were
reacted successively with ALP-SH and Fab� to form the conjugate
ALP—S—CH

�
CONH—E—NHCOCH

�
—SFab�.

The half-generation dendrimers, containing terminal carboxyl groups were
activated to form the electrophilic N-hydroxysuccinimidyl esters. The active
esters present on the activated dendrimer [10] were then reacted in sequence
with ALP, 6-(bromoacetamido)-hexylamine and then an excess of Fab� to form
the conjugate ALP—E—Fab� [10]. Quite remarkably, the performance character-
istics of the ALP—E—Fab� conjugates prepared from the dendrimers of gener-
ations 1—4 amine terminated, as well as 1.5—4.5 (carboxyl terminated) were
comparable [18] to those of the commercial conjugate. This was true with
respect to both the effective protein concentration and standard dose—response
curves. Any of these dendrimer-based bifunctional reagents could be substituted
for the commercial enzyme conjugatewithout any change in the analyte recovery
or compromising sensitivity of the assay. The bifunctional reagent prepared from
the half-generation dendrimers, with terminal carboxyl groups, showed much
lower non-specific binding [18] as would be expected from the net negative
charges on the dendrimer and the glass fiber solid support used in the Stratus“

system.

6 HYDROPHOBICITY OF DENDRIMER-COUPLED PROTEIN
CONJUGATES

Further characterization of the dendrimer-coupled protein complexes was
studied by hydrophobic interaction chromatography carried out by purification
over an octyl-Sepharose column. The products obtained by reaction of SIAB
with ALP and its complex with third-generation dendrimer, ALP-E3, were
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Table 19.3 Phenyliodoacetamido-content (per mole of protein) of proteins before and
after passage over octyl-Sepharose

Phenyliodoacetamido-content in protein

Pools from column

Before column separation A� B�

ALP-NH
�
� sulfoSIAB 5.6 5.8 8.8

ALP-E3� sulfoSIAB 10.8 11.1 —

� 10 mM triethanolamine-90 mM sodium chloride-1.0 mMmagnesium chloride, pH 7.8.
� 10 mM trietanolamine-90 mM sodium chloride-1.0 mM magnesium chloride-10%
n-propanol, pH 7.8.

Table 19.4 Effective protein concentration to generate a response, for a sample contain-
ing 139 ng/mL CKMB, equivalent to that generated by the commercial (ALP-Fab�)
conjugate on Stratus“

Effective protein concentration (ng/mL)

Pools from column

Before column separation A� B�

ALP-Fab� 465 553 606
ALP-E3-Fab� 465 560 386

�� � same as in Table 19.3.

purified separately with this column. Hydrophobicity of the protein fractions
eluted in the buffer systems were characterized by their phenyliodoacetamido
group content (Table 19.3). This table shows that under identical activation
reaction conditions, ALP produces a mixture of two groups of species with
distinctly different number of phenyliodoacetamido groups. However, activation
of the dendrimer-coupled enzyme complex (ALP—E3) produces a more homo-
geneous species. Also the phenyliodoacetamido content of the activated
ALP—E3was found to be higher than that obtained with the activated ALP. This
would be expected to be due to the much higher reactivity of the dendrimer
terminal groups. The high reactivity to the dendrimer terminal groups is not
affected in the protein—dendrimer conjugate obtained by covalent coupling of
the dendrimer with a protein such as ALP (molecular weight 140 kDa). It should
be noted that this coupled protein is about 20-fold larger in molecular weight
than the dendrimer scaffolding used for this study.
The dissimilar multiprotein complexes, ALP-Fab� and ALP-E3-Fab’, were

similarly purified over an octyl-Sepharose column. The protein fractions eluted
from this column were characterized relative to the effective protein concentra-
tions required to generate a specific response equivalent to that of ALP-Fab�.
These results show (Table 19.4) that the more hydrophobic protein fraction
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present in ALP-E3-Fab� requires about 30% less protein in comparison to 10%
more protein concentration required for the equivalent fraction in ALP-Fab�.
The unfractionated protein mixture, as well as the protein fractions that had low
binding affinity towards this columnwere effective at almost identical concentra-
tions.

7 STOICHIOMETRY OF DENDRIMER–MULTI-PROTEIN
CONJUGATES

It was of interest to determine the impact of the presence of a dendrimer linker on
the relative stochiometry of the two proteins present in a conjugate that might be
prepared by covalent coupling of these proteins. A conjugation reaction of the
N-hydroxysuccinimidyl iodoacetate-activated ALP—E2 complex with the Fab�
fragment of anti-CKMB antibody was used for this purpose [10]. The second-
generation dendrimer, E2, was used as a linker molecule to give the ALP—E2
conjugate. ALP and F(ab�)

�
were labeled with two differentiated fluorescent

markers possessing nonoverlapping spectral characteristics. The markers used
were fluorescein (Abs/Em 495/520 nm) and BODIPY“ (Molecular Probes, Inc.;
Abs/Em 580/590 nm), respectively. The presence of these labels did not show any
impact on the enzyme activity of ALP or the immunoreactivity of F(ab�)

�
. The

ratio of Fab�/ALP was calculated to be 6 and 4 in the conjugates ALP-Fab� and
ALP-E2-Fab�, respectively; this calculation was derived from the fluorescence
content of these conjugates. It is thus possible to control the relative
stoichiometry of the two proteins since the use of different dendrimer generations
as linkers would be expected to lead to different relative protein ratios in the
multifuctional protein—dendrimer conjugates. The molecular weights calculated
for the two conjugates; ALP—Fab� and ALP—E2—Fab�, using their size exclusion
chromatography elution data, were found to be almost identical.

8 DENDRIMER DNA PROBE ASSAYS

More recently, the broad potential applicability of dendrimer-based reagents has
been confirmed by demonstrating the feasibility of using dendrimer-DNA
probes in an assay for Chlamydia. This assay system is based on the detection of
the specific oligonucleotide as a marker for the bacterial infection. The assay
mixture consists of a capture probe and a detector probe. The capture probe was
prepared by coupling SIAB-activated E5 with the 5�-thiol derivative of the
specific oligonucleotide. Thiolation at the 5� position of the oligonucleotide was
carried out by a sequence of three reactions; namely, phosphorylation [21, 22],
cystaminylation and a dithiothreitol reduction. The target sample (RNA) was
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Figure 19.5 Dose-dependent response curve of dendrimer-based Chlamydia
assay. Samples containing 0 to 100mol of the target RNAwere amplified by 3SR
technology followed by detection on Stratus“ (see text for details)

amplified off-line with self-sustained sequence technology [23, 24] followed by
hybridization of the amplified sample with the capture probe and the detector
probe. The detector probe was prepared by coupling of ALP at the 3� position of
the specific oligonucleotide. The oligonucleotides used for the capture and the
detector probe were selected so as to hybridize at the 5� and the 3� positions of the
amplified sample RNA, respectively. The hybridized mixture was spotted on the
Stratus“ tab followed by on-line detection on the instrument. The dose-depend-
ent response curve generated is shown in Figure 19.5. This system was shown to
have a detection limit of 10 femtomol for the specific target analyte.

9 CONCLUSION

Our results have shown that the use of STARBURST�� dendrimers for the
covalent coupling of the molecules of biological interest can lead to a reproduc-
ibly performing product with very little impact on the biological activity of the
immobilized protein. By careful optimization of the reaction parameters, it has
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been possible to consistently reproduce performance similar to the characteristi-
cs of the native protein. The dendrimer-based reagents have shown good lot-to-
lot consistency. Clear solutions of the dendrimer- coupled protein complexes can
be prepared in large quantities and stored both as a liquid (at � 20°C) or frozen
solid for extended periods of time with little impact on the immunoreactivity of
the coupled antibody. This feature allows robust manufacture of these den-
drimer-based reagents and convenience in shipping as a product to customer.
The general method utilized to prepare E5—Ab solutions obviates the need for

stocking large numbers of reagents which would be necessary if different activa-
tion methods were used for each antibody. A number of specific antibodies
immobilized by this process have shown response similar to that of the same
antibodies when adsorbed as immune complexes in the Stratus“ system. In
addition, the dendrimer-coupled antibodies have shown dramatic improvements
in sensitivity, flexibility and precision for the enzyme immunoassay system.
Feasibility demonstration of an assay for DNA probes is a prelude to what can
possibly be achieved with these dendrimer-based reagents.
The methods developed by us for preparation of these dendrimer-based

reagents are quite general and have the potential of application to a large variety
of molecules that have utility in diagnostics, therapeutics, biocatalysis, enzymol-
ogy and food processing industry.
The author is grateful for a large number of present and former co-workers

without whose help and support this work could not be possible. Special thanks
are due to Drs Spencer Lin and Susan Evans for their contributions and
continuous support.
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Applications: Catalysts
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1 INTRODUCTION

During the last decade there has been a remarkable increase in the number of
reports describing the synthesis of dendritic polymers with a wide range of
properties and/or applications such as host—guest interactions, redox activity,
liquid crystalline behaviour, drug delivery systems, light-harvesting effects, mol-
ecular recognition, self-assembly and also catalytic activity. In recent years
several groups have focused on the incorporation or complexation of (transition)
metal fragments onto the dendrimer periphery and presently a broad spectrum
of metallodendritic species are known. One of the most interesting applications
of these species is found in the field of (homogeneous) catalysis. In general, these
metallodendrimers are thought to be macromolecular materials that can
combine the advantages of both homogeneous and heterogeneous catalysts.
Because of their ‘pseudo’-spherical nature and their resultant conformations the
metal sites in these well-defined polymeric catalysts should be easily accessible
for substrate molecules and reagents, and therefore exhibit characteristics
usually encountered in homogeneous catalysis such as fast kinetics, specificity
and solubility. Owing to their precise persistent nanoscale size they may be easily
removed from product streams, e.g. by means of ultrafiltration techniques.

Metallodendrimers can be constructed via binding of groups with suitable
donor atoms (e.g., polydentate ligands) on either the periphery or the core of the
dendrimer and the subsequent complexation/coordination of these ligands to
an appropriate metal salt. Ultimately, this binding can involve the formation of
a direct � bond linkage (i.e., a M—C bond). This chapter describes various
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© 2001 John Wiley & Sons Ltd

Dendrimers and other Dendritic Polymers
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metallodendrimers reported to date, their specific catalytic applications as well
as some examples of their use in membrane reactors under continuous operation
conditions. In the last section future perspectives and developments will be
briefly discussed.

2 METALLODENDRITIC CATALYSTS

2.1 MISCELLANEOUS DENDRITIC METAL CATALYSTS

The first catalytically active metallodendrimer was made by the Van Koten
group [1] using the first examples of dendritic carbosilane molecules prepared
by Van Leeuwen, Van der Made and collaborators [2]. The synthesis of this
metallodendrimer started from carbosilane (CS) molecules containing reactive
silicon—chloride bonds on the periphery which were used for the binding of
diamino aryl bromide ligand precursors. In this initial approach, the ligating site
was placed away from the CS periphery by using a 1,4-butanediol linker to
prevent possible interactions between the sites. The introduction of nickel was
accomplished by oxidative addition of these peripherial aryl bromide groups to a
zero-valent nickel source (e.g. Ni(PPh

�
)
�
). The resultant dendritic arylnickel

species were tested as homogeneous catalysts in the atom transfer radical addi-
tion reaction (ATRA or Kharasch addition reaction) of CCl

�
to methyl methac-

rylate ( � MMA), see Scheme 1. The catalytic data suggested that each nickel site
in these metallodendrimers acts as an independent unit which is well accessible
for incoming substrates with the activity per Ni-site being slightly lower in the
case of the two dendritic species G0—Ni

�
and G1—Ni

��
(1, Scheme 1) as com-

pared with the mononuclear nickel(II) catalyst. However, more importantly, in
the case of these metallodendrimers all characteristics found for the monomeric
nickel homogeneous catalyst are retained: i.e. it involved a clean, regioselective
1: 1 addition without telomerization/polymerization of the alkene or the forma-
tion of other side products.

A simplified synthetic protocol developed by Kleij et al. [3] led to the prepara-
tion of different generations of carbosilane dendrimers which are directly func-
tionalized at their periphery with organometal d� complexes. Metal introduction
in the dendritic ligand precursors was accomplished through a sequence that
involved direct lithiation followed by transmetallation of the lithiated dendrimer
using an appropriate metal d� salt. This procedure was used to prepare a series of
nickelated carbosilane dendrimers which were likewise tested as catalysts in the
Kharasch addition reaction [4]. The latter work revealed an interesting depend-
ency, a ‘dendritic effect’, of the catalytic activity on the generation number of the
dendrimer catalyst. Whereas G0—Ni

�
has a comparable activity per metal atom

as compared to a mononuclear model, the G1—Ni
��

(2, Scheme 2) and G2—Ni
��

dendrimers showed a tremendous decrease in (initial) catalytic activity. Of
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Scheme 1

particular interest in the catalytic runs with G1—Ni
��

and G2—Ni
��

is the total
deactivation of the catalytic systems with maximum conversions of MMA being
18 and 1.5%, respectively. The authors showed that these results are most likely
due to a proximity effect between the immobilized Ni�� sites [4] which is particu-
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larly apparent in this redox catalytic process that involves a Ni��/Ni��� redox
couple. Modification of the carbosilane support was carried out to test this
hypothesis and different [G1] dendrimers (3 and 4, Scheme 2) with a less
congested dendrimer periphery were prepared. Indeed, these species were suc-
cessfully applied in catalysis and almost quantitative yield of the 1: 1 adduct was
achieved.

Scheme 2
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Scheme 3

Another approach directed toward the connection of organometallic com-
plexes onto dendritic frameworks is the use of amino acid based materials (e.g. 5,
see Scheme 3). Gossage et al. [5] described the preparation of a series of highly
polar dendritic supports with arylnickel(II) functionalities. The catalytic per-
formance of these metallodendrons in the Kharasch addition of CCl

�
to MMA

was not influenced by the presence of the polar functional groups in the de-
ndrons. The catalytic activities of these metallodendrimers were in the same
order of magnitude as reported earlier for the parent model compound
[NiBr(C

�
H

�
�CH

�
NMe

�
�
�
-2,6)].

Moore and Suslick [6, 7] conducted shape selective catalysis with metallopor-
phyrins appended with sterically crowded polyester dendrons. They investigated
the effect of the metallodendrimer size (see Scheme 4) on the substrate selectivity
in two types of catalytic epoxidation reactions which were carried out with
iodosylbenzene as the oxygen donor and different alkenes. The performance of
the metalloporphyrin dendritic catalysts were compared with those of a parent
manganese—porphyrin complex. A clear enhancement of selectivity of the metal-
lodendrimers towards external (less hindered) double bonds vs internal ones was
noted with increasing metallodendrimer size. Moreover, a higher affinity for
more electron-rich olefins in the case of the dendrimer catalysts was observed.
Furthermore, an increased stability of the metalloporphyrin core unit toward
oxidation was noted with increasing size of the metallodendrimer species leading
to higher total turnover numbers per metal atom.

Bis(oxazoline)copper(II) complexes elaborated with polyether dendrons (e.g.,
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Scheme 4

6, see Scheme 5) can be used as catalysts in Diels—Alder reactions between
cyclopentadiene and different dienophiles [8, 9]. In order to investigate the
mechanism of this reaction, the Diels-Alder reaction between cyclopentadiene
and a crotonyl imide was studied (see Scheme 5). The initial reaction rate was
found to be proportional with the catalyst concentration. From the catalytic
data the binding constants of the dendrimer catalysts with the crotonyl imide as
well as the reaction rates could be deduced. Two major conclusions were drawn
from this work. Firstly, the binding constant between the dendrimer catalysts
and the crotonyl imide decreased with increasing generation number of the
catalyst. Secondly, the G0—G2 generation dendrimer catalysts all accelerated
this cycloaddition reaction with similar rates, whereas a significant drop in
catalytic activity was encountered for the G3 generation copper catalyst. These
effects were rationalized by assuming that the increase of the steric congestion
around the catalytic cavity when the dendron sections R increase in size, lead to
back-folding of wedges because of steric repulsion resulting in steric blocking of
the metal site. Similar to the work of Moore [6, 7], an increase in substrate
selectivity for complexing of the relatively smaller crotonyl imide substrates by
the copper(II) center in the third generation dendrimer was found.

The research group of Van Leeuwen has focused on catalysis at the core of a
carbosilane dendrimer in an effort to be able to control stereoselectivity [10]. To
this end, a ferrocenyl diphosphine backbone was functionalized with different
generations of carbosilane dendrons producing a series of dendrimer phosphine
ligands with an increasing steric demand (see 7 for an example, Scheme 6). In situ
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Scheme 5

complexation of these dendrimer phosphines with a suitable Pd��-precursor
followed by an incubation period gave the PdCl

�
-complexed dendrimers. The

Pd-dendrimers were used as catalysts in the allylic alkylation of 3-phenylallyl
acetate with diethyl 2-sodio-2-methylmalonate (see equation, Scheme 6). Two
major observations were made. Firstly, as may be expected, the catalytic activity
dropped significantly with increasing generation number of the dendrons in the
phosphine ligand. Secondly, the selectivity for the trans product slightly de-
creased from 90% in the case of a parent model compound (i.e. diphenylphos-
phino ferrocene, dppf ) to 79% for the largest dendrimer catalyst system em-
ployed (i.e. with G3 dendrons attached to the central diphenylphosphine
ferrocenyl ligand).

3 DENDRIMER CATALYSTS DERIVED FROM REACTIVE METAL
ENCAPSULATION

Recently, two new approaches for the preparation of metallodendritic catalysts
were described. The first one involves the use of PAMAM dendrimers [11] as
both template and stabilizer of metal ions. The cavities of these dendrimers can
serve as host type ‘nano-reactors’ for metal ion guests. This strategy is referred to
as ‘reactive encapsulation’. The concept was first elegantly demonstrated by
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Scheme 6

Tomalia and Balogh [12]. Crooks et al. [13] loaded these so-called dendrimer
‘nanotemplates’ with suitable platinum(II) salts (Scheme 7) and by means of in
situ chemical reduction of this composite, dendrimer-encapsulated zerovalent
metal clusters were formed. In this way, the dendrimer stabilizes the zerovalent
metal clusters by preventing on the one hand agglomeration of these clusters to
larger metal species while on the other hand leaving enough space for incoming
substrate molecules to react at the metal cluster surface. It must be noted that the
sequence of synthetic steps that the authors developed gives access to stable and
soluble [Pt	]

�
-dendrimer species containing spherical metallic platinum clusters

with sizes of approximately 1.6 nm. The size of these metal clusters most
probably depends on the nature of the dendrimer cavities. The catalytic proper-
ties of these platinum modified dendrimers in the electrochemical reduction of
O

�
were studied by cyclic voltammetry and revealed that in these cases a much

larger current is observed in combination with a significant shift of the peak
potential to higher values. Preliminary studies have indicated that this general
approach can be employed to prepare bimetallic metal clusters as well.

The same authors have extended this work also to a preliminary study of the
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Scheme 7

synthesis of dendritic homogeneous catalysts based on hydroxyl-terminated
PAMAM dendrimers with encapsulated Pd	 and Pt	 nanoparticles (see also
Scheme 7) [14]. X-ray photoelectron microscopy (XPS) provided supporting
information about the composition and oxidation state of the encapsulated d�

metal particles. These nanoparticle catalysts were tested in the hydrogenation of
both N-isopropyl acrylamide and allyl alcohol in aqueous solution. The kinetic
data obtained for the Pd/Pt	 dendrimer catalysts compare favorable with those
measured for water-soluble, polymer-bound Rh� catalysts. It was found that the
fourth generation dendrimer, G4—OH(Pd

�	
), is a very highly active catalyst. Its

platinum analogue, (i.e. G4-OH(Pt
�	

)), was found to have only a moderate
hydrogenation activity. In addition, it was demonstrated that with the size of the
dendrimer the hydrogenation activity can be controlled. Whereas the fourth-
generation dendrimer catalyst is still very active for the hydrogenation of N-
isopropyl acrylamide, the sixth and eighth generation dendrimers exhibited a
reduced catalytic hydrogenation activity: only 10 and 5%, respectively, of that of
G4—OH(Pd

�	
). It was concluded that the size of the dendrimers can act as a

selective nanoscopic filter for substrate molecules.
Another method of producing dendrimer catalysts was illustrated by the

group of Alper [15], who made use of PAMAM dendrimers which were grafted
onto silica surfaces. These new heterogeneous, polyaminoamido diphos-
phonated dendritic materials (when complexed to Rh� and connected to a silica
gel support) are good hydroformylation catalysts (e.g. 8, see Scheme 8). The Rh�

content was determined by ICP analysis, while the dendritic substructure was
studied by solid state ��P NMR spectroscopy. A wide range of aryl olefins and
vinyl esters could selectively be converted into branched chain aldehydes. The
activity of these catalysts as measured by turnovers per hour increased at higher
temperatures but decreased when the reaction time was prolonged at these
temperatures.
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Scheme 8

4 CATALYSISWITH PHOSPHINE-BASED DENDRIMERS

One of the first results on the use of phosphine dendrimers in catalysis was
reported by Dubois and co-workers [16]. They prepared dendritic architectures
containing phosphorus branching points which can also serve as binding sites for
metal salts. These terdentate phosphine-based dendrimers were used to incor-
porate cationic Pd centers in the presence of PPh

�
. Such cationic metalloden-

dritic compounds were successfully applied as catalysts for the electrochemical
reduction of CO

�
to CO (e.g. 9, Scheme 9) with reaction rates and selectivities

comparable to those found for analogous monomeric palladium—phosphine
model complexes suggesting that this catalysis did not involve cooperative
effects of the different metal sites.

Another elegant example of phosphine-containing dendrimers is represented
by dendrimer 10 in Scheme 10 [17]. These structures are build up via nitrogen
branching points while the final nitrogen branching point is used to make a
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Scheme 9

Scheme 10

potentially terdentate P,N,P-ligand. The latter ligands were reacted with an
appropriate ‘PdMe

�
’ precursor reagent to afford neutral PdMe

�
-containing

dendrimers. These metallodendrimers were used as precursors and showed good
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activity as precatalysts in the allylic substitution reaction of (3-phenyl-2-
propenyl)acetate methyl ester with morpholine (see equation in Scheme 10). An
interesting effect of the binding of these Pd complexes to a dendrimer periphery is
the increased kinetic stability of the palladium sites during catalysis. Under the
applied reaction conditions, unlike their nondendritic analogues, these pallad-
odendritic catalysts do not degrade to metallic palladium. This is an interesting
example which clearly demonstrates a positive effect of the use of a dendritic
support on catalyst stability in homogeneous catalysis. Moreover, recent work
[18] has demonstrated that the application of metallodendrimer catalysts in an
ultrafiltration membrane reactor is feasible which provides a means to separate
the homogeneous catalyst from the product after the reaction or even continu-
ously (see last section of this chapter).

Recently Togni et al. [19] focussed on the preparation of asymmetric den-
drimer catalysts derived from ferrocenyl diphosphine ligands anchored to den-
dritic backbones constructed from benzene-1,3,5-tricarboxylic acid trichloride
and adamantane-1,3,5,7-tetracarboxylic acid tetrachloride (e.g. 11, Scheme 11).
In situ catalyst preparation by treatment of the dendritic ligands with
[Rh(COD)

�
]BF

�
afforded the cationic Rh-dendrimer, which was then used as a

homogeneous catalyst in the hydrogenation reaction of, for example, dimethyl
itaconate in MeOH. In all cases the measured enantioselectivity (98.0—98.7%)
was nearly the same as observed for the ferrocenyl diphosphine (Josiphos) model
compound (see Scheme 11).

Finally, several examples of metal catalysts derived from dendritic ligands
containing potential chiral ligating sites (see approach (3), next section) were
reported. Kakkar et al. [20] succeeded in the synthesis of various generations of
metallophosphino dendrimers by acid—base hydrolysis of aminosilanes to pro-
duce molecules with terminal OH groups. Rhodium centers could be efficiently
introduced throughout each generation of the dendrimer by means of Rh—N
coordination. These metallodendrimers are active as hydrogenation catalysts.
Decene was hydrogenated with activities similar to that of the monomeric
rhodium-adduct (e.g. 12, Scheme 12). Furthermore, the authors demonstrated
that recycling of the catalytic species (by a simple work-up procedure) in a
batch-reactor approach did not appreciably lower the catalytic activity of the
rhodium—phosphine dendrimer catalyst.

Beside these catalytically active metallophosphine dendrimers (see above),
preliminary studies on the chemical properties of phoshorus-based dendrimers
complexed to metals such as platinum, palladium and rhodium have been
described by Majoral, Caminade and Chaudret [21]. They showed that these
macromolecules (see Scheme 13) could be useful for the (in situ) generation of
metallodendrimer catalysts.
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Scheme 11
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Scheme 12

Scheme 13
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5 CATALYSISWITH (METALLO)DENDRIMERS CONTAINING
CHIRAL LIGANDS

A number of groups have reported the preparation and in situ application of
several types of dendrimers with chiral auxiliaries at their periphery in asymmet-
ric catalysis. These chiral dendrimer ligands can be subdivided into three differ-
ent classes based on the specific position of the chiral auxiliary in the dendrimer
structure. The chiral positions may be located at, (1) the periphery, (2) the
dendritic core (in the case of a dendron), or (3) throughout the structure. An
example of the first class was reported by Meijer et al. [22] who prepared
different generations of poly(propylene imine) dendrimers which were sub-
stituted at the periphery of the dendrimer with chiral aminoalcohols. These
surface functionalities act as chiral ligand sites from which chiral alkylzinc
aminoalcoholate catalysts can be generated in situ at the dendrimer periphery.
These dendrimer systems were tested as catalyst precursors in the catalytic
1,2-addition of diethylzinc to benzaldehyde (see e.g. 13, Scheme 14).

Scheme 14

DENDRITIC POLYMER APPLICATIONS: CATALYSTS 499



The fifth generation dendrimer showed virtually no enantioselectivity in this
particular reaction and no measurable optical rotation for these chiral den-
drimers were estimated. The decrease in product yield as well as selectivity was
explained in terms of multiple interactions between the terminal groupings on
the periphery resulting from increasing steric congestion. Similar results were
reported by Soai et al. who used PAMAM dendrimers as a scaffolding for chiral
ephedrine peripheral groups [23]. The latter dendrimer ligands exhibited only a
moderate effect on the product e.e.s in the chiral addition of diethylzinc to
N-diphenylphosphinylimines (see e.g. 14, Scheme 15) whereas a high chiral
induction is found for the ‘model’ species. Furthermore, it must be noted that the

Scheme 15

500 A. W. KLEIJ ET AL.



chiral dendrimer ligands were used in relatively large catalytic amounts ranging
from 17 to 50 mol%.

Another approach was followed by Bolm et al. [24], who prepared dendron
ligands consisting of a chiral pyridyl alcohol connected to the core of Fréchet
type dendrons [25]. The chiral dendron ligands were used for the in situ gener-
ation of ethylzinc dendron ligand complexes which catalyze the addition of
diethylzinc to benzaldehyde (see e.g., 15, Scheme 16). The size of the dendron
appeared to have practically no influence on the enantioselectivity of this reac-
tion.

Scheme 16

Brunner et al. [26] synthesized and applied so-called ‘dendrizymes’ in enan-
tioselective catalysis. These catalysts are based on dendrimers which have a
functionalized periphery that carries chiral subunits, (e.g. dendrons functional-
ized with chiral menthol or borneol ligands). The core phosphine donor atoms
can be complexed to (transition) metal salts. The resultant dendron-enlarged
1,2-diphosphino-ethane (e.g. 16, see Scheme 17) Rh� complexes were used as
catalysts in the hydrogenation of acetamidocinnamic acid to yield N-acetyl-
phenylalanine (Scheme 17) [26]. A small retardation of the hydrogenation of the
substrate was encountered, pointing to an effect of the meta-positioned dendron
substituents. No significantly enantiomerically enriched products were isolated.
However, a somewhat improved enantioselectivity (up to 10—11% e.e.) was
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observed in the cyclopropanation of styrene with ethyl diazoacetate using den-
dritic pyridine derivatives in combination with Cu(I)OTf (see e.g. 17, Scheme 18)
[27].

Scheme 17

Good enantioselectivities were obtained by Seebach et al. who applied
�,�,�’,�’-tetra-aryl-1,3-dioxolane-4,5-dimethanols (TADDOLS) as a dendritic
ligand for titanium-based dendrimer catalysis [28]. By using two different types
of chiral dendrimers (combining the periphery approach as well as the ‘focal
point’ approach plus the additonal attachment of chiral dendrons), the de-
ndrimeric Ti-TADDOLates were good catalysts for the 1,2-addition of diethyl-
zinc to benzaldehyde yielding the secondary alcohols with e.e.s up to 98% (e.g.
18, Scheme 19), almost identical to the results obtained with model TADDOL
complexes of this catalysis type.

A stochiometric approach was applied by Van Koten and co-workers [29],
who used chiral carbosilane dendrimers as soluble supports in the in situ ester
enolate-imine condensation in the synthesis of �-lactams (e.g. 19, Scheme 20).
The formation of the �-lactam products proceeded with high trans selectivity,
and with the same level of stereoinduction as was earlier established in reactions
without the dendritic supports, (i.e. the use of the enantiopure dendritic support
did not affect the enantioselectivity of the C—C bond formation). After the
reaction, the dendrimer species could be separated from the product by precipi-
tation or GPC techniques and reused again.
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Scheme 18

6 NON-METAL CONTAINING DENDRIMERS

One of the earliest reports on the use of dendrimers in catalysis is the unimolecu-
lar decarboxylation of 6-nitro-benzisoxazole-3-carboxylate in the presence of a
dendrimer comprising ether dendrons which are functionalized at their periph-
ery with tetra-alkylammonium cations (e.g. 20, Scheme 21) [30]. In aqueous
media, the quaternary ammonium groupings promote the reactivity of organic
anions which presumably bind in high concentration to the polycationic periph-
ery of the dendrimer. The latter species enhances the rate of the bimolecular
hydrolysis of p-nitrophenyl diphenyl phosphate catalyzed by o-iodosobenzoate
ion.
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Scheme 19

Another, more recent example of the use of a non-metal-containing dendrimer
is the nitroaldol (Henry) reaction between aromatic aldehydes and nitroalkanes
catalyzed by a single triethylene amine core unit functionalized with branched
Fréchet-type polyether segments (e.g. 21, Scheme 22) [31]. Molecular studies
indicated that the cavities around the core nitrogen center should be able to
facilitate the base-catalyzed aldol reaction, although the higher generation den-
drimers showed an appreciably lower activity, suggesting that the reactive site is
relatively more ‘shielded’ by the attached polyether dendrons in the higher
generation species.

High asymmetric induction by amphiphilic dendrimers was reported by Rico-
Lattes and co-workers [32]. These water-soluble but THF-insoluble dendrimers
(e.g. 22, Scheme 23) consist of useful, readily available chiral auxiliaries and can
be used in the homogeneous (when H

�
O is the solvent) or heterogeneous (in the

case of THF as the reaction medium) catalyzed reduction of prochiral aromatic
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Scheme 20
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Scheme 21

Scheme 22
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Scheme 23

ketones by sodium borohydride to yield their corresponding alcohol derivatives
in high optical purity. Interestingly, in the homogeneous system these organic
reactions take place at the ‘pseudo-micellar chiral interface’ in an aqueous
medium.

7 METALLODENDRITIC CATALYSTS ANDMEMBRANE
CATALYSIS: CATALYST RECOVERY

The globular shape of dendritic macromolecules with a persistent nanosize and
radius should allow easy separation or retention by ultra- or nanofiltration
membranes. This concept of separating the catalysts from the product/substrate
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stream [33] is of keen interest because of the ever expanding need for cleaner and
more efficient industrial and chemical processes. Recently, a few groups have
reported separately their findings in this promising area.

One of the first pioneering studies involving membrane catalysis was reported
by Kragl and coworkers [34]. They used, rather than well-defined dendrimer
catalysts, polymer enlarged oxazaborolidines for the (homogeneously catalyzed)
enantioselective reduction of ketones by borane (see Scheme 24) in a continuous
operating membrane reactor. Two types of polymeric catalysts were employed
(i.e. 23a and 23b, see Scheme 24) and the results show that not only very high
conversions are obtained in these reduction reactions, but also high e.e. of the
chiral alcohol products (84—99% e.e.) can be achieved. This is in contrast with
enantioselective reductions of ketones in batch type reactors, in which the ketone
is added in one portion. By using such a procedure, the uncatalyzed reduction of
the substrate can be of significance at low conversion and this leads to lowering
of the e.e. of the final product. A continuous high conversion of the ketone in a
membrane reactor with a low stationary adduct (i.e. BH

�
) concentration there-

fore efficiently suppresses the uncatalyzed reaction in this case.
Another example is the palladium catalyzed allylic substitution of 3-phenyl-2-

propenyl-carbonic acid methyl ester to yield N-(3-phenyl-2-propenyl)morpho-
line reported by Reetz, Kragl and co-workers. This reaction was performed in the
presence of phosphino-terminated amine dendrimers [17, 18] loaded with Pd��

cations as shown in Scheme 10. For this particular dendrimer with a molecular
weight of 10 212 g/mol, a retention of 0.999 per residence time [35] was estimated
in a membrane reactor with a SELRO MPF-50 membrane. It must be noted that
a very high retention is a prerequisite for a continuous operating system, since a
small leaching of the dendrimer leads to an exponential decrease in the amount

Scheme 24
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of catalyst. Using this type of catalyst during a period equivalent to a 100
residence times, the conversion of substrate into product dropped from quanti-
tatively to ca. 80% which is equivalent to a leaching of palladium of about 0.07 to
0.14% per residence time. During this period some deactivation of the Pd
catalyst was also noted which most probably arises from reaction with the
solvent (i.e. CH

�
Cl

�
) to give catalytically inactive ligated PdCl

�
fragments.

An elegant demonstration of the use of membrane technology for the effective
recovery of metallodendritic catalysts and selective product formation was de-
tailed by Van Koten, Vogt and coworkers [36]. In this work, carbosilane den-
drimers were functionalized at the periphery with various �-diphenylphosphino
carboxylic acid ester end groups (i.e. 24, Scheme 25), which can act as hemi-labile
bidentate ligands to metal d� fragments. The metal-containing systems were
prepared in situ by addition of [(��-C

�
H



)Pd(cod)]BF

�
and were subsequently

tested in the Pd��-catalyzed hydrovinylation of styrene. One of the major prob-
lems in this reaction could be solved by this approach. At higher conversions,
isomerization of the product (i.e. 3-phenyl-1-butene) to internal olefins (both E
and Z isomers) occurs (see Scheme 25). As a consequence, this reaction has to be
run at low conversion with continuous removal of the 3-phenyl-1-butene or
carried out at high styrene concentrations. A strategy was developed to selective-
ly produce the desired 3-phenyl-1-butene at low conversions under membrane
reactor conditions. Under these specific conditions using the G0—Pd

�
catalyst, a

highly selective conversion of styrene is achieved with no significant isomeriz-
ation or generation of other side products, although the yield per time unit of the
desired product was very low. A modest retention in a MPF-60 NF membrane
system (85%) of this small dendritic species was encountered, which is far from
being ideal for continuous operations. Surprisingly, using the G0—Pd

�
catalyst,

3-phenyl-1-butene was produced during a period of 80 h with concomitant
formation of palladium black inside the reactor. Unfortunately, in the case of the
G1—Pd

��
analog similar results were obtained and this appears to be related to

the stability of this type of dendrimer catalysts under the conditions employed.
The decomposition of the Pd-catalyst is connected to the intrinsic properties of
palladium catalysis and has also been observed in experiments carried out by
Reetz et al.

The research group of Van Leeuwen reported the use of carbosilane de-
ndrimers appended with peripherial diphenylphosphino end groups (i.e. 25,
Scheme 26) [37]. After in situ complexation with allylpalladium chloride, the
resultant metallodendrimer 25 was used as catalyst in the allylic alkylation of
sodium diethyl malonate with allyl trifluoroacetate in a continuous flow reactor.
Unlike in the batch reaction, in which a very high activity of the dendrimer
catalyst and quantitative conversion of the substrate was observed, a rapid
decrease in space time yield of the product was noted inside the membrane
reactor. The authors concluded that this can most probably be ascribed to
catalyst decomposition. The product flow (i.e. outside the membrane reactor)
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was also investigated and it was shown that no active catalyst had gone through
the membrane.

Scheme 25
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Scheme 26

8 SUMMARY

This brief survey clearly shows that the field of ‘dendrimer catalysis’ represents
both great promise, as well as certain chemical challenges. Obviously, this field of
chemistry still needs appropriate time to become optimized before working
systems are achieved. In Table 20.1, some relevant characteristics of the den-
drimer species in homogeneous dendrimer catalysis (i.e. preparation, amount of
catalyst, stability) are presented. From Table 20.1, several conclusions may be
drawn. Presently, most of the synthesized and applied dendrimer catalysts in fact
are metallodendrimeric species, while only a few examples of nonmetal-contain-
ing dendrimer catalysts are known [30—32]. Furthermore, from Table 20.1 it can
be deduced that the range of metals employed for the construction of metal-
lodendrimer catalysts is still limited. Furthermore, the majority of these metal-
lodendrimer catalysts are prepared in situ and represent an intrinsically less
defined category of metallodendrimer catalysts. An interesting difference be-
tween the metallodendrimer catalysts is the nature of the dendrimer ligand-to-
metal binding: up to now, the greater part of the metallodendrimers have the
metal bonded via coordination of the dendrimer donor atoms in a monodentate
or bidentate fashion. Obviously, this metal—dendrimer ligand bonding mode is
subject to dissociation/association processes and therefore affects the long-term
stability of the metallodendrimeric species. More importantly, this also influen-
ces the catalyst stability toward leaching of the metal site under severe reaction
conditions, for example, in membrane reactions applications. For this reason, the
use of metallodendrimers involving organometallic groups containing a M—C
bonded metal catalyst site seems to be the most robust system (cf. the carbosilane
pincer-nickel(II) catalysts, see Schemes 1—3).
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Table 20.1 Comparison of some known characteristics of the (metallo) den-
drimercatalysts 1–25

Compound(s) Reference
Complexed
metal

Catalyst
(mol %)

In situ
prepared

Discrete
catalyst

Metal
‘chelaton’

1 [1] Ni 0.3 No Yes N,C,N
2 [4] Ni 0.3 No Yes N,C,N
3 [4] Ni 0.3 No Yes N,C,N
4 [4] Ni 0.3 No Yes N,C,N
5 [5] Ni 1.8 No Yes N,C,N
6 [8,9] Cu 0.4—0.7 Yes No N,N
7 [10] Pd 0.05 Yes No P,P
8 [15] Rh 0.03—0.56 No No P,P
9 [16] Pd — No Yes P,P’,P

10 [17,18] Pd 4 No Yes P,P
11 [19] Rh 1 Yes No P,P
12 [20] Rh 0.5 No Yes P
13 [22] Zn 2 Yes No O
14 [23] Zn 17—50 Yes No O
15 [24] Zn 5 Yes No O
16 [26] Rh — Yes No P,P
17 [27] Cu — Yes No N,N’,N
18 [28] Ti — Yes No O,O
19 [29] Zn 100 Yes No O
20 [30] — — No Yes —
21 [31] — 15 No Yes —
22 [32] — 3.1 No Yes —
23a�b [34] B 14—19 Yes No N,O
24 [36] Pd 0.1—0.2 Yes No P,O
25 [37] Pd 0.05 Yes No P,P

An interesting novel approach to the synthesis of (metallo)dendrimer catalysts
could be the use of random hyperbranched polymers [38]. Obviously, these
hyperbranched polymers have comparable but less defined structures, but to
arrive at dendrimers with similar sizes, a larger number of preparative steps are
required, which may be an economic disadvantage. Furthermore, materials
involving heterogeneous supports with well-defined metallodendritic subunits
[15] can be a promising future direction giving rise to new types of supramolecu-
lar catalysts that can easily be recovered from production streams.

The future will undoubtedly show considerable activity in the field of (metal-
lo)dendrimers, not only because of the beauty of the structures and the synthetic
challenge their preparation involves, but also because of their usefulness in
fundamental applications and applied science. Finally, while we are learning to
design, synthesize and apply these multimetallic catalytic objects (either soluble
or insoluble), other challenges may include preparation of multifunctional cata-
lytic prototypes by including, e.g. a substrate recognition function next to the
catalytically active site.
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Optical Effects Manifested by
PAMAM Dendrimer Metal
Nano-Composites
T. GOODSON II I
Department of Chemistry, Wayne State University, Detroit, MI, USA

1 INTRODUCTION

The focus of this chapter is to overview some of the most recent findings
concerning the optical properties in PAMAMdendrimermetal nanocomposites.
These novel materials are of immense interest to those concerned with probing
the fundamental optical properties of metal nanoparticles. The present research
has attracted a large degree of synthetic and fabrication interests as well as linear
and nonlinear optical research efforts. In order to cover the higher priority
research investigations in the metal-PAMAMdendrimers nanocomposites field,
this chapter has been divided into those areas related to the fabrication as well as
the photophysical properties of these new and important materials. The intro-
ductory section discusses some of the fundamental issues involved in fabricating
these novel materials as well as their chemical characterization. The second
section discusses the linear and nonlinear optical properties of these materials,
whereas the third section gives details of the ultra-fast emission properties of
gold- and silver-dendrimer nanocomposites.

The connection between the optical properties and technological applications
of macromolecules has been a subject of intense research and development for
many years [1—5]. There is presently an emphasis on using materials and
molecular architectures based on a very small size scale of less than 100s of
nanometers [6—10]. Revolutionary ideas and concepts have emerged which
may lead to the creation of superior miniature size materials for a variety of
applications. Some of these concepts are directed at synthetic schemes to recreate
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the basic building blocks of nature in a relatively inexpensive and flexiblemanner
[11, 12]. Other ideas are motivated by using nanometer scale materials to
fabricate devices to produce miniaturized effects found in conventional elec-
tronic and mechanical functions [13—15]. Presently, nanoparticles are attracting
immense research attention due to their potential applications in areas such as
catalysis, optics and electronics to just name a few [16—20]. If the progress of
technology is to continue at an accelerated pace, new materials with new
functions must be both fabricated and investigated in a precise manner. This will
require the enhanced understanding of the fundamental physics and chemistry
behind small particles, while at the same time observing and quantifying their
differences from larger conventional devices.

The initial issues determining the direction of nanoparticle research were
guided by the necessity of using common synthetic schemes to prepare novel
nanoparticle materials, and by the requirement of fabricating materials in a
self-assembly fashion [21, 22]. Much attention was given initially toward the
fabrication of ordered assemblies of nanocrystallites commonly called ‘quantum
dots’ [23]. Ultimately, the proper procedures were discovered for controlling the
shape and size distribution of semiconductor nano-crystals such as CdSe, CdS
and Ag

�
S quantum dots [24]. In terms of optical investigations these are highly

desirable materials since their band-gap transitions are shifted to the visible part
of the spectrum, and not in the infrared as is the case for their bulk semiconduc-
tor counterparts.With these novel structures, information concerning the optical
and electronic properties of semiconductor quantum dots was enhanced to a
great extent. New methodologies and concepts have emerged that can now be
translated to other (nonsemiconducting) chemical nanoparticles [25, 26]. While
there was a large interest in the creation and characterization of semiconductor
quantum dots, less has been done with other nanoparticles systems such as
transition metal particles or with other particle geometries. Meanwhile, in an-
other area, efforts in the field of clusters and colloids have grown dramatically
over the last two decades [27]. Organic synthesis (utilizing particular ligand
systems) have made it possible to produce both clusters and small colloid
particles. From the perspective of optical and electronic effects much of the
interest in this field has evolved from the huge variation in the number of surface
atoms found on larger particles vs. nanometer scale particles. It is well known
that this difference in percentage of surface atoms found in each of these particles
sizes dramatically alters both the physical and chemical properties of the respect-
ive particles [28, 29].

A major obstacle in making precise structures withmetal colloids has been the
control of aggregation and particle size distribution. The use of micelles has
allotted some success in this regard with the formation of different metal colloid
geometries [30]. It is known that the nanoparticles must be stabilized by organic
molecules attached to their surface [31] and in general must be embedded in a
solid matrix [32]. This is done to prevent agglomeration and precipitation as

516 T. GOODSON III



well as the formation of aggregates. The long chains of the organic molecules
prevent the particles from coming close to each other. Much is already known
about how electrostatic or steric stabilization processes can aid in the formation
of homogenous nanoscale metal particles. By use of electrical double layers or
through polymeric or surfactant molecules the air oxidation and isolation can be
achieved in a relatively controlled manner with high yield [33]. Recently, a new
methodology for stabilizing metal nanoparticles has attracted great attention.
This methodology utilizes the macromolecular architecture of organic den-
drimers and will be discussed in this chapter.

Dendrimers are now an important macromolecular architecture in chemistry,
physics and materials science [34]. Macromolecular architectures such as con-
jugated organic dendrimers and polymers attract a large degree of interest in the
physical sciences for a variety of reasons. Contrary to linear polymers, which are
composed of linear building blocks, dendrimers are synthesized by repeating
branched units in a hierarchical self-similar fashion [34—37]. Dendrimer are
core—shell-type macromolecules that are generally characterized by their shells
or number of generations. Also, the dendrimer structure has the potential of
developing branched (fractal) architectures, which could enhance the under-
standing of the relationship of dimensionality (geometric restriction) with excita-
tion localization length [37—39]. Dendrimers have received increasing attention
due to their interesting electronic properties and their potential optical applica-
tions [37—44]. The nature of optical excitations in dendrimers is still a matter of
keen debate. It has been suggested that after excitation the electron (and hole) is
localized on linear segments of the dendrimer [37]. Optical excitations can be
modeled as a set of weakly (Coulombic) interacting chromophores described by
a Frenkel exciton Hamiltonian [39]. However, the character of these interac-
tions and the extent of delocalization of the wave-function of excitons in den-
drimers is not clear. Also the character of energy migration between segments
(hopping or coherent) is not certain [37—39, 45]. To clarify the character of
excited state interactions between different segments of dendrimer, time-resolved
ultra-fast measurements are of great necessity [38, 46, 47].

From intense synthetic efforts it is now known that nano-structured materials
can be fabricated by a variety of methods, one of which involves the use of
synthetic dendrimers as host container or scaffolding molecules [48]. It has been
discovered that dendrimers have the ability to form organic—inorganic nano-
composites [49]. The initial studies showed that the reduction of copper or gold
ions in the presence of generation 4 (G4) polyamidoamine (PAMAM) dendrimer
leads to stable colloidal solutions, rather than macroscopic formation of metal
precipitates [50]. The formation of these nanometer scale copper particles was
confirmed by UV-Vis spectroscopy [50]. Dendrimer nanostructured materials
have been suggested as prime candidates for drug delivery systems, quantum-
confined structures, and nano-level storage units [51, 52]. It was also discovered
that there was a great deal of flexibility in the fabrication (synthesis) of the
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dendrimer nanocomposites. For example, it has been demonstrated that differ-
ent zero-valent transition metals may be encapsulated inside PAMAM den-
drimers to produce a variety of metal—dendrimer topologies [53, 54].

Dendrimers have also been used for the formation of thin film metal colloids.
A novel approach for Au and Ag colloid monolayer formation on different
silicon oxide surfaces such as glass, silicon, or ITO using PAMAM dendrimers
has been described [55]. The relatively facile method yields monolayers with
easily controlled spacing within the monolayer without aggregation of metal
particles. The colloid monolayers are prepared in two steps: (1) modification of
the substrates with PAMAMdendrimers, and (2) noble metal colloid deposition
onto the dendrimer layer [55]. Different Au and Ag colloids, ranging from 15 to
80 nm in particle diameter, have been deposited onto the dendrimer-modified
surfaces. The structure and properties of the resulting particle arrays and de-
ndrimer nanocomposite solutions have been studied by atomic force microscopy
(AFM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), UV-Vis spectroscopy, and surface-enhanced Raman scattering(SERS)
[55, 56]. XPS data show that the dendrimers spontaneously adsorb to various
silicon oxide surfaces. SEMand AFMdata show that the colloids spontaneously
form continuous films on the dendrimer-modified surfaces [55]. The noblemetal
particles are well isolated and confined to a single layer, and aggregation does
not occur on the surface. The interparticle spacing (74—82 nm) and surface
coverage can be controlled over a wide range by colloid size, colloid concentra-
tion and immersion time. UV-Vis spectroscopic data show that the microstruc-
ture directly controls the optical properties of the layer. This result was one of the
first justifications of the wide range of applications with dendrimer-metal nano-
structured materials.

Themotivation for using dendrimers as scaffoldingmolecules has evolved into
a number of different directions. From the synthetic (fabrication) point of view,
the motivation stems from the desire to understand the general features of
polymer nanotemplating with model systems. This is quite reasonable since the
well-known PAMAM dendrimers are monodisperse and well-characterized
macromolecules with sizes ranging from 1 to 15 nm for generation 2—10 [57, 58].
This discrete, systematic size (continuum spacers) has characteristic dimensions
of low molecular weight molecules, polymers and colloids. Access to such a
systematic succession of structural dimensions may help bring about the funda-
mental understanding of organic—inorganic hybrid materials, including their
nanoscale characterization, formationmechanisms and optical properties. It has
already been shown, in detail, that the dendrimer-stabilized nanoclusters can
result in effective high surface area catalysts in solution that allow substrates to
penetrate the dendrimer interior and access the cluster surface [59]. It may also
be true that the dendrimer architecture may play an important role in under-
standing the mechanisms of the linear and nonlinear optical properties of
transition metal nanoparticles.
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Information concerning the emission properties of gold nanoparticles is of
great importance to future applications in nanotechnology.Mooradian [60] first
observed the fluorescence from bulk metal (Au) with an extremely low efficiency
of 10���. While it has been recently demonstrated that metal nano-particles
exhibit an increase (compared to bulk) of the fluorescence quantum efficiency
[61] when the shape is somewhat elongated, the quantum efficiency of metal
nanoparticles is still very low so that the actual fluorescence signal is difficult to
measure. Less is known about the time-resolved fluorescence from transition
metals. The characteristic size and separation of core clusters in dendrimer
nanoparticle systems may play a large role in the ability to observe the emission
resulting from the optical excitation process. Although several selected systems
have produced various dynamical models for ultra-fast excitations in metal
nano-particles [62, 63], there is a widely accepted general model that accounts
for the majority of the events in the excitation and decay processes. This involves
the optical excitation of the electrons by interband and intraband transitions.
These processes are usually followed by a loss of coherence, which is largely due
to electron—electron and electron—surface scattering processes that result in a
quasi-equilibrated electron system. This relaxation to the quasi-equilibrated
electron system normally has duration of approximately 100 fs. The hot electron
system can also lose its energy through electron—phonon coupling [62, 64].
There have been several reports of the time-resolved transient absorption effects
in metal nanoparticles. Utilizing time-resolved transient absorption, several
reports have clarified a large degree of the complexity of ultrafast optical excita-
tions in nanoparticles [62—65]. However, the signals obtained in transient
absorption measurements are a superposition of several nonlinear optical pro-
cesses. For example, the interplay of bleaching and excited state absorption leads
to complicated features in the pump-probe experiments. Certainly, there is more
to be learned from the emission properties of metal nano-particles.

The remaining sections outline recent findings on the optical properties of
metal-dendrimer nano-composites. The sections have been organized into areas
of interest related to the fabrication as well as photophysical properties of these
new and important materials. The first section discusses some of the important
issues concerning the fabrication of these novel materials and their chemical
characterization. The second section discusses the linear and nonlinear optical
properties of these materials. The third section provides details related to the
ultrafast emission properties of gold- and silver-dendrimer nanocomposites.
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2 FABRICATION OF METAL–DENDRIMER NANOCOMPOSITES

The fabrication of metal-dendrimer nanocomposites has now been demon-
strated by a number of research groups using a variety of metal constituents. The
synthesis of Cu, Ag, Au, Pt, Pd and CdS dendrimer nanocomposites have all
been reported in the literature [66—70]. In all cases to date, the primary
host dendrimer has been variations of the PAMAM dendrimer (schematically
illustrated in Figure 21.1a). Pristine PAMAM dendrimers are now available
commercially at a vari-ety of generation levels [71]. The host PAMAM de-
ndrimers can be tailored with appropriate functional groups (either on surface or
internally) for further chemical alteration.Host dendrimers of the EDA core type
have tertiary amine functional groups in the interior, while COOHgroups can be
introduced on the surface [72, 73]. Details for the fabrication method vary
depending on the architecture type desired for the respectivemetal. However, the
principal procedure requires that the host dendrimers provide appropriate leg-
ation or charged sites (Figure 21.1B). These dendrimers are then combined with
the appropriate metal salts. The dendrimer—metal complexes are then reduced to
zero valent dendrimer nanocomposites by addition of a reducing agent such as
NaBH

�
. The rate, dendrimer size (generation), weight ratio and concentration

are all important parameters in the fabrication of the dendrimer nanocom-
posites. The reported syntheses of these structures have certainly verified the
complexity of preparing reproducible composite systems, even though the
methodology appears relatively straightforward.

The type of metal used is very important in the fabrication of the particles.
Crooks et al. [74] demonstrated thatmetal nanoclusters ranging in size from 1 to
2 nm could be prepared within dendrimer templates by a two-step synthesis
process. It was found that metal ions such as Cu�� and Pd�� and Pt�� initially
partition into the interior of certain PAMAM (—OH terminated) dendrimers [74,
75]. The resulting structure contains a zero valent metal nanocluster (see Figure
21.1c). Crooks et al. [74, 75] have shown that the procedure involves the
partitioning of a particular number of metal ions into the dendrimer’s interior.
The driving force of the reaction is suggested to be due to associative properties
of amines or other terminal groups. Crooks and co-workers also reported that
dendrimer-encapsulated metal nanoclusters can undergo multiple in situ dis-
placement reactions [66]. Pd and Pt dendrimer encapsulated nanoparticles
prepared by direct reduction, as well as by primary or secondary displacement
reactions, are catalytically active for electrochemical reduction of O

�
[66]. These

structures were characterized by TEM, XPS, FT—IR as well as UV-Vis spectro-
scopy [66, 76].

With precise functionalization, it is possible to prepare different types of
dendrimer nanocomposite topologies. Balogh and Tomalia have utilized the
functionalization of PAMAM dendrimers to create both external and internal
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dendrimer nanocomposite topologies (for example the external topology is
shown in Figure 21.1D) [70, 77]. Here, it was suggested that the dendrimer host
are monodisperse nano-reactors, possessing architecture and ligand sites that
allow the pre-organization of metal ions within their interiors. It was reported
that the use of PAMAM dendrimers as templated containers allows in situ
generated reaction products to be dispersed as amorphous or slightly ordered
domains within the dendrimer interior [77]. Several interesting applications
have been suggested due to the flexibility of the synthesis in this manner. These
include encapsulating semiconductors and noble metals, environmental cleanup,
as well as magnetic and electronic applications. In this particular particle syn-
thesis, 1 ml solution of G4 PAMAM dendrimer was added to 1 ml of 10 mM
Cu(II) acetate solution [77]. The Cu�� ion complexing capacity of a particular
PAMAM dendrimer was followed by spectrophotometric titrations. According
to the analysis of the spectrophotometric data, a surface plasmon resonance at
590 nm suggested that the metal shape was spherical and the particle size was
smaller than the host dendrimer template [78].

Perhaps the most detailed characterization of dendrimer nanocomposites was
given recently by Amis and co-workers in a study where dendrimers were used as
templates for gold nanoclusters [58]. Several generations (G2—G10) of PAMAM
dendrimers were used as nanotemplates for the formation of inorganic—organic
hybrid colloids in aqueous solution [58]. The reduction of gold with sodium
borohydride was used in the synthesis since it was previously shown that the
reaction speed could be controlled. While it was not proven that AuCl�� ions
exhibit any specific coordination to amine groups, it has been shown with
polyelectrolyte microgels that the AuCl�� has sufficient electrostatic attraction
to precursor ions to form inorganic—organic hybrid structures. Results of TEM,
SAXS and SANS were used to characterize the different structures formed with
the various dendrimer—metal combinations. This work was very inclusive and
several different types of topologies were found [58]. Gold/dendrimer ratios, as
well as dendrimer mass fraction, and reaction rate are all important in determin-
ing the desired structures. It was also found that under certain experimental
conditions PAMAM dendrimers in the range of G2 to G4 may behave like
molecular mass colloid stabilizers. It was suggested that in these systems, several
dendrimers surround the surface of the metal particles formed. On the other
hand, the higher generation systems were found to produce different results. For
G6 to G9, the PAMAM dendrimers act as effective ‘polymeric’ templates [58].
Metal particles appear to be completely encapsulated inside individual de-
ndrimers. The metal particles appear to aggregated in to well defined domains
within the dendrimer host (see Figure 21.1E). This work demonstrated that the
size of the metal can be precisely controlled by the number of precursor ions
added per dendrimer molecule. This may be performed without changing the
morphology of the hybrid particle [58].

Whilemore systematic studies are still necessary to completely characterize all
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the possible structures obtained from metal—dendrimer nanocomposites, the
reportedwork clearly demonstrates that the PAMAMdendrimermay be viewed
as a nanoscale template. From these studies metal particles have been shown to
be encapsulated inside the higher generation PAMAMdendrimer host, whereas
there is evidence that the metal particles can be stabilized on the surface of other
PAMAM dendrimers. However, the detailed nature of the interaction of the
PAMAM dendrimers with the metal colloids has many unanswered questions.
Amis’s data showing the metal particles inside the PAMAM dendrimer are
aggregated slightly off center is an interesting result that requires further charac-
terization. Such work might define new features concerning electrostatic interac-
tions within dendrimer-nanocomposites [58]. The understanding of these char-
acteristicsmay also prove very critical in explaining and predicting the electronic
properties of the metal—dendrimer nanocomposites as well. As described in the
next sections, the various dendrimer nanocomposite topologies appear to exhibit
different optical behavior. The consequence of placing approximately the same
number of metal (gold or silver) atoms either on the outside or the interior has
proven to be very important in the case of the nonlinear optical effects.

3 LINEAR AND NONLINEAR OPTICAL PROPERTIES IN
METAL–DENDRIMER NANOCOMPOSITES

While there has been great success in the fabrication of many new types of
dendrimer nanocomposites (DNC) understanding the optical properties of these
novel materials is still in its infancy. Linear absorption studies have demon-
strated the connection of the spectral position of the maximum and full width
half maximum (FWHM) of the surface plasmon resonance peak with the size of
themetal nanoparticles. It is known that reducing the size of the nanoparticle has
a pronounced effect on the energy level spacing as the system becomes more
confined. As it is often taught in undergraduate physical chemistry, for a particle
confined to a specified container (a ‘box’), the energy separation between adjac-
ent levels increases with decreasing dimensions. In a metal, the conduction band
is half-filled and the density of energy levels is so high that a noticeable separ-
ation in energy levels within the conduction band is only observed when the
nanoparticle is made of just a few atoms [79]. The surface plasmon resonance is
the coherent excitation of all the ‘free’ electrons within the conduction band. This
ultimately leads to an in-phase oscillation [80]. For the larger particles, of
several tens of nanometers in which their size is still small compared with the
wavelength of light, excitation of the surface resonance can take place with
visible light. Thus it can surely be seen that the surface plays a crucial role for the
observation of the surface plasmon resonance as it alters the boundary condi-
tions for the polarizibility of the metal and therefore shifts the resonance to
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Figure 21.1 A-Structure of the host PAPAM dendrimer. B-Fabrication pro-
cedure for metal-dendrimer nanocomposites. C- Pd and Pt dendrimer encap-
sulated nanoparticles prepared by displacement reactions [66]. D, E -External
and internal dendrimer nanocomposite topologies, respectively [70, 77].

optical frequencies accessible with normal spectroscopic methods.
For dendrimer metal nanocomposites the connection between the size of the

particles and character of the surface plasmon resonance can be well character-
ized [81]. The electric field of an incoming light wave induces a polarization of
the ‘free’ conduction electrons with respect to the much heavier ionic core of a
spherical nanoparticle [81]. The net charge difference occurs at the nanoparticle
boundaries (the surface) which in turn acts as a restoring force. In this manner a
dipolar oscillation of the electrons is created within a particular time period. It
was shown by Mie that a series of multipole oscillations may be responsible for
the extinction cross-section of metal nanoparticles [80]. For nanoparticles much
smaller than the wavelength of light only the dipole oscillation contributes
significantly to the extinction cross-section [82]. For larger nanoparticles the
dipole approximation may no longer be valid, and the plasmon resonance will
depend explicitly on the particle size. The larger the particles become, the more
important the higher order polar contributions become. The plasmon band-
width increases with increasing particle size.
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The linear optical absorption has been used to characterize the metal particle
morphology in the case of gold- and silver-dendrimer nanocomposites. In Figure
21.2 the linear optical spectra for the gold (Au) dendrimer nanocomposite. Also
shown in the insert of Figure 21.2 is the linear absoroption spectra for the pure
PAMAM dendrimer (generation 5). The absorption of the pure PAMAM de-
ndrimer has a maximum at 230 nm. The absorption of the highly concentrated
aliphatic amine groups is very strong. For comparison, the absorption of the
surface plasmon of the dendrimer nanocomposite is normalized to unity in
Figure 21.2. The surface plasmon resonance is clearly seen for the gold dendrimer
nanoparticles with a maximum at 530 nm. The FWHM of the surface plasmon
resonance absorption peak for this particular dendrimer nanocomposite sample
was � 0.36 eV [83]. It was found that the width of the surface plasmon
absorption peak changes with the particular dendrimer nanocomposite architec-
ture. Silver-dendrimer nanocomposites have also been prepared and show a
surface plasmon resonance at wavelengths shifted to the blue of the gold systems.
The FWHMof the surface plasmon resonance also ranged over a relatively large
span of wavelengths.

As it can also be seen from Figure 21.2, there is another linear absorption
resonance at 270 nm. Interestingly, when the spectra of the pure dendrimer and
the dendrimer nanocomposite are compared, the resonance at 270 nm is not seen
for the pure dendrimer. At this point, it is not completely certain as to the origin
of this resonance, but it is possibly associated with the dendrimer—metal electro-
static association, or the metal band transition itself. The surface plasmon
resonance becomes broader with larger size particles in the dendrimer metal
hybrid architecture. For the absorption spectra shown in Figure 21.2, the TEM
results suggested that the size of the organic—inorganic hybrid structures ranged
from 5 nm to 20 nm. The surface plasmon resonance has a FWHM of 0.36 eV
which is consistent with particles of this size.

For other metal—dendrimer nanoparticles, such as those made of Pt��, strong
absorption in the ultraviolet has also been observed. Crooks. et al. [84] have
investigated changes in the linear absorption spectra of PtCl

�
�� and its combi-

nation with G4—OHPAMAMdendrimer.When the two are mixed for sufficient
time a new band at 250 nm is formed. This band was interpreted as being
proportional to the number of Pt�� ion in the dendrimer, with the number of
atoms ranging from 0 to 60. In this case, the titration-like behavior also suggests
that it is possible to control the dendrimer—metal ratio [84]. The linear absorp-
tion spectra were also used to show that Pt particles arising from Pt�� ions
bound to the terminal primary amine ligands agglomerate and only the intra-
dendrimer bound Pt�� ions yield stable soluble clusters. Crook’s absorption
results support the suggestion of the very high degree of stability in these
dendrimer nanoparticles in that no agglomeration was detected for up to 150
days and the material could be redissolved after repeated dryings.

The linear absorption of dendrimer nanocomposite thin films has also shown
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interesting features. Tripathy et al. [85] have utilized the processes of electros-
taticmultilayer deposition to form thin films of gold—dendrimer nanocomposites
mixed with layers of poly(sodium 4-styrenesulfonate) (PSS). UV-Vis spectra of
PSS/gold-dendrimer nanocomposites showed that in the UV region of the
spectrum the amplitude of the absorption increased with increasing number of
bi-layers. For these thin films the absorption of the gold could be monitored by
UV-Vis spectroscopy as well. The number of cycles of adsorption was critical in
observing the surface plasmon resonance [85]. The UV data suggested that the
gold—dendrimer nanocomposite could be adsorbed onto the PSS film after a
certain number cycles had been completed. A uniform array of the gold—den-
drimer nanocomposite on the PSS layer was further confirmed by AFM studies.

New materials for nonlinear optics are important for a variety of reasons.
With very efficient second and third harmonic generation exhibited in novel
materials new avenues are now possible for application in optical switching and
optical computing architectures [86]. Materials fabricated in a waveguide struc-
ture have given rise to very efficient electro-optical effects for faster opto-
electronic design [87]. Recently, there has also been intense interest in materials
that possess large third- and fifth-order nonlinear responses in new materials.
These effects include optical phase conjugation, two- and three-photon absorp-
tion, optical limiting, as well as certain nonlinear phenomena necessary to
observe quantum optical effects [88, 89]. Optical limiting effects are observed
when the material’s integrated absorption increases with increasing input inten-
sity. Novel polymeric materials have reached the point of magnitude and
thermal stability comparable to inorganic single crystal systems, for the case of
second order nonlinear optical effects. However, dendrimers and dendrimer
nanocomposites are a new class of materials for nonlinear optics and have shown
interesting nonlinear refraction and nonlinear absorption properties. The non-
linear optical processes in a material can be best characterized by a the macro-
scopic polarization given by [90].

P
�
� ��

��
E

�
� ��

���
E
�
E
�
� ��

����
E
�
E
�
E
�
� (1)

The first term on the right of equation (1) is the linear electrical susceptibility.
The second terms is the second-order nonlinear susceptibility which gives infor-
mation responsible for such effects as second harmonic generation and the linear
electro-optic effect. The third term is the third-order nonlinear susceptibility,
which is responsible for third harmonic generation and two-photon absorption.
The third order nonlinear processes which give rise to large optical limiting
effects are important for a variety of applications including eye protection from
intense laser beams, sensor protection and possible biomedical applications.
Organic chromophores and polymers have enjoyed a large degree of success in
providing materials with large nonlinear susceptibilities, which are comparable
(and in some cases larger than) to their inorganic crystalline counterparts. It is
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Figure 21.2 Absorption spectrum for the gold-dendrimer nanocomposite. In-
set: absorption spectrum for PAMAM dendrimer (generation 5).

now known that organic dendrimers can also exhibit strong nonlinear optical
properties as well [91]. Due to the possibility of combining different molecular
components that are important for NLO properties within a single structure,
and the fact that the organic dendrimers are themselves amorphous and form
nice thin films, these new materials offer a wide range of new applications for
nonlinear optics. The nonlinear absorption and refraction in dendrimer nano-
composites have also been investigated [83]. It appears that combining the
synthetic architecture of amorphous dendrimers with metal nanocomposites
may be a new avenue for preparing superior, stable and robust nonlinear optical
materials.

As described in the previous section, the optical properties of nano-scale
metal domains are strongly influenced by the surface plasmon (SP) resonance
[80]. This is relevant in the case of optical limiting where the material’s absorp-
tion is dependent upon the intensity of the input beam. It has been reported
that the external (E) type �Ag(0)�-dendrimer topology, structure known as
�Ag(0)�

	
: (�(Ag(0)
��

-PAMAM E5.5COOH�) has a strong surface-plasmon

resonance at 414 nm. The maxima and the FWHM of the surface plasmon gives
information concerning the size distribution of the metal particle domains, and
has exhibited interesting nonlinear optical properties [83]. For the case of
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the �Ag(o)�
	

the size of the particles range from 5 to 25 nm. The metal-
dendrimer nanocomposites in this report were prepared in water (aqueous)
solutions [92].

The linear absorption spectra of �Ag(0)�
	
and the pure dendrimer host were

described above. The �Ag(0)�
	
structure exhibits an SP resonance absorption

peak in the visible region at around 414 nm. The pure dendrimer absorption
consists mainly of a strong peak at around 230 nm. The nonlinear optical
properties of these novel compounds were first investigated with 6.5 ns laser
pulses from a frequency doubledNd:YAG laser at 532 nm. The repetition rate of
the laser pulses was varied between 2 Hz and 10 Hz. The optical setup consisted
of an f/8 lens focusing the Gaussian beam (initial radius of 2.2 mm) to a spot
radius of � 40 �m, and a power-meter positioned close to the output facet of the
1 mm-thick sample cell [83]. The control of the input energy was obtained by a
combination of quarter-wave plates and polarizers. The result of the nonlinear
transmission measurement with a pulse repetition rate of 10 Hz for a solution in
a relatively low concentration (i.e. 2.0� 10�� mole/kg) is shown in Figure 21.3.
When the input fluence varies from 0.7 to 10.0 J/cm� (equivalent to the increase
of the peak irradiance from 0.2 to 1.3 GW/cm�) the transmission decreases by
62%. The threshold fluence for optical limiting is around 2.0 J/cm�. The optical
limiting performance of �Ag(0)�

	
compares well to the results obtained with

novel organic structures such as: EHO—OPPE [93] (where a transmission
drop of 65% was obtained between 0 and 0.6 GW/cm�); the AF-380 dye [94]
(exhibiting a threshold fluence of � 2 J/cm� and a transmission loss of 60% for
an input fluence increase up to 13 J/cm�). On the other hand single-walled
carbon nano- tube suspensions [95] (showed a threshold fluence of � 2 J/cm�

and transmission decrease of 70% for fluence increasing up to 6 J/cm�). Thus the
Ag den- drimer nanocomposite system exhibits strong optical limiting effects at
532 nm.

Measurements with synthetic organic dendrimers, where organic chromo-
phores are attached to the surface groups, have shown NLO properties that are
enhanced in comparison to the guest—host systems [96, 97]. This implies that
dendritic architecture may provide a novel environment for enhanced intra-
molecular interactions for NLO effects. This may be crucial for nonlinear optical
effects that may involve orientational dipolar order [98, 99]. The orientational
order of the dendritic architecturemay be stabilized by interactions of the surface
groups and possibly by locking (crosslinking) the groups for thermal stability. In
terms of the DNC’s, the nonlinear optical effect is significantly larger than the
pristine organic PAMAM dendrimer host. In fact, for the host system no
detectable optical limiting effect was observed at 532 nm. This strongly implies
that the NLO effects are strongly dependent upon the stabilized nanoparticles
inside the dendrimer host.

While the mechanisms of the NLO properties in dendrimer nanocomposties
have been experimentally approached, they are still not entirely understood.
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However, certain important characteristics may give a plausible explanation for
the mechanisms. For example, the dependence of the solution concentration on
the nonlinear transmission behavior has been investigated.Measurements of the
optical limiting effect as a function of increasing concentration or ratio of the
metal has been reported [83]. As expected, the transmission decrease was less
effective with the reduction of the solution concentration. The report also
showed the repeated measurement of several cycles of increasing and decreasing
the peak irradiance between 0 and � 1.3 GW/cm� and the results are the same
as seen in Figure 21.3. The information about the optical limiting processes
occurring in the �Ag(0)�

	
structure at 532 nm can also be obtained by utilizing

the open z-scan technique [97] in the same optical setup configuration, with 10
Hz pulse repetition rate. From the open z-scan results it can be concluded that
drastic optical extinction, by a factor of 115, occurs for a concentrated solution
(5.9� 10�� mole/kg) of �Ag(0)�

	
at the laser beam focus for a fluence of 3.3 J/cm�

(relatively moderate input irradiance of 0.42 GW/cm�) [83].
It is interesting to note that the dendrimer metal nanocomposite results not

only vary from conventional organic conjugated dendrimers but they also vary
from thin films of metal particles. Smith et al. [100] used the z-scan technique at a
similar wavelength (532 nm) to measure the nonlinear absorption coefficient of
continuous, approximately 50 A�´ -thick gold films, deposited on surface modified
quartz substrates. As it was foundwith the dendrimermetal nanocomposites, the
highly absorbing metal films required analysis of both the real and imaginary
parts of the susceptibility, utilizing both open and closed z-scan measurements.
Interestingly, when peak intensities of the order of 0.1 GW/cm� were used a
transmission decrease of � 8% was detected [100]. For intensities � 0.160
GW/cm� ablative damage occurred which was observed by a sharp peak in the
z-scan transmission which increased with each scan. This instability to intense
laser pulses of themetal thin filmmaterial was also noted by an asymmetry in the
baseline of the z-scan. While the magnitude of the effect may have been small in
the metal thin film, the measured nonlinear response could be described relative-
ly well bymean field theories and a Fermi smearingmechanism [100]. Themetal
dendrimer nanocomposites appear to have much better stability to intense laser
pulses and larger nonlinear optical responses as well. The dendrimer nanocom-
posite has a smooth nonlinear transmission and open z-scan curves. The silver
dendrimer nanocomposite also seems to be quite stable up to 1.00 GW/cm�.
This high stability was also seen in the ultrafast time-resolved measurements as
well. Indeed, with the large nonlinear optical effects observed in the metal
dendrimer nanocomposites, coupled with their high stability to intense laser
pulses, new applications in optoelectronics and biomedical procedures may be
possible [83].

Understanding the mechanisms of the optical limiting effect in metal den-
drimer nanocomposites may also require understanding the timescale of the
effect. In general, for optical excitation close to the linear absorption band, such
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Figure 21.3 Nonlinear transmission of silver -dendrimer nanocomposites
�Ag(0)�E at 532 nm. Pulse repetition rate- 10 Hz. Inset: nonlinear transmission
results for �Ag(0)�E in a concentration of 2.95 × 10−4 mole/kg at 532 nm, with the
variation of the pulse repetition rate; t indicates the specific repetition periods.

as at 532 nm for �Ag(0)�
	
, the cross-sections for reverse saturable absorption

(RSA) and nonlinear scattering should be much higher than the cross-section for
two-photon absorption [83]. Time-resolved photoluminescence measurements
on �Ag(0)�

	
have shown that the excited state lifetimes in metal dendrimer

nanocomposites are very short, i.e. of the order of picoseconds (see next section)
[101]. RSA processes were seen to develop on a timescale similar to the excited
state lifetime [102, 103]. For example, in the case of phthalocyanine complexes,
this is usually in the nanosecond range [104]. It was thus suggested that the
contribution of RSA is small for the �Ag(0)�

	
since the lifetime of the excited state

is extremely short. Another explanation of the relatively slow optical limiting
effect observed in dendrimer nanocomposites is to consider processes that origi-
nate due to absorption-induced nonlinear scattering [105].

Indeed, the timescale of the optical limiting effect in dendrimer nanocom-
posites is somewhat different than that found in other materials and this may be
crucial to the understanding of the mechanism. Recent reports have investigated
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the relative timescale of the optical limiting effect. This has been investigated by
probing the dependence of the nonlinear transmission on the pulse repetition
rate (see inset of Figure 21.3) [83]. The transition from the actual optical limiting
behavior, for repetition rates higher than 5 Hz, to the transparency regime seen
at a repetition rate of 3 Hz indicates that the mechanism governing the optical
limiting is indeed slow. The strong absorption at 532 nm can lead to local heating
of the aqueous solution at the focal spot which is then followed by the reversible
creation of scattering centers, most probably microbubbles, approaching boiling
temperatures [95]. Increased beam scattering at large angles could be observed
with the naked eye at the power-meter aperture. Such thermally assisted scatter-
ing processes are indeed expected to occur on a millisecond timescale and to be
very sensitive to solvent boiling point [95, 102]. The nano-templating topology
of the DNC determines the nonlinear optical properties. Both �Ag(o)�I and the
�Ag(0)�E have been chemically characterized in the literature and the properties
of these two topologies have been shown to vary greatly. As is expected, these
properties are also dependent upon the probe excitation wavelength.

The nonlinear transmission results of the metal nanocomposites at 532 nm are
totally different from those at 1064 nm. As illustrated above, the silver external
type metal nanocomposites showed an impressive optical limiting effect as seen
in Figure 21.3. The transmission decreased 48% for the �Ag(0)� nanocomposites
when the input energy fluence varies from 1[J/cm�] to 11[J/cm�] (which equals
to the input irradiance from 0.3 to 1.5 [GW/cm�]) [106]. It can seen (in Figure
21.4) that there is a remarkably different behavior for the internal type samples
�Ag(0)�I when probed at 532 nm. An increase in the transmission with the input
energy fluence was indicative of a strong saturable absorption mechanism at the
resonance wavelength of 532 nm. We have analyzed the dependence of the
absorption on the incident irradiance I according to the model of homogeneous
broadening [106]:

�L � �
�
L/[1� I/I

���
] (2)

where � is the irradiance-dependent absorption coefficient, �
�
the initial absorp-

tion coefficient without at zero irradiance, L the sample thickness and I
���

the
saturation irradiance. For both samples the estimated saturation irradianceswas
1.3 GW/cm�. The saturable absorption effect at 532 nm can be directly related to
the linear absorption resonance for both samples in that spectral region. The
reason that the internal type topology did not show the same optical limiting
behavior as the external structures may be due to the difference in metal domain
sizes. The internal type may form as little as a single nanoparticle per dendrimer
inside the dendrimer architecture and consequently has a smaller surface area
[107]. On the other hand the metal particle domains in the external topology are
somewhat larger [92]. The thermal conductivity may be decreased due to the
smaller surface area of the agglomerated metal particles in internal type.
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The linear and nonlinear optical properties of the dendrimer nanocomposites
have exhibited interesting properties that are strongly dependent on the fabrica-
tion of the structures. The external Ag structure showed a very impressive optical
limiting effect at 532 nm. The optical limiting properties of the internal de-
ndrimer nanocompositeswere very different from those observed for the external
structures. The concentration dependence of the nonlinear optical effects sup-
ports the suggestion that increased concentration of the dendrimer metal
nanocomposites results with increased magnitude of the transmission decrease.
Measurements of the timescale of the optical limiting effects showed that the
mechanism may involve a relatively slow process including strong nonlinear
absorption of the metal dendrimer nanoparticles. The effects at the infrared
wavelength (1064 nm) are also very interesting. Here the internal and external
dendrimer nanocomposites seem to be governed by a similar mechanism. This
novel nonlinear optical behavior, and control of properties by changing the
metal dendrimer nanocomposite topology offers interesting possibilities for
applications in the future. The strong optical limiting effects may be used for
highly localized heating and possibly thermal imaging effects in biological or
cellular hosts. The localized site specific heating due to the excitation by the laser
pulses which was observed in some cases, may be useful for certain drug/
chromophore release functions inside biological host systems as well.

4 ULTRAFAST EXCITED STATE DYNAMICS AND
PHOTO-LUMINESCENCE PROPERTIES OF DENDRIMER
METAL NANOCOMPOSITES

While the linear absorption and nonlinear optical properties of certain den-
drimer nanocomposites have evolved substantially and show strong potential
for future applications, the physical processes governing the emission properties
in these systems is a subject of recent high interest. It is still not completely
understood how emission in metal nanocomposites originates and how this
relates to their (CW) optical spectra. As stated above, the emission properties in
bulk metals are very weak. However, there are some processes associated with a
small particle size (such as local field enhancement [108], surface effects [29],
quantum confinement [109]) which could lead in general to the enhancement of
the fluorescence efficiency as compared to bulk metal and make the fluorescence
signal well detectable [110, 111].

Reports on several selected systems have produced various dynamical models
for ultrafast excitations in nanoparticles [62, 107, 112, 113]. Many have used a
widely accepted model to account for both the excitation and decay processes in
metals. This involves the optical excitation of the electrons by interband and
intraband transitions. These transitions are followed by a loss of coherence,
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Figure 21.4 Nonlinear transmission for the internal type [70, 77] samples
�Ag(0)�I when probed at 532 nm.

which is largely due to electron—electron and electron—surface scattering pro-
cesses that result in a quasi-equilibrated electron system that normally has a
duration of approximately 100 fs [63, 114]. The hot electron system can also lose
its energy through electron—phonon coupling. There have been several reports of
the time-resolved transient absorption effects in metal nanoparticles [63,
114—116]. It has been found that the time constant of the transient changes of
absorption and reflectivity was strongly dependent on the pump-pulse energy
[62]. It has been verified [62] that the time-dependent induced transmission
could be enhanced near the surface plasmon resonance of the nanoparticles. A
retardation of the electron cooling process to the lattice temperature was ob-
served at the plasmon resonance [62]. Reports of time-resolved transient ab-
sorption have also demonstrated the importance of electron—surface scattering
processes to the ultra-fast dynamics. Other authors have found that the origin of
the time response of the transient decay can be ascribed to the cooling process of
nonequilibrium electrons through the electron—phonon coupling processes. Von
Plessen et al. [113] have investigated the dynamics of metal nanoparticles in
relation to the large size particles that may be formed. Investigations of the
nonequilibrium relaxation processes in optically excited large gold and silver
clusters. Time-resolved pump-probe experiments and model calculations show
that optical excitation of the clusters by femtosecond laser pulses results in a
heating of the electron system, which is followed by electron cooling via phonon
emission. The electron heating leads to an enhanced damping of the surface-
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plasmon resonance in the clusters. This enhanced damping is caused by an
enhancement of the Landau damping and electron scattering rates at high
electron temperatures. It was also found that the rate of electron cooling in the
clusters changes with electron temperature. This was attributed to the conse-
quence of the temperature-dependent specific heat of the conduction electrons.

It appears that the electron—phonon coupling process is indeed critical to
understanding the excitation in metal nanoparticles. Hartland et al. [116] have
utilized femtosecond pump-probe methods to investigate the electron-phonon
coupling process in metal particles. In their report, ultrafast laser spectroscopy
was used to characterize the low frequency acoustic breathing modes of Au
particles, with diameters between 8 and 120 nm. It was shown that these modes
are impulsively excited by the rapid heating of the particle lattice that occurs
after laser excitation. This excitation mechanism is a two-step process; the pump
laser deposits energy into the electron distribution, and this energy is subse-
quently transferred to the lattice via electron—phonon coupling. The measured
frequencies of the acoustic modes are inversely proportional to the particle
radius. Analysis of the data showed that a inhomogeneous decay dominates the
damping, even for our high quality samples (8—10% dispersion in the size
distribution). The size dependence of the electron—phonon coupling constant
was also examined for these particles. The results show that, to within the
inherent error due to the signal-to-noise ratio in the measurements, the elec-
tron—phonon coupling constant does not vary with size for particles with diam-
eters between 4 and 120 nm. Furthermore, the value obtained is the same as that
measured for bulk gold [117].

Although the reports utilizing time-resolved transient absorption have clarifi-
ed a large degree of the complexity of ultrafast optical excitations in nanopar-
ticles, the interpretation of these results could be ambiguous in some cases as the
signals obtained in transient absorption measurements are a superposition of
several nonlinear optical processes. A better understanding of the excitation and
emission pathways would lead to a clearer picture of the dynamics in metal
nanoparticles. Until recently there have been no time-resolved photolumines-
cence (PL) studies with metal nanoparticles in any other architecture except
dendrimer nanocomposites reported in the literature. It has been shown that
time-resolved PL properties of metal nanoparticles may be investigated utilizing
the properties of the dendrimer nanocomposite topology.

Time-resolved PL measurements in organic dendrimers have already given
some important information on the nature of the excitations in these topologies
[38, 46, 47]. Many have suggested that organic dendrimers could be used as
artificial light harvesting systems [37, 45, 118]. These earlier systems were
normally conjugated systems in which the surface of the dendrimers contains
organic functional groups that absorb light energy that is higher than the
component at the core of the dendrimer structure [37]. A mechanism for
excitation energy transport in dendrimers is not completely clear at the present
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time, and there have been few ultra-fast experimental investigations to resolve
these important parameters. Utilizing dendrimer nanocomposites may help to
give more detailed information about excitation in both metals and metal
nanoparticles. PL measurements may allow correlation of nanoparticle size and
shape with the optical decay.

Mooradian’s initial results on fluorescence from bulkmetal (Au) illustrated the
emission process occurredwith a quantum efficiency of 10��� [60]. El-Sayed and
co-workers have recently demonstrated a large increase (compared to bulk) in
the fluorescence quantum efficiency for elongated gold nanoparticles [110]. The
characteristic size and separation of core clusters in dendrimer nanoparticle
systemsmay play a large role in the ability to observe the emission resulting from
the optical excitation process. Recently, there have been reports of the ultrafast
emission decay in metal dendrimer nanocomposites [101]. The metal dendrimer
nanocomposites under investigation were �Au(0)�

�
� formally called �(Au(0)

�����
-

PAMAM E5.NH
�
�, and �Ag(0)�

�
, formally called �Ag(0)


��

-PAMAM

E4.TRIS�, in which the dendrimer template was polyamidoamine (PAMAM)
[92]. These two structures had already been extensively characterized in the
literature [70, 77, 92]. High-resolution transmission electron microscopy
(HrTEM) revealed that the guest-metal domains were located predominately at
the core of the dendrimer host. The average size of the metal domains, also
estimated by HrTEM, was found to vary between 5 and 20 nm [77].

Because of the very inefficient emission in metal nanoparticles continuous
wave (CW) emission measurements give very little information about the excita-
tions and dynamics in these systems. However, with ultra-fast time-resolved
measurements it was possible to observe the very short-lived excited states in
these dendrimer nanocomposites. Recently, femtosecond up-conversion spec-
troscopy was employed to temporally resolve the polarized fluorescence of the
metal dendrimer nanocomposites [101]. The optical arrangement for a typical
fluorescence up-conversion experiments has been reported in the literature
[96]. For the measurements the laser source was a Ti: sapphire laser with an
average pulse width of 100 fs tuned at 790—860 nm and a repetition rate of 82
MHz (Tsunami, Spectra Physics). The sample was excited with light pulses
delivered by a frequency-doubled output of the laser at 395—430 nm. Fluor-
escence emitted from the sample was focused with an achromatic lens into a
nonlinear crystal made of betabarium borate (BBO). A temporal profile of the
fluorescence was monitored by sum-frequency generation with reference pulse
from the laser at 790—860 nm that was first passed through a variable delay line.
Sum frequency light was dispersed by a monochromator and detected by a
single photon counting system. The time resolution was determined by the
pulse width of the laser and group velocity dispersion within optical elements of
the system. The FWHM of the cross-correlation function at 790/395 nm was
estimated to be 190 fs. It is important to note that we could observe the
fluorescence dynamics on a timescale covering almost four decades (200 fs—1 ns)
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in one measurement. All experiments in these studies were performed at room
temperature. The rotating sample cell and holder (1 mm — thickness in case of
solutions, � 1 �m thick in case of thin film) were used to avoid thermal and
photochemical accumulative effects. The energy of the excitation pulse did not
exceed 0.5 nJ/pulse. We found that there was no excitation intensity dependence
of the decay dynamics. The measured fluorescence decay curves were fit by the
result of the convolution of the instrument response function with an exponen-
tial decay model in order to minimize the sum of weighted residuals (��) [96].
The quality of the fit was monitored by the values of the reduced ��, inspection
of the residuals, and monitoring of the auto-correlation function of the resid-
uals.

Shown in Figure 21.5 is the time-resolved emission from �Au(0)�
�
for excitation

at 395 nm [101]. It is seen that the dynamics of the emission signal has at least
two decay components. One of these decay components is comparable in dur-
ation with the width of the instrument response function (IRF) (also shown in
Figure 21.5 by the dashed line) while the second one is relatively long, on a
timescale of several picoseconds. The emission dynamics of the nanocomposites
was directly compared with the time-resolved emission from the host (PAMAM)
dendrimer. The host dendrimer revealed a weak and slowly decaying fluor-
escence signal similar to the long decay component of the nanocomposite
emission [106]. This measurement, together with the polarizationmeasurements
suggest that the relatively long-lived fluorescence decay component may be a
function of the host dendrimer, whereas the fast decaying component is asso-
ciated with the metal emission.

In previous reports of CW fluorescence from bulk metals [60, 119] as well as
frommetal nanoparticles embedded in micelles [110] the fluorescence originates
from the recombination of electrons in the s—p band with holes in the d band. In
Figure 21.6 we show a schematic diagram summarizing the sequence of excita-
tion and relaxation mechanisms involving transitions between the d and s—p
bands in Au nanoparticles. The surface plasmon (SP) resonance peak in the
absorption spectrum of the Au dendrimer nanocomposite is shown (solid line) in
the inset, together with the spectral distribution of the peak amplitude of the
time-resolved luminescence signal (dotted line and diamonds) from the �Au(0)�

�
nanocomposite. It is important to note that there is no spectral shift between the
SP absorption and the luminescence peak amplitude. This suggests that the
sharp peak in the luminescence decay is associated with the metal nanoparticle.

It is interesting to note that the fast emission dynamics of �Ag(0)�
�
(shown in

Figure 21.7) differs from that of �Au(0)�
�
[101]. The decay curve for �Au(0)�

�
could be reasonably fit by a two-exponential decay function with time constants
of 74 fs, 5.5 ps and relative amplitudes 0.95, 0.05, respectively (best fit curve
shown in Figures 21.5 and 21.7). The Ag nanoparticles initial (71 fs with 0.91
amplitude) and final (5.3 ps with 0.01 amplitude) decay components were similar
to those of gold; however, an additional component of 650 fs (with 0.08 ampli-
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tude) was also detected [101]. It has been shown that both electron-electron (e—e)
and electron—surface (e—s) scattering processes occur on a timescale less than 100
fs in metal nanoparticles. There are various channels for nonradiative decay
following the quenching of fluorescence. As illustrated in Figure 21.7, these
processes involve electron—phonon coupling as well as the coupling of the metal
nanoparticles to the thermal reservoir of the dendrimer host [62, 65]. An
alternative mechanism for the observed ultrafast emission could be the interac-
tion of the emission dipole moment of the metal SP resonance with the emission
dipole moment of the dendrimer host (surface-enhanced fluorescence). This
interaction could lead to quantum yield enhancement as well as to a much
shorter fluorescence decay time [108, 120]. However, the almost depolarized
character (see below) of the initial emission makes this assumption much less
probable in comparison to the first mechanism proposed above, at least in the
case of spherical metal particles.

Fluorescence anisotropy is generally used to provide information about the
dipolar orientational dynamics occurring after excitation of a system. This
technique has successfully been used to probe ultrafast dynamics of energy
transfer in organic conjugated dendrimers. The detected emission intensities I���
and I��� for parallel and perpendicularly polarized excitation respectively, were
used to construct an observable emission anisotropy R(t) in accordance with the
equation [121]:

R(t)�
I
���

(t)�GI
���

(t)

I
���

(t)� 2GI
���

(t)
(3)

The factor G accounts for the difference in sensitivities for the detection of
emission in the perpendicular and parallel polarized configurations.

The anisotropy decay result for �Au(0)�
�
is shown in Figure 21.8 [101]. The

temporal profiles of the emission in the parallel plane (dashed line) and the plane
perpendicular (dotted line) to the polarization of the excitation pulse are shown.
It is clearly seen that the polarization state of the emission during the first 300 fs
after excitation is quite different from that for longer times. The ‘dip’ and ‘rise’ in
the anisotropy curve usually suggest that there is more than one species in the
system whose contributions to the effective R(t) have different timescales [121].
Indeed, depolarized emission has been observed for metals [60] while highly
polarized emission is typical for organics [121]. From these observations we can
attribute the polarized long decay to the emission of the dendrimer template and
the fast (and nearly depolarized) component to the emission of the metal
nanoparticle [101]. This result is in agreement with the measurements of the
pure dendrimer fluorescence decay described above. The results showed that the
fast emission increases linearly with excitation intensity. This observation as well
as the nearly depolarized fast component in the emission dynamics suggests an
incoherent character of the metal PL. All these results strongly support the
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Figure 21.5 Fluorescence dynamics of �Au(0)�I, for excitation at 395 nm, and
emission at 570 nm. The corresponding numerical fits to the data are indicated
by the thin solid lines. The residuals of the fit are shown at the top of graph.

conclusion that the observed fast PL is indeed the fluorescence of the metal
nanoparticle.

Anisotropy in metal particles has also been investigated by other spectro-
scopic techniques. Pileni and co-workers [122] compared the optical properties
of spherical particles organized in a two-dimensional structure with disordered
and coalesced particles. Both particle preparations were deposited on cleaved
graphite substrates. When particles are arranged in a hexagonal array, the
optical measurements under p-polarization show a new high-energy resonance
which is interpreted as a collective effect, resulting from optical anisotropy due to
the mutual interactions between particles [122]. For disordered and coalesced
particles, a low-energy resonance appears instead of the high-energy resonance
observed for spherical and organized particles. This is interpreted as optical
shape anisotropy due to the asymmetrical shape of coalesced particles.

It is indeed clear that the shape of the nanoparticles plays a strong role in the
absorption and emission properties, even on a femtosecond timescale. It may
also be true that the femtosecond pulses may be involved in the final shape of the
particles as well. El-Sayed and co-workers [123] have found that gold nanorods
change their shape after excitation with intense pulsed laser irradiation. The final
irradiation products strongly depend on the energy of the laser pulse as well as
on its width. A series of measurements in which the excitation power was varied
over the range of the output power of an amplified femtosecond laser system
producing pulses of 100 fs duration and a nanosecond optical parametric oscil-
lator (OPO) laser system having a pulse width of 7 ns were performed [123]. The
shape transformations of the gold nanorods are followed by two techniques: (1)
visible absorption spectroscopy by monitoring the changes in the plasmon
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Figure 21.6 Schematic illustration of the dynamics of the photoluminescence
from the �Au(0)�I system. The inset shows the comparison of the �Au(0)�I

surface plasmon absorption peak with the spectral distribution of the �Au(0)�I

emission peak for excitation at 3.14 eV (395 nm).

absorption bands characteristic for gold nanoparticles; (2) transmission electron
microscopy (TEM) in order to analyze the final shape and size distribution.
While at high laser fluences (of � 1 J/cm�) the gold nanoparticles fragment, a
melting of the nanorods into spherical nanoparticles (nanodots) was observed
when the laser energy is lowered. Upon decreasing the energy of the excitation
pulse, only partial melting of the nanorods takes place [123]. Shorter but wider
nanorodswere observed in the final distribution as well as a higher abundance of
particles having odd shapes. The threshold for complete melting of the nanorods
with femtosecond laser pulses is about 0.01 J/cm�. Comparing the results ob-
tained using the two different types of excitation sources (femtosecond vs
nanosecond laser), it was found that the energy threshold for a complete melting
of the nanorods into nanodots is about two orders of magnitude higher when
using nanosecond laser pulses than with femtosecond laser pulses. This is ex-
plained in terms of the successful competitive cooling process of the nanorods
when the nanosecond laser pulses are used. For nanosecond pulse excitation, the
absorption of the nanorods decreases during the laser pulse because of the

538 T. GOODSON III



0 1000 2000 3000

(a) {Ag(0)}
I

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 [l
og

 s
ca

le
]

IRF
residuals

Time [fs]

 

Figure 21.7 Fluorescence dynamics of �Ag(0)�I, for excitation at 395 nm, and
emission at 480 nm. The corresponding numerical fits to the data are indicated
by the thin solid lines.

bleachingof the longitudinal plasmon band. In addition, the cooling of the lattice
occurring on the 100 ps timescale can effectively compete with the rate of
absorption in the case of the nanosecond pulse excitation, but not for the
femtosecond pulse excitation. When the excitation source is a femtosecond laser
pulse, the involved processes (absorption of the photons by the electrons (100 fs),
heat transfer between the hot electrons and the lattice (� 10 ps), melting (30 ps),
and heat loss to the surrounding solvent (� 100 ps)) are clearly separated in
time.

However, for the dendrimer nanocomposite metallic systems this change in
shape was not observed. Again, due to the high stability to intense laser pulses,
the anisotropy value of the gold dendrimer nanocomposite, which can be viewed
as a measure of the symmetry of the particle, did not change after several
repeated cycles of measurements. It is possible that the initial optical pumping of
the electron—phonon modes of the metal particles is partially absorbed by the
encapsulating PAMAM dendrimer.

The emission of the metal particles may thus originate from a band-to-band
transition in the metal particle, which occurs at about 516 nm for gold [60, 119].
As stated above, the nature of the interaction of the dendrimer (PAMAM) host is
still uncertain, there could be very strong electrostatic interactions that may play
a part in the enhancement of the metal particles quantum efficiency for emission.
However, one would expect that this enhancement would result in slightly
distorted emission spectra, different from what was observed for the gold den-
drimer nanocomposite. Further work is necessary to completely characterize the
manner in which the dendrimer encapsulation enhances the emission of the
metal nanoparticles. With further synthetic work in preparation of different size
nanoparticles (in other words elongated and nonspherical shape particles, in-
cluding nanorods) it may be possible to develop the accurate description of a
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Figure 21.8 The dynamics of the polarization anisotropy for the �Au(0)�I

emission. The temporal profiles of the emission in the parallel plane (dashed
line) and the plane perpendicular (dotted line) to the polarization of the excitation
pulse are also shown.

general mechanism for different nanoparticles by utilizing time-resolved
emission analysis.

5 SUMMARY

The study of metal PAMAM—dendrimer nanocomposites is evolving rapidly
and is expected to offer many new architectures and optoelectronic effects. There
is still a critical need for more systematic studies to understand the effects that
parameters such as generation level, surface functionality and interior composi-
tion manifest on nanocomposite topologies.While it was well demonstrated that
PAMAMdendrimers can be used as nanoscale templates or reactors, the nature
of the interaction of metal particles with dendrimers is not certain. It has been
well established that zero valent metals may be encapsulated inside PAMAM
dendrimer hosts as well as be stabilized on the surface of the dendrimers. Both
the linear and nonlinear optical properties are strongly dependent on the topol-
ogy of the nanocomposite. Optical limiting properties of the internal topologies
were very different from those observed for the external structures. The novel
nonlinear optical behavior exhibited by the dendrimer nanocomposites, and
control of the properties by changing the architecture, will undoubtedly be very
useful for a variety of applications.

Ultrafast emission measurements are possible with the dendrimer metal
nanocomposites. The gold and silver internal dendrimer nanocomposites
showed a fast emission decay of approximately 0.5 ps, which was followed by a
slower decay process. The fast decay emission is attributed to decay processes of
the gold (or silver) metal nanoparticles. Ultrafast emission anisotropy measure-
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ments suggest that the initial fast decay component is relatively depolarized. The
fact that the wavelength dependence of the ultrafast emission is very close to the
spectrum of the surface plasmon of the metal particle and that the initial fast
anisotropy is relatively depolarized strongly suggests that this emission is pre-
dominately from the metal domains. The nature of the zero valent metal de-
ndrimer host interaction is still uncertain, however these electrostatic interac-
tions that may play a role in the enhancement of the metal particles quantum
efficiency for emission. Further work is necessary to completely understand the
manner in which the dendrimer encapsulation enhances the emission and other
optical properties of these unique metal nanoparticles.
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Dendrimers in
Nanobiological Devices
S. C. LEE
Monsanto Company, 700 Chesterfield Village Parkway, North AA4C; St Louis,
MO, USA

1 BIOLOGY FOR NANOTECHNOLOGY

Nanotechnology aims to construct materials and devices that owe their valuable
properties to some nanoscale aspect of their structure. Relatively precise nanos-
tructures have been made using chemical and physical methods, and the field has
been largely the province of physicists and engineers from its inception [12].
Biology focuses on surveying the diversity of living things, deriving mechanistic
explanations for their properties, activities and interactions. With the advent of
biotechnology, it has involved the ‘engineering’ of organisms and biological
macromolecules for human use. While biology and nanotechnology might ap-
pear to be disparate fields, their mutual utility has been increasingly appreciated
[1, 8, 9, 16, 26—29, 39—41, 44, 45, 64]. Biological macromolecules provide a
precedent in that they reside in the nanometer size range, and biological systems
provide innumerable examples of nanoscale macromolecular assemblies that
perform useful work [72] Additionally, organismal biology illustrates the power
that integration of multiple nanodevices and systems can provide. Biological
structures also provide models for individual synthetic nanodevices (‘bioin-
spired’ structures). Since biological processes occur in the nanometer range,
biology also provides an important raison d’être for nanotechnology. Interac-
tions occurring between nanoscale components underlie most disease processes,
and so medicine provides a steady stream of therapeutic applications for
nanotechnology [5, 10, 11, 63]. Certain methodologies used in biotechnology,
protein chemistry and biochemistry (chromatography, gel electrophoresis,
ultracentrifugation, mass spectroscopy, amino acid composition analysis,

Dendrimers and Other Dendritic Polymers. Edited by Jean M. J. Fréchet and Donald A. Tomalia
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immunoblotting) are directly applicable to synthetic (nanoscale) macro-
molecules. Additionally, specific biological affinity reagents (peptides, nucleic
acids, antibodies) that recognize synthetic macromolecules can be made and
used for separation and detection of synthetic macromolecules as well as assem-
bly of complexes of synthetic nanomaterials.
Most importantly, biotechnology provides a ready source of prefabricated

functional components (biological macromolecules) for use in nanodevices. Pro-
teins can be made in gram to kilogram quantities, and proteins can perform a
truly dazzling diversity of chemical activities. Devices containing both biological
and synthetic components organized at the nanoscale to do useful work may be
described as nanobiological devices [26—29] or nanobiotechnological devices [1,
16, 64]. Biotechnology offers a unique source of functional nanocomponents that
cannot be obtained using synthetic technology. Nanodevices built entirely from
biological macromolecules may be best suited to some tasks and working
environments, see refs 30, 36, 37 for example. Additionally, individual functional
biologic nanostructures and devices might be integrated into higher order (per-
haps even macroscopic) structures, much as organisms are integrated aggrega-
tions of nanoscale subsystems.
Nanosynthetics serve primarily as structural components, providing the

higher-order structure to the biological components that allows their individual
activities to sum to a work process. Conversely, biomolecules can be scaffolds
around which to organize synthetic molecules — ‘biogenic structures’ [3, 41, 45,
54, 70]. These two approaches are complementary, and there is no reason that
individual components cannot contribute to both function and morphology.
This paper (arbitrarily) focuses on devices in which synthetic materials are used
primarily as inert ‘scaffolds’ for functional biological components.

2 BUILDING NANOBIOLOGICAL DEVICES

2.1 DESIGN

Currently we do not understand the organizational logic of multicomponent
biological systems. For that reason, nanobiological device design is in its infancy
and remains a challenge. However, there is growing interest in understanding
how multiple biological components are functionally integrated to produce
useful work [13, 19, 56, 66, 68]. Understanding these issues will not only provide
new insights on the treatment of disease or biological dysfunction, but will
eventually allow incorporation of analogous organizational features into
nanobiological devices. Still, nanobiotechnologists today are left to their own
devices as far as design is concerned. The initial step in design is definition of a
desired task that is targeted to a nanodevice. The task is then divided into
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subroutines that constitute steps in the work process, followed by identification
of biological macromolecules that carry out those subroutines.

2.2 ENGINEERING COMPONENTS

A range of data should be considered to select biological components of
nanobiological devices (genetic, biological, biochemical, physical, therapeutic,
regulatory, historical and patent), but no ‘searchable’ database integrating this
information is presently available. The information must be mined laboriously
from the literature for each molecule individually. Hence, it is often difficult to
identify ‘device-ready’ components from nature. Desired activities can be engin-
eered into existingmolecules or identified de novo from libraries (display libraries
[6]). While there has been dramatic progress in protein engineering in the last 10
years [2, 23, 29, 43, 57], there still remain many unanswered questions concern-
ing folding properties and integration with abiotic components. However,
enough is known to be encouraged to exploit existing protein species when
possible [73].
Similar exercises must be performed to identify synthetic nanocomponents.

Considerations include suitability for the proposed environment, synthesis and
handling properties, polydispersity, structural / chemical properties, as well as
amenability to assembly into higher order structures. For medical devices,
tolerability and safety of the structural materials is also an issue. Current
materials technology offers powerful, but limited capacity to engineer an ‘off the
shelf ’ approach to nanostructures.

2.3 ASSEMBLY

Parallel assembly processes to make small numbers of ‘hand made’ nanostruc-
tures by direct intervention of an operator have been known for years, however
these technologies do not appear amenable to mass production manufacturing
in the near future [9, 26—29, 40]. Ideal assembly processes will undoubtedly be
tailored to allow rapid bulk device construction in aqueous solutions. Construc-
tion driven by component self-assembly properties is attractive, but is not
sufficient to build all nanostructures [3, 15, 34, 54, 55, 69]. For that reason
site-specific conjugation of chemically dissimilar components in solution is
desirable. The problem has two challenges: control of the position of conjugation
in the biological and control of position of conjugation in the nanosynthetic.
Positional control of conjugation in the biological is essential for bioactivity
[44]. Promiscuous conjugation chemistry (such as carbodiimide methods) inac-
tivates proteins, whereas orthogonal coupling methods [35] often allow reten-
tion of biological activity (see [31—33, 46]. Chemoselective chemistries that
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operate efficiently in aqueous solution allow one tomanufacture specific biologic
nanostructures in bulk [26—29, 35, 44, 53].
Proteins generally have either a pocket (clefts) which bind substrates (in

enzymes) or a face that interacts with other macromolecules or surfaces (in
receptors); if these sites are occluded, bioactivity suffers. In nanobiological
devices, orthogonal coupling of the protein to the device may not fully address
these concerns and recourse to a linker or global reorganization of the bi-
omolecule (protein circular permutation, 20—22) may be needed. Positional
control of conjugation within a synthetic nanomaterial is more difficult, though
controlled nanoscale arrays are potentially useful in many applications. Unfor-
tunately, repetitive nanomaterial surface features can be difficult to distinguish
chemically from one another for conjugation. No general solution to this prob-
lem is available at this time, though methodology specific for particular
nanomaterials have been developed. Ruoff and colleagues [49] proposed that
mechanical stress canmake the carbon—carbon bonds of nanotubes differentially
labile, allowing site-specific ‘mechanosynthesis’. Introducing mechanical strain
at regular intervals along nanotubes might allow functional molecules to be
arranged in linear arrays. Dendritic polymers can be synthesized to contain a
single reactive group [18, 74], and conjugation at that position gives a specific,
homogeneous product. The ‘packing’ properties of dendrimers might be ex-
ploited to give so-called ‘regiospecific control’ of conjugation [61]. Lithographic
approaches have been extended to patterning surfaces coated with proteins or
dendrimers to produce surfaces that can be site-specifically derivitized [47, 48,
49, 60] and biological molecules can also be regularly deployed using soft
lithography [68]. Minimum feature size using these methods is currently limited
to hundreds of nanometers, however, this may be reduced substantially using
dendrimers [75]. Even if nanomaterial surface residues cannot be differentiated
chemically, adducts might be placed site-specifically using assembly jigs [41].
Specific affinity reagents could also be used to protect regions of synthetic
surfaces while the unprotected regions are activated or passivated. Antibodies to
nanostructures (i.e. antidendimer antibodies [33]) are exquisitely specific and
could be used to ‘footprint’ dendrimers for subsequent site-specific orthogonal
conjugation.

2.4 ANALYSIS

After device construction, structural and functional analysis are critical. One
might argue that only the second issue matters, but structural data often give
insights into why devices perform suboptimally, and provide important clues
about how to improve device function. We routinely use protein analytics
(matrix-assisted laser desorption-ionizationmass spectroscopy, amino acid com-
position analysis, gel electrophoresis, Western blotting, circular dichroism, vari-
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ous high-performance liquid chromatography methods, etc.) and biological
analytical techniques (receptor binding, cell proliferation, enzyme activity assays,
enzyme-linked immunosorbent assays, flow cytometry, etc.) to characterize pro-
tein—nanoparticle conjugates. Conjugate troubleshooting is driven by the en-
tirety of the analytical package. Robust analytical capabilities are particularly
important early on, when knowledge of material properties and design logic is
limited. An understanding of how biological nanosystems integrate productively
is rudimentary at best. For that reason, the capacity to make multiple design
variants in parallel in small quantities (i.e. as few as one copy of each variant) is
important, and analytical assay systems must be highly sensitive, and able to
handle multiple test objects simultaneously.

3 CHARACTERISTICS OF NANOBIOLOGICAL DEVICES

Nanobiological devices exist today [25, 30, 36, 37]. See [16, 27, 28, 64] for
reviews], and some of them perform complex, multistep work processes. For
example, the bacmid molecular cloning system [30, 36, 37] produces recom-
binant baculoviral expression vectors by a multistep process that is the result of
the summed activities of molecular components taken from dozens of distinct
biological sources. The sophistication of the device is possible since the logic of
molecular genetics is well defined, and the engineering required to make and
assemble components to carry out the work process is straightforward, though
laborious. High operational sophistication is less common in functional protein
devices (though not unprecedented, [10, 11]). This is essentially a design and
construction issue. Undoubtedly, the problem will be mitigated as our under-
standing of integration of biological systems grows [13, 19, 55, 67, 69].
Biological molecules are labile compared to most abiotic synthetics. Proteins

and other molecules isolated from extremophiles (microorganisms that live at
extremes of temperature, osmolarity, pH, radiation, organic solvents, etc.) are
more robust than their homologues from mesophiles and so may be well suited
for devices operating in similar environments. Additionally, naturally occurring
nanobiological devices (living things) will treat synthetic components as re-
sources and attempt to utilize them, however, enzymatic degradation of biologi-
cal components will be a key challenge. Labile components of nanobiological
devices might be encapsulated in a membrane. Alternatively, genetic and chemi-
cal methods to increase protein stability are available [2, 17, 23, 29, 35, 43, 58].
Synthetic proteins containing amino acids other than those used by living things
can be highly resistant to enzymatic degradation (i.e. protease insensitivity
exhibited byD-proteins [7]). Still, biological macromolecules are less stable than
many synthetic materials. Devices will be as robust as their most labile compo-
nents. As device complexity increases, so will the difficulty of engineering all
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biological components for stability increase. Nanobiological devices will have to
be designed to fit their intended use or environment and may fail at high
temperature, in chaotropes or solvents, at high radiation levels, or in the presence
living things. Unless components can be stabilized, tasks involving extreme
conditions may not be amenable to a nanobiological solution. Still, there are
conditionswhere biological macromolecules are more or less stable, correspond-
ing to the human world. This regime is of interest to humans, and is where
nanobiological devices may offer the greatest benefits.

4 DENDRIMERS IN NANOBIOLOGICAL DEVICES

Dendrimers are well suited for use in many nanobiological devices. They are
highlymonodisperse, andwhile expensive on a per gram basis compared to other
synthetic macromolecules, are less expensive per unit mass than commercially
produced proteins. PAMAMsare water soluble and can bemodified for solubility
in organic solvents. PAMAMs are also well tolerated in animals [50] and are
non-immunogenic [5, 32, 50, 62]. However, some PAMAM dendrimer—protein
bioconjugates are not [32—33]. Dendrimer and dendrigraft synthesis allows a
degree of control over size, surface topography/functionality and particle shape.
Dendritic architecture accommodates chemically diverse types of core and
subunit compositions, allowing the control of surface chemistry/composition,
and giving further control of particle size, topography and shape. PAMAM
dendrimers support multiple orthogonal chemistries for protein conjugation
[31—33]. Limited regio-specific positional control over conjugation sites within
dendritic polymers is available by limiting biomolecule conjugation to a single
position in a dendron [18] or by regiospecific control of conjugation that takes
advantage of ‘packing’ properties of dendrimers [61]. Antibody interactions with
PAMAMdendrimers have been demonstrated andmight be used in a ‘footprint-
ing’ approach to pattern dendrimer surfaces [33].
Many simple nanobiological devices have been made with dendrimers [14].

Antibodies have been conjugated to dendrimers for use in immunoassays and the
conjugates enhance the sensitivity, precision, accuracy and speed of the assays
[58, 59]. Multiple antibody species can be conjugated simultaneoulsly to pro-
duce multifunctional reagents [59]. The conjugates retain the specific binding
properties of the antibodies, but can be conveniently isolated by virtue of the
high charge density of the dendrimers. (see Chapter 19)
Gadolinium—dendrimer conjugates have been used as blood pool contrast

agents in vivo for nuclear magnetic resonance imaging (MRI) of tumors [65]. The
efficacy of the conjugates in such applications is dependent on their biodistribu-
tion properties, and these properties vary as a function of dendrimer molecular
weight and chemical composition [50]. Dendrimer architecture and synthesis
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allow these properties to be tuned, and so tailored contrast agents are possible.
Targeting proteins have been used to further control the biodistribution of
dendrimer-metal chelates [66].
PAMAM dendrimers are taken up efficiently by eukaryotic and prokaryotic

cells, and are used as carriers for nucleic acids [5, 24]. These reagents are
candidates for gene therapy, but are not particularly selective with respect to the
cell types they transfect, implying the need for a targeting function (antibodies or
other protein targeting agents) to deliver DNA to desired sites. To date, the
reported propensity of PAMAM dendrimers to accumulate in specific organs as
a function of their generation [50] has not been exploited for gene therapy.
Dendrimers are attractive vectors for the delivery of chemotherapeutics to

tumors. Much like the polymer therapeutic PK1 [10, 11], dendrimer—cytotoxin/
dendrimer—metal conjugates expolit the enhanced permeability and retention
properties of tumor tissue to deliver potentially systemically toxic materials
preferentially to the desired site of therapeutic action [49, 67]. Antibodies to
tumor specific antigens can be conjugated to dendrimers as a means to enhance
the tumor targeting specificities of dendrimer antitumor agents [49]. Control of
biodistribution and activity of cytotoxins by polymer therapeutic strategies
radically reduces dose-limiting systemic toxicity, in part because the polymer-
linked antitumors are significantly less toxic than are the free toxins, making
more intensive therapy possible [10, 11].
Glycodendrimers allow the presentation of high valency sugar residues on

their surfaces [53]. They are powerful reagents to study the biology of sugar
interactions with their counter-receptors, lectins.Monovalent sugar—lectin inter-
actions are weak, and technically difficult to study. Glycodendrimers are also
powerful competitive inhibitors for sugar-lectin binding, and may be used thera-
peutically to inhibit processes that depend on that binding. Glycodendrimers are
potential anti-infectives, competing with cell surfaces for pathogen binding and
potential anti-metastatics by inhibiting attachment of cancer cells to sites distal
to tumors [53]. Utility will depend on the pharmacology of glycodendrimers
(biodistribution, circulating half-life, immunogenicity, etc.).
PAMAM dendrimer—cytokine conjugates have been made [31—33], and or-

thogonal conjugation methods were used to limit the position of conjugation to
theN-terminal amine of the protein.Multiple copies of hIL-3were linked to each
dendrimer, and the conjugates were active in an hIL-3-dependent cell prolifer-
ation assay [31, 32]. However, the potency of the conjugate was less than that of
the free protein, despite the higher valency of the conjugate. Also, dendrimer-
specific antibody responses occurred in animals receiving the conjugates [32].
Antibodies capable of specifically recognizing unmodified PAMAMdendrimers,
as well as PAMAM dendrimers modified to have oxiamine and sulfhydryl
surfaces have now been generated [33]. A covalent linkage of the protein to
dendrimer is necessary to trigger the responses: presumably the proteins ‘hapten-
ize’ the dendrimers [32].
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These antibodies are useful in immunological detection and quantitation of
dendrimers, and we expect they will be useful to pattern dendrimers to support
site-specific conjugation [33]. However, the data demonstrate that covalent
linkage of dendrimers to proteins may render them immunogenic. In applica-
tions where proteins are used to target therapeutic dendrimer conjugates, anti-
dendrimer antibody responses may interfere with biodistribution, clearance and
therapeutic efficacy. This should be considered for dendrimer nanobiological
devices intended for long-term in vivo use.

5 SUMMARY AND PROSPECTS

Biological macromolecules are excellent candidates as functional components of
nanodevices. Dendritic polymers are particularly attractive as nanodevice com-
ponents (they exhibit high monodispersity, tunable particle size, shape and
surface chemistry, self-assembly properties, etc.) and PAMAM dendrimers are
well tolerated in animals. Many dendrimer-containing nanobiological devices
have been made, demonstrating that dendrimers are suitable frameworks to be
decorated with functional proteins and nucleic acids. Dendrimers are most often
structural components, though they contribute directly to the work process in
some cases (by binding pathogens or conveying materials across membranes, for
instance). Most of these devices are relatively simple, though there are several
examples of devices incorporating multiple functionalities into a single nanoas-
sembly. These sophisticated devices perform multistep work processes (for
example, targeting to a site, transiting the cell membrane and making intracellu-
lar delivery of effector molecules). As knowledge of the integration of biological
nanosystems into functionalmacroscale organismsmatures, that learning will be
applied to more complex nanobiological devices. The self-assembly properties of
dendrimers make them particularly attractive for use in sophisticated, complex
nanosystems. See Chapters 6 and 27. The propensity of covalently linked pro-
teins to haptenize dendrimers to generate antidendrimer antibody responses will
have to be considered for devices that will be administered to immunocompetent
hosts. This caveat aside, as the large scale manufacturing of biologic nanodevices
emerges over the next 10—20 years, dendritic polymers will undoubtedly be key
components.
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1 INTRODUCTION

Dendrimers are nanoscale polymers with fractal architecture [4, 13], and are
among themost monodisperse synthetic nanomaterials known. They are attract-
ive for applications in which structural uniformity is desirable, such as in
pharmaceuticals and nanotechnology. Antibodies are vertebrate immune pro-
teins that bind foreign macromolecules (in various contexts referred to as im-
munogens, antigens or epitopes) in a highly specific fashion, and are immensely
useful in biotechnology for antigen detection, quantitation and separation [3, 5].
Anti-dendrimer antibodies would be expected to be interesting reagents, but
attempts to generate these antibodies using unmodified PAMAMdendrimers as
immunogens have been unsuccessful [1, 2, 12, 14].
Recently three murine antisera to PAMAM dendrimers have been generated

using dendrimer-protein conjugates as immunogens [9, 10]. The recognition
properties of the three sera are exquisitely specific, recognizing unmodified
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Figure 23.1 An antibody response to PAMAM dendrimer-BSA conjugates in
mice [9, 10], as measured by capture ELISA assay. Capture antigens (KLH or
G0–KLH conjugate) were deployed on the wells of microtiter plates. Serum from
unimmunized mice (cross-hatched bars), or mice immunized with either BSA
(white bars) or dendrimer-BSA conjugates (black bars) were added to the wells
and allowed to bind the capture antigens. Murine antibodies in the test sera that
bound the capture antigen were detected using a commercially available sec-
ondary antibody directed to murine IgG antibodies and conjugated to horse
radish peroxidase (HRP). Bound HRP activity is read spectrophotometrically
using commercially available chromogenic substrates. Optical density (OD)
450nM/OD 570nM ratio is directly proportional to specifically bound enzyme
activity (on the Y axis) and is directly proportional to the titer of antibodies in the
tested sera that recognize the capture antigens

PAMAM dendrimers or modified PAMAM dendrimers (with oxiamine or
sulfhydryl surface functionalities) exclusive of one another. These antisera recog-
nize den-drimers in ELISA (enzyme-linked immunosorbent assays), dot blots
and Western blots. The immunogenicity of dendrimer—protein conjugates has
implications for therapeutic use of dendrimers as vaccines and we anticipate that
antidendrimer antibodies will have applications in patterning and assembling
nanostructures containing dendrimers.

2 GENERATING ANTI-DENDRIMER ANTIBODIES AND THEIR
SPECIFICITY

Dendritic polymers are intrinsically poor immunogens, though dendrimer—pro-
tein conjugates can be quite immunogenic (Figure 23.1) [9]. Covalently linked
proteins seem to haptenize dendrimer epitopes [9, 10], which are presumably not
effectively presented to T-helper cells on their own. We have generated antibo-
dies to PAMAMdendrimers using conjugates tomultiple carrier proteins [9, 10]
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and believe that many protein PAMAMs may be immunogenic, making anti-
dendrimer antibody responses a consideration for therapeutic protein—
dendrimer bioconjugates. We have generated antibodies to both G

�
and G

�
PAMAMs, though we have not attempted to produce antibodies to higher
generation PAMAM dendrimers.
Our anti-dendrimer sera recognize specific chemical functionalities on the

dendrimer surface [10] . Sera raised to unmodified PAMAM dendrimers recog-
nize the primary amines of the dendrimer surface, but do not recognize PAMAM
dendrimers whose surfaces amines are replaced with either oxiamine or sulfhyd-
ryl groups. Sera raised to PAMAMs whose surfaces amines are derivatized to
either oxiamine or sulfhydryl groups, recognize their cognate immunogens, but
not dendrimers with other surface functionalities. However, surface chemical
functionalities alone do not determine antibody binding. Sera generated to
PAM̧AM den-drimers do not recognize POPAM dendrimers, despite the pres-
ence of multiple primary amines on the surfaces of both polymers.
Antibodies raised to one generation of PAMAMdendrimers antibodies recog-

nize other generations of PAMAM dendrimers with the same surface chemistry.
for example, antibodies raised to a G

�
PAMAM dendrimer—protein conjugate

additionally recognize other generations of PAMAMdendrimers [10]. This may
reflect the fractal nature of dendrimers, in that G

�
dendrimers have epitopes in

common with higher generation dendrimers. In toto, the observations suggest
that while surface residues are necessary to antibody-dendrimer binding, addi-
tional factors like three-dimensional arrangement of those residues may also
play a role in specific recognition.

3 IMMUNE DETECTION OF DENDRIMERS

Immune detection is a key utility of antibodies in biotechnology [3, 5]. Antiden-
drimer sera efficiently detect dendrimers in multiple assay formats, including
enzyme-linked immunosorbent assays (ELISA), and inWestern and dot blots [3,
5]. ELISA assays are commonly used to quantitate proteins, and a quantitative
ELISA could be developed for dendrimers using our sera, though doing so
would require development of dendrimer standards of known concentration that
could be used for calibration.
Our antisera readily recognize dendrimers immobilized on nitrocellulose or

other solid surfaces. The primary utility of these types of assays, particularly in
Western blot formats, is to generate qualitative structural/chemical information
when making dendrimer bioconjugates. For instance, the sera can be used to
follow the efficiency of surface modifications. As amines are more completely
replaced with other chemical groups, the amine-specific antibody binding de-
clines and the binding of antibodies that recognize the new surface increases.
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Western blots of dendrimer—protein conjugates can also be used to characterize
the valency of protein—dendrimer conjugates.
Antibodies are powerful tools in pharmaceutical development, and as den-

drimers are incorporated into various drugs and medical devices, antibodies
such as described should be useful to study dendrimer biodistribution and
pharmacokinetic properties. We have not attempted to detect PAMAM de-
ndrimers in biological fluids (blood, urine, sputum, etc.), but expect that it would
work. Additionally, the antibodies might be used in immunohistochemistry to
study the tissue and cellular distribution of dendrimer therapeutics.

4 ANTIBODIES AS ASSEMBLY REAGENTS

The immune detection methods we have described for dendrimers involve
powerful, though fairly commonplace, applications of antibody reagents. Anti-
bodies might additionally satisfy current technological needs in nanotechnology,
specifically for controlled assembly of nanoscale components. This could include
nanopatterning to give positional control for conjugation of macromolecules to
chemically homogeneous synthetic surfaces [6—8]. For these applications, mon-
oclonal antibodies [3, 5] are preferable to the polyclonal sera currently in hand,
and we are presently generating antidendrimer monoclonals.
Naturally occurring antibodies are monospecific, bivalent antigen-binding

molecules [3, 5], (Figure 23.2). Their capacity to form relatively disordered
antigen/antibody lattices is well known [3, 5], and will be applicable to forming
lattices of dendrimers, but more regular supramolecular structures can also be
made (Figure 23.2). For instance, under appropriate stoichiometric conditions,
antibodies will drive assembly of two copies of their cognate dendrimer antigens
(Figure 23.2). Engineered bispecific antibodies can also be used to assemble
distinct heterogeneous dendrimers (for instance, PAMAM dendrimers with
chemically distinct surfaces). Individual dendrimers might be decorated with
different functional biological molecules, and thus antibodies could be used to
assemble multicomponent nanobiological devices. This applicationmay in some
cases obviate the need for individually patterned nanoparticles (see below), but
if these approaches are used with appropriately patterned and derivatized
dendrimers, specific supramolecular structures of high complexity could be
assembled.

5 ANTIBODIES AS NANOPATTERNING REAGENTS

Positional control of conjugation is essential at two levels in the assembly of
nanobiological devices [6—8]. Recently developed chemoselective conjugation
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Figure 23.2 Antibody structure and the use of antidendrimer antibodies to
construct supramolecular assemblies of dendrimers. (A) Antibodies [3,5] are
150000 molecular weight complexes composed of four separate polypeptide
chains cross-linked by disulfide linkages. Each antibody has two complementary
determining regions (CDRs), which in native antibodies recognize identical epi-
topes. (B) Two identical PAMAM dendrimers (indicated by the open circles)
assembled as a homodimer by binding one to each identical CDR of the anti-
body. (C) Two distinct PAMAM dendrimers (for example, one with an amine
surface, open circle, and one modified to have a sulfhydryl surface, black circle)
assembled as a heterodimer by binding one to each CDR of the antibody. In this
case, the antibody is bispecific [3], having been engineered to have two distinct
CDRs, each recognizing a different epitope (in this example, recognizing amine-
terminated PAMAMS, indicated by solid lines, and recognizing sulfhydryl ter-
minated PAMAMs, indicated by the dashed lines)

chemistries [11] largely satisfy the need for positional control within biological
macromolecules. However, due to the relative chemical homogeneity of many
nanosynthetic surfaces, positional control of conjugation is generally more
difficult to achieve. For instance, one amine on the surface of a PAMAM
dendrimer is difficult to distinguish from all the others. Antibodies offer a way to
pattern dendrimers to support chemoselective conjugation limited to specific
regions of the dendrimer. As with assembly applications, high affinity mon-
oclonal antibodies are preferable to the polyvalent antisera currently available
for dendrimer patterning.
Antibodies reproducibly bind their cognate epitopes: consequently, they oc-

clude specific sites on proteins and other nanostructures reproducibly [3, 5]. The
occluded region is sometimes called the ‘footprint’ of the antibody on its antigen.
The footprinted region of the antigen is protected from further chemical or
enzymatic modification. Since antibodies are bivalent but monospecific, in a 1: 1
complex of antigen to antibody, two areas of the antigen can be protected, each
corresponding to the binding of one of the antibody complementarity determin-
ing regions (CDR). The shape and size of the protected region is a function of the
shape and size of the CDRs, as well as the relative position of the protected
regions. This is a function of the CDRs in three-dimensional space, as determined
by the structure of the antibody. Thus, antibodies are potentially useful for
patterning nanostructures to obtain limited positional control, and application
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Figure 23.3 Proposed scheme for antibody-dependent patterning of a PAMAM
dendrimer. Amonoclonal IgG antibody (Y shape) that recognizes SH-terminated
PAMAM dendrimers is bound to a SH-terminated PAMAM dendrimer (circle).
Unprotected SH groups are eliminated (for instance, using a mild oxidative
reagent, and resulting in a distinct surface group in unprotected areas, indicated
by X), following which the antibody is dissociated from the dendrimer. The
protected areas of the dendrimer exhibit the starting surface SH groups, which
can be differently derivatized (with gold, indicated by Au, in this example)

of antibodies to dendrimer patterning is depicted schematically in Figure 23.3.
Monoclonal antibodies to sulfhydryl-terminatedPAMAMdendrimers [9, 10]

could be bound to sulfhydryl-terminated PAMAM dendrimers under stoichio-
metric conditions favoring complexes of one antibody to one dendrimer. After
binding, the exposed sulfhydryl surface may be derivatized to eliminate SH
groups. Antibody and dendrimer complexes are then dissociated and the pat-
terned dendrimers are isolated. Only areas masked by the antibody retain
sulfhydryl groups, and can therefore be differentially derivatized (to a gold
adduct, or to maleimide-linked macromolecules, for instance).
Consistent patterning requires consistent masking during derivatization, re-

quiring that individual CDRs stay in contact with the nanoantigen surface
throughout derivatization. Therefore, high off-rate antibodies are undesirable in
these patterning applications. Additionally, flexibility of the hinge region of
antibodies [3, 5] may introduce variability in the relative positions of the
protected regions of the dendrimer surface. It may be necessary to modify the
hinge region of the antibody so that it is sufficiently rigid to support reproducible
protection and patterning. Additionally, the suitability of dendrimers as pattern-
ing substrates may vary with the size (generation) of the dendritic polymer. Low-
generation dendrimers may be so flexible as to thwart reproducible masking and
therefore, reproducible patterning.
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6 CONCLUSION AND PROSPECTS

Though unmodifiedPAMAMdendrimers are intrinsically poorly immunogenic,
certain protein conjugates of dendrimers can trigger antibody responses. These
antibodies have numerous uses for immune detection of dendrimers and charac-
terization of dendrimer bioconjugates. Antibodies to dendrimers might also be
used to assemble both lattices, as well as more precise supramolecular assemblies
of dendrimers. Additionally, the antibodies might be used to pattern dendrimers
to constrain the relative positions available for decorating a dendrimer surface.
Ultimately, this approach might be used to build up complex arrays of adducts
on dendrimer surfaces, and therefore be of interest to nanotechnologists. Though
this article focuses on anti-dendrimer antibodies, our experiences suggests that
not only are dendrimers immunogenic in some contexts, so are other
nanomaterials (carbon nanotubes, silicon materials, etc.) likely to be [15].
This has implications for use of these materials in vivo. Clearly, the powerful
immune detection, separation, patterning and assembly applications of antiden-
drimer antibodies delineated here suggest the use of antibodies complimentary
to other nanostructures. Antibodies are thus an important new tool for
nanotechnologists, and will almost certainly find applications beyond dendrimer
manipulations.
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Edited by Jean M. J. Fréchet and Donald A. Tomalia

Copyright © 2001 John Wiley & Sons Ltd
ISBNs: 0-471-63850-1 (Hardback); 0-470-84582-1 (Electronic)



24
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1 INTRODUCTION

The convergent growth approach to dendrimers [1] first introduced [2] in 1989
at the IUPACmeeting onmacromolecules in Seoul, Korea, has provided a useful
alternative to the divergent methods exemplified by the work of Tomalia et al. on
PAMAMdendrimers [3] andMeijer et al. on poly(propylene imine) dendrimers
[4]. Today several hundred papers have exploited the convergent approach to
dendrimers to prepare a variety of synthetic functional macromolecules of
unparalleled structural precision.
Perhaps the three most significant features [5] of the convergent method are:

1. Its simplicity and great precision, since growth steps generally involve only
the coupling of two dendrons to a monomer unit (rather than the ever-
increasing number of coupling steps required in the divergent procedure),
thereby reducing the excess of reagent needed to obtain high yields and
facilitating purification at each step of growth [1].

2. Its functional versatility enabling the preparation of dendrons with differenti-
ated [6, 7], and usually orthogonal, functionalities located respectively at the
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focal point and at the chain ends of the dendrons. Combining different
dendrons into a dendrimer leads to novel dendritic ‘copolymers’ with an
unsymmetrical arrangement [8, 9] of chain-end functionalities or alternating
building blocks that are not accessible by the divergent route.

3. Its design versatility, as ‘generic’ dendronsmay be prepared to be used later as
building blocks in conjunction with other reactive molecules, or coupled to a
multifunctional core to afford functional dendrimers, dendritic-linear hybrids,
dendronized polymers, etc. This may be a particularly significant advantage if
the coupled reactive or core molecule is itself sensitive to the reaction condi-
tions used in the multiple steps of the iterative synthesis of a dendrimer.

The procedures described below, based partly on our original accounts [1, 2],
have been scaled up and updated with additional details and notes to facilitate
duplication, while original references to the characterization [1] of various
dendrons have been included. Although many types of convergent dendrimers
have been prepared over the past decade, we only focus on two families: the
polyether dendrimers [1] derived from the 3,5-dihydroxybenzyl alcohol moiety,
and the aliphatic polyester dendrimers [10] derived from the 2,2-bis-hydroxy-
methylpropionic acid repeat unit. Over the past dozen years, the polyether
dendrons, often designated as ‘Fréchet-type’ dendrons, have been used extensive-
ly in the preparation of a variety of structures including for example organic light
harvesting antennas [11], self-assembling dendrimers [12, 13], molecular ‘ma-
chines’ [14] dendritic-linear hybrid polymers [15, 16], nanoscale catalysts [17],
and a variety of encapsulated [18, 19] functional macromolecules.

2 ‘FRÉCHET-TYPE’ POLYETHER DENDRONS BASED ON
3,5-DIHYDROXYBENZYL ALCOHOL

A variety of small convergent polyether dendrons are available commercially
from Tokyo Kasei Co., Ltd, see http://www.tokyokasei.co.jp. Unfortunately, at
the time of this writing, sales were limited to Japan. Figure 24.1 outlines the
preparation of these dendrons to generation four.

2.1 PREPARATION OFMETHYL
3,5-BIS(BENZYLOXY)BENZOATE [1]

Methyl 3,5-dihydroxybenzoate (25.39 g, 0.151 mol, Aldrich) and potassium
carbonate (52.69 g, 0.381 mol) were placed into a 1 L round bottom flask with
200 mL of acetone and a magnetic stirrer. Benzyl bromide (55.04 g, 0.322 mol)
was added and washed into the flask with an additional 150 mL of acetone,
followed by the addition of a catalytic amount of 18-crown-6 (0.57 g, 2.2 mmol).
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Figure 24.1

A reflux condenser was added and the solution heated to reflux with stirring in
air. After 17 h, the reaction was checked by TLC (70% dichloromethane /
hexanes). A small amount of the starting diol was still present as evidenced by a
spot at the origin of the TLC plate. Additional potassium carbonate (7.0 g, 0.050
mol) and 18-crown-6 (0.57 g, 2.2 mmol) was added and the solution was kept at
reflux with stirring for an additional 24 h. Further monitoring by TLC showed
the reaction to be complete as evidenced by disappearance of the starting diol
(R

�
� 0.0) and appearance of the product (R

�
� 0.42). The reaction mixture was

cooled to room temperature and filtered. The filtered salts were further washed
twice with dichloromethane and the organic phase was combined with the
acetone solution. The solvent was then removed under reduced pressure using a
rotary evaporator to afford an oil that turned into a solid upon standing. The
solid was crystallized from methanol and the mother liquor was concentrated to
yield a second crop of crystals of compound 1. The combined yield of the white
crystals of 1 was 48.93 g (93%); mp 69—70°C. Spectral characterization: IR
3120—2980, 2980—2800, 1715, 1600 cm��; �H NMR (CDCl

�
) � 3.90 (s, 3 H,

OCH
�
), 5.06 (s, 4 H, CH

�
Ph), 6.80 (t, 1 H, J� 2 Hz, ArH), 7.22—7.50 (m, 12 H,

ArH); mass spectrum (EI), m/z 348 (M)�, 317 (M—OCH
�
)�, 181, and 91
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(CH
�
Ph)�. Anal. Calcd for C

��
H

��
O

�
: C, 75.85; H, 5.79. Found: C, 75.65; H, 5.75.

2.2 PREPARATION OF 3,5-DI(BENZYLOXY)BENZYL ALCOHOL
[2]

Lithium aluminum hydride (5.51 g, 0.145 mol) was suspended into 100 mL of
freshly distilled THF in a dry 500 mL three-neck round-bottom flask under
argon and fitted with a magnetic stirrer, an addition funnel and a reflux conden-
ser. Ester 1 (47.69 g, 0.137 mol) was dissolved in 150 mL of freshly distilled THF
and added dropwise to the lithium aluminum hydride solution causing a very
exothermic reaction to occur. Following complete addition, the reactionmixture
was heated to reflux with stirring for 2 h. Monitoring by TLC (70% dich-
loromethane / hexanes) showed the reaction to be complete. The THF solution
was cooled to room temperature and placed into a 4 L beaker fitted with a large
magnetic stirrer. Water was added dropwise and very slowly to the vigorously
stirred THF solution until the gray color of the lithium aluminum hydride
disappeared and a white solid was formed.More THFmay be added if needed to
facilitate stirring. After filtration and washing of the solids with THF, the solvent
was removed under reduced pressure to afford the crude product as a solid. The
crude product was crystallized from 95% methanol / water to afford 37.93 g
(86%) of white crystals of 2 with mp� 78—80°C. Spectral characterization: IR
3610, 2920, 1600, 1160 cm��; �H NMR (CDCl

�
) � 1.64 (t, 1 H, J� 9 Hz,

CH
�
OH), 4.61 (d, 2 H, J� 9 Hz, CH

�
OH), 5.02 (s, 4 H, CH

�
Ph), 6.54 (t, 1 H,

J� 2 Hz, ArH), 6.60 (d, 2 H, J� 2 Hz, ArH), 7. 33—7.42 (m, 10 H, PhH); mass
spectrum (EI), m/z (%) 347 (M�, 33), 181 (26), 91 (100).

2.3 PREPARATION OF 3,5-DI(BENZYLOXY)BENZYL BROMIDE
[3]

Prior to starting the reaction, 1.5 equivalents (relative to the amount of alcohol 2
to be used) each of carbon tetrabromide and triphenylphosphine were weighed
and set aside. An additional 0.5 equivalents of each was also weighed and set
aside. Alcohol 2 (37.93 g, 0.118 mol) dissolved in 50 mL of THF was placed in a
250 mL round bottom flask containing a magnetic stirrer and the solution was
stirred while carbon tetrabromide (1.5 equiv.) (58.91 g, 0.178 mol) was added.
Once dissolution was complete, triphenylphosphine (1.5 equiv.) (42.95 g, 0.178
mol) was added quickly but portionwise (i.e. — a large, full spatula at a time) as the
reaction is very exothermic. The solution turned to a yellowish color, which
usually occurs when the reaction is near completion. Monitoring by TLC (1%
methanol / dichloromethane) confirmed that the reaction was indeed complete.
Note: In some instances CBr

�
and CHBr

�
may obscure the product spot during
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TLC analysis.After running TLC,wait several minutes to allow them to evaporate.
Recheck TLC to observe the product or to determine if CBr

�
/CHBr

�
is present.

The reaction was immediately quenched by the addition of water (� 50mL). In the
event that the reaction had not gone to completion, the additional 0.5 equiv. of
carbon tetrabromide set aside earlier would have been added and the solution
stirred until it had dissolved. The 0.5 equiv. of triphenylphosphine set aside earlier
would then have been added immediately afterward. Stir the reaction and watch for
a sudden change in color to a very deep, dark yellow color.Once this color change is
seen, the reaction should immediately be quenched with water to limit side reactions.
This also applies to the addition of the initial dose of PPh

�
; if the solution turns a

deep, dark yellow, it should be immediately quenched with water.
After quenching with water, the THF was removed under reduced pressure

(rotary evaporator) and the aqueous phase was extracted three times with 75 mL
of dichloromethane. The combined organic extracts were dried over magnesium
sulfate, filtered and dried directly onto silica gel. This impregnated silica gel was
dry loaded onto a prepacked silica gel column and elution was first carried out
with neat hexanes (� 2L) to remove excess carbon tetrabromide, followed by a
gradient elution using 10%, 25% and 50% dichloromethane/ hexanes. The
appropriate fractions were collected and the solvent removed under reduced
pressure. The resulting white solid was recrystallized from hexanes. The mother
liquor was again dried onto silica, chromatographed, and recrystallized as
described above affording 40.84 g (90%) of the desired product; mp 95—96°C.
Characterization [1]: IR 1596, 1343, 1298, 1167, 1157, 1049, 692 cm��; �HNMR
(CDCl

�
) � 4.39 (s, 2 H, CH

�
Br), 5.01 (s, 4 H, ArCH

�
O), 6.55 (d, 1 H, J� 2 Hz,

ArH), 6.64 (d, 2 H, J� 2Hz, ArH), 7.30—7.50 (m, 10 H, PhH); ��CNMR (CDCl
�
)

� 33.6(CH
�
Br), 70.0 (CH

�
O), 102.1, 108.0, 127.5, 128.0, 128.6, 136.5, 139.7, 160.0.

2.4 PREPARATION OF [G-2]-OH [4]

The procedure used was exactly as described for 1 using 3 (37.05 g, 96.7 mmol),
3,5-dihydroxybenzyl alcohol (6.59 g, 47.0 mmol), acetone (375 mL), potassium
carbonate (19.52 g, 141 mmol) and a catalytic amount of 18-crown-6 (1.67 g, 6.3
mmol). After 24 h, additional potassium carbonate (5.15 g, 37.3 mmol) and
18-crown-6 (0.62 g, 2.3 mmol) were added and refluxing was continued for an
additional 12 h at which point the reaction was judged to be complete (TLC
monitoring, 50% dichloromethane/hexanes). After the standard workup as
above, the resulting solids were dissolved in a minimum amount of dich-
loromethane (200 mL) and added to 1 L of methanol in a 2 L container. The
solution was heated to a gentle boil while being stirred to distill out most of the
dichloromethane until slight cloudiness appeared. Upon cooling to room tem-
perature, an oil formed at the bottom of the container. Upon standing, the oil
became solid and additional solids precipitated from the solution. The mixture
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was then placed in a refrigerator overnight. The solids were filtered out and dried
in a vacuum oven (low heat) overnight. The remaining solutionwas concentrated
to yield an oily residue. Both TLC and NMR analysis of this material showed
that it contained none of the desired product and it was therefore discarded. The
final material 4, removed from the vacuum oven, was then recrystallized from
toluene / hexanes to afford 34.12 g (97%) of a white solid: mp 110—111°C.
Characterization [1]: IR 1600, 1430, 1365, 1160, 1070 cm��; �HNMR (CDCl

�
) �

4.62 (d, 2 H, J� 6 Hz, CH
�
OH), 4.97 (s, 4 H, ArCH

�
O), 6.52 (t, 1 H, J� 2 Hz,

ArH), 6.57 (t, 2 H, J� 2 Hz, ArH), 7.29—7.42 (m, 20 H, PhH); ��CNMR (CDCl
�
)

� 65.29 (CH
�
OH), 69.93, 70.10 (CH

�
O), 101.32, 101.54, 105.74, 106.33 (Ar C),

127.54, 127.99, 128.57 (Ph CH), 126.75, 127.26, 143.40, 160.05, 160.15 (Ar and Ph
C); mass spectrum (FAB), m/z 744. Anal. Calcd for C

��
H

��
O

	
: C, 79.01; H, 5.95.

Found: C, 78.86; H, 6.25.

2.5 PREPARATION OF [G-2]-BR [5]

The procedure followed was exactly as described for 3 using 4 (33.38 g, 44.8
mmol), a minimum amount of THF (60 mL), carbon tetrabromide (24.31 g, 67.2
mmol) and triphenylphosphine (17.63 g, 44.8 mmol) in air. The reaction was
monitored by TLC (neat dichloromethane) and quenched with water upon
completion or if deep, dark yellow color was observed. The solution was worked
up as for 3 and chromatographed using a gradient elution of 10%, 25%, 50%,
75% dichloromethane / hexanes. The appropriate fractions were collected and
the solvent removed under reduced pressure (rotary evaporator). The resulting
white solid was recrystallized by placing the white solids in � 1.4 L of hexane,
heating to a light reflux, followed by the gradual addition of toluene (� 150 mL)
until the solids dissolved in the solution. Allowing the solution to cool to room
temperature lead to the formation of a white solid. The mother liquor was again
dried onto silica, chromatographed and recrystallized as described above to give
a white solid material. Total yield: 32.58 g (90%); mp 129—130.5°C. Characteriz-
ation [1]: IR 1595, 1435, 1370, 1160, 1075 cm��; �HNMR (CDCl

�
) � 4.41 (s, 2 H,

CH
�
Br), 4.97 (s, 4 H, ArCH

�
O), 5.04 (s, 8 H, PhCH

�
O), 6.53 (t, 1 H, J� 2 Hz,

ArH), 6.59 (t, 2 H, J� 2 Hz, ArH), 6.63 (d, 2 H, J� 2 Hz, ArH), 6.68 (d, 4 H,
J� 2 Hz, ArH), 7.30—7.44 (m, 20 H, PhH); ��C NMR (CDCl

�
) � 33.57 (CH

�
Br),

69.98, 70.08 (CH
�
O), 101.60, 102.16, 106.35, 108.16 (Ar C), 127.53, 127.99, 128.56

(Ph CH), 136.71, 139.00, 139.73, 159.92, 160.14 (Ar and Ph C); mass spectrum
(FAB), m/z 806/808 (c. 1: 1). Anal. Calcd for C

��
H

��
BrO



: C, 72.86; H, 5.36.

Found: C, 73.00; H, 5.36.

2.6 PREPARATION OF [G-3]-OH [6]

The procedure followed was as described for 4 using 5 (38.10 g, 47.2 mmol),
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3,5-dihydroxybenzyl alcohol (3.21 g, 22.9 mmol), acetone (300 mL), potassium
carbonate (10.50 g, 76.0 mmol) and a catalytic amount of 18-crown-6 (0.68 g, 2.6
mmol). After 24 h, additional potassium carbonate (3.00 g, 21.7 mmol) and
18-crown-6 (0.50 g, 1.9 mmol) were added and refluxing was continued for an
additional 12 hours at which point the reactionwas deemed to be complete (TLC
monitoring, 50% dichloromethane/hexanes). After the standard workup, the
resulting solids were dissolved in a minimum amount of dichloromethane (50
mL) and precipitated into 1.5 L of diethyl ether with stirring. After the precipitate
had settled to the bottom, the ether was decanted and the precipitate was allowed
to dry at the bottom of the container. The white solid was then dissolved in the
minimum amount of dichloromethane, transferred to a 500 mL round bottom
flask and flash dried under high vacuum. This material was suitable for use
without further purification; however, it could be rigorously purified by the
procedure outlined below for the material remaining in the mother liquor. The
ether was removed under reduced pressure (rotary evaporator) and the resulting
solids dissolved in dichloromethane and dried onto silica gel. This material was
then dry-loaded onto a silica gel column and first eluted with a large volume of
hexanes followed by a gradient column of 10%, 25%, 50%, 75%, 100% dich-
loromethane/hexanes, followed by 1% and 3% diethyl ether / dichloromethane.
Appropriate fractions were collected and the solvent removed under reduced
pressure. The desired material was isolated as a white solid: 34.78 g (95%).
Characterization�: IR 1595, 1470, 1370, 1165, 1070 cm��; �H NMR (CDCl

�
) �

4.57 (d, 2H, J� 6Hz, CH
�
OH), 4.94 (s, 12 H, ArCH

�
O), 5.00 (s, 16 H, PhCH

�
O),

6.36 (m, 3 H, ArH), 6.48 (d, 4 H, J� 2 Hz, ArH), 6.50 (d, 8 H, J� 2 Hz, ArH),
7.27—7.41 (m, 40 H, PhH); ��C NMR (CDCl

�
) � 65.09 (CH

�
OH), 69.83, 69.88,

70.01 (CH
�
O), 101.15, 101.52, 105.64, 106.31 (Ar C), 127.50, 127.93, 128.51 (Ph

CH), 136.68, 139.17, 139.26, 143.50, 159.97, 160.07 (Ar and Ph C); mass spectrum
(FAB),m/z 1592, 1593. Anal. Calcd for C

���
H

��
O

��
: C, 79.12; H, 5.82. Found: C,

79.02; H, 5.96.

2.7 PREPARATION OF [G-3]-BR [7]

The procedure utilized was as described for 5 using 6 (32.86 g, 20.6 mmol), a
minimum amount of THF (50 mL), carbon tetrabromide (11.18 g, 30.9 mmol)
and triphenylphosphine (8.11 g, 30.9 mmol) in air. Standard work up was
performed as described above to afford 30.48 g (89%) of the desired product.
Spectral characterization [1]: IR 1600, 1460, 1370, 1170, 1065 cm��; �H NMR
(CDCl

�
) � 4.36 (s, 2 H, CH

�
Br), 4.93 (s, 4 H, ArCH

�
O), 4.95 (s, 8 H, ArCH

�
O),

5.00 (s, 16 H, PhCH
�
O), 6.52 (m, 3 H, ArH), 6.55 (t, 4 H, J� 2Hz, ArH), 6.60 (d, 2

H, J� 2 Hz, ArH), 6.63 (d, 4 H, J� 2 Hz, ArH), 6.65 (d, 8 H, J� 2 Hz, ArH),
7.27—7.41 (m, 40 H, PhH); ��C NMR (CDCl

�
) � 33.57 (CH

�
Br), 69.96, 69.99,

70.07 (CH
�
O), 101.56, 101.62, 102.15, 106.34, 106.41, 108.19 (Ar C), 127.53,
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127.97, 128.55 (Ph CH), 136.73, 139.01, 139.16, 139.77, 159.93, 160.03, 160.13 (Ar
and Ph CH); mass spectrum (FAB), m/z 1655, 1656, 1657, 1658. Anal. Calcd for
C

���
H

��
BrO

��
: C, 76.12; H, 5.54. Found: C, 76.18; H, 5.72.

2.8 PREPARATION OF [G-4]-OH [8]

The procedure utilized was as described for 6 using 7 (35.39 g, 21.4 mmol),
3,5-dihydroxybenzyl alcohol (1.46 g, 10.4 mmol), acetone (250 mL), potassium
carbonate (4.32 g, 31.3 mmol) and a catalytic amount of 18-crown-6 (0.28 g, 1.1
mmol). After 24h, additional potassium carbonate (2.21 g, 16.0 mmol) and
18-crown-6 (0.29 g, 1.1 mmol) were added and refluxing was continued for an
additional 12 h at which point the reaction was deemed to be complete (TLC
monitoring, 50% dichloromethane/hexanes). The standard workup and precipi-
tation processes were followed as described. Rigorous purification using column
chromatography can be performed as described for 6 if and as necessary.
Following purification, the desired product was obtained as a white solid: 31.55 g
(92%). Characterization [1]: IR 1595, 1470, 1360, 1170, 1065 cm��; �H NMR
(CDCl

�
) � 4.54 (d, 2 H, J� 6 Hz, CH

�
OH), 4.93 (s, 28 H, ArCH

�
O), 5.00 (s, 32 H,

PhCH
�
O), 6.53—6.57 and 6.63—6.67 (m, 42 H, ArH), 7.29—7.42 (m, 80 H, PhH);

��C NMR (CDCl
�
) � 64.99 (CH

�
OH), 69.85, 69.95 (CH

�
O), 101.09, 101.51,

105.66, 106.30 (Ar C), 127.46, 127.88, 128.47 (Ph CH), 136.69, 139.14, 139.18,
139.31, 143.51, 159.92, 159.96, 160.05 (Ar and Ph C). Anal. Calcd for
C

��	
H

���
O

��
: C, 79.17; H, 5.76. Found: C, 79.22; H, 6.00.

2.9 PREPARATION OF HIGHER GENERATION DENDRONS

The procedures utilized to prepare higher generation dendrons, up to [G-6]—OH
and [G-6]—Br are similar to those used for lower dendrons. Characterization
details and yields can be found in the original literature [1]. It should be noted
that dendrons of generation higher than six were not prepared using this pro-
cedure due to severe lowering of yields as a result of steric effects.

3 PREPARATION OF POLYETHER DENDRIMERS BY
ASSEMBLY OF FRÉCHET-TYPE DENDRONS AROUND A
CORE

A general procedure is given for the coupling of [G-n]—Br dendrons around a
polyfunctional core molecule [1]. Once again, coupling involves a very simple
and high-yielding Williamson ether synthesis (Figure 24.2). This procedure has
been carried out with dendrons as large as [G-6]—Br to afford a dendrimer with a
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Figure 24.2

molecular weight of 40 689 Daltons. A thorough characterization of these den-
drons by light scattering and viscometry has been carried out [20] providing for
the first time experimental evidence for the unusual viscosity behavior of de-
ndrimers, in agreement with the theoretical predictions of Tomalia et al. [21].
A mixture of the selected dendritic benzyl bromide (for example 9, 31 mmoles),

1,1,1-tris(4�-hydroxyphenyl)ethane (10 mmoles), dried potassium carbonate (40
mmoles), and 18-crown-6 (3 mmoles) in dry acetone was heated at reflux and
stirred vigorously under nitrogen for 48 h; a large excess of 1,1,1-tris(4�-hy-
droxyphenyl)ethane 10, was then added, and stirring and heating were continued
for 24 h. The mixture was allowed to cool and evaporated to dryness under
reduced pressure. The residue was partitioned between water and CH

�
Cl

�
, the

aqueous layer was extracted with CH
�
Cl

�
(3X), and the combined organic layers

were then dried and evaporated to dryness. The addition of an excess of 1,1,1-
tris(4�-hydroxyphenyl)ethane at the end of the reaction is useful to capture any
remaining dendron and enable its easy removal from the less polar dendrimer
(e.g. by chromatographic separation). The dendrimer is readily separated from
1,1,1-tris(4�-hydroxyphenyl)ethane or its partly dendronized derivative due to
the presence of phenolic moieties in the undesired material. If desired, the excess
of 1,1,1-tris(4�-hydroxyphenyl)ethane can be easily recycled.
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3.1 PREPARATION OF [G-4]3-[C] (11)

This was prepared from [G-4]—Br, 9 (itself prepared from 8 as described for 7
above) and purified by flash chromatography, eluting with 1: 3 hexane / CH

�
Cl

�
to give 11 as a colorless glass: yield 84%; IR 1600, 1470, 1360, 1170, 1065 cm��;
�H NMR (CDCl

�
) � 2.04 (s, 3 H, CH

�
), 4.92 (s, 90 H, ArCH

�
O), 4.99 (s, 96 H,

PhCH
�
O), 6.50—6.55, 6.62—6.66 (m, 135 H, ArH), 6.82 (d, 6 H, J� 9 Hz, core

Ar�H), 6.97 (d, 6 H, J�Hz, core Ar�H), 7.27—7.42 (m, 240 H, PhH); 13C NMR
(CDCl

�
) 30.50 (CH

�
), 50.60 (C—CH), 69.89, 69.99 (Ar and PhCH

�
O), 101.56,

106.33, 106.45, ((Ar C), 113.97 (Core Ar� C), 127.50, 127.91, 128.50 (Ph CH),
129.60 (Core Ar�C), 136.76, 139.21, 139.54, 142.01, 156.73, 160.00, 160.09, (Ar, Ar�,
and Ph C). Anal. Calculated for C


	�
H

�	

O

��
: C, 79.57; H, 5.75. Found: C, 79.29;

H, 6.05.

4 ALIPHATIC POLYESTER DENDRONS AND DENDRIMERS
BASED ON 2,2-BIS-HYDROXYMETHYLPROPIONIC ACID

The family of aliphatic polyester dendrimers based on 2,2-bis-hydroxymethyl-
propionic acid, originally developed by Ihre et al. [10], and later modified for
faster linear growth [22], is particularly interesting as it complements the
Fréchet-type polyether dendrimers described earlier in this chapter. While the
polyethers are more chemically rugged and perhaps easier to transform into
functional nanodevices [17, 18], the aliphatic polyesters are especially attractive
for their ability to be degraded by a simple hydrolytic process and for their high
intrinsic biocompatibility, lack of toxicity [23], and ease of solubilization in
water. This is especially important as recent studies by Duncan et al. [24] have
shown that the PAMAM dendrimers, frequently advocated for their potential
use in biomedical applications, may have significant intrinsic toxicity when in
their cationic form, a finding that is not too unexpected in view of the known
toxicity of poly(lysine) and many other cationic polymers.
Considering the large number of steps involved in the synthesis and purifica-

tion of higher generation dendrimers, it is desirable to reduce the number of
linear synthetic steps to simplify their preparation and to improve the overall
yield of the final dendrimer. This may be achieved using a double stage conver-
gent growth approach [25] where the focal point of a monodendron are coupled
to the reactive chain ends of a complementarymonodendron or dendrimer. Such
an approach that combines some of the features of both convergent and diver-
gent growth is illustrated below (Figure 24.3) with the preparation of a fourth
generation monodendron [22]. While the method contributes to a reduction in
the total number of linear steps, its modularity also enhances the versatility of the
synthesis. It should be noted, however, that the same structures can also be
prepared employing a strict convergent approach [10]. Once obtained, the
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Figure 24.3

fourth generation dendron containing 16 ketal-protected hydroxyl groups may
readily be coupled to a polyfunctional core. In the case of a trifunctional core,
subsequent deprotection affords a tridendron dendrimer containing 48 hydroxyl
groups (Figure 24.4). Reaction of the peripheral hydroxyl groups with different
acid chlorides results in fully substituted ‘surface-modified’ dendrimers that
possess a great diversity of solution and solid-state properties.
We have recently developed a novel, highly efficient, divergent synthesis [25]
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Figure 24.4

for the preparation of these and similar aliphatic polyester dendrimers with
end-reactive moieties; this new approach is particularly attractive for the prep-
aration of novel dendrimer—drug conjugates and a variety of hybrid or den-
dronized structures that may be used for targeted delivery [23].

4.1 PREPARATION OF ISOPROPYLIDENE-2,2-
BIS(HYDROXYMETHYL)PROPIONIC ACID [9]

2,2-Bis(hydroxymethyl)propionic acid (bis-MPA) (10.00 g, 74.55 mmol), 2,2-
dimethoxypropane (13.8 mL, 111.83 mmol) and p-toluenesulfonic acid mono-
hydrate (0.71 g, 3.73mmol) were dissolved in 50mL acetone (Figure 24.3) and the
mixture was stirred for 2 h at room temperature. After neutralizing the catalyst
by adding 1 mL of a NH

�
/EtOH (50: 50) solution, the solvent was evaporated at

room temperature and the residue was then dissolved in ethyl acetate (250 mL)
and subsequently extracted twice with 50 mL water. The organic phase was then
dried with anhydrous magnesium sulfate (MgSO

�

 and evaporated to afford

ketal 9 as a white crystalline material: 12.0 g (92%). Characterization [22]: �H
NMR (CDCl

�
) � 1.20 (s, 3H, —CH

�
), 1.39 (s, 3H, —CH

�
), 1.42 (s, 3H, —CH

�
), 3.65

(d, 2H, —CH
�
O), 4.18 (d, 2H, —CH

�
O); ��C NMR (CDCl

�
) � 18.48, 22.17, 25.03,

41.78, 65.84, 98.37, 180.40. Anal. Calcd for C
�
H

��
O

�
: C, 55.16; H, 8.10. Found: C,

54.97; H, 8.17.
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4.2 PREPARATION OF BENZYL
2,2-BIS(HYDROXYMETHYL)PROPIONATE [10]

Bis-MPA (9.00 g, 67.11 mmol) and KOH (4.30 g, 76.79 mmol) were dissolved in
50 mL dimethylformamide (DMF). The potassium salt was allowed to form at
100°C for 1 h, and benzyl bromide (13.80 g, 80.71mmol) was then added. After 15
h of stirring at 100°C the DMF was evaporated under reduced pressure and the
residuewas dissolved in dichloromethane (200ml) and extracted with two 50mL
portions of water. The organic phase was dried with MgSO

�
and evaporated to

afford the crude product that was recrystallized from toluene. Pure 10 was
obtained a white crystalline material: 10.0 g (67%). Characterization [22]: �H
NMR (CDCl

�
) � 1.09 (s, 3H, —CH

�
), 3.73 (d, 2H, —CH

�
OH), 3.92 (d, 2H,

—CH
�
OH), 5.19 (s, 2H, —CH

�
Ar), 7.36 (m, 5H, ArH); ��C NMR (CDCl

�
) � 17.16,

49.35, 66.64, 67.49, 127.84, 128.28, 128.63, 175.69. Anal. Calcd for C
��
H

�

O

�
: C,

64.27; H, 7.19. Found: C, 64.00; H, 7.17.

4.3 PREPARATION OF ACETONIDE PROTECTED
[G2]-CO2CH2C6H5 [11] AND GENERAL ESTERIFICATION
PROCEDURE

All esterifications were performed in dichloromethane byN,N�-dicyclohexylcar-
bodiimide (DCC) coupling using the catalyst 4-(dimethylamino)pyridinium p-
toluenesulfonate (DPTS) developed by Moore and Stupp [26]. Other catalysts
investigated resulted in low yields and the formation of significant amounts of
N-acylurea. Isopropylidene-2,2-bis(hydroxymethyl)propionic acid (9, 3.26 g,
18.70 mmol), benzyl-2,2-bis(hydroxymethyl)propionate (10, 2.00 g, 8.92 mmol)
andDPTS (1.05 g, 3.57 mmol) weremixed in 30mL dichloromethane.DCC (4.60
g, 22.30 mmol) was added, and the mixture was stirred at room temperature
overnight. Once the reaction was complete the urea side-product was filtered off
using a glass filter and washed with a small amount of dichloromethane (10 mL).
The crude product was purified by column chromatography on silica gel eluting
with hexane gradually increasing to 40: 60 ethyl acetate/hexane to afford aceton-
ide protected dendron 11 as a colorless viscous oil: 4.00 g (84%). Characteriz-
ation [22]: �HNMR (CDCl

�
) � 1.08 (s, 6H, —CH

�
), 1.29 (s, 3H, —CH

�
), 1.33 (s, 6H,

—CH
�
), 1.39 (s, 6H, —CH

�
), 3.56 (d, 4H, —CH

�
O), 4.09 (d, 4H, —CH

�
O), 4.33 (s, 4H,

—CH
�
C), 5.14 (s, 2H, —CH

�
Ar), 7.29—7.34 (m, 5H, ArH); ��C NMR (CDCl

�
) �

17.74, 18.49, 22.28, 25.00, 42.04, 46.85, 65.37, 65.95, 65.97, 66.99, 98.12, 128.25,
128.45, 128.65, 135.51, 172.43, 173.56. Anal. Calcd for C

��
H

��
O

��
: C, 62.67; H,

7.51. Found: C, 62.48; H, 7.55.
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4.4 PREPARATION OF ACETONIDE PROTECTED [G2]–COOH
[12] AND GENERAL PROCEDURE FOR THE REMOVAL OF
THE BENZYL ESTER PROTECTING GROUP

Unmasking the carboxyl functional focal point was achieved by hydrogenolysis
at atmospheric pressure using 10 wt% of Pd/C (10% Pd) as the catalyst. The
benzyl ester derivatives were dissolved in ethyl acetate, the flask was evacuated,
then and filled with hydrogen using a rubber balloon to maintain a positive
pressure of hydrogen. The mixture was then stirred rapidly (1000 rpm) for 3 h
until deprotection was complete. Therefore Pd/C (10%) 0.36 g was added to a
solution of [G2]—CO

�
CH

�
C



H

�
(3, 3.60 g, 6.71 mmol) in 30 mL of ethyl acetate.

After 3 h of rapid stirring, the catalyst was filtered off using a glass filter and
carefully washed with ethyl acetate (10 mL). The filtrate was evaporated to give
12 a white crystalline material: 2.90 g, (97%). Characterization [22]: �H NMR
(CDCl

�
) � 1.11 (s, 6H, —CH

�
), 1.27 (s, 3H, —CH

�
), 1.31 (s, 6H, —CH

�
), 1.37 (s, 6H,

—CH
�
), 3.58 (d, 4H, —CH

�
O), 4.12 (d, 4H, —CH

�
O), 4.29 (s, 4H, —CH

�
C); ��C

NMR (CDCl
�
) � 17.67, 18.47, 22.25, 24.92, 42.04, 46.51, 65.09, 65.89, 65.92, 98.26,

173.51, 177.27. Anal. Calcd for C
��
H

��
O

��
: C, 56.49; H, 7.68. Found: C, 56.60; H,

7.70.

4.5 PREPARATION OF (OH)4- [G2]-CO2CH2C6H5 [13] AND
GENERAL PROCEDURE FOR THE REMOVAL OF THE
ACETONIDE PROTECTING GROUPS

The acetonide groups can be easily removed under mild conditions by stirring
the acetonide derivatives in methanol in presence of an acidic Dowex“ 50 WX2
resin. The 2,2-dimethoxypropane (b.p. 80°C) formed during the trans-acetaliz-
ation of the acetonide groups with methanol, is easily evaporated with the rest of
the solution. The deprotection reaction is best monitored by �HNMR spectros-
copy (DMSO-d



) and the product is isolated quantitatively after removal of the

ion exchange resin by filtration. Therefore, acetonide protected [G2]—
CO

�
CH

�
C



H

�
(11, 4.00 g, 7.45 mmol) was dissolved in 50 ml methanol. After

addition of 2 g of Dowex H� resin“ the reaction mixture was stirred for 3 h at
room temperature. Upon completion of the reaction (monitoring by �H NMR
spectroscopy) the Dowex, H�resin“ was removed using a glass filter and was
then carefully washed with 50 mL of methanol. The methanol was evaporated to
give 13 a white crystalline material: 3.35 g (98%). Characterization [22]: �H
NMR (CDCl

�
) � 0.97 (s, 6H, —CH

�
), 1.32 (s, 3H, —CH

�
), 3.63—3.81 (m, 8H,

—CH
�
OH), 4.29 (d, 2H, —CH

�
C), 4.45 (d, 2H, —CH

�
C), 5.18 (s, 2H, —CH

�
-Ar), 7.35

(m, 5H, ArH); ��C NMR (CDCl
�
) � 17.67, 18.47, 42.04, 46.51, 65.09, 65.89, 65.92,

173.51, 177.27. Anal. Calcd for C
��
H

��
O

��
: C, 57.89; H, 7.07. Found: C, 57.82; H,

7.00.
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4.6 PREPARATION OF ACETONIDE PROTECTED
[G4]-CO2CH2C6H5 [14]

Acetonide protected [G2]—COOH (12, 1.174 g, 2.63 mmol), (OH)
�
—

[G2]—CO
�
CH

�
C



H

�
(13, 0.200 g, 0.44 mmol), DPTS (0.516 g, 1.75 mmol) and

DCC (0.588 g, 2.85mmol) in 10 ml dry CH
�
Cl

�
were allowed to react for 48 h

according to the general esterification procedure. The crude product was purifi-
ed by column chromatography on silica gel eluting with hexane gradually
increasing to 80: 20 ethyl acetate/hexane to afford 14 as a colorless viscous oil:
0.870 g, (91%). Characterization [22]: �H NMR (CDCl

�
) � 1.09 (s, 24H, —CH

�
),

1.14 (s, 6H, —CH
�
), 1.22 (s, 12H, —CH

�
), 1.26 (s, 3H, —CH

�
), 1.30 (s, 24H, —CH

�
),

1.37 (s, 24H, —CH
�
), 3.57 (d, 16H, —CH

�
O), 4.10 (d, 16H, —CH

�
O), 4.15—4.20 (m,

16H, —CH
�
C), 4.23—4.26 (m, 12H, —CH

�
C), 5.12 (s, 2H, —CH

�
Ar), 7.26—7.32 (m,

5H, ArH); ��C NMR (CDCl
�
) � 17.41, 17.50, 17.68, 18.50, 22.02, 25.25, 33.97,

42.03, 46.65, 46.74, 46.81, 64.82, 65.49, 65.92, 66.40, 67.19, 98.09, 128.11, 128.39,
128.53, 128.71, 135.43, 171.40, 171.81, 173.48. Anal. Calcd for C

��

H

�
�
O

�

: C,

58.66; H, 7.43. Found: C, 58.29; H, 7.43.

4.7 PREPARATION OF KETAL PROTECTED [G4]-COOH [15]

The ketal protected dendron [G4]—CO
�
CH

�
C



H

�
(14, 4.14 g (1.80 mmol) was

dissolved in 60 mL ethyl acetate and 0.41 g Pd/C (10%) was added following the
general procedure for the removal of the benzyl ester group to give dendron 15 as
a colorless viscous oil: 3.87 g (97%). Characterization [22]: �HNMR (CDCl

�
) �

1.10 (s, 24H, —CH
�
), 1.24 (s, 18H, —CH

�
), 1.28 (s, 3H, —CH

�
), 1.31 (s, 24H, —CH

�
),

1.38 (s, 24H, —CH
�
), 3.59 (d, 16H, —CH

�
O), 4.12 (d, 16H, —CH

�
O), 4.20—4.31 (m,

28H, —CH
�
C); ��CNMR (CDCl

�
) � 17.47, 17.56, 17.68, 18.49, 21.86, 25.39, 42.10,

46.06, 46.70, 46.88, 64.97, 65.71, 65.94, 65.97, 66.79, 76.79, 77.10, 77.42, 98.20,
171.49, 171.81, 173.06, 173.62. Anal. Calcd for C

��
H

���
O

�

: C, 57.16; H, 7.46.

Found: C, 56.35; H, 7.48.

4.8 PREPARATION OF ACETONIDE TERMINATED [G4]
TRIDENDRON DENDRIMER [16]

Dendron [G4]—COOH (15, 7.22 g, 3.19 mmol), 1,1,1-tris(4-hydroxy-
phenyl)ethane (0.272 g, 0.89 mmol), DPTS (0.783 g, 2.66 mmol), and DCC [26]
(0.732 g, 3.55 mmol) were placed in 10 ml dry dichloromethane and allowed to
react for 24 h according to the general esterification procedure. The crude
product was purified by column chromatography on silica gel eluting with
hexane, gradually increasing to 100% ethyl acetate to afford dendrimer 16 as a
colorless viscous oil: 5.30 g, (85%). Characterization [22]: �H NMR (CDCl

�
) �

1.10 (s, 72H, —CH
�
), 1.24 (s, 36H, —CH

�
), 1.26 (s, 18H, —CH

�
), 1.30 (s, 72H, —CH

�
),
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1.37 (s, 72H, —CH
�
) , 1.40 (s, 9H, —CH

�
) , 2.14 (s, 3H, —CH

�
), 3.58 (d, 48H, —CH

�
C),

4.11 (d, 48H, —CH
�
C), 4.21-4.28 (m, 72H, —CH

�
C), 4.31—4.39 (m, 12H, —CH

�
C),

6.96 (d, 6H, ArH), 7.09 (d, 6H, ArH); ��C NMR (CDCl
�
) � 17.62, 17.73, 18.50,

22.02, 25.99, 42.04, 46.74, 46.83, 47.03, 64.79, 65.38, 65.92, 65.97, 98.09, 120.78,
129.85, 146.44, 148.58, 170.69, 171.48, 171.86, 173.48. Anal. Calcd for
C

��	
H

�	�
O

���
: C, 58.64; H, 7.36. Found: C, 58.55; H, 7.29.

4.9 PREPARATION OF HYDROXYL TERMINATED [G4]
TRIDENDRON DENDRIMER [17]

The acetonide terminated [G4] tridendron dendrimer (16, 4.50 g, 0.64mmol) was
dissolved in a minimum amount of distilled THF and the solution was then
diluted with 100 ml methanol. Using to the general procedure for removal of the
acetonide protective group, dendrimer 17 with 48 terminal hydroxyl groups was
obtained (Figure 24.4) as a white glass after 48 h of reaction: 3.60 g, (92%).
Characterization �: �H NMR (DMSO-d



) � 1.00 (s, 72H, —CH

�
), 1.15 (s, 36H,

—CH
�
), 1.21 (s, 18H, —CH

�
), 1.36 (s, 9H, —CH

�
), 2.15 (s, 3H, —CH

�
), 3.43 (q, 96H,

—CH
�
OH), 4.08-4.15 (m, 48H, —CH

�
C), 4.22-4.21 (m, 24H, —CH

�
C), 4.57 (br.s,

48H, -OH), 4.38 (m, 12H, —CH
�
C), 7.06 (d, 6H, ArH), 7.13 (d, 6H, ArH); ��C

NMR (DMSO-d


) � 16.61, 16.85, 17.06, 46.17, 46.46, 50.15, 63.59, 63.77, 64.26,

65.15, 120.89, 129.35, 146.14, 148.18, 170.67, 171. 37, 171.77, 173.97. Anal. Calcd
for C

���
H

�	�
O

���
: C, 53.20; H, 6.89. Found: C, 52.96; H, 7.01.

4.10 PREPARATION OF BENZOATE TERMINATED [G4]
TRIDENDRON DENDRIMER AND GENERAL PROCEDURE
FOR ‘SURFACE’ MODIFICATION OF THE HYDROXYL
TERMINATED DENDRIMERS

A solution of benzoyl chloride (1.040 g, 7.41 mmol) in dry dichloromethane (3
mL), was added dropwise to a solution of the hydroxyl terminated [G4] triden-
dron dendrimer (17, 0.750 g, 0.124mmol) containingDMAP (15mg, 0.124mmol)
and triethylamine (0.875 g, 8.65 mmol) in 10 ml dry dichloromethane at 0°C
under argon atmosphere. After stirring at 0°C for 1 h the temperature was raised
to 25°C and the mixture was allowed to stand overnight. The dichloromethane
was evaporated and the yellow crude product was purified by column
chromatography on silica gel eluting with hexane, gradually increasing to 20: 80
hexane/ethyl acetate to give the desired tridendron polyester dendrimer with 48
terminal benzoate groups as a colorless glass: 1120 g, (82%). Characterization
[22]: �H NMR (CDCl

�
) � 1.11 (s, 63H, —CH

�
), 1.29 (s, 48H, —CH

�
), 1.94 (s, 3H,

—CH
�
), 4.01—4.33 (m, 84H, —CH

�
C), 4.44—4.51 (k, 96H, —CH

�
C), 6.89 (d, 6H,

ArH), 6.98 (d, 6H, ArH), 7.30 (t, 96H, ArH), 7.44 (t, 48H, ArH) , 7.93 (d, 96H, ArH);
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��C NMR (CDCl
�
) � 17.48, 17.91, 46.53, 46.63, 46.80, 46.95, 65.29, 65.84, 120.80,

128.50, 129.63, 133.26, 146.36, 148.57, 165.82, 170.67, 171.37, 171.97. Anal. Calcd
for C

���
H

�	�
O

��

: C, 66.28; H, 5.46. Found: C, 66.11; H, 5.35. Financial sup-

port of this work by the National Science Foundation (DMR-9816166) and
DOE (LBNL-Polymer Program) is acknowledged with thanks.
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9. Hawker, C. J., Wooley, K. L. and Fréchet, J. M. J., J.Chem. Soc. Perkin I, 1287 (1993).
10. Ihre, H., Hult, A. and Soderlind, E. J. Am. Chem. Soc., 118, 6388 (1996).
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Wooley, K. L.Macromolecules, 25, 2401—2406 (1992).
21. Tomalia, D. A., Naylor, A.M. andGoddard III,W.A.Angew.Chem. Int.Ed.Engl., 29,

138 (1990).
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25

Laboratory Synthesis of
Poly(amidoamine) (PAMAM)
Dendrimers
R. ESFAND AND D. A. TOMALIA
University of Michigan, Center for Biologic Nanotechnology, Ann Arbor, MI,
USA

1 INTRODUCTION

The divergent growth strategy, now widely used for dendrimer synthesis, was
discovered independently in parallel events that occurred in the Vögtle (Univer-
sity of Bonn) and the Tomalia laboratories (the Dow Chemical Company) in
1978—79. A brief communication from the Vögtle group [1] described the
divergent synthesis of several low molecular weight (i.e. � 1.5 kD) dendritic
structures derived from iterative reactions using acrylonitrile monomer. As
described by the authors [2] and others [3], this critical chemistry was plagued
with low yields, product isolation and analytical difficulties. More recently, this
process was modified to furnish a commercial route to poly(propyleneimine)
(PPI) dendrimers (see Chapter 26).
An analogous divergent methodology based on acrylate monomers was dis-

covered in 1979 and developed in the Dow Chemical Laboratories during the
period of 1979—84. It was first reported at the 1st International (JSPS) Confer-
ence, Japan Society of Polymer Science in Kyoto (1984) and published in 1985
[4]. This approach provided high yields of poly(amidaomine) (PAMAM) den-
drimers with molecular weights ranging from several hundred to over 1 million
Daltons (i.e. Generations 1—12) and is presently the preferred commercial route
to Starburst“ PAMAM dendrimers. Several significant advantages offered by
the divergent method include:

1. Allows direct dendritic growth of dendrons from a wide variety of atomic,

Dendrimers and Other Dendritic Polymers. Edited by Jean M. J. Fréchet and Donald A. Tomalia
© 2001 John Wiley & Sons Ltd

Dendrimers and other Dendritic Polymers
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molecular, polymeric as well as physical objects as cores. Does not require a
second core anchoring step which is sterically limited via the convergent
method.

2. Adaptable to large volume scale-up (e.g. dendri-PAMAM and dendri-PPI are
produced in multi-kilogram quantities).

3. Low-cost, readily available commoditymonomers (i.e. acrylates, acrylonitrile,
alkyleneamines) may be used for synthesis.

4. May be used to prepared high generation (i.e. G� 0—12) dendrimers that
precede and exceed the ‘de Gennes dense packed’ state.

The procedures described are based on improved modifications from original
publications [4—8]. They focus on the divergent ‘excess reagent’ syntheses of
dendri-poly(amidoamines) using various alkylenediamine cores. Examples of
both divergent in situ branch cell methods, as well as divergent ‘preformed’
branch cell methods are presented.
Many of these dendrimeric nanostructures have shown commercial promise

as gene transfection, drug delivery agents, immunodiagnostics reagents, nano-
catalysts, magnetic resonance imaging contrast agents, nanoreactors and nano-
calibrators. Dendrimers are expected to play a significant role in the systematic
development of nanoscale chemistry architecture and properties both in biologi-
cal, as well as abiotic areas of interest.

2 GENERAL COMMENTS

Laboratory procedures are presented for two divergent methodologies, namely:
(1) the in situ branch cell (BC) method, and (2) the preformed (BC) coupling
method (Scheme 1). The divergent, in situ (BC) method is a two-step iterative
process for constructing poly(amidoamine) (PAMAM) dendrimers possessing
either terminal ester or amine groups. A shorthand designation for these struc-
tures is as follows: [core]; (Generation)-dendri-PAMAM- (—CO

�
Me/ —NH

�
)
�
.

This method involves (a) alkylation with methylacrylate, and (b) amidation with
ethylenediamine (Scheme l). The alkylation step produces ester terminated (sub-
shells) that are referred to as ‘half generations’ and are designated (Gn. 5). The
second step involves amidation of the ester terminated (Gn. 5) intermediates with
large excesses of ethylenediamine to produce amine terminated, full generations,
referred to as (Gn). These iteration sequences together with reaction conditions
are catalogued in Figure 25.1. The structures obtained from the first two reaction
sequences are ‘starbranched’ PAMAMs. They are designated: [EDA](G:-.5)
star-PAMAM—(CO

�
Me)

�
and [EDA](G:0)star-PAMAM—(NH

�
)
�
, respectively.

The next iteration produces dendritic structures that are designated;
[EDA](G:.5)dendri-PAMAM —(CO

�
Me)

�
and [EDA](G:l)dendri-PAMAM

—(NH
�
)
�
, respectively.
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(i) In Situ Branch Cell Method 

(ii) Preformed Branch Cell Method 
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(b) Amidation Chemistry
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OH

OHH2N
OH

OH
OH

OH

OH

K2CO3

Scheme 1

The number of surface groups (Z), branch cells (BC) and molecular weights for
a dendrimer series can be calculated with the math expressions shown below.
These parameters, as well as hydrodynamic dimensions for the series
[EDA](G:0-10)dendri-PAMAM—(NH

�
)
�
are presented in Figure 25.1. The ex-

perimental procedures are general for a wide range of alkylenediamine initiator
cores (e.g., NH

�
—(CH

�
)—

�
NH

�
). Characterization data for dendri-PAMAMs de-

rived from these cores are included, where: n � 2, 3, 4, 5, 6.
The preformed (BC) method is a one-step process used in this case to introduce

high multiplicity of terminal hydroxy groups. The method involves direct coup-
ling of branch cell reagents (i.e. tris(hydroxymethyl)aminomethane (Tris-)) by
amidation of ester terminated PAMAM dendrimers. Advancement to the next
generation of branch cells occurs in one step.
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GenerationGeneration
Surface GroupsSurface Groups

(Z)(Z)
Molecular Molecular 
FormulaFormula MWMW Diameter (nm)Diameter (nm)

MW

 =

Nc
Nb

G-1

Nb-1

Nb-1

Nb
G-1

MRU + MtNb
GMc  +  Nc

=

=

BC

Z  NcNb
G

Number of
Branch Cells

Molecular
Weights

:

:

:

Number of Covalent
Bonds Formed/Generation=

Number of
Surface
Groups

0 4 C22H48N10O4 517 1.4
1 8 C62H128N26O12 1,430 1.9
2 16 C142H288N58O28 3,256 2.6
3 32 C302H608N122O60 6,909 3.6
4 64 C622H1248N250O124 14,215 4.4
5 128 C1262H2528N506O252 28,826 5.7
6 256 C2542H5088N1018O508 58,048 7.2
7 512 C5102H10208N2042O1020 116,493 8.8
8 1,024 C10222H20448N4090O2044 233,383 9.8
9 2,048 C20462H40928N8186O4092 467,162 11.4

10 4,096 C40942H81888N16378O8188 934,720 ~13.0

G = 4
G = 3

G = 2

G = 1

G = 5

Z
Z
Z

Z
Z

Z
Z

Z
Z

Z
Z

Z
Z

ZZ
ZZZ

ZZZZZZZZZZZZ

CoreG = 0

Surface Group 
Amplification/Gen.

Dendrimer Core-Shell Mathematics

NbNc

=

Figure 25.1 (a) Dendrimer propagation mathematics; where: Nc, Nb = core,
branch cell multiplicities; respectively, and G=generation; (b) mathematically
defined values for surface groups (Z), molecular formulae and molecular
weights (MW) as a function of generation for the (ethylenediamine core),
poly(amidoamine) (PAMAM) dendrimer family.

3 EXPERIMENTAL METHODS

All reagents were purchased from Aldrich, Fluka, Sigma or Lancaster Synthesis,
and were used after purification, unless otherwise stated. Solvents for reactions,
work-up and purification procedures were used as supplied, unless otherwise
stated. Solvent purification procedures were generally adopted from the book by
Perrin and Armarego. Solutions were dried using anhydrous sodium sulfate or
magnesium sulfate, unless otherwise stated. Combustion analyses were meas-
ured on a Perkin Elmer 240B or 240C elemental analyzer. Infrared spectra were
recorded on a Perkin-Elmer 983 InfraRed spectrophotometer. Mass spectra
were recorded by a VG Autospec mass spectrometer with ionization in a matrix
of 3-nitrobenzyl alcohol. NMR spectra were recorded in deuterochloroform,
unless otherwise stated, with a JEOL GX270 nuclear magnetic resonance spec-
trometer (270.5 MHz). GPC was carried out on a Plgel mixed E column, with
tetrahydrofuran (THF) as eluent, connected to a Knaur refractive index detector
and a PyeUnicam PU 410 computing integrator. The column was calibrated
using narrow dispersity linear polystyrene standards.
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Generational Shells (Gn) and Sub-shells (G.5n)Reagents/Reaction
Conditions

Gen.dendri-
Polyamidoamines

G=3.5

G=3.0

G=2.5

G=2.0

G=1.5

G=1.0

G=0.5

G=0

G=-0.5

Core

PAMAM-(NH2)32

PAMAM-(CO2Me)32

PAMAM-(NH2)16

PAMAM-(CO2Me)16

PAMAM-(NH2)8

PAMAM-(CO2Me)8

PAMAM-(NH2)4

PAMAM-(CO2Me)4

PAMAM-(CO2Me)64
MeAcrylate, MeOH
(2.4 eq./-NH2); 40…C/24 hrs

MeAcrylate, MeOH
(2.4 eq./-NH2); 40…C/24 hrs

MeAcrylate, MeOH
(2.4 eq./-NH2); 40…C/24 hrs

MeAcrylate, MeOH
(2.4 eq./-NH2); 40…C/24 hrs

MeAcrylate, MeOH
(1.2 eq./-NH2); 40…C/24 hrs

EDA, MeOH; 5…C/8 days
(808 moles/ester)

EDA, MeOH; 5…C/7 days
(404 moles/ester)

EDA, MeOH; 5…C/6 days
(202 moles/ester)

EDA, MeOH; 5…C/5 days
(101 moles/ester)

(a)

(b)

(a)

(b)

(a)

(b)

(a)

(b)

(-CO2Me)
(-CO2Me)
(-CO2Me)

(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)

(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)

(-CO2Me)
(-CO2Me)

(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)

(-CO2Me)
(-CO2Me)

(-CO2Me)

(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)
(-CO2Me)

(-CO2Me)
(-CO2Me)
(-CO2Me)

(-NH2) (-NH2) (-NH2)
(-NH2) (-NH2)

(-NH2)
(-NH2)

(-NH2)

(-NH2)
(-NH2)

(-NH2)
(-NH2)
(-NH2)

(-NH2)
(-NH2)

4

H2N (CH2)n-NH2
Where: n = 2

Structures: [1] [2] [3] [4] [5] [6] [7]

0

1

2

3

Generations:

 

Figure25.2 Core–shell reaction sequence steps: (a) alkylation and (b) amidation
steps for preparation of G.5n and Gn. [NH2–(CH2)2–6–NH2]; (G =0–2.5)-dendri-
poly(amidoamines)

3.1 DIVERGENT SYNTHESIS OF PAMAM DENDRIMERS VIA
EXCESS REAGENT METHOD PREPARATION OF ESTER
TERMINATED PAMAM STAR-BRANCHED PRECURSOR;
[NH2-(CH2)2–6-NH2]; (G = -0.5); STAR-PAMAM(CO2ME)4; [1]

A solution of freshly distilled 1,2-diaminoethane (5 g, 5.5 ml, 0.083 mol) in
methanol (20 ml) was added dropwise to a stirred solution of methylacrylate
(35 g, 37 ml, 0.407 mol) in methanol (20 ml), under nitrogen, over a period of 2 h.
The final mixture was stirred for 30 min at 0°C and then allowed to warm to
room temperature and stirred for a further 24 h. The solvent was removed under
reduced pressure at 40°C using a rotary evaporator and the resulting colourless
oil dried under vacuum (10�� mm Hg, 50°C) overnight to give the final product
(32 g, 95%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO

�
�CH

�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1740 (C——O); �H NMR (CDCl

�
) �

�
: 3.61

(12H, s, e), 2.63 (8H, t, b), 2.41 (4H, s, a), 2.29 (8H, t, c); ��C NMR (CDCl
�
) �

�
:

174.12 (d), 52.15 (e), 50.27 (b), 45.23 (a), 31.56 (c); Mass spectrum (FAB): m/z 405
(M	H), 427 (M	Na); Elemental analysis: C

��
H

��
N

�
O

�
Calcd (%) C, 53.5; H,
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Dendrimer [core] %Yield MW FAB-Ms (M	H) GPC M
	
/M

�

H2N—C
�
H

�
—NH

�
99 404 405 1.08

H2N—C
�
H



—NH

�
95 418 419 1.01

H2N—C
�
H

�
—NH

�
96 432 433 1.03

H2N—C
�
H

��
—NH

�
91 445 447 1.01

H2N—C


H

��
—NH

�
98 460 471 1.01

Analytical data for star-PAMAM(CO
�
Me)

�
.

8.0; N, 6.9. Found (%) C, 53.2; H, 8.4; N, 7.1. Gel chromatography:M
	
� 816.2,

M
�

� 800.2, PD� 1.08.

3.2 PREPARATION OF AMINE TERMINATED PAMAM
STAR-BRANCHED PRECURSOR; [NH2–(CH2)2–6–NH2];
(G =0); star-PAMAM(NH2)4; [2]

A solution of (G� 
 0.5); star-PAMAM](CO
�
Me)

�
; [1] precursor (10 g, 0.025

mol) in methanol (20 ml) was carefully added to a vigorously stirred solution of
1,2-diaminoethane (75 g, 85 ml, 1.248 mol) in methanol (100 ml) at 0°C. The rate
of addition was such that the temperature did not rise above 40°C. After
complete addition the mixture was stirred for 96 h at room temperature at which
time no ester groups was detectable by NMR spectroscopy. The solvent was
removed under reduced pressure maintaining the temperature no higher than
40°C. The excess 1,2-diaminoethanewas removed using an azeotropicmixture of
toluene and methanol (9: 1). The remaining toluene was removed by azeotropic
distillation using methanol. Finally, removal of the remaining methanol under
vacuum (10�� mm Hg, 40°C, 48 h) gave the tetra-amine terminated G� 0
precursor as a colorless oil (12.5 g, 98%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NH
CH

�
�CH

�
�NH

�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1640 (C——O), 3200 (NH

�
), 3400 (NH);

�HNMR (CDCl
�
) �

�
: 8.05 (4H, bt, e), 3.31 (8H, bq, f), 2.71 (8H, t, b), 2.57 (8H, t,.c),

2.53 (4H, s, a), 2.45 (8H, t, h), 2.25 (8H, p, g); ��C NMR (CDCl
�
) �

�
: 175.15 (d),

51.31 (b), 48.25 (a), 45.32 (f), 35.18 (c), 31.25 (g); Mass spectrum (FAB): m/z 518
(M	H), 540 (M	Na); Elemental analysis: C

��
H

��
N

��
O

�
Calcd (%) C, 51.1;

H, 9.3; N, 27.1. Found (%) C, 52.5; H, 9.7; N, 28.2.
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Dendrimer [core] %Yield MW FAB-Ms (M	H)

H2N—C
�
H

�
—NH

�
98 516 517

H2N—C
�
H



—NH

�
95 530 531

H2N—C
�
H

�
—NH

�
94 544 545

H2N—C
�
H

��
—NH

�
92 558 559

H2N—C


H

��
—NH

�
92 572 573

Analytical data for star-PAMAM(NH
�
)
�
.

Note: It is essential to carefully examine the analytical data for the presence of
cyclic compounds as a result of side reactions involved. The cyclization occurs as
dendrimer amidation versus bridging amidation are kinetically similar. To pre-
vent the intradendrimeric cyclization a large excess (50-fold) of 1,2-
ethylenediamine is required. The excesses are removed to an undetectable level
by azeotropic techniques.

Ideal and Non-ideal Amidation of the dendri-PAMAM(CO2Me)4 

 

 

 

 

 

 

 

 

 

 

 

 

    Ideal  growth   Non-ideal  growth 

O

N

OMe

N

O

OMe

MeO

O

MeO

O

N (EDA)

NH2H2N

O

N
H

N

O

OCH3

N
(

(

N

HH
:

O

NH

O

NH

NH

O

NH

N

O

NH2

NH2

H2N

H2N

N

O

N

NH

N

O

NH

N
(

(

(EDA)

NH2H2N

 
[2] 

 
[1] 

Scheme 2
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Synthesis of PAMAM Dendrimers 

[3] 

[1] 

 

O

N

OMe

N

O

OMe

MeO

O

MeO

O

N

O

NH

O

NH

NH

O

NH

N

O

NH2

NH2

H2N

H2N

N

MeOH
H2N

NH2

OMe

O

[1] 

[2] 

N OCH3

O

O
OCH3

NH

N

O

O

NH

N

OCH3

OCH3

O

O

NH3CO

O

O
H3CO

NH

N

O

O

NH

N

H3CO

H3CO

O

O

Scheme 2 (cont.)
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[4] 

[5] 

N NH

NH2

O

O

NH2

NH

NH

N

O

O

NH

N

NH

NH
NH2

O

O

NH2

NNH

H2N

O

O

H2N

NH

NH

N

O

O

NH

N

NH

NH
H2N

O

O

H2N

N
OCH3

O

O
OCH3

N NH
N

N

OCH3

OCH3

O

O

O

O

NH

NH

N

O

O

NH

N

NH

NH

OCH3

O

O

O

O

OCH3

N

N
OCH3

O

O

N
OCH3

N
H3CO

O

O
H3CO NNH

N

N

H3CO

H3CO

O

O

O

O

NH

NH

N

O

O

NH

N

NH

NH

H3CO

O

O

O

O

H3CO

N

N
H3CO

O

O

N
OCH3

 

Scheme 2 (cont.)
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Dendrimer [core] %Yield MW FAB-Ms (M	H) SECM
	
/M

�

H2N—C
�
H

�
—NH

�
97 1205 1206 1.00

H2N—C
�
H



—NH

�
92 1219 1220 1.01

H2N—C
�
H

�
—NH

�
93 1233 1234 1.05

H2N—C
�
H

��
—NH

�
96 1247 1248 1.05

H2N—C


H

��
—NH

�
92 1261 1262 1.05

Analytical data for dendri-PAMAM(CO
�
Me)

�
.

3.3 PREPARATION OF ESTER TERMINATED PAMAM
DENDRIMER; [NH2-(CH2)2–6-NH2]; (G= 0.5);
dendri-PAMAM(CO2Me)8; [3]

A solution of (G� 0); dendri-PAMAM(NH
�
)
��
; [2] precursor (8 g, 0.015mol) in

methanol (20 ml) was added to a stirred solution of methylacrylate (12.9 g, 13.5
ml, 0.15 mol) in methanol (20 ml), under nitrogen, over a period of 1 h. The final
mixture was stirred at 0°C for 1 h and then allowed to warm to room tempera-
ture and was stirred for a further 24 h. The solvent was removed under reduced
pressure at 40°C and the resultant colorless oil vacuum dried (10�� mm Hg,
50°C) overnight to give the final product (17.5 g, 92%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NH
CH

�
�CH

�
N(�CH

�

CH

�
�CO

�
�CH

�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1750 (C——O), 3400 (NH); �H NMR

(CDCl
�
) �

�
: 7.21 (4H, t, e), 3.65 (24H, s, k), 3.25 (8H, q, f), 2.65—2.95 (20H, m,.a, b,

g), 2.55 (16H, t, h), 2.45 (16H, t, i), 2.31 (8H, t, c); ); ��C NMR (CDCl
�
) �

�
: 173.45

(d), 172.23 (j), 53.22 (k), 53.21 (f), 52.22 (b), 51.24 (g); Mass spectrum (FAB): m/z
1207 (M	H), 1229 (M	Na); Elemental analysis: C

��
H

�

N

��
O

��
Calcd (%) C,

53.8; H, 8.1; N, 11.6. Found (%) C, 53.5; H, 8.2; N, 11.5. Gel chromatography:M
	

� 2465.1, M
�

� 2471.3, PD� 1.0.

3.4 PREPARATION OF AMINE TERMINATED PAMAM
DENDRIMER; [NH2-(CH2)2–6–NH2]; (G= 1.0);
dendri-PAMAM (NH2)8; [4]

To a vigorously stirred solution of 1,2-diaminoethane (60 g, 65 ml, 0.994 mol) in
methanol (100 ml), at 0°C under nitrogen, was added a solution of (G� 0.5);
dendri-PAMAM(CO

�
Me)

�
; [3] (5 g, 0.004 mol) in methanol (20 ml). The addi-

tion was controlled such that the temperature did not rise above 40°C. The
mixture was stirred at room temperature for 96h, after which time no ester
groups were detectable by NMR spectroscopy. The methanol was removed by
vacuum distillation at � 40°C, and excess 1,2-diaminoethane was removed by
azeotropic distillation using a mixture of toluene and methanol (9: 1). The
remaining toluene was removed by azeotropic distillation with methanol and

596 R. ESFAND AND D. A. TOMALIA



Dendrimer [core] %Yield MW FAB-Ms (M	H)

H2N—C
�
H

�
—NH

�
96 1429 1430

H2N—C
�
H



—NH

�
92 1443 1444

H2N—C
�
H

�
—NH

�
92 1457 1458

H2N—C
�
H

��
—NH

�
93 1471 1472

H2N—C


H

��
—NH

�
93 1485 1486

Analytical data for dendri-PAMAM(NH
�
)
�
.

finally the methanol removed under vacuum (10�� mm Hg, 50°C, 48 h) to give
the amine terminated G� 1.0 dendrimer as a pale yellow oil (5.7 g, 96%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NH
CH

�
�CH

�
N

(�CH
�

CH

�
�CO�NH�CH

�
�CH

�
�NH

�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1640 (C——O), 3420 (NH) ; �H NMR

(DMSO) �
�
: 8.03 (12H, bt, e, k), 3.31—3.15 (24H, bq, f, l), 2.65 (8H, t, g), 2.61—2.51

(52H, m,.a, b, c, h, i), 2.45 (16H, t, n), 2.25 (16H, bp, m); ��C NMR (DMSO) �
�
:

178.21 (d), 174.48 (j), 52.13 (f), 49.15 (l), 46.21 (g), 45.11 (a), 43.18 (b), 42.11 (c), 38.21
(h), 35.51 (i); Mass spectrum (FAB): m/z 1430 (M	H), 1452 (M	Na); Elemen-
tal analysis: C


�
H

���
N

�

O

��
Calcd (%) C, 52.1; H, 8.9; N, 25.5. Found (%) C,

49.3; H, 10.2; N, 24.2.

3.5 PREPARATION OF ESTER TERMINATED PAMAM
DENDRIMER;
[NH2-(CH2)2–6-NH2]; (G =1.5); dendri-PAMAM(CO2ME)16; [5]

A solution of (G� 1); dendri-PAMAM(NH
�
)
�
; [4] (6.5 g, 0.005 mol) in methanol

(20ml) was added to a stirred solution of methylacrylate (6.7 g, 7ml, 0.077mol) in
methanol (20 ml), under nitrogen, over a period of 2 h. The final mixture was
stirred at 0°C for 1 h and then allowed to warm to room temperature and stirred
for a further 24 h. The solvent was removed under reduced pressure at 40°C and
the resultant pale yellow oil vacuum dried (10��mmHg, 50°C) overnight to give
the final product (11.5 g, 91%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NH
CH

�
�CH

�
N(�CH

�

CH

�
�CO�NH�CH

�
�C

H
�
N(�CH

�
�CH

�
�CO

�
�CH

�
)
�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1750 (C——O), 3600 (NH); �H NMR

(CDCl
�
) �

�
: 7.23 (12H, bt, e, k), 3.58 (48H, s, q), 3.31 (24H, bm, f, l), 2.95 (8H, bt,.g),

2.75—2.85 (52H, m, a, b, c, h, i), 2.63 (32H, bt, o), 2.45 (32H, bt, n), 2.25 (16H, bt, m);
��CNMR (CDCl

�
) �

�
: 173.15 (d), 172.55 (j), 171.95 (p); Mass spectrum (FAB):m/z
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N

NH
O

O

NH2

NH2
NHN NH

N

N

NH

NH2

NH

NH2

O

O

O

O

NH

NH

N

O

O

NH

N

NH

N

NH

NH

O

O

O

O

NH2

NH2

NH

N

N

NH
NH2

NH
NH2

O

O

N

N

NH
O

O

H2N

H2N
NH NNH

N

N

NH

H2N

NH

H2N

O

O

O

O

NH

NH

N

O

O

NH

N

NH

N

NH

NH

O

O

O

O

H2N

H2N

NH

N

N

NH
H2N

NH
H2N

O

O

N

NHO

N

N

O

NH

NH
O

O

NHN

NH
O

N
O

NH

O

OCH3

N

OCH3

O
O OCH3

N
OCH3

O
NH

N

O OCH3

OCH3

O

N

O

OCH3

OCH3
O

NH

N

O
NH

O
OCH3

N
OCH3

O

NH

O

OCH3

N

OCH3O

NH

NH

N
O

OCH3

OCH3
O

NH

N

O

OCH3OCH3

O

N
NH

O

N

N

O

O

O

N O

O NH

O

NH O

N

N

O

NH

NH
O

O

NH N

NH
O

N
O

NH

O

H3CO

N

H3CO

O
OH3CO

N
H3CO

O
NH

N

OH3CO

H3CO

O

N

O

H3CO

H3CO
O

NH

N

O
NH

O
H3CO

N
H3CO

O

NH

O

H3CO
N

H3CO O

NH

NH

N
O

H3CO

H3CO O

NH

N

O

H3CO
H3CO

O

N
NH

O

N
N

O

O

O

NO

ONH

O

[6] 

[7] 

Scheme 3
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Dendrimer [core] %Yield MW FAB-Ms (M	H)

H2N—C
�
H

�
—NH

�
97 2808 2809

H2N—C
�
H



—NH

�
92 2822 2823

H2N—C
�
H

�
—NH

�
93 2836 2837

H2N—C
�
H

��
—NH

�
96 2850 2851

H2N—C


H

��
—NH

�
92 2863 2864

Analytical data for dendri-PAMAM(NH
�
Me)

�

.

2809 (M	H), 2830 (M	Na); Elemental analysis: C
��

H

��

N

�

O

��
Calcd (%)

C, 53.9; H, 8.1; N, 12.9. Found (%) C, 53.7; H, 8.8; N, 13.2.

3.6 PREPARATION OF AMINE TERMINATED PAMAM
DENDRIMER; [NH2–(CH2)2–6–NH2]; dendri-PAMAM (NH2)16;
[6]

To a vigorously stirred solution of 1,2-diaminoethane (107 g, 118 ml, 1.781 mol)
in methanol (150 ml), at 0°C under nitrogen, was added a solution of (G� 1.5);
dendri-PAMAM(CO

�
Me)

�

; [5] (10 g, 0.004 mol) in methanol (30 ml). The

addition was controlled such that the temperature did not rise above 40°C. The
mixture was stirred at room temperature for 96 h, after which time no ester
groups were detectable by NMR spectroscopy. The methanol was removed by
vacuum distillation at � 40°C, and the excess 1,2-diaminoethane was removed
by azeotropic distillation using a mixture of toluene and methanol (9: 1). The
remaining toluene was removed by azeotropic distillation with methanol and
finally the methanol removed under vacuum (10�� mm Hg, 50°C, 48 h) to give
the amine terminated G� 2.0 dendrimer as a pale yellow oil (10.9 g, 94%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NH
CH

�
�CH

�
N(�CH

�

CH

�
�CO�NH�CH

�
�C

H
�
N(�CH

�
�CH

�
�CO

�
�CH

�
)
�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 3350 (NH

�
); �H NMR (CDCl

�
) �

�
: 8.01

(28H, bm, e, k, q), 3.19—3.45 (56H, bm, f, l, r), 2.61—2.81 (116H, bm, a, b, c, h, i, n, o),
2.98—2.93 (24H, bm,.g, m), 2.45 (32H, bt, t), 2.23 (32H, bp, s); ��CNMR (DMSO)
�
�
: 171.65 (d), 171.45 (j), 171.34 (p); Mass spectrum (FAB): m/z 3255 (M—H);

Elemental analysis: C
���
H

���
N

��
O

��
Calcd (%) C, 52.4; H, 8.9; N, 24.9. Found

(%) C, 47.2; H, 9.7; N, 21.5.

3.7 PREPARATION OF ESTER TERMINATED PAMAM
DENDRIMER; [NH2–(CH2)2–6–NH2]; (G=2.5);
dendri-PAMAM(CO2Me)32; [7]

A solution of (G� 2); dendri-PAMAM(NH
�
)
�

; [6] (10 g, 0.003mol) inmethanol

(20ml) was added to a stirred solution of methylacrylate (10.6 g, 11ml, 0.123mol)
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in methanol (20 ml), under nitrogen, over a period of 2 h. The final mixture was
stirred at 0°C for 1 h and then allowed to warm to room temperature and stirred
for a further 24 h. The solvent was removed under reduced pressure at 40°C and
the resultant pale yellow oil vacuum dried (10��mmHg, 50°C) overnight to give
the final product (15.6 g, 84%).

(�CH
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�CH
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)[N(�CH
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�
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�
�CH

�
N(�CH

�

CH

�
�CO�NH�CH

�
�C

H
�
N(�CH

�
�CH

�
�CO�NH�CH

�
�CH

�
N(�CH

�
�CO

�
	CH

�
)
�
)
�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1700 (C——O); �H NMR (CDCl

�
) �

�
: 7.26

(28H, bm, e, k, q), 3.62 (96H, s, w), 3.29—3.41 (56H, bm, f, l, r), 2.77—2.56 (56H,
bm,.g, m, s), 2.25—2.45 (116H, bm, a, b, c, h, i, n, o); ��C NMR (CDCl

�
) �

�
: 177.34

(d), 173.07 (j), 172.32 (p), 171.51 (v); Mass spectrum (FAB): m/z 5978 (M-29);
Elemental analysis: C

���
H

���
N

��
O

��
Calcd (%) C, 53.9; H, 8.1; N, 13.5. Found

(%) C, 51.3; H, 8.4; N, 13.6.

3.8 PREPARATION OF HYDROXY TERMINATED PAMAM
DENDRIMER; [NH2-(CH2)2–6-NH2]; (G= 1.0);
dendri-PAMAM(OH)12; [8]

An oven-dried flask, with a septum capped nitrogen inlet, was charged with a
solution of (G� 
 0.5); dendri-PAMAM(CO

�
Me)

�
; [1] precursor (2.5 g, 6.2

mmol) in anhydrous dimethyl sulfoxide (10 ml). A mixture of Tris (tri-hy-
droxymethyl aminoethane) (3.76 g, 0.031mol) and anhydrous potassium carbon-
ate (2.7 g, 0.031 mol) was added to the suspension. The solution was heated in a
paraffin oil bath maintained at 40°C for 96 h. After filtration the excess solvent
was removed by vacuum pump (10�� mm Hg, 50°C). The resulting thick, white
oil was dissolved in a minimum quantity of distilled water and precipitated with
propanone. The suspension was cooled in the freezer, and the solid filtered and
dried in a vacuum oven (10��mmHg, 40°C) to give the hygroscopic terminated
dendrimer as a white powder (4.5 g, 95%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NHC(
CH

�
�OH)

�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1635 (C——O); �HNMR (DMSO) �

�
: 7.56

(4H, bt, e), 3.47 (24H, s, f), 2.65 (8H, t, b), 2.52 (4H, bt, a), 2.29 (8H, t, c); ��CNMR
(CDCl

�
) �

�
: 172.86 (d), 50.25 (f), 50.21 (b), 35.62 (a), 30.21 (c); Mass spectrum

(FAB): m/z 762 (M	H).

3.9 PREPARATION OF HYDROXY TERMINATED PAMAM
DENDRIMER; [NH2-(CH2)2-6-NH2]; (G=2.0);
dendri-PAMAM(OH)24; [9]

An oven-dried flask, with a septum-capped nitrogen inlet, was charged with a
solution of (G� 0.5); dendri-PAMAM(CO

�
Me)

�
; [3] (5 g, 4.2 mmol) in anhyd
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Scheme 4

rous dimethyl sulfoxide (20 ml). A mixture of Tris (tri-hydroxymethyl amino-
ethane) (5.1 g, 0.042 mol) and anhydrous potassium carbonate (5.7 g, 0.042 mol)
was added to the suspension. The solution was heated in a paraffin oil bath
maintained at 40°C for 96 h. After filtration the excess solvent was removed by
vacuum pump (10��mmHg, 50°C). The resulting thick, white oil was dissolved
in a minimum quantity of distilled water and precipitated with propanone. The
suspension was cooled in the freezer, and the solid filtered and dried in a vacuum
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Dendrimer [core] %Yield MW FAB-Ms

H2N—C
�
H

�
—NH

�
99 1918 1919 (M	H)

H2N—C
�
H



—NH

�
95 1932 1931 (M
H)

H2N—C
�
H

�
—NH

�
96 1946 1947 (M	H)

H2N—C
�
H

��
—NH

�
91 1960 1998 (M	 38)

H2N—C


H

��
—NH

�
98 1974 1974 (M)

Analytical data for dendri-PAMAM(OH)
��
.

oven (10�� mm Hg, 40°C) to give the hygroscopic terminated dendrimer as a
white powder (6.2 g, 82%).

Note: Same procedure can be used when varying the central core unit from 2C to
6C.

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
�CO�NH
CH

�
�CH

�
N

(�CH
�

CH

�
�CO�NHC(�CH

�
�OH)

�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1660 (C——O), 3500 (NH); �H NMR

(DMSO) �
�
: 7.85 (12H, bt, e, k), 4.98 (24H, bs, m), 3.55 (48H, s, l), 3.18 (8H, bm,.f),

2.73 (20H, bm, a, b, g), 2.43 (16H, bt, h), 2.32—2.15 (24H, m, i, c); ��C NMR
(DMSO) �

�
: 174.25 (d), 62.15 (f); Mass spectrum (FAB): m/z 1919 (M	H), 1941

(M	Na); Elemental analysis: C
��
H

���
N

��
O

��
Calcd (%) C, 48.8; H, 7.9; N,

13.1. Found (%) C, 49.9; H, 8.2; N, 14.1.

3.10 PREPARATION OF HYDROXY TERMINATED PAMAM
DENDRIMER; [NH2-(CH2)2–6-NH2]; (G=3.0);
dendri-PAMAM(OH)48; [10]

An oven-dried flask, with a septum-capped nitrogen inlet, was charged with a
solution of (G� 1.5); dendri-PAMAM(CO

�
Me)

�

; [5] (3.1 g, 1.1 mmol) in an-

hydrous dimethyl sulfoxide (10 ml). A mixture of Tris (tri-hydroxymethyl
aminoethane) (2.3 g, 0.019 mol) and anhydrous potassium carbonate (2.6 g, 0.019
mol) was added to the suspension. The solution was heated in a paraffin oil bath
maintained at 40°C for 96h. After filtration the excess solvent was removed by
vacuum pump (10��mmHg, 50°C). The resulting thick, white oil was dissolved
in a minimum quantity of distilled water and precipitated with propanone. The
suspension was cooled in the freezer, and the solid filtered and dried in a vacuum
oven (10�� mm Hg, 40°C) to give the hygroscopic terminated dendrimer as a
white powder (3.9 g, 83%).

(�CH
�
�CH

�
)[N(�CH

�
�CH

�
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CH

�
�CH

�
N(�CH

�

CH

�
�CO�NH�CH
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�
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�
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�
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�
)
�
)
�
)
�
]
�

Spectral characterization: IR v
���
/cm��: 1600 (C——O); �HNMR (DMSO) �

�
: 8.15
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Dendrimer [core] %Yield MW FAB-Ms

H2N–C
�
H

�
—NH

�
83 4232 4248 (M	 16)

H2N—C
�
H



—NH

�
96 4246 4247 (M
H)

H2N—C
�
H

�
—NH

�
91 4260 4259 (M
H)

H2N—C
�
H

��
—NH

�
82 4274 4269 (M
 5)

H2N—C


H

��
—NH

�
85 4288 4287 (M
H)

Analytical data for dendri-PAMAM(OH)
��
.

(28H, bm, e, k, q), 4.84 (48H, bs, s), 3.55 (96H, s, r), 3.35 (24H, bm,.f, l), 2.75 (56H,
bm, g, h, m, n), 2.53 (32H, bt, o), 2.45 (24H, bm, c, i), 2.25 (12H, bm, a, b); ��C
NMR (DMSO) �

�
: 173.12 (d), 172.88 (j), 171.18 (p); Mass spectrum (FAB): m/z

4248 (M	 16); Elemental analysis: C
���
H

��

N

��
O

�

Calcd (%) C, 48.9; H, 7.9;

N, 13.9. Found (%) C, 51.2; H, 7.2; N, 13.2.
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1 INTRODUCTION

The oligo(propylene imine) cascade structures made by Vögtle et al. in 1978 are
perhaps the first, low molecular weight (i.e. � 1.5 kD) dendritic small molecules
reported [1]. Their synthetic approach is based on a repetitive reaction sequence
of the double Michael addition of an amine to acrylonitrile, followed by reduc-
tion of the nitriles to primary amines. The yields in each step are reasonable;
however, the isolation procedures are tedious and no structures beyond what we
now call the second-generation dendrimer were synthesized. The oligoamines
prepared are highly effective ligands for all kinds of metal ions, thus hampering
the purification after the Co(II)/NaBH

�
reduction step. Until recently, this

elegant reaction sequence was regarded as useless for the synthesis of well-
defined high-generation dendrimers, despite the simplicity of the structure as
well as the chemistry involved.
Fifteen years later, in 1993, two research groups, Wörner/Mülhaupt (Freiberg

Univ.) and de Brabander-van den Berg/Meijer (DSM), disclosed their modifica-
tions of the Vögtle approach [2, 3]. Major improvements in the synthesis of
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Edited by Jean M. J. Fréchet and Donald A. Tomalia

Copyright © 2001 John Wiley & Sons Ltd
ISBNs: 0-471-63850-1 (Hardback); 0-470-84582-1 (Electronic)



poly(propylene imine) dendrimers were made by utilizing principles involved in
the efficient industrial manufacturing of bulk chemicals for nylons. With these
principles, a reiterative two-step process was developed which involved (a) a
Michael addition of acrylonitrile, and (b) the heterogeneous hydrogenation of
nitriles to primary amines. This resulted in the first synthesis of dendrimers on a
large pilot-plant scale of approximately 10 kg per batch, up to the fifth gener-
ation. This process has provided commercial quantities of structurally well-
defined poly(propylene imine) dendrimers of all generations up to 64 amine or
nitrile endgroups. These materials are commercially available from DSM, The
Netherlands, as Astramol��. In this chapter, we report on the details of the
large-scale synthesis of the poly(propylene imine) dendrimers and their physical
properties.

2 LARGE-SCALE SYNTHESIS

The prerequisites for an acceptable process to dendrimers involve the following
requirements:

1. High yields and selectivities are required, especially when the divergent ap-
proach is used. Average selectivities of � 99% per conversion are needed.

2. Only simple, readily accessible and cheap rawmaterials, solvents and reagents
can be used.

3. Simple procedures to isolate or purify the different generations are required.

In 1993 we have published a method which met most of these requirements and
for the first time allowed for the large-scale synthesis of dendrimers [2]. Since
that time, each of the steps have been optimized in the reaction scheme. In this
chapter, we present ‘state-of-the-art’ procedures for the large-scale production of
the poly(propylene imine) dendrimers.
A synthetic scheme for the so-called poly(propylene imine) dendrimers is

shown in Figure 26.1 and consists of a repetition of a doubleMichael addition of
acrylonitrile to primary amines, followed by the heterogeneously catalyzed
hydrogenation of the terminal nitrile groups. This sequence results in a doubling
of the number of end groups at each generation. 1,4-Diaminobutane (DAB) — the
adduct of HCN to acrylonitrile — has been used as the core molecule in the
studies presented in this chapter, but a variety of molecules with primary or
secondary amino groups can be used as well. Inmost cases poly(propylene imine)
dendrimers up to the fifth generation are prepared on a routine basis. The
following nomenclature for the dendrimers is used: DAB-dendr-(NH

�
)
�
and

DAB-dendr-(CN)
�
for the amine- and nitrile-functionalized dendrimers, respect-

ively. ‘DAB’ stands for the core molecule 1,4-diaminobutane, ‘dendr’ refers to the
dendritic structure and (NH

�
)
�
and (CN)

�
represent the type and number of
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Figure 26.1 Synthetic scheme for poly(propylene imine) dendrimers using 1,4-
diaminobutane as core

terminal groups.
All Michael reactions are performed in water at a concentration of up to 50

wt% of amine, to which 2.5—4 mol of acrylonitrile per mol of primary amine are
added. In the double cyanoethylation, the first acrylonitrile molecule reacts at
room temperature, while the reaction temperature has to be raised to 80°C to
accomplish the double Michael adduct. The reaction time required to achieve
complete conversion increases with generation from 1 h for DAB-dendr-(CN)

�
to

3 h for DAB-dendr-(CN)
��
. After completion of the reaction, the excess acryloni-

trile is removed by distillation, making use of the water—acrylonitrile azeotrope,
leaving a clear two-phase system. Decantation of the upper water layer affords
the pure nitrile-terminated dendrimers. If necessary, the layer of nitrile-termin-
ated dendrimers can be washed with water, to remove water-soluble side prod-
ucts as e.g. HOCH

�
CH

�
CN (the Michael addition product of H

�
O to acryloni-

trile) or incompletely cyanoethylated products. Analysis of the products showed
that in some cases the doubleMichael adduct of acrylonitrile to water is present.
This compound remains in the dendrimer layer during the phase separation
procedure, but it can be efficiently removed via extraction. Further studies
showed that the formation of this undesired product strongly depends on the pH
at the beginning of the reaction. Slight neutralization of the reaction mixture
with, for example, acetic acid reduces its formation in such a way that the
extraction procedures are no longer necessary (values of below 0.1 wt% are
present in the dendrimer, as was concluded from HPLC analysis).
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Hydrogenation of the cyanoethylated structures, with Raney Co as catalyst
and H

�
pressures of more than 30 bar, were initially performed in water as well.

However, the selectivity, the productivity and the yields are all enhanced dra-
matically by changing the solvent from water to toluene and adding ammonia to
the reaction mixture. After reduction, the reaction mixtures are filtered and the
primary amine-terminated dendrimers are isolated by evaporating the solvent.
The reaction time required for complete hydrogenation increases with gener-
ation, but even DAB-dendr-(NH

�
)
��

can be obtained via this procedure within
3 h. The main drawbacks of the initial procedure were the high amounts of
catalyst required and the low concentration of dendrimer that could be used.
Furthermore, the catalyst had to be activated with hydroxide, causing additional
side-product formation during the subsequent Michael additions.
The use of ammonia during hydrogenation of the nitriles to primary amines

has been described in the literature for a long time. The main function of adding
ammonia in the hydrogenation step is to prevent secondary amine formation,
which occurs via the addition of a primary amine to an aldimine, followed by
hydrogenation [4]. Secondary amine formation is possible both intra- and
intermolecularly, leading to eight-membered rings and dendrimer dimerization,
respectively. Detailed analysis shows that there is no evidence for intermolecular
reactions. The intramolecular reaction is diminished significantly by adding
NH

�
. Generally, the formation of eight-membered rings is smaller than 1% (see

later). The most important reason for using ammonia, however, is that it in-
creases selectivity by suppressing the retro-Michael reaction of the nitrile-ter-
minated dendrimers during the hydrogenation. Retro-Michael reactions can
occur by elimination of acrylonitrile to yield defect dendrimers missing one or
more branches. However, this side reaction is found to be less than 1% (see later).
Under the hydrogenation conditions applied, acrylonitrile will either react with
the newly formed amino groups resulting in the formation of a next generation
dendrimer, or it can be reduced to propylamine, which can act as a dendrimer
core itself. Retro-Michael reaction, therefore, leads to defective dendrimers,
either having a lower degree of branching and/or being a mixture of generations.
We have strong evidence that retro-Michael reaction at the nitrile-terminated
dendritic sites is strongly enhanced in the presence of the amine-terminated
dendritic products. Hence, at low reaction rates, nitrile and amine functions are
in contact for long periods. By adding ammonia to the reaction mixture, the rate
of the reaction is strongly increased and with this advantage the retro-Michael
reaction is suppressed. In the presence of ammonia, the amount of catalyst
required can be lowered by an order of magnitude. Furthermore, the catalyst
needs no pretreatment with sodium hydroxide and the dendrimer concentration
can be increased eight times, thus making this procedure very suitable for
large-scale synthesis.
Using this improved procedure, even hydrogenation of DAB-dendr-(CN)

��
is
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complete within a couple of hours. This is surprising, if you realize that for a fifth
generation dendrimer, 64 functional groups have to be converted by reaction
with 128 molecules of H

�
in a heterogeneous system.

The optimization of the process is achieved by making use of advanced
characterization techniques. The results are given in the next section.

3 CHARACTERIZATION

Dendrimers are regarded as macromolecules with a structural precision compar-
able to proteins or organic compounds. Accurate analysis and quantitative
identification of side products are required to optimize and adjust the reaction
conditions for the synthesis of DAB-dendr-(NH

�
)
�
and DAB-dendr-(CN)

�
.

Therefore, it is a prerequisite to characterize the products obtained unambigu-
ously. To achieve complete molecular characterization of the poly(propylene
imine) dendrimers and the possible side-products, NMR- and IR-spectroscopy,
HPLC, GPC and electrospray mass spectrometry are used.
NMR spectroscopy appears to be a very suitable technique to detect and

assign failures in the outermost layer of the dendrimer structure at each gener-
ation. All three nuclei present in the dendrimers have been used including �H-,
��C- and ��N-NMR spectroscopy [5—7].
IR spectroscopy is used on a routine basis to follow the hydrogenation of

DAB-dendr-(CN)
�
. It is a useful technique for the detection of functional groups,

e.g. nitrile absorptions at 2247 cm	� or the characteristic double peaks due to
NH

�
groups at 3356 and 2280 cm	�. The IR spectra of the various generations

with identical end groups are very similar.
Electrospray MS was performed on both series of nitrile- and amine-termin-

ated poly(propylene imine) dendrimers [8]. The actual and reconstructed spectra
of DAB-dendr-(NH

�
)
��

are given in Figure 26.2. Themeasured spectrum shows a
repetition of different clusters of peaks, corresponding to dendrimers with 4—12
charges per dendrimer (m/z with z
 4—12), while no counterion interactions are
observed. Deconvolution yields a spectrum in which the largest peak at
M

�

 7168 corresponds to the perfect DAB-dendr-(NH

�
)
��

and a series of peaks
with lower abundance is found with regular intervals of �M
 57.1 (missing
propylamine units) from the perfect dendrimer. Furthermore, the peak at
M

�

 7151 (missing ammonia via the intramolecular ring closure) is assigned to

the dendrimer with 62 primary amine groups and one cyclic secondary amine
functionality, while there is also a series of peaks with intervals of 57.1 from
M

�

 7151. After performing this analysis for all dendrimers within the synthetic

scheme, it was possible to simulate the electrospray MS spectra in detail. These
simulations show that the dendrimers possess statistical defects in their struc-
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Figure 26.2 Deconvoluted ES–MS spectrum of DAB-dendr-(NH2)64. Inset: actual
data

tures as the result of the many consecutive reactions that are performed to
prepare these highly branched structures. The poly(propylene imine) dendrimers
with 64 amine end groups, the result of 248 of these reactions, possess a dendritic
purity of around 20% and have a polydispersity of around 1.002. These results
show that the divergent synthesis, once optimized to the extreme, compares to
the best results obtained in theMerrifield synthesis of polypeptides, etc. while the
polydispersities are unprecedented in polymer synthesis.

4 PHYSICAL PROPERTIES

Apart from DAB-dendr-(CN)
�
, which is a white crystalline solid, all generations

are colorless to slightly yellow oils. The amine-terminated dendrimers are
transparent, whereas the nitrile-terminated products are somewhat turbid. The
solubility of the dendrimers is determined primarily by the nature of the end-
group: DAB-dendr-(NH

�
)
�
is soluble in H

�
O, methanol and toluene, whereas

DAB-dendr-(CN)
�
is soluble in a variety of common organic solvents.

The viscosity of the poly(propylene imine) dendrimers is investigated both in
THF (intrinsic viscosity, Figure 26.3) and in the neat form. For the intrinsic
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Figure 26.3 Intrinsic viscosity of the various nitrile-terminated poly(propylene
imine) dendrimers in THF as a function of molar mass

viscosity, a maximum in log[�] is observed, which is characteristic for den-
drimers [9]. The melt viscosities do not exhibit a maximum, but are strongly
dependent on the end groups: they typically run from 0.03 to 6.7 Pa� s for the
amine-terminated generations, and from 2.6 to 50 Pa� s for the nitrile-termin-
ated species.
Thermal analysis of DAB-dendr-(CN)

�
and DAB-dendr-(NH

�
)
�
shows a

number of interesting aspects. The glass transition temperature (T
�
) has been

derived from differential scanning calorimetry and the results are presented in
Figure 26.4. In both the amine- and nitrile-terminated dendrimer series, the
T
�
-values observed are low and from generation 2 onwards independent of the

generation. In all cases the nitrile-terminated dendrimers show higher T
�
-values

than the amine-terminated structures, which can be attributed to the
dipole—dipole interactions between the nitrile groups. There exists some con-
fusion as to the meaning of a T

�
for this kind of molecules. Since in all cases only

one T
�
is observed, we are tempted to assume that this value is linked to the

mobility of segments within a single molecule. In any case, the low T
�
-values

indicate that the dendrimers possess a large degree of conformational freedom.
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Figure 26.4 Plot of the glass transition temperatures of the poly(propylene
imine) dendrimers with nitrile (�) and amine (∑) end-groups

The thermal stability, determined by TGA, of the amine-terminated den-
drimers is unexpectedly high and increases with increasing molar mass. The
TGA

���
(temperature at which the weight loss is maximal) for DAB-dendr-

(NH
�
)
�
, DAB-dendr-(NH

�
)
�
, DAB-dendr-(NH

�
)
��
, DAB-dendr-(NH

�
)
��

are 330,
378, 424 and 470°C, respectively (measured at a heating rate of 20°C/min under
nitrogen). For DAB-dendr-(NH

�
)
�
less than 1.0% weight loss is observed at

310°C. The nitrile-terminated dendrimers are less stable, but in this case the
stability also increases slightly with higher generations. Using TGA—MS, a
thermally induced retro-Michael reaction could be identified to be the major
degradation mechanism for the nitrile-terminated dendrimers.
All dendrimers consist of inner tertiary amines, located at the branching points

of the various dendritic shells (layers). The amine-terminated dendrimers, fur-
thermore, have basic primary amine end-groups. Basicity is therefore one of the
most dramatic properties of the poly(propylene imine) dendrimers, and has been
studied via titration experiments and calculations. Titration experiments of the
dendrimers have been performed in water using 1Mhydrochloric acid. Only two
equivalence points are observed for DAB-dendr-(NH

�
)
�
in a ratio of 2: 1. From

these titrations, pK
�
values of 10.0 (primary amine groups) and 6.7 (tertiary
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amine groups) have been derived. These results agree with the well-documented
solvent dependence of the relative basicity of primary and tertiary amine groups.
ForDAB-dendr-(NH

�
)
�
andDAB-dendr-(NH

�
)
��

there is no big difference in the
observed pK

�
values compared to DAB-dendr-(NH

�
)
�
. Titration experiments in

water showed that it is possible to protonate all nitrogen atoms up to DAB-
dendr-(NH

�
)
��
. Also, ��N-NMR titrations of the amine-terminated dendrimers

in water, in combination with Ising model calculations on the protonation of
branched polyamines, show that the protonation sequence of the various shells
(layers) of nitrogens [7] is as follows: first the primary amines are protonated,
followed by the most central tertiary amines, and finally the other tertiary amines
in such a way that Coulomb interactions are minimized.
Titration experiments on the nitrile-terminated dendrimers in water show for

DAB-dendr-(CN)
�
pK

�
values of 3.2 and 4.8. The corresponding calculated pK

�
values are 3.1 and 4.1 respectively (using the pKalc program, version 2.0, Com-
pudrug chemistry). ForDAB-dendr-(CN)

�
only the two inner nitrogen atoms can

be protonated in acetonitrile, due to the low basicity of the four other ones. This
is confirmed with calculated pK

�
values of the four outer tertiary nitrogen atoms

in DAB-dendr-(CN)
�
, ranging from 2.0 to 3.2. The presence of the electropositive

nitrile-functions and the protonated inner tertiary amines can account for this
phenomenon.

5 DENDRIMER SHAPE

Following the first synthetic attempts toward dendrimers, theoretical investiga-
tions [10] predicted molecular dimensions, limits of growth, and intramolecular
configurational details of dendrimers, which later were indeed confirmed experi-
mentally. For example, themaximumof the intrinsic viscosity as a function of the
generation number [9, 11] has been predicted and confirmed. In the same spirit,
simulation techniques were employed by Lescanec et al. [12]. The internal
structure predicted by the simulations differs strongly from the proposed analyti-
cal model of de Gennes et al. [10]. The Lescanec model predicts a (segment)
density maximum near the center of the dendrimer, whereas de Gennes argues
for a density minimum in the center. Recent results based on Monte Carlo
simulations [13], calculations of the intrinsic viscosity [14], as well as �H and
��CNMR studies [15] tended to favor the model of Lescanec et al. Recent work
by Amis and co-workers [16] using SANS measurements on poly(amidoamine)
dendrimers favor the de Gennes model. This work appears to clearly indicate
that there is very little backfolding in poly(amidoamine) dendrimers and they do
indeed behave much as de Gennes originally described [10].
There has been little experimental data on the generation dependence of

molecular size to discriminate between the two models until recently. Some
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Table 26.1 Radii of gyration of DAB-dendr-(CN)
�
and DAB-dendr-(NH

�
)
�
, as deter-

mined from neutron scattering [20a]

DAB-dendr-(NH
�
)
�

DAB-dendr-(CN)
�(n) Radius/nm (n) Radius/nm

4 0.44 — —
8 0.69 8 0.60
16 0.93 16 0.80
32 1.16 32 1.01
64 1.39 64 1.22

experimental studies on various other dendrimers have been reported using, for
example, size exclusion chromatography (SEC), viscometry [11, 17], small-angle
neutron scattering (SANS) [18] and diffusion-ordered spectroscopy [19], but the
overall quantity of data is limited. Scherrenberg et al. have studied 1% (v/v)
solutions of the amine-terminated poly(propylene imine) dendrimers in
deuteratedwater at the SANS facility of the RisøNational Laboratory, Roskilde,
Denmark [20a]. The obtained radii of gyration for the nitrile- as well as for the
primary amine-terminated dendrimers are given in Table 26.1. An excellent
linear relationship is found between the radius of gyration (R

�
) and the gener-

ation number. Such a linear relationship has already been predicted by Monte
Carlo simulations for other dendrimer systems [13].
Molecular modeling techniques are a powerful tool to obtain a very detailed

insight in the three-dimensional structure of dendrimer molecules at the atomic
level. They have been applied to calculate sizes of the poly(propylene imine)
dendrimers and radial density profiles in order to estimate the free volume inside
the dendrimers, as well as to make predictions about ‘de Gennes dense-packed’
generations. The molecular modeling work by Coussens and co-workers [20]
was focused on the generations 1—5 of the DAB-dendr-(CN)

�
and DAB-dendr-

(NH
�
)
�
(n
 4, 8, 16, 32, 64).

The sizes of the dendrimers have been determined by calculating themolecular
volumes, as defined by the van der Waals radii of the atoms, and by calculating
the radii of gyration for several configurations of the dendrimers, as obtained
from a molecular dynamics simulation at room temperature. The solvent influ-
ence on the calculated radii was estimated by scaling the nonbonded interactions
between the atoms. Molecular volumes and average radii for ensembles of 500
conformations of the DAB-dendr-(NH

�
)
�
dendrimers have been collected in

Table 26.2.
The calculated radii with all interactions included are somewhat smaller than

the radii measured with SANS, whereas the radii obtained with only the van der
Waals repulsions taken into account are somewhat larger. As could be antici-
pated, the sizes of the dendrimers are dependent on the pH of the solution. Since
both the primary and the tertiary amine groups may be protonated, repulsions
begin when the pH of the solution is decreased.
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Table 26.2 Molecular volumes and radii of gyration of the DAB-dendr-(NH
�
)
�
den-

drimers as obtained by molecular modeling in the gas phase [20a]

Generation dendrimer V ���/nm� �R
�
��/nm �R

�
��/nm

1
2
3
4
5

1.06
1.95
3.65
9.01
17.60

0.49
0.60
0.74
1.00
1.25

0.50
0.76
1.01
1.29
1.59

�All interactions (Coulombic and van der Waals) taken into account.
�The hydrodynamic radius (
 (5/3)�
� R

�
) was used for calculating this volume.

�Only repulsive van der Waals interactions taken into account.

6 CONCLUSION

As has been shown, large-scale synthesis of the poly(propylene imine) dendrimers
is possible, and leads to well-characterized products. Physical properties of
poly(propylene imine) dendrimers are determined by the nature of the end-
group, as well as by generation number. The effect of the end-group is clearly
noticed from, for example, melt viscosities, DSC and TGA measurements, in
which the amine-terminated structures show a higher thermal stability and a
lower T

�
than the nitrile-terminated dendrimers. Naturally, a different pH-

dependent behavior between the two terminal group types is observed. Gener-
ation dependence is noticed with a maximum in the plot of intrinsic viscosity vs
molar mass. This is a unique feature noted for all dendrimers. The cavities
observed with molecular modeling studies are characteristic for high generation
dendrimers. The radius of gyration increases linearly with generation. This is in
harmony with the predictions based onMonte Carlo simulations of dendrimers.
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27

Laboratory Synthesis and
Characterization of
Megamers: Core-Shell
Tecto(dendrimers)
D. A. TOMALIA AND D. R. SWANSON
Dendritic Nanotechnologies Limited, Central Michigan University,
Mt. Pleasant, MI, USA

1 INTRODUCTION

Dendrimer synthesis strategies now provide virtual control of macromolecular
nanostructures as a function of size [1, 2], shape [3] and surface/interior func-
tionality [4]. These strategies involve the covalent assembly of hierarchical
components such as: (A) reactive monomers [5], (B) branch cells [6, 7] or (C)
dendrons [8] around atomic or molecular cores according to divergent/conver-
gent dendritic branching principles [7, 9]. Systematic filling of space around a
core with shells (layers) of branch cells (i.e. generations) produces discrete
core—shell dendrimer structures (D). Dendrimers are quantized bundles of mass
possessing amplified surface functionality that are mathematically predictable
[7]. Predicted molecular weights and surface stoichiometry have been confirmed
experimentally by mass spectroscopy [7, 10, 11], gel electrophoresis [12] (see
Chapter 10) and other analytical methods [1, 2]. It is now recognized that
empirical structures; such as: (B) � (C) � (D) may be used to define these hier-
archical constructions (Figure 27.1). Such synthetic strategies have produced
traditional dendrimers with dimensions that extend well into the lower nanos-
cale region (i.e. 1—20 nm) [13]. The precise structure control and unique new
properties exhibited by these dendrimeric architectures has yielded many inter-
esting advanced material properties [14—16]. Nanoscale dendrimeric containers
[14, 17, 18] and scaffolding [4, 17] have been used to template zero valent metal
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Figure 27.1 Hierarchy of empirical construction components: (A) monomers,
(B) branch cells, (C) dendrons and (D) dendrimers leading to (E) core–shell
tecto(dendrimers)

nanodomains [19, 20], nanoscale magnets [21—23], electron conducting ma-
trices [24, 25], as well as provide a variety of novel opto-electronic properties
[26, 27].

However, the use of such traditional strategies for the synthesis of precise
nanostructures (i.e. dendrons (C) and dendrimers, (D)) larger than � 15—20 nm
has several serious disadvantages. Firstly, it is hampered by the large number of
reiterative synthetic steps required to attain these higher dimensions (e.g.
poly(amidoamine) (PAMAM) dendrimer (Generation 9); dia. � 10 nm; requires
18 reaction steps). Secondly, these constructions are limited by the ‘de Gennes
dense packing’ phenomenon which precludes ideal dendritic construction be-
yond certain limiting generations [7, 28]. For these reasons, our attention has
turned to the use of dendrimers as reactive modules for the rapid construction of
controlled nanoarchitectures possessing higher complexity and dimensions be-
yond the dendrimer. We refer to these generic poly(dendrimers) as megamers.
Both randomly assembled megamers [29], as well as structure-controlled mega-
mers [30—33] have been demonstrated. Recently new mathematically defined
megamers (dendrimer clusters) or core—shell tecto(dendrimers) have been re-
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ported [15, 30—33]. The principles involved for these structure controlled mega-
mer syntheses, mimic those used for the traditional core—shell construction of
dendrimers. First a dendrimer core reagent is selected as a target substrate (i.e.
usually a spheroid). Next a limited amount of the reactive core reagent is
combined with an excess of a dendrimer shell reagent. The objective is to
completely saturate the target spheroid surface with covalently bonded den-
drimer shell reagent. Since the diameter of the dendrimer core and shell reagents,
respectively, are very well defined, it is possible to mathematically predict the
number of dendrimer shell molecules required to saturate a targeted dendrimer
core [34].

These relationships were analyzed mathematically as a function of core (r
�
)

and shell (r
�
) radii ratios [34]. At low r

�
/r

�
values (i.e. 0.1—1.2) very important

symmetry properties emerge as shown in Figure 27.2. It can be seen that when
the core reagent (r

�
) is small and the shell reagent (r

�
) is larger, only a very limited

number of shell-type dendrimers can be attached to the core dendrimer based on
available space. However, when the ratio of core radius to shell radius is � 1.2
the space becomes available to attached many more shell reagents up to a
discrete saturation level. The saturation number (N���) is well defined and can be
predicted from a general expression that is described by the Mansfield—
Tomalia—Rakesh equation (Figure 27.2).

2 GENERAL COMMENTS

Laboratory procedures are presented for two divergent approaches to covalent
structure controlled dendrimer clusters or more specifically — core—shell
tecto(dendrimers). The first method, namely: (1) the ‘self assembly/covalent bond
formation method’ produces structure controlled ‘saturated shell’ products (see
Scheme 1). The second route, referred to as (2) ‘direct covalent bond formation
method’, yields ‘partial filled shell’ structures, as illustrated in Scheme 2. In each
case, relatively monodispersed products are obtained. The first method yields
precise ‘shell saturated’ structures [31, 32]; whereas the second method gives
semi-controlled partially shell filled products [30, 33].

Structural notations describing these core—shell structures utilized an exten-
sion of nomenclature invoked to describe the traditional PAMAM dendrimer
reactants (see Chapter 23). For example, a dendrimer-core reagent; such as: (EDA
core), generation � 5, amine-terminated poly(amidoamine) (PAMAM) den-
drimer (i.e. [EDA]-dendri-PAMAM-(NH�)��� reacted with aPAMAMdendrimer
shell reagent, generation � 3, carbomethoxy terminated (i.e. [EDA]-dendri-
PAMAM—(CO

�
Me)

��
would be expected after amidation of the terminal groups

to produce a core—shell tecto(dendrimer) designated as follows: [[EDA]-dendri-
PAMAM—(NH

�
)���]-amide-�[EDA]-dendri-PAMAM—(CO

�
Me)

��
�
�
, where n
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r1 = radius of core dendrimer
r2 = radius of shell dendrimer

Nmax= Total theoretical number of shell-like 
spheroids with radius r2 that can be ideally 
parked around core spheroid with radius r1

Mansfield-Tomalia-Rakesh Equation

When:  r1/r2 > 1.20

VA= volume defined by spheroid with radius (A)
VB= volume defined by spheroid with radius (B)

Molecular Space VC Available 
for Attachment of Reagent (R ) = VA - VB = 4/ ≠ (r3

A - r3
B)

A B

C

Figure 27.2 (a) Symmetry properties for core–shell structures where r1/r2 �
1.20; (b) sterically induced stoichiometry (SIS) based on respective radii (r1) and
(r2) core and shell dendrimers respectively; (c) Mansfield–Tomalia–Rakesh equa-
tion for calculation of maximum shell filling when r1/r2 � 1.20

denotes the number of G � 3; PAMAM shell reagents that are covalently
bonded to a G � 5; PAMAM core reagent. Alternatively, a shorthand notation
may be used for this structure which is designated as follows: [[EDA]; G � 5;
—(NH

�
)]-amide- �(EDA); G � 3; —(CO

�
Me)�

�
.

3 SELF-ASSEMBLY/COVALENTBOND FORMATION METHOD

The general chemistry used in this approach involves the combination of a
limited amount of an amine-terminated dendrimer core reagent with an excess of
carboxylic acid terminated dendrimer shell reagent [31]. These two charge
differentiated species are allowed to self-assemble into the electrostatically driven
supramolecular core—shell tecto(dendrimer) architecture. After equilibration,
covalent bond formation at these charge neutralized dendrimer contact sites is
induced with carbodiimide reagents (Scheme 1).

Various amine-terminated poly(amidoamine) (PAMAM) dendrimers were
used as core reagents (i.e. G � 5, 6 and 7; —NH

�
terminated), whereas various
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Core Reagent Shell Reagent
(Excess)

Dendrimers 

Core —Shell 
Tecto(dendrimer)

-(NH2)n + -(CO2H)m

(1)
Self Assembly 
(Equilibration)

(2)
Covalent Bond 

Formation

-(CO2H)ne 1

Scheme 1 Reaction scheme for saturated shell model where all surface den-
drimers are carboxylic acid terminated

carboxylic acid terminated PAMAM dendrimers (i.e. G � 3 and 5), were used as
the shell reagent. These shell reagents were synthesized by reaction of appropri-
ate amine terminated PAMAM dendrimer using the ring opening of succinic
anhydride to produce carboxylic acid terminated dendrimers (see section 3.1.4.1).

All reactions leading to core—shell tecto(dendrimer) were performed in the
presence of LiCl at room temperature as dilute solutions ( � 0.5 wt%) in water.
Equilibration times between 16 and 20 h were required to complete the charge
neutralization and self-assembly of excess shell reagent around the limited
den-drimer core reagent. Following this self-assembly and equilibration, a link-
ing reagent; 1-(3-dimethylamino propyl)3-ethylcarbodiimide hydrochloride, was
added to covalently bond the assembly of dendrimer shell reagents to a single
dendrimer core reagent at the amine-carboxylic acid interaction sites. These sites
are presumed to reside primarily at the exterior of the dendrimer core reagent
[35].

Remarkably monodispersed products were obtained by performing the
core—shell self-assembly reactions in the presence of LiCl. In the absence of LiCl,
these reactions yielded bimodal or trimodal product mass distributions (i.e. as
observed by SEC). Core—shell products formed in the absence of LiCl were
multimodal and are presumed to be due to clustering of the amine-terminated
core reagent into various domain sizes. Such clustering of amine terminated
PAMAM dendrimers has been noted in earlier work [2]. Attempts to subse-
quently charge neutralize these polydispersed domains with anionic dendrimer
shell reagent produced a broad product distribution. Reversing the terminal
functional groups on the core and shell reagents, respectively (i.e. using car-
boxylic acid-terminated PAMAM dendrimers as the core and excess amine-
terminated PAMAM dendrimers as the shell reagent) under identical reaction
conditions, did not yield the desired product. The reason for this is not evident
from our studies so far.
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Table 27.1

Core-shell compound 1 2 3 4

Formula:
[G�X�A]/�G�Y�C�

�
a [G5A]/�G3C�

�
[G6A]/�G3C�

�
[G7A]/�G3C�

�
[G7A]/�G5C�

�MW (calculated) 137 350 197 700 301 270 537 300
Number of shell tectons,
Observed c/Theoretical
d: 10/12 13/15 15/19 9/12
Ratio: 0.83 0.87 0.79 0.75
MALDI—MS (MW): 114 000 172 000 238 000 403 000
PAGE (MW): 120 000 168 000 250 000 670 000
AFM: Diameter (nm) — 23.5 � 6.7 28.2 � 4.5 28.0 � 4.2

Height (nm) — 2.15 � 0.5 2.64 � 0.8 3.84 � 1.0
Estimated MW� — 195 000 369 000 469 000

� In the notation [G�X�A]/�G�Y�C�n above, n� number of dendrimer shell molecules
�G�Y�C� surrounding the dendrimer core molecule [G�X�A�, where: [G�X�A] represents
amine-terminated, EDA core, generation ‘X’ PAMAM dendrimer core reagent, and
[G�X�C] represents carboxylic acid-terminated, EDA core, generation ‘X’ PAMAM
dendrimer core reagent, and [G�Y�C] represents carboxylic acid-terminated, EDA core,
generation ‘Y’, PAMAM dendrimer shell reagent. � MW of theoretical number of shell
dendrimer tectons plus core tecton, as [34] determined from MALDI-MS data for
individual core and shell tecton molecular weights. Values used for n in these
calculations were obtained by using the Mansfield—Tomalia—Rakesh equation
described. � Based on the experimental MALDI-MS molecular weights of the
tecto(dendrimer)s as isolated. � The theoretical number (n) of dendrimer shell molecules
that would be expected to surround a specific dendrimer core molecule according to the
Mansfield— Tomalia—Rakesh equation [34]. � See ref. [30].

The progress of a typical core—shell tecto(dendrimer) reaction was monitored
by both size exclusion chromatography (SEC) as well as by gradient
poly(acrylamide) gel electrophoresis (PAGE) [12]. Formation of tecto(den-
drimer), 3 (Table 27.1), appeared to be nearly complete within 1 h after addition
of the carbodiimide reagent. An SEC analysis taken 2 h after addition of the
carbodiimide reagent indicated a slight narrowing of the product distribution
band without any significant changes in the eluogram. Excess shell reagent
�G � 3, —CO

�
H�, was removed by dialysis from the respective reaction runs to

give cream colored, solid products in isolated yields that ranged from 88 to 91%
for core—shell tecto(dendrimers) (1—4) (Table 27.1).

As might be expected, this method provides for more efficient parking of the
dendrimer shell reagents around the dendrimer core, thus yielding very high
saturation levels (i.e. 75—83%) as shown in Table 27.1. Our present experimenta-
tion indicates that this method will allow the assembly of additional shells in a
very systematic fashion to produce larger nanostructures that may transcend the
entire nanoscale region (1—100 nm).
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3.1 EXPERIMENTAL

3.1.1 Materials

All amine-terminated poly(amidoamine) (PAMAM) dendrimers [i.e. [EDA]-
dendri-PAMAM-(NH

�
)
�
] utilized as core reagents in this work were generously

provided by Dendritic Sciences, Inc., Mt. Pleasant, Michigan. They were syn-
thesized according to methods described elsewhere [36—38]. The carboxylic acid
terminated dendrimer shell reagents were synthesized by ring opening succinic
anhydride with appropriate amine terminated dendrimer reagents as described
later. Dendrimers were thoroughly characterized by ��C-NMR [39], MALDI-
TOF mass spectroscopy [11, 40], SEC [4], poly(acrylamide) gel electrophoresis
(PAGE) [12] and atomic force microscopy (AFM) [30].

3.1.2 Analytical Methods

3.1.2.1 MALDI-TOF Mass Spectrometer Conditions for PAMAM Dendrimers
and Core–Shell Tecto (Dendrimers)

A stock solution of the dendrimer reagent or core—shell tecto(dendrimer) is
prepared by dissolving 3—5 mg of material in methanol. A l �L aliquot of the
stock solution is mixed with 9 �L of matrix solution. The matrix solution consists
of 10 mg/mL 2,5-dihydroxybenzoic acid in 20: 80 acetronitrile/water containing
0.l% trifluoracetic acid. The dendrimer/matrix mixture is spotted on the target
plate (l �L/spot) and the solvent allowed to evaporate under ambient conditions.
Analysis is performed with a ThermoBioanalysis Vision 2000 mass spec-
trometer operating in the reflector mode. The value of the laser power setting is
generally set between the value where matrix ions first appear and 110% of that
value.

3.1.3 Size Exclusion Chromatography

The core—shell tecto(dendrimer) samples (1—4) were dissolved in water and
passed through a 0.2 �m syringe-filter (Whatman Anotop 25). They were then
injected into an SEC consisting of a Waters 510 HPLC pump, a TSK pre-column
followed by three analytical columns (namely, a G4000PW, G3000PW and
G2000PW) and equipped with a Wyatt Refracting Index dual detector at 30°C
(run time 40 min). The mobile phase was 0.5 M acetic acid/0.5 M sodium nitrate
in water. The molecular weights (MW) and MW distributions were obtained by
comparing directly to standard PAMAM dendrimer samples (i.e. G � 0—10).
Carboxylic acid terminated (PAMAM) dendrimers [i.e. [EDA]-dendri-
PAMAM—(CO

�
H)

�
)], used as dendrimer shell reagents in this work, were syn-

thesized as described below.
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3.1.4 Synthesis

3.1.4.1 Preparation of [EDA]-dendri-PAMAM –(CO2H)m Shell Reagents
Amine-terminated, G3; (PAMAM) dendrimer, (0.316 g; 45.7 moles) was dissol-
ved in anhydrous methyl sulfoxide (5 ml) in a 100 ml round-bottom flask flushed
with dry nitrogen. After dendrimer had completely dissolved, succinic anhydride
(Aldrich) (0.363 g; 3.6 mmol) was added to the reaction mixture with vigorous
stirring, and the mixture was allowed to react for 24 h at room temperature. The
product solution was diluted with deionized water, transferred to 3500 MWCO
dialysis tubing (Spectrum) and dialyzed against deionized water (18 M�) for 3 d.
The retentate solution was clarified by filtration through Whatman No. 1 filter
paper, concentrated with a rotary evaporator, and lyophilized to yield a colorless
powder (0.435 g, 94%). The product was analyzed by ��C—NMR, FT—IR, SEC
and MALDI—MS. The analytical data were consistent with the expected car-
boxylic acid-terminated product.

3.1.4.2 Preparation of [[EDA]-dendri-PAMAM–(NH2)128]-amide-�[EDA]-
dendri-PAMAM–COH32�10 tecto(dendrimer); [G � 5, –NH2]-amide-
�G � 3; –CO2H�10

To a 100 mL round-bottomed flask was added 0.170 g ( � 18 �mol) of an [EDA
core], (G � 3), carboxylic acid-terminated, (PAMAM) dendrimer shell reagent;
(G � 3;CO

�
H) and 5.5 g of water. This mixture was stirred until homogeneous.

To this mixture was added dropwise an aqueous solution of [EDA core], (G � 5)
amine-terminated, (PAMAM) dendrimer core reagent (G � 5; NH

�
) (0.017 g,

� 0.6 �mol of the amine-terminated dendrimer in 3 g of water containing 0.057 g
of LiCl) over 10 min. The mixture was allowed to equilibrate for 20 h at room
temperature. Next, the linking reagent; 1-(3-dimethylaminopropyl)3-ethylcar-
bodiimide hydrochloride (0.17 g) was added to the reaction mixture. After 6 h, the
reaction was terminated and dialyzed, using a 10 000 Dalton molecular weight
cut-off membrane (Spectrum). The sample was dialyzed against 2 L of 18 M�
deionized (DI) water for 2 d, replacing the DI water five times during this period.
After dialyzing, the sample was filtered through Whatman No. 1 filter paper,
concentrated with a rotary evaporator, and lyophilized to give 80 mg (90% yield)
of PAMAM [G � 5;-NH

�
]-amide-�G � 3;-CO

�
H�

��
core-shell tecto(den-

drimer) (1) as a cream colored, solid product.

4 DIRECT COVALENT BOND FORMATION METHOD

The second method referred to as the ‘direct covalent bond formation method’,
produces semi-controlled, partial shell filled structures. It involves the reaction of
a limited amount of nucleophilic dendrimer core reagent with an excess of
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electrophilic dendrimer shell reagent as illustrated in Scheme 2. This route
involves the random parking of reactive shell reagent on a target core substrate
surface. As a consequence, partially filled shell products are obtained which
possess relatively narrow, but not precise molecular weight distributions. These
distributions are determined by the core-shell parking efficiency prior to
covalent bond formation.

Core Reagent Shell Reagent
(Excess)

Core-Shell 
Tecto(dendrimers)

-(NH2)n   + -(CO2Me)m

Step (A)

Step (B)

40ßC

25 days

(Sy)               NH2-R                       (Z)*
CO2Me CO-NH-R

Where:  R = -CH2-CH2-OH = EA
-C-(-CH2-OH)3 = TRIS

(Sy)(Sx)

(Sx)
(Sy)

(Sy)

(Sy)

(Sy)

(Sy)(Sy)

(Sy)

(Sy)

e 2

Scheme 2 Reaction scheme for partial shell filled model, step (A); step (B)
describes surface capping reactions

Various poly(amidoamine) (PAMAM) dendrimer core reagents (i.e. either
amine or ester functionalized) were allowed to react with an excess of appropri-
ate PAMAM dendrimer shell reagents. The reactions were performed at 40°C in
methanol and monitored by FTIR, ��C-NMR, SEC and gel electrophoresis.
Conversions in step (a) were followed by observing the formation of shorter
retention time products consistent with higher molecular weight structures,
using SEC. Additional evidence was gained by observing loss of the migratory
band associated with the dendrimer core reagent present in the initial reaction
mixture, accompanied by the formation of a higher molecular weight product,
which displayed a much shorter migratory band position on the electrophoretic
gel. In fact, the molecular weights of the resulting core—shell tecto(dendrimer)
could be estimated by comparing the migratory time of the core—shell product
(PAGE results, Table 27.2) with the migration distances of the PAMAM den-
drimer reagents (e.g. G � 2—10) used for their construction [12].

It was important to perform capping reactions on the surface of the resulting
ester terminated core—shell products in order to pacify the highly reactive
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Table 27.2

X;[(Y)(Z*)]
�

G4[(G3); (EA)]
�

G5(G3); (TRIS)]
�

G6(G4); (TRIS)
�

G7(G5); (TRIS)
�

(1) (2) (3) (4)
Theoretical Shell
saturation levels(n) 15 15 15
Observed Shell
saturation levels (n*) 4 8—10 6—8 6
% Theoretical Shell
saturation levels 44% 53—66% 40—53% 40%
MALDI-TOF-MS
(MW): 56 496 120 026 227 606 288 970
PAGE (MW): 58 000 116 000 233 000 467 000
AFM: Observed
dimensions 25 � 0.38 nm 33 � 0.53 nm 38 � 0.63 nm 43 � 1.1 nm
CALC.
(MW):

(D,H)
56 000

(D,H)
136 000

(D,H)
214 000

(D,H)
479 000

Where: X � dendrimer core reagent; generation Y � dendrimer shell reagent and Z � surface
group functionality.

surfaces against further reaction. Preferred capping reagents were either 2-
amino-ethanol or tris-hydroxymethyl aminomethane. The capping reaction,
step (b), was monitored by following the disappearance of an ester band at 1734
cm��, using FTIR. Isolation and characterization of these products proved that
they were indeed relatively mono(dispersed) spheroids as illustrated by AFM. It
was very important to perform the AFM analysis at very high dilution to avoid
undesirable core—shell molecular clustering [30].

Typical mass spectroscopy, AFM and gel electrophoresis (PAGE) results are
shown in Table 27.2 for structures (1)—(4) in the core—shell series; [X] �(Y)(Z)�

�
,

where: [X] � core, (Y) � shell, (Z) � capping groups and n� number of shell-
type dendrimers bonded to the core (Table 27.2).

A distinct core—shell dimensional enhancement was observed as a function of
the sum of the core-shell generation values used in the construction of the series
(e.g. core—shell: G4/G3, � G5/G3, � G6/G4 and � G7/G5).

Molecular weights for the final products were determined by MALDI-TOF-
MS or (polyacrylamide) gel electrophoresis (PAGE). They were corroborated by
calculated values from AFM dimension data and were found to be in relatively
good agreement within this series (Table 27.2). Calculations based on these
experimentally determined molecular weights allowed the estimation of shell
filling levels for respective core—shell structures within this series. A comparison
with mathematically predicted shell saturated values reported earlier [34], indi-
cates these core—shell structures are only partially filled (i.e. 40—66% of fully
saturated shell values, see Table 27.2).
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4.1 EXPERIMENTAL

4.1.1 Materials and General Methods

All PAMAM dendrimers (both NH
�

and EDA core G � 0—12) were provided by
Dendritic Sciences, Inc., Mt. Pleasant, Michigan. Efforts were made to utilize
several different generational lot samples for the mass spectral data.

Mass spectral data were obtained either on electrospray infusion (EDI) Model
TSQ 700 mass spectrometer (Finnigan MAT) or a Matrix Assisted Laser De-
sorption Time-of-Flight (MALDI-TOF) (Finnigan, Model 2000).

4.1.1.1 Preparation of Core-Shell Tecto(dendrimers); (PAMAM)Core (X);
(PAMAM) Shell (Y); Surface Functionality (Z); X � (G6); Y � (G4);
Z* � tri(hydroxylmethyl) aminomethane [33]

Step (a) To a 500 mL round bottom flask containing a stir bar was added shell
reagent (Y) G � 3.5 methyl ester PAMAM dendrimer, EDA core, (32 g,
2.6 � 10�� mol, 164 mmol ester, 25 equivalents per core dendrimer (X) and 32 g
of methanol. This mixture was stirred until homogeneous. To this mixture was
added lithium chloride (7 g, 166 mmol, 1 equivalent per ester) and stirred until
homogenous. To this mixture was added (drop-wise) PAMAM dendrimer, EDA
core, G � 6 (6 g, 1.0 � 10�	 mol) in 20 g of methanol in � 10 min. This mixture
was warmed to 25°C and placed in a constant temperature bath at 40°C for 25
days.

Step (b) After this time, this mixture was cooled to 25°C as tris(hydroxyl-
methyl) aminomethane (42 g, 347 mmol), followed by anhydrous K

�
CO

�
(22 g,

159 mmol), was added. This resulting mixture was vigorously stirred for 18 h at
25°C. This mixture was diafiltered in deionized water using an Amicon stainless
steel tangential flow ultrafiltration unit containing a 30 K regenerated cellulose
membrane to give 6 L of permeate and ultrafiltered in 800 mL retentate to give 10
L permeate ( � 12 recirculations). The retentate was filtered through Whatman
No. 1 filter paper, evacuated free of volatiles on a rotary evaporator, followed by
high vacuum at 25°C to give 20 g of core—shell tecto(dendrimer) product.
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Conclusion/Outlook – Toward
Higher Macromolecular
Complexity in the
Twenty-first Century
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During the twentieth century at least five major technology ages have emerged
and matured. In approximate chronological order, they have been referred to as
the chemical, nuclear, plastics, materials and biotechnology ages. In all cases,
significant new developments and commerce evolved that dramatically en-
hanced the gross national products of many countries and improved the human
condition internationally. An obvious pattern in the emergence of these tech-
nologies has been the quest for new properties that might be derived from the
ability to understand, synthesize and control higher-level molecular complexity.
Each successive technology age builds on the successful developments of the
previous age. Presently, the emergence of the nanotechnology age is proposed.

Within the polymer science field, a similar pattern exists. It is apparent that
there is a keen interest in controlling polymerization processes and resulting
macromolecular structures as polymer science progresses toward more complex
objectives. Three times this past century, chemists have developed major poly-
mer architectures that have launched significant new industries and commerce
[1, 2]. The first two architectural classes (i.e. Class I (linear) and Class II
(crosslinked) topologies) literally defined the origins of tradition polymer science
as well as major polymer property differences (i.e. thermoplastics vs thermosets).
The third architectural class (i.e. Class III, branched) is presently the focal point
of dramatic growth related to new poly(olefins) topologies derived from ‘single-
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site’, metallocene type catalysts [3]. Historically it has been widely recognized
that macromolecular topologies significantly influence the determination of
polymer properties and related new developments. This fact is well documented
as one traces contributions associated with the elite group of scientists who have
been associated with the explosive evolution of the field of polymer science.

Presently an international focus is emerging on ‘nanotechnology’. It has been
described as the ‘ultimate scientific frontier’ that will both define and lead the
world into the next industrial revolution [4]. While this description is surely
exaggerated as today’s ultimate challenges become tomorrow’s routine accom-
plishments, a very significant challenge facing this movement toward nanotech-
nology will be the development of structure-controlled methodologies that will
enable the cost-effective production and controlled assembly of nanostructures
in a very routine manner. Nature solved these problems and shattered this
nanoscale synthesis barrier with its evolutive biological strategy for macro-
molecular structure control billions of years ago. This sets the stage for the sort of
dimensional scaling that today determines essentially all significant molecular
level factors dealing with life. These same parameters which include: nanoscale
sizes, nanosurfaces/interfaces, nanocontainment, nanoscale-transduction/amplifi-
cation and information storage have important implications, not only in biology
[5], but also in critical abiotic areas such as catalysis, computer miniaturization,
nanotribology, sensors and new materials. ‘Bottom-up’ synthetic strategies that
produce size-monodispersed, well-defined organic and inorganic nanostructures
with dimensions ranging between 1 and 100 nm will be of utmost importance. It
will be essential that these strategies allow the systematic construction of nanos-
cale structures and devices with precise atom-by-atom control as a function of:
size, shape and surface chemistry [6—11].

Dendritic polymers are expected to play a key role as an ‘enabling technology’
in this challenge during the next century, just as the first three traditional
architectural classes of synthetic polymers have so successfully fulfilled critical
material and functional needs for society during the past half-century. Their
controlled shape, size, and differentiated functionality, their ability to provide
both isotropic and anisotropic assemblies, their compatibility with many other
nanoscale building blocks such as DNA, nanocrystals and nanotubes, their
potential for ordered self-assembly, their capacity to form surfaces and interfaces
[12] and to combine both organic and inorganic components, and their ability
to either encapsulate or be engineered into unimolecular functional devices [11],
make dendrimers uniquely versatile amongst existing nanoscale building blocks
and materials. While it is doubtful that, with very few notable exceptions,
dendritic polymers will ever emerge as major commodity materials, it is likely
that they will both contribute to and inspire numerous new commercial ventures
in the broad area of nanotechnology. It is from this perspective that it is
appropriate to be optimistic about the future of the dendritic state as this new
major polymer class enters the twenty-first century.
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binding properties of probe molecules

318—21
bioapplications of PAMAM dendrimers

441—61
biodistribution 456
biological reagents, preparation and

applications in diagnostics 463—84
biology for nanotechnology 547—8
biomedical anti-adhesion agents 361—85
bis-dendritic alkoxyamine 177
2,2-bis-hydroxymethylpropionic acid

578—85
3,5-bis(hydroxymethyl)phenol 99
bis-(2-hydroxymethyl)propanoic acid

100
2,2-bis(methylol)proprionic acid 200
bis(oxazoline)copper(II) complexes 489
block copolymers 49—50, 59, 77
chain segment incompatibilities 154
phase separation 150, 157

blue-luminescent dendritic rods 429
bolaamphiphiles 396—9
bond formation 129—30
branch cells 10, 24, 25
amplification region 23
amplification surface branch cells 26
construction 20, 22
multiplicity 24
structural parameters 15

branch densities 17
branched aliphatic polyesters 81—2
branched aliphatic polyethers 80—1
branched architectural state 67—90
branched molecules 116
branched monomers 96
branched polymers 73, 75—82, 126
branched poly(methacrylate)s 79—80
branched structures 38

branching angles 15
branching coefficient 136
branching functionality 219
branching index 136
branching laws 27
branching points at chain ends 228—32
2-bromo—2-methylpropyl groups 80
N-bromosuccinimide-mediated

bromination reaction 191
bulk rheology 346—54
butadiene double bonds 154
t-butoxide 174
n-butyl acrylate 61
t-butyl acrylate 49
n-butyl lithium 46, 47
butyl-(styrene)

�
-b-(butadiene)

�
-b-

(biphenyl ester unit)
�
-CF

�
153

calix[4]arene 366
�-caprolactone 174, 203
carbanionic star polymers 75—6
carbanions 50
carbodiimide reagent 165
carbohydrate precursors 365
carboskeletal architectures 5
N-carboxyethylchitosan ester 380
carboxylate salt alkylations 104
3-carboxy-PROXYL 316
catalysts 485—514
derived from reactive metal

encapsulation 491—3
cationic polymerization 50—1
cationic ring opening 51—3
cavities 403—5
CEMA 162
central template-concentric sphere surface

assembly 165
chain end macromolecules 46
chain growth 6
CHARMmmolecular mechanics

calculations 404
CH

�
Cl

�
188

CHCl
�
184, 188

chitin 372—82
chitosan 372—82
chitosan-sialo-PAMAMhybrids 382
chloramphenicol acetyltransferase

(CAT) 452—3
4-(chlorodimethylsilyl)styrene (CDMSS)

232—4
3-(1-chloroethyl)-ethenyl-benzene 203
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chloromethylated polystyrene 216
p-chloromethylstyrene (ClMeS) 158
chlorosilane compounds 77
2-chloro-2,4,4-trimethylpentane/TiCl

�82
circular dichoism 318
colloid-templated nanoparticle

assemblies 166
column chromatography 189
comb copolymers 83
comb PMMA 79
comb poly(�-CL)s 82
comb polymers 67—9
comb-branched inhibitors 371
comb-branches (PEIs) 53
comb-burst polymers 211—15

combined kinetic and statistical theories
128

complementary determining regions
(CDRs) 563

computer imaging ananlysis 300
computer simulation 127
C—O—N bond 177
concentrated dendrimer solutions,

rheology 341—6
condensation strategies to hyperbranched

polymers 199—201
conformational behavior 388—92
pH-dependent 404

conformational changes 402
container properties 33, 36
convergent anionic polymerization

232—5
convergent growth 569—86
convergent methods 20—2
convergent strategy 4, 5
convergent synthesis 93—4
copolymerization of dendronized styrenic

monomer and styrene 179
core 23—6
core-crosslinked nanostructures 156—8
core-crosslinked rods 152
core-crosslinked spheres 152
core first method 74, 75
core multiplicity 24
core—shell morphology 222
core—shell structures 20, 24
core—shell tecto(dendrimers) 40, 163—6,

303—5, 617—29
molecular weight analysis 250
partial shell model 165

core—shell type architecture 27
covalent polymer networks 112
covalent reinforcement 167
crosslinked dendrimer surfaces,

intramolecular 162—3
crosslinked monomolecular micelles 156
crosslinked state 111—45
crosslinked two-dimensional sheets 153
crosslinking 123, 139
Cu-catalyzed polymerization 175
CuCl 58
cyclic esters 76
cyclic monomers 50
cyclic voltammetry 189
cyclization 138
�-cyclodextrin 366, 369
cyclohexanedionyl 148
cylindrical polymerized assemblies 180

dangling chains 130—3
DCC/DPTS 104
de Gennes dense packing 26—31, 257
degree of polymerization 19, 125, 179,

180, 214
degree of substitution 377
dendri-poly(ethers) 21
dendri-poly(thioethers) 21
dendrigraft (arborescent) polymers

17—19, 75
dendrigraft

(arborescent)-poly(butadienes)
219—20

dendrigraft (arborescent)-poly(ethylenes),
architecture 19

dendrigraft
(arborescent)-poly(styrene)-graft-
poly(ethylene oxide)

copolymers 226
dendrigraft

(arborescent)-poly(styrene)-graft-
poly(isoprene) copolymers 221—2

dendrigraft
(arborescent)-poly(styrene)-graft-
poly(2-vinylpyridine) 224

dendrigraft (arborescent)-poly(styrenes)
215—19

dendrigraft (comb-burst) polymers
212—15

dendrigraft inhibitors 371
dendrigraft polymers 14, 15, 33, 209—11,

266—71
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dendrigraft polymers (cont.)
architecture 18, 211
synthetic routes 211—12

dendrigraft-poly(ethylene oxide) with
dendrimer-like topologies by

terminal grafting 228—30
dendrigraft-poly(styrene)-graft-

poly(ethylene oxide) copolymers by
terminal grafting 230

dendrimer—antibody conjugates
effects of exposure to hydrogen
peroxide 475—6

real time storage 474—5
stability 474—6

dendrimer-based Chlamydia assay
481

dendrimer-coupled antibody conjugates
467—77

enhanced assay formats 471—3
heterogeneous assay format 468—71
performance advantages of E5—Ab
conjugates 473—4

performance as reagent on Stratus
systems 468—71

preparation 467—8
Stratus CS system 476—7

dendrimer-coupled protein conjugates,
hydrophobicity 478—80

dendrimer—dendrimer interactions
274—8

dendrimer—DNA complexes 446, 448,
451

dendrimer—DNA interactions 443—8
dendrimer—double antibody conjugates

477—9
preparation and performance as reagent
on Stratus 477—9

dendrimer—enzyme—antibody conjugates,
preparation and performance as

reagent on Stratus 478
dendrimer—mediated cell entry 448—9
dendrimer—multifunctional protein

conjugates 477—8
dendrimer—multiprotein conjugates,

stoichiometry 480
dendrimer—protein conjugate-based

reagent technology 466—7
dendrimers 14, 15, 19, 209—11, 266—71
architecture 18
assisted synthesis 190
branching 77

characterization, history of 257
characterization of structures 309—30
composition of matter patents xxix,
xxviii

construction 22
convergently grown xxxiii
density 28
development xxvii
DNA phrobe assays 480—1
early refereed publications xxxi
features of 23—6
first full paper xxx, xxxi
historical perspective xxvii
internal segment density distribution
(SDD) 263—6, 271

intramolecular cross-linking of
surfaces 162—3

nanotemplates 492
schematics of growth xxxiv, xxxv
shape changes 26—7
size change in different solvents
279—81

size vs generation 261—3
surface congestion 28
with terminal functional groups 122

dendritic antennae 326—8
dendritic architecture xxvi, xxvii, xxxvii,

552
dendritic assemblies 10
characterization 285—307

dendritic box 316—18
dendritic branching concepts 10
dendritic branching rules 37
dendritic bromides 96
dendritic chiral side chains 179
dendritic cylindrical shapes 292—4
dendritic cylindrical spherical shapes

292—4
dendritic growth: hybrids 172
dendritic-linear copolymer hybrids

171—96
dendritic-linear copolymers 171
dendritic-linear diblock amphiphilic

structures 184
dendritic macromolecular chemistry

11—14
dendritic macromolecular films 288—92
dendritic macromolecules, host—guest

chemistry of 403
dendritic polymers 14, 199, 209—11
characterization 285—307
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gel electrophoretic characterization
239—53

properties 31—4
dendritic poly(styrenes) by grafting onto

poly(chloroethyl vinyl ether)
230—2

dendritic state 3—44
new properties 31—7

dendritic structures 255—7
dendritic subclasses 15
dendritic substitution 188
dendritic supramolecular assembly 188
dendritically branched polymers 267,

271
characterization 255—84
measurement methods used 259—60

dendron-capped poly(triacetylene) 190
dendron construction 22
dendronized amphiphilic triblock

structures 187
dendronized macromolecules 179
dendronized monomers 178
dendrons 15, 19, 21, 24
dendrophanes 315
Denkewalter dendrimers 35, 248
dense-packed state 27
derived networks 133—41
diamino butane (DAB) 333
3,5-di(benzyloxy)benzyl alcohol 572
3,5-di(benzyloxy)benzyl bromide 572
diblock hybrids 173—6
Diels—Alder reaction 490
diethylene derivative 47
diethylenetriamine 81
differential scanning calorimetry (DSC)

175
difunctional bridge 78
difunctional initiator 47
3,5-dihydroxybenzyl alcohol 94, 570—6
diisopropanolamine 201
dilute solution viscometry 335—41
dimensional length scales 38
1,1-diphenylethylene (DPE) 177, 216
diphenylhexatriene (DPH) 312
discontinuity in shell saturation 29
dithioerythritol (DTE) 468
divergent methods 4, 20—2
DMAEMA 160
DMF 189, 412
DMRIE-C 451
DNA 159

DNA delivery, in vitro, with unmodified
dendrimers 443—54

DNA delivery, in vivo 454—7
DNA/dendrimer binding constants 245
DNA/dendrimer complexes 249—51
DNA-transfer vectors 285
double exponential growth strategy

101—3
double-stage convergent growth

strategies 95—101
DPPC 454
DSV 338, 339
DTAB 319
dumb-bell polymers 68, 76
dumb-bell structures 188—9
dynamic light scattering (DLS) 397

EANCs 124, 131
EDA dendrimers 446
elastically active crosslinks 118
elastically active network chains 118
electroactive hybrid copolymers 187—93
electronic conducting dendrimers 328
electrophilic functional groups 216
electrophilic grafting 219
electrophoresis 240
electrophoretic/hydrodynamic behavior

37
electrospray ionization (ESI) 244
electrospray mass spectrometry 257
electrostatic assemblies of dendrimer

porphyrins 437
electrostatic charge effects 445
electrostatic interactions 410—13
ELISA 560, 561
encapsulated chromophores 192
encapsulated conjugated oligomers 189
encapsulation of probe molecules

311—18
energy minimized CPK models 333
energy transfer efficiency 436
enzyme catalyzed processes 6
EPR spectroscopy 309
ethoxylated pentaerythritol 200
ethyl-2-bromo-2-methyl propionate 58
ethylenediamine (EDA) 24, 333, 340, 342,

343—5, 446
ethyleneglycol-functionalized

poly(propylene imine) dendrimers
411

5-ethylene ketal-�-caprolactone 82
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ethylene oxide 47, 76
2-ethyl-2-oxazoline 86, 181
excited singlet energy transfer events

426—9

fibrotic lung disease 457
Flory—Erman junction fluctuation

theory 132
fluorescence dynamics 537
fluorescence spectroscopy 309
four-arm star 86
four-arm star PMMA 79
fractal architecture 561
fractional free volumes 351, 352
Fréchet-type dendrons 173—6, 179—82,

184, 189—91, 569—86
assembly around core 576

free-radical chain copolymerizations 130
free-radical crosslinking

copolymerization 116
free-radical polymerization 204—5
Friedel—Crafts halide 51
FTX—IR spectroscopy 522
functional comb polymers 121
functional copolymers 121
functional cyclopolymers 121
functional groups 57, 126, 134, 137, 138
functional ladder and cage precursors

121
functional moieties as photophysical

probes 323
functional monomers 59
functional stars 121
functional thin films 392—6
functionality 137
functionality distribution 138
functionalization 46, 47
functionalized dendrons 176
functionalized monomers 59

[G-2]-BR 574
[G-2]-OH 573—4
[G-3]-BR 575—6
[G-3]-OH 574
[G-4]

�
-[C] 578

[G-4]-OH 576
gallic acid 376
gallic acid scaffold 378
gallic acid sialylated dendron 379
gel electrophoresis 165, 239—53
applications in analyzing dendritic

polymers and related materials
245—51

basic concepts 240—4
charge 245
influence of medium pH 240—1
ionic strength of medium 241
narrow dispersity 244—5
purity and homogeneity assessment
246—8

solubility 245
support media 241—2
under native or denaturing conditions
243—4

use in analyzing dendrimers 244—5
gel permeation chromatography (GPC)

154, 258—9
glass temperature 351
glycoconjugates 361—85
glycodendrimers 362, 368—9
glycogen 9
glycopolymers 373
glycoside cluster effect 361
graft copolymers 83
grafted branches 17
grafting 172
grazing incidence X-ray reflectivity 394
guest molecules, topological

encapsulation 406
Guinier—Fournet model 340
Guinier plot 268

H-polymers 68, 72, 78
hard chemical clusters 124—6
hard components 126
HEMA 57
�-hemolysin 154
heptameric �-thioaryl sialosides 369
hetadecamer dumb-bell 188
high functionality precursors 115
high performance liquid chromatography

(HPLC) 244, 442
higher generation dendrons 576
holographic relaxation spectroscopy

(HRS) 279
homopolymerization 179
host—guest chemistry of dendritic

macromolecules 403
host—guest properties 387—424
hybrid dendritic-linear macromolecules

172
hybridization of architectural states
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171—96
hydraamphiphile 184, 185
hydrogen bonding interactions 409
hydrogen peroxide 475—6
hydrogenation 81
hydrophobic core block 159
hydrophobic interactions 407—8
hydrophobic nanocages 162
hydroxy-functional hyperbranched

polyester Boltorn 200
hydroxy-functional hyperbranched

poly(ester-amide) Hybrane 201
hydroxyl-functionalized cyclic ethers 202
hydroxyl-functionalized lactones 202
hydroxyl-terminated dendrimers, surface

modification 584—5
hydroxyl-terminated [G4] tridendron

dendrimer 584
2-hydroxymethyloxetane 202
hyperbranched architecture 135
hyperbranched polymers 128, 129,

133—41, 209—11, 266—71
condensation strategies to 199—201
ring-opening strategies to 201—3
structural features 135

hyperbranched sialosides 370—82
hypercores 95—101
hypermonomers 95—101
hyper-Rayleigh scattering 405

imidazoles 414
immune complexes, solid phase

immobilization of 464—6
immune detection of dendrimers 561—2
influenza virus, adhesion mechanisms in

363—4
instrument response function (IRF) 537
interleukin-5 457
interleukin-8 457
intermolecular crosslinking 149
intramicellar reactions 156
intramolecular cross-linking 149, 162—3
intrinsic viscosity 337, 399
intrinsic viscosity—molecular weight

relation 73
inverted ‘unimolecular micelle’ type

dendrimer 314
in vitro gene delivery 453—4
isobutylene 83
isoprene graft copolymers 222
isopropylidene-2,2-bis(hydroxymethyl)

propionic acid 580

junction fluctuation rubber elasticity
theory 131

ketal protected [G4]-COOH 583
Kratky plot 269, 277

l-(3-dimethylamino)propyl-3-
ethylcarboniimide methiodide 159

lactate dehydrogenase (LDH) 454
Landau damping 534
Langmuir monolayers 187
Langmuir—Blodgett 399
laser dye-labeled dendrimers 98
laser light scattering (LLS) 445
lattice percolation 129
light-emitting diodes (LEDs) 392, 394,

416
light-harvesting antenna 327, 426—32
linear dendritic star copolymers 171
linear macromolecules, structural

control 45—66
linear-poly(alkyleneimine) architectures

51
linear-poly(ethyleneimine) (PEI) cores 53
linear polymer chains 156
lipofectamine 451
liquid crystalline dendrimers 401—2
living carbocationic polymerization

82—3
living free-radical polymerizations 53—5,

85, 175, 178
living polymerizations 45—6
long-chain branched (LCB) polymers,

synthetic strategies 74—86
long-chain branching (LCB) 67
physical properties affected by 70—4

long-range electrostatic interactions 340
low-angle laser light scattering (LALLS)

338
luminescent hybrid materials 192

macromolecular (architectural)
isomerism 32

macromolecular architectures xxxvi,
xxxvii, 9, 91, 171

macromolecules, structural control
45—66

macromonomers 119
magnetic resonance imaging (MRI) 416
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MALDI-TOF 165, 244, 249, 257, 304,
399, 623

Mansfield—Klushin model 338
Mark—Houwink—Sakurada equation 32
megamers 39—40
direct covalent bond formation
method 624—7

laboratory synthesis and
characterization 617—29

self-assembly/covalent bond formation
method 620—4

MEMA 160
membrane catalysis 507—10
metal-centered branching 85—6
metal—ligand interactions 413—15
metal nanocomposites 328
metallocene catalysts 63—4
metallocene technology 62
metallodendrimer catalysts,

characteristics 512
metallodendrimers 485
containing chiral ligands 499—502

metallodendritic catalysts 486—91,
507—10

methacrylate-type copolymers 178
methyl 3,5-dihydroxybenzoate 98,

570—2
methyl ethyl ketone/1-propanol 58
methyl methacrylate 49
2-methyl-2-oxazoline 186
methyloxy-terminated dendrimers 324
micronetworks 122
mikto-arm star block copolymers 78
mikto-arm star polymers 77
molar ratio 130, 131
molecular architectures, derived from

hybridization states of carbon 6
molecular complexity 3—9
function of covalent synthesis strategies
and molecular dimensions 4

molecular dynamics modeling 337
molecular modeling 333
molecular shape change 26
molecular weight 26, 30, 56, 67, 70—4, 79,

81, 249, 302
monodispersity 34—5
Monte-Carlo simulation 128
Moore-type phenylacetylene dendrons

180
multi-dendron dendrimers 94
multifunctional dendrimers 76

multimolecular polymer micelles 156
Murat—Grest model 338
mushroom-shaped objects 152

nanobiological devices 547—56
analysis 550—1
assembly 549—50
characteristics 551—2
dendrimers in 552—3
design 548—9
engineering components 549

nanocages from core-eroded SCKs 155
nanometer-scaled molecular dumbbells

189
nanopatterning reagents, antibodies as

562—4
nanoscale dimensions 37
nanostructures,

regioselectively-crosslinked 147—70
nanotechnology 547
biology for 547—8
emergence of 631—2

near-infrared (NIT) absorption
spectroscopy 328

network build-up 123—4, 127, 133
network formation 115—30
general features 115—17
modeling 127—30

Ni(II) catalyst 80
nitroxide-mediated polymerization 174
nitroxide-mediated processes 59
non-covalent dynamic interior binding

311—18
non-covalent encapsulation 316—18
non-metal containing dendrimers 503—7
norbonene monomers 179—80
nuclear magnetic resonance (NMR) 273,

274, 369, 442—3
nucleic acid 251
nucleic acid dendrimers 250
number-average functionality 137
number-average molecular weight 137

OEMA 156
off-stoichiometry 132
(OH)

�
-[G2]-CO

�
CH

�
C

�
H

�
5 582

olefin polymerization 63
oliconucleotide delivery 452—3
oligo(dihexylfluorene)s 191
oligomeric reagents 17
oligonucleotides (ONDs) 457, 481
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oligo-(p-phenylene vinylene)s (OPVs)
394

oligothiophenes 190
optical effects 517—46
optical properties 425—39
ordering phenomena 340
organic field effect transistors (OFET)

187
organic light-emitting diodes (OLED)

187, 191, 192
organometallic compounds 47
organosilicon acrylate 133
orthogonal coupling strategies 103—5
2-oxazoline ring 52
oxetanes 202
ozonolysis 156, 161

PAGE 165, 241, 242, 243, 248, 249, 304
palm tree polymer 68
palmitoyl-modified poly(propylene imine)

dendrimers 398
PAMAM
molecular properties of 334
see also specific applications

PAMAM dendrimer amine terminated
precursor 596—7, 599—600

PAMAM dendrimer—cytokine
conjugates 533

PAMAM dendrimer ester terminated
precursor 596—9

PAMAM dendrimer hydroxy terminated
precursor 600—2, 602

PAMAM dendrimer metal
nanocomposites, optical properties
517—46

PAMAM dendrimers xxix, xxvii, xxxii,
xxxiii, 19, 21, 23, 25—7, 29, 30, 32—4,
36, 38, 133, 134, 163, 186, 239, 242,
246—7, 249, 250, 255, 256, 261, 262,
265, 266, 268—71, 277—81, 285,
288—92, 309, 311—23, 328, 333, 336—7,
339, 340, 342, 343—54, 368—9, 569

antibodies to 561—6
bioapplications of 441—61
cell lines transfected with 450
experimental methods 590—603
experimental trials 456
in vivo toxicity 455
laboratory synthesis 587—604
parking 294—7
stable transformed cell lines 451

synthesis and characterization 441—3
PAMAM dendrons 181, 186
PAMAMmetal—dendrimer

nanocomposites
fabrication 522—4
linear and nonlinear optical properties
525—33

PAMAM polymers 441
PAMAM star-branched amine terminated

precursor 592—3
PAMAM star-branched ester terminated

precursor 591
PAMAMOS denrimers 134
PBzE 336—8, 343, 344, 350, 352
molecular properties 334

PCEMA 152, 153
PDMPA 139
pentamer di-block 188
PEO-poly(benzyl ether) dendritic

hybrids 186
pH-dependant conformational behavior

404
phase separation of block copolymers

150
phenylacetylene dendrimers 101
phosphine-based dendrimers 494—6
photochemical characterization 325—8
photochemical probes 310—25
photochemical properties 425—39
photoinduced electron transfer 321—3,

436—8
photoinduced energy transfer 434—6
photoluminescence properties 533—42
photophysical probes 310—25
functional moieties as 323

photoresponsive dendrimers 325—8
photoswitchable dendrimers 325—6
photosynthesis 425
photovoltaic (PV) cells 187
�-(co) polymers 78
plasmid DNA delivery 449—51
platelet derived growth factor (PDGF)

457
PODN 452
polar dendrimers 412
polar monomers 48, 58
poly(4-acetylstyrene) 205
polyacetylene 180
poly(acrylamide) block copolymers 59
polyacrylamide gel 241
polyacrylates 205
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poly(acrylic acid-co-acrylamide)
crosslinked shell 161

poly(allyl)amine (PAA) 393
polyamide dendrimers xxxii, xxxiii
poly(amidoamine) (PAMAM) dendrimers

see PAMAM dendrimers
poly(arylether) dendrimers 313, 325
poly(arylethers) 32
poly(benzyl ether) 332
poly(benzyl ether) dendrimers 94, 96,

164, 188
poly(benzyl ether) dendritic molecules

426
poly(benzyl ether) dendrons 173, 189,

191
poly[2,2-bis(hydroxymethyl)propanoic

acid) cyclization 138
poly[(butadiene)

��
-b-(ethylene oxide)

��
]

157
polybutadienes 156, 157, 220
poly(caprolactone) linear block 174
poly(�-caprolactone) (PCL) 82, 161
poly(chloroethyl vinyl ether) (PCEVE)

230
poly[(2-cinnamoylethyl

methacrylate-co-2-octanoylethyl
methacrylate)-b-(acrylic acid)] 156—7

poly(diallyldimethylammonium
chloride) 166

poly(dihexylfluorene)s 191
polydispersity 57, 61, 72, 138
polydispersity index (PDI) 174
poly(ester-amide) 200
polyether dendrimers 576
poly(ethylene glycol) (PEG) 183, 184,

398—9, 401
poly(ethylene imine) (PEI) 212—15,

370—1, 393
poly(ethylene imine)-poly(oxazoline) graft

copolymer 213
poly(ethylene oxide) (PEO) 76, 80, 84, 85,

183, 184, 186
poly(2-ethyl-2-oxazoline) (PEOX) 212,

371
poly(hydroxyethyl methacrylate) 57
poly(isoprene-b-acrylic acid) 160—1
poly(lysine) 184, 249
poly(macromonomers) 73
polymer first method 74
polymer networks 112—14
polymerization 172—6

poly(methacrylate) 79—80, 179
poly(methylmethacrylate) 85
poly(2-methyl—2-oxazoline) 186
poly(olefins) 63
poly(oxazoline) 213—15
poly(oxypropylene)triol 130, 131
poly(p-phenylene) (PPP) 181, 182, 187
polyphenolic cores 96
poly(phenylene vinylene) (PPV) 191
poly(propylene imine) (PPI) xxxii, xxxiii,

255—6, 261, 270, 275—7, 279, 333,
336—9, 343, 344, 346—54

molecular properties 334
poly(propylene imine) dendrimers 32,

402, 404, 605—16
characterization 609—10
large-scale synthesis 606—8
physical properties 610—13
shape 613—14

polysaccharide scaffold 372—82
poly(sodium 4-styrenesulfonate)
(PSS) 527

poly(styrene) 73, 76, 85, 152, 174, 175,
177, 216, 218, 219, 224, 226

poly(styrene-b-cinnamoylethyl
methacrylate) 152

poly(styrene)-graft-poly(tert-butyl
methacrylate) copolymers 224

polystyrene-poly(propylene imine) 185
poly(styrene-b-4-vinylpyridine) 150
polystyryllithium 76, 84, 216
poly(tert-butyl methacrylate) 224
poly(tetrahydrofuran) 81
poly(triacetylene) (PTA) 190
polyurethane network 115, 132
poly(vinyl ether) 205
poly(vinyl pyridine) 224
poly(4-vinyl pyridine) (P4VP) 150, 158
pom-pom polymer 68
PPMDSS 153
precursor architecture 111—45
requirements and types 119

precursor generation 28
precursor structure 123—4
preformed branch cell methodology 21
probe molecules
binding properties of 318—21
surface binding of 318—23

protein (IGG) replacement 466
proton-transfer polymerization (PTP)

205—6
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pseudo-micellar chiral interface 507
pulmonary diseases 457
pulmonary fibrosis 457

radial partition immunoassay (RPIA)
467

radius of gyration 72
random copolymers 60
random hyperbranched molecules 282
random hyperbranched polymers 14—17,

122, 198—9, 266
random hyperbranched structures 38
randomly branched polymers 72
randomly branched precursors 122
randomly distributed branching points

212—26
reactive encapsulation 491
reactive microgels 122
reactive monomers 24
reactive oligomers 17
recurring branch juncture 10
reduced equilibrium shear modulus 131
refractive index 29, 338
regiochemical control 148—9
regioselective bulk crosslinking 150—4
regioselective coupling/crosslinking,

within macromolecules 162—6
regioselective crosslinking
nanostructures 147—70
within supramolecular assemblies
154—62

regioselectivity 147—8
regiospecificity 147—8
regular star polymers 68
relative reactivities 126
repeat units lengths 15
reverse saturable absorption (RSA) 531
reversible switching 395
rheology 331—58
architectural features affecting 332—5
concentrated dendrimer solutions
341—6

rhodium—phosphine dendrimer catalyst
496

ring opening 6
ring-opening metathesis polymerization

(ROMP) 60—2, 83—4, 179—80
ring-opening strategies to hyperbranched

polymers 201—3
Rose Bengal 411
rotation angles 15

rotational-echo double-resonance
(REDOR) NMR 160, 273—4, 404

ruthenium polypyridyl complexes 320

saturated shell models 165, 621
scanning electron microscopy (SEM)

520
scanning force microscopy (SFM) 180—1
scanning probe microscopy (SPM) 286,

393
SCKs 155, 157, 160
formation 159
nanostructures 158
particle size 159
structures 161
synthesis 162

segment density distribution (SDD) 258
self-assembly 163, 387—424
self-condensing ring-opening

polymerizations (SCROP) 17
self-condensing vinyl polymerization

(SCVP) 17, 203—5
semi-controlled dendritic structure

synthesis 209—36
shape control with quasi-equivalent

dendritic surfaces 292—4
shaved hollow nanospheres 155
shear rate 347, 348
shear viscosity-concentration

dependencies 343
shell crosslinked nanostructures 158—62
shell crosslinked polymer micelles see

SCKs
shell filling 30
shifted shear frequency 349
shrinkage 72
sialodendrimer-chitosan hybrid 379, 381
sialodendrons 376, 377
sialoside scaffolds 366—7
sialylated dendron 378
side-chain functionalized (or dendronized)

copolymers 171, 178—80
side-chain molecular weight 219, 220
silica nonoparticles 166
siloxane cage structure (POSS) 114
silyl-protected benzylic alcohol 99
single site catalysis 62—3
size exclusion chromatography (SEC) 73,

175, 183, 190, 216, 218, 244, 442, 623
small-amplitude oscillatory shearing

346
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small-angle neutron scattering (SANS)
258—61, 268, 270—6, 279—81, 337, 339,
340, 405, 524

small-angle X-ray scattering (SAXS) 154,
258—61, 263—5, 268, 270, 271, 274,
276, 343, 411, 524

SnCl
�
203

sodium dodecylsulfate (SDS) 243
sol-gel reaction 133
solid phase immobilization of immune

complexes 464—6
solution densitometry 338
solution properties 331—58
solvatochromic probe 323
spectroscopic techniques 309—30
spin coating technique 298
stable precursors 123
star-like morphology 222
Starburst polymers 211
starch gels 241
statistically branched dendritic polymers

197—208
steady shear viscosity 347, 348
step-growth condensation 6
step-growth polymerization 70
stepwise reactions 115
sterically induced stoichiometry (SIS)

257
Stern—Volmer constant 322
stoichiometry 126
Stratus CS system 476—7
styrene 57, 58, 61
substructures, in situ dendritic

precursors 124—5
superamphiphiles 396, 400
super-H polymers 68, 78
supermacromolecular topology 40
supramacromolecular topology 40
supramolecular assemblies, regioselective

crosslinking within 154—62
surface behavior 388—92
surface binding of probe molecules

318—23
surface-enhanced Raman scattering

(SERS) 520
surface groups 26
surface modification of hydroxil

terminated dendrimers 584—5

tapered macromonomers 180
TCNQ 316

telechelic derivative 47
telechelic macromolecules 46
telechelic polymers 119, 130—3
TEMED 241
template polymerization region 23
TEMPO 53—4, 56, 85
terminal groups 15, 24
location of 271—4

terminal surface groups, amplification
36—7

4,5,6,7-tetrachlorofluorescein (TCF) 411
tetrafunctional momomers 116
tetrafunctional

polyop(di-trimethylolpropane) 200
tetrahydrofuran (THF) 51, 76, 158, 184,

188, 222
tetrathiafulvalene (TTF) 398
tetrathiophene cored dendrimers 189
thermal expansion coefficient 352
thermoplastics 8
intermediate architectures 37—9

thermosets 7, 8
intermediate architectures 37—9

thin films 388
thin layer chromatography (TLC) 244
TMEDA 47
toluene 73
Tomalia-type dendrimers 35
topological encapsulation of guest

molecules 406
traditional organic chemistry 4—6, 11—14
traditional polymer chemistry 6—9
transforming growth factor �

�
(TGF�

�
)

457
transmission electron microscopy (TEM)

154, 258—60, 262, 263, 277, 278, 398,
400, 401, 522, 524

triblock ABA copolymer hybrids 176—8
triblock copolymers 162
triblock rod-coil lamellar samples 153
trifluoromethanesulphonic anhydride 51
trifluoromethyl chain 153
trifunctional monomer 117
3,4,5-trihydroxybenzoic acid 376
trimethylsilyl iodide (TMSI) 230
tumor necrosis factor � (TNF-�) 457

ultrafast excited state dynamics 533—42
ultra-low frequency relaxation mode 350
umbrella polymer 68
unimolecular container development 37
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unimolecular container/scaffolding
properties 35—6

unimolecular initiators 56
unimolecular micelles 312, 396, 400
UV-Vis spectroscopy 309, 519, 520, 522,

527

vapor pressure osmometry (VPO) 338
vertical slab-gel apparatus 243
p-vinyl benzyl chloride 47
vinyl monomers 46, 50, 60
4-vinylpyridine 150
viscosity parameters 33
volatile organic compounds (VOCs) 392

weight-average molecular weights 137

Williamson ether synthesis 183
Wittig—Horner olefination 188
WLF temperature range 350

X-ray diffraction analysis 309
X-ray photoelecton spectroscopy (XPS)

520
X-ray photoelectron microscopy (XPS)

493, 533

zero-shear viscosity 344
Ziegler—Natta technology 62
Zimm function 260
Zimm plot 268
zinc alkoxide complex 63
zinc porphyrin 413
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