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A Brief Historical Perspective

D. A. TOMALIA AND J. M. J. FRECHET

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 in meters
(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
Vogtle [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
Vogtle 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 Vogtle 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 Worner/Miilhaupt [8]
(Freiburg Univ.) and de Brabander-van den Berg/Meijer [9] (DSM), were able to
develop a vastly enhanced modification of the Vogtle approach to prepare true
poly(propyleneimine) (PPI) dendrimers. The route developed by the DSM group
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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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 de Gennes 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.

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)
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Polymer Journal, Vol 17, No. 1, pp 117—132 (1985)

A New Class of Polymers: Starburst-Dendritic
Macromolecules

D. A. TOMALIA,* H. BAKER, J. DEWALD, M. HALL,
G. KALLOS, 5. MARTIN, J. ROECK,
J. RYDER, and P. SMITH

Functional Polymers| Process and * The Analytical Laboratory,
Dow Chemical U.S.A., Midland, Michigan 45640, U.5.A.

(Received August 20, 1984)

ABSTRACT:  This paper describes the first synthesis of a new class of topological macromol-
ecules which we refer to as “starburst polymers.” The fundamental building blocks to this new
polymer class are referred to as “dendrimers.” These dendrimers differ from classical monomers/
oligomers by their extraordinary symmetry, high branching and maximized (telechelic) terminal
functionality density. The dendrimers possess “reactive end groups” which allow (2) controlled
moelcular weight building (monadispersity), (b) controlled branching (topology), and (c) versatility
in design and modification of the terminal end groups. Dendrimer synthesis is accomplished by a
variety of sirategies involving “time sequénced propagation™ techniques. The resulting dendrimers
grow in a geometrically progressive fashion as shown: Chemically bridging these dendrimers leads
to the new class of macromolecules—"'starburst polymers™ (.g., (A), (B), or (C),).

STARBURST BRANCHING

Dendrimers
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Starburst Polymers

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 higher molecular 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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3. It is difficult to believe that one can chemically advance from generation to
generation (i.e., especially 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 Biirgenstock Conference in Switzerland (May, 1987).

Table 1 Early refereed publications on dendritic molecules (1978-91)

Year Lead authors References

From cascade growth to dendrimers

1978 Vogtle 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/Moller 36
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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. Karen Wooley (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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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 publications making 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

core chan end
A, y T
DIVERGENT: CONVERGENT:
= # of reactions per growth = # of reactions per growth
sep increases ep remains constant
= gight structural defects = defed structures more
oczur in large dendrimers readily separated
= net massincreass = net mass decrease

Figure5 Schematics of dendrimer growth by the divergent and the convergent
methods
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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 Kyoto Grand 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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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 two memorable perspectives that have remained with me until this day. First,
he consoled me by advising me 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.

Major Macromolecular Architectures

. 1. . V.
Linear | Cross-linked| Branched Dendritic
(a) b) .
Random .
Hyperbranched  Dendrigrafts Dendrimers
1930 s 1940 s 1960 s Present
Plexiglass Rubbers Low Density
Nylon Epoxies Polyethylene

Figure 6 Representation of the four major classes of macromolecular architec-
tures
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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’
(Wohler, 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 and more 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

Dendrimers and Other Dendritic Polymers. Edited by Jean M. J. Fréchet and Donald A. Tomalia
© 2001 John Wiley & Sons Ltd
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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
Wohler 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. <1 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 [ 11-147], 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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(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:

ﬁ\ Reaztion +& Reagtion +& Reagtion N | Rea(;tion

P4
o

N = number of covalent bonds formed/step

Precise Monodispersed
Small Molecules

Total Number of .
Covalent Bonds Formed = Z Nio i

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, (I1) bridged (2D/3D), (I11) 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.
Such multiple bond formation may 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 high molecular weights (i.e. > 10® Daltons). As many
as 10000 or more covalent bonds may be formed in a single chain reaction of
monomers. Although macro/mega-molecules with nanoscale dimensions may 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-
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niques affording better control over molecular weight and some structural
elements as described in Chapter 2.

N[AB] (monomers) =g ~{AB};-

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:

M i M - " :
NA(_I) Rea;tnon +Ng (_I) Rea;tlon N (_) Reac;tlon

M o .
Where: _I = monomer: initiator ratio

_N = number of covalent bond formed/step

Polydispersed
Macromolecules

Covalent Bonds Formed

i
Average Number of _ 2 M/l ~ ZMi
i o !

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 Il 0l
Linear Cross-linked Branched
1930s 1940s 1960s
Plexiglass, Rubbers, Low Density
Nylon Epoxies Polyethylene

Figure1.4 Traditional macromolecular 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. um-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.
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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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Cross-linked
(Bridged)

Branch Cell: Dendritic Assembly: Network Assembly:
1-branch cell 4-branch cells 4-network cells

3-terminal (Z) groups 6-terminal (Z) groups 2-loops
2-terminal (Z) groups

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, urcthanes, 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.
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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. Such multiple bond formation may 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 I1, 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 I'V) 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

Architectural Polymer Repeat Covalent
Polymer Class Type Units Connectivity
Divalent
(.) LINEAR Thermoplastic Monomers @4aB «}: z
A-B

(1) BRANCHED

Thermoplastic

Divalent Branch
Cell Monomers

&

®

@ gT

B4~z
Polyvalent @
(IV.) DENDRITIC Thermoplastic Branch Cell
Monomers B~
NS Ny©
R 5 B Ny-1 Ny-1
(I.) CROSS-LINKED| Thermoset ! :(B,J A A
(BRIDGED) A IQ)T[ A.Br[ Qj:
y
A

Figure 1.7 Examples of architectural polymer classses (I-1V) polymer type,
repeat units and covalent connectivity associated with architectural classes
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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].

N, Reaction +N_N, Reaction +N_N,2 Reaction NN Reacftion
—_ A —_ B C —_— i
Where: N, = initiator core multiplicity
N, = branch cell multiplicity
NN, = number of covalent bonds formed/step
Precise Monodispersed
Macromolecules
i N, -1
Total Number of _ 2 N.N.x=N b~
Covalent Bonds Formed - = 0 e T el Np-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, (ILI)
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 to meet 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 properties manifested 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, (IVD) dendrigraft polymers and (1Vc) 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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Branching Angles (a) Rotational Angles (b)
z

Terminal Groups N Repeat Unit Length (¢)

\

IV(a) IV(b) IV(c)
Statistical Semi-Controlled Controlled
Random Hyperbranched Dendrigrafts Dendrons/Dendrimers

MWt.: 1 — 100KD MWt.: 1 - 10 KD MWt.: 1 — 108 KD
Mw/Mn = 2-10 Mw/Mn = 1.1-1.5 Mw/Mn = 1.0000-1.05

Figure 1.8 Branch cell structural parameters (a) branching angles, (b) rotation
angles, (/) 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,
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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

B
> —= @
B

Number of unreacted A groups = one
Number of unreacted B groups = (functionality -1) DP + 1
DP = degree of polymerization

Figure 1.9 Polymerization of an AB, monomer into a random hyperbranched poly-
mer
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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. My, > 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
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Dendrimer Architecture

Core G=0 G=1 G=2

Dendrigraft Architecture

T ¥

Figure 1.10 Comparison of dendrimer and dendrigraft architecture Generation:
0-2

Core G=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, (11) an interior
of shells (generation) consisting of repetitive branch cell units and (I11) 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 |

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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Vogtle 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 Vogtle 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. > 58000 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 198485 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
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Figure 1.13 Overview of 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, and most 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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I. CORE II. INTERIOR III. SURFACE
Molecular Information Region Branch Cell (Reactive Terminal
Size, Shape, Directionality Ampilification Groups), Template
and Multiplicity Region Polymerization Region

Figure 1.14 Three-dimensional projection of dendrimer core—shell architecture
for G = 4.5 poly(amidomine) (PAMAM) dendrimer with principal architectural
components (l) core, (ll) interior and (lll) 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) creates G =
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) and mass 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) and molecular 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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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

Asillustrated 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 solvatochromic measurements 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 between G = 3
and G = 5. Ammonia core, PAMAM dendrimers (N, = 3, N, = 2) exhibited a
molecular morphogenesis 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
de Gennes
Core S>—o<cc= o> P g(\ =3 < ( I 2 ‘g Dense
Information ‘v Packing
Molecular Morphogensis 8 —>
(Molecular Shape Change) =
L ) ) e

; Radial Transcription and Translation from Core ® Interior » Surface l
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Figure 1.15 Comparison of molecular shape change, two-dimensional branch
cell amplification surface branch cells, surface groups (2) and molecular weights
as function of generation: G= 0-6
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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 was mathematically 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, 1
z = % G
Nz NNy

A

where A, is the surface area per terminal group Z, A, the dendrimer surface area
and N, the number of surface groups Z 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 der Waals
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 [, large [ values delay
this congestion. On the other hand, larger N, N, values and larger Z 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 (A4,), and refractive index n as a function of generation clearly show
maxima or minima at generations = 3-5, paralleling computer-assisted molecu-
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 (atomic mass units per unit volume) clearly minimizes
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Figure 1.16 Comparison of surface area/head group (2), refractive index, den-
sity (d) and intrinsic viscosity (y) 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 values minimize
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., A =
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
= 7and8.
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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 NH, 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 n’, whereas, mass grows as 2" (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 (y)) 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-
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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 experimental masses 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. Higher multiplic-
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) (ll) container
properties (G = 4-6) and (lll) rigid surface scaffolding (G = 7-10) various chemo/
physical dendrimer surfaces amplified according to: Z = NCNE where: N_ = core
multiplicity, N, = 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 (ie. 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
havein 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 (A) for poly(amido-
amine) (PAMAM) dendrimers N, = 3, N, = 2 (NH, 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 I1I) 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 random hyperbranched 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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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 CLASS OF 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 (ie. dimers, trimers, etc.) are well-documented

I1I. Branched IV. Dendritic

(a) Uncontrolled :(b)Se_mi-contrqlled (c) Controlled

Random ) ‘
'_ Hyperbranched | Dendrigrafts  Dendrimers
N

Y
I. Linear Il Classical V. Megamers

O
)
& &

| Thermoplastics | mmmp | Thermosets

Figure 1.23 Intermediary of (lll) branched and (IV) dendritic architecture in the
conversion of (l) linear thermoplastics to (ll) crosslinked thermoset polymers.
Intermediary of (IVb) dendrigrafts and (IVc) dendrimers in the formation of
megamers
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examples of low molecular weight megamers. Statistical megamer assemblies
have been reported as both supramacromolecular [ 1147] 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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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 in most
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.
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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 two methods 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 tetrahydrofuran which 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 (7 < — 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 ¢-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
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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,
a-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 AICl,, 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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end-groups can be easily converted into other functional groups such as vinyl
and primary alcohol groups.

7 CATIONIC RING OPENING

The range of cyclic monomers 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-burst®) 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. The main 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-ON bond 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 MOLECULAR WEIGHT 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, a-haloesters, sulphonyl halides, benzylic halides, etc. are standard
unimolecular initiators for the preparation of well-defined polymers by ATRP
(Scheme 11).

N 5 X -0t

14 15 16 17

Scheme 11

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, M, and polydispersity
with theoretical molecular weight for the polymerization of styrene and 14 at
123°C for 18 h 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 conditions which 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, polar monomers 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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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 monomers must 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 nitroixde mediated 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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Figure 2.3 Relationship between polydispersity of the resulting random
copolymers and mole percent of styrene in the feed mixture for the copolymeriz-
ation of (i) styrene and n-butyl acrylate (O), and (ii) styrene and methyl methac-
rylate ((J) 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).

) ——

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

PPh PC
chL. | cL 1
Ru= Ph Ru= Ph
cI ¥< cI l_<
p
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 a-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 a-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.

Lo e
< >Zn—OPr + oi — o \ 0 \ OJ\OJ\O

Scheme 17

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 and Waymouth [50] were able
to prepare poly(propylenes) containing both atatic and isotactic blocks. Unlike
other zirconium metallocenes, 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.

Isotactic Propyleﬂe ©© @ ©©

propylene  Atactic
—_—

00

Block @ — P Block
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 mechanism of 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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© 2001 John Wiley & Sons Ltd
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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: n-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,) oc M,
[10]; M, diverges at the critical extent of reaction («,) of the functional groups
given by [1]:
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o = (f = I)(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 o, 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*> =(12N*) L, X, < x;* > )

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 ©)

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=03f-2)/f? 4
Another often used relation
g=[1+ nj/7)% + 4nj/9n]’% (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, 19-217]. 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:

I = (1] / [0 (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

Ry = {(107/3N ) [n] M}'" ()

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 Ry < R. However, when f ~ 18 Ry = R [22, 33]
and for stars and combs with many branches Ry ~ 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/6mn, D, (®)
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where k is the Boltzmann constant, 7" absolute temperature and #, the solvent
viscosity. In general it is found that Ry, and R,, 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 (4,) is reduced due to LCB. However, near the Flory 6 tempera-
ture, where 4, = 0 for linear polymers, branched polymers are observed to have
apparent positive values of 4, [35]. This is now understood to be due to a more
important contribution of the third virial coefficient near the 6 point in branched
than in linear polymers. As a consequence, the experimental 6 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’>*=agM’ 9)

where v is 3 in a 0 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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same is true for the hydrodynamic radius from dynamic light scattering [18].
However, the intrinsic viscosity, when compared at constant weight 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. [n];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:

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,, C1;SiCH,CH,SiCl,, etc. including dendritic carbosilanes

_ (SiClp
sBuli + nM  — 3  sBuM i — l(s-Bu-Mn)mSi
p

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

1.p EO
—

R(OH), + mK' — 3 R (OK),(OH)\m RI( OCH,CHy),n-OH In

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 (Cg,) 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 + Cgo W (PS)g Ceo® (LiMg

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 Cg,. First a two electron reduction of C, is observed. This is

2 PSK + Cg e PS-PS + CgoZ (K*),

4 PSK + Cgo? (K —7= ™ (PS)a Cao™ (K
followed by the addition of a maximum of four polystyrene chains [51]. Further
studies showed that (PS), C4,° " (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 a,0/'-dibromoxylene the synthesis of dumb-bell (super-H) polymers with two
Cqo branch points was achieved [52]. A different route is also possible. It is
known that the azide group (N;) adds to Cg,. 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
ABg, respectively [53]. The same azide reaction was used recently to prepare star
polymers with end-standing C4, 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 Cg

[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 (CHz) SiCl; — = PI(CH3) SiCl, + LiCl + (CHg) Si c|3T

i PI(CH3) SiCl, —— = i i
PSLi + PI(CHy SiCl ———3= (PI)(PS)(CHy)SiCl +LiCl

(PI) (PS) (CHg) SiCl  1-8XCeSSPBLIL o)) (PS) (PB) (CHy) Si + LiCI

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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Pa Pa

O PB PB

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

3.1.3 H-, Super-H-, and n-(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 n-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].

2sBuli+ 2mS —» 2sBuSyLi 4+ CHgSiCl; —»  (s-Bu Sy Si (CHg) Cl

(1)
2 Naphthalene”Na* + nS —® NaS,Na (2)

(2 + 2 (1) —» (s-BuSy,)» (CHy) Si S,, Si (CHg) (s-BuS)s

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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2 Naphthalene™Na* + m S —» Na S, Na +SiCl; —® Cl;Si S, SiCl; + Si CI4T
excess (1)

sBuli + nl — sBul,Li + (1) — (s-Bul)sSiS,Si(s-Buly,

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:

CHs CHs CHs CHs
PMMA—CH24g:—_ + N CHz:I\FO —  PMMA(=CH;——)—CH—): -
o~ 0 ° I
CHs CHy Q ?
CHy GHe Gt
0 CH, CHz
e <, S
CHs H20¥: © Hzc¥: ©
CH3 CH3

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—807]. 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 [§1]. 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 Jeneoctahydroxy 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_ . H O\ CHs Et O~ CHs Et OH

omoK X-CH3<O><CH3 PEO><O><CH3 H* PEO><OH
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(e-caprolactone) (poly(e-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(e-CL)s were made by coupling living polymer with
trimesic acid chloride [94]. The polymerization is initiated with Et,AIOCH,X,
where the XCH,O-group becomes 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 Trollsas et al. [95].

(0] EOH
©/~O 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(e-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(e-CL) star polymer are functionalized with a benzilidene protected 2,2'-
bis(hydroxymethyl)propionic acid according to the following reaction sequence:

0 o} OH
~OH + §—€>—© — §—€>—© - %
HO (0) ~0 (0) ~0 OH

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 a-carboxylic-
w-dihydroxy linear polymer [99].

() @) OH
>\—(CHz)s-O-(-CO-(CH2)5-0->n4“—€
HO OH

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(e-CL)s have also been prepared [101, 102]
starting from a copolymer of ¢e-CL and 5-ethylene ketal-¢-caprolactone as shown
below:

R'[Co'(cHZ)S'O']n"[Co'(CH2)207TO(CH2)2-O-],."
L

After deprotection the secondary hydroxy groups on the main chain can be
activated for the polymerization of L-lactide or e-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/Znl, 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.

CH,=HC-O OO O-CH=CH»

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

</3/ (-CH2-CH2-QCHCI-CH3)6

in the presence of SnCl, in CH,Cl, at 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:
| i

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) o)
EH3 Cl OPS
2 PS-CHy-CH-OLi + /£ — £ —_—
cl OPS o o)
o o

¢ 9
PS PS

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:

ﬂb/CHQOH ﬂb/CHZOK %b/CHZ'(O'CHZ'CH2')n'O'CH2'CGH5

m

CHy-(0-CH»-CHay-),-O-CH3-CgHs

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 o
position [113].

N
P R e gra

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

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 CHg-(0-CH,-CHy),-C N N CHa-(CHZ-CH,-0)-CHj
| (NF 2+
+ RuCl3 — [Ru 2 Cl
ZN N /3
X ! X

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].

IIEt
C=0

H2C' CHy-(CHa-CHy-N N )7-0-CHg
I 2+
+ 2n N .
Z Et
3 c=0
H,ClI N i

CHp-(CHp-CHy-N-),-O-CHg

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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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 ( < 30000), 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 Vogtle’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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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 Freéchet 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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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

OH HO

O ©
OO b

HO © OH
Aoy O, onl

@ 8 @ HO @ © OH

l 5 HO 1‘05 HOH

9 [G-4]6-CORE o ©
11 [G-4]12-CORE

Scheme 2

way, very high molecular weight, monodisperse dendrimers having molecular
weights of approximately 21000, 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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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.
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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 ABg 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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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



100 A.W. FREEMAN AND J. M. J. FRECHET
0 0
; 5 B
Q 0 N LN N— y 0
N :§ é: N {
o Q i@j o, o
Mao)‘@)‘om MeO OMe
o~ ~0
° K Lo P o 8, SO,
0 o @\ o 0 J \©J:( 0802C1eH33 N
MeO*@Er o«@ﬂo . ?/“om —~ N~
MeO-~0 0S0L1eM33 g+ ome g \%
o 0
(MeO2C)g[G-2}-OHDS 28 ‘\ R S0

Br Br / (C2)8-[G-3]-OHDS 30

,@, - —— (C2)16-[G-4}0 32
(BrCH2)4-[G-1}OHDS 5~ © 0N (C2)16-[G-4}OHDS

0502C1gH33
O 0
@ 9 / 27 \ %\ /&;
29 31 N N_
ol L 0,
o -

© S CIN
o W;@( \©O>S;2015"'33FN<05;(
[G-2}-OHDS (5 )

0 (C2)4[G-2]FOHDS o

o

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, Thre 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(e-
caprolactone) [32] and as components of drug delivery agents [13g, 33].
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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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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.
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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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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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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.



108 A.W. FREEMAN AND J. M. J. FRECHET

(ol o) O I N

10.
11.

12.

14.

REFERENCES

. Mourey, T. H., Turner, S. R, Rubinstein, M., Fréchet, J. M. J., Hawker, C. J. and

Wooley, K. L. J. Am. Chem. Soc., 25, 2401 (1992).

. Tomalia, D. A, Naylor, A. M. and Goddard ITI, W. A. Angew. Chem. Int. Ed. Engl., 29,

138 (1990).

. (a) Jansen, J. F. G. A., Brabander-van den Berg, E. M. M. and Meijer, E. W. Science,

266, 1226 (1994); (b) Cooper, A. 1., Londono, J. D., Wignall, G., McClain, J. B.,
Samulski, E. T., Lin, J. S., Dobrynin, A., Rubinstein, M., Burke, A. L. C., Fréchet, J. M.
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).

. Hecht, S. and Fréchet, J. M. J. Angew. Chem. Int. Ed., 40, 74 (2001).

. Hecht, S., Vladimirov, N. and Fréchet, J. M. J. J. Am. Chem. Soc., 123, 18 (2001).

. Adronov, A. and Fréchet, J. M. J. Chem. Commun., 1701 (2000).

. Jiang, D. L. and Aida, T. Nature 388, 454 (1997).

. (a) Kawa, M. and Fréchet, J. M. J. Chem. Mater., 10, 286 (1998); (b) Hecht, S., Ihre, H.

and Fréchet, J. M. J. J. Am. Chem. Soc., 121, 9239 (1999).

. For general reviews of dendrimers see: reference 2 and (a) Newkome, G. R., Moore-

field, C. N. and Vogtle, G. Dendritic Molecules: Concepts, Syntheses, Perspectives.
VCH, Weinheim, (1996); (b) Fréchet, J. M. J., Hawker, C. J. and Wooley, K. L. J.
Macromol. Sci. Pure Appl. Chem., A31, 1627 (1994); (c) Fréchet, J. M. J. Science, 263,
1710 (1994); (d) Tomalia, D. A. Adv. Mater., 6, 529 (1994). (e) Newkome, G. R.,
Moorefield, C. N., Vogtle, F. Dendritic Macromolecules, VCH, New York, 1996; (f)
Fréchet, J. M. J., Hawker, C. J. in Comprehensive Polymer Science, 2nd Supp.,
Aggarwal, S. L., Rosso, S. (eds.), Pergamon Press. London, 1996, p. 71; (g) Matthews,
O. A, Shipway, A. N., Stoddart, J. F. Prog. Polym. Sci., 23, 1 (1998); (h) Fischer, M.
and Vogtle, F. Angew. Chem. Int. Ed. Engl., 38, 884 (1999).

Buhleier, E., Wehner, W. and Vogtle, F. Synthesis 155 (1978).

(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).

(a) Fréchet, J. M. J., Jiang, Y., Hawker, C. J. and Philippides, A. E. Preprints of the
IUPAC International Symposium of Functional Polymers, The Polymer Society of
Korea, 19 (1989); later published as Hawker, C. J. and Fréchet, J. M. J. J. Am. Chem.
Soc., 112, 7638 (1990); (b) Hawker, C. J., Fréchet, J. M. J. J. Chem. Soc., Chem.
Commun., 1010 (1990).

. (a) Newkome, G. R. and Lin, X. Macromolecules, 24, 1443 (1991); (b) Newkome, G. R.,

Moorefield, C. N. and Baker, G. R. Aldrichimica, Acta, 25, 31 (1992); (c) Newkome, G.
R., Nayak, A., Behera, R. K., Moorefield, C. N. and Baker, G. R. J. Org. Chem., 57, 358
(1992); (d) Tomalia, D. A. and Durst, H. D. Top. Curr. Chem., 165, 193 (1993); (e)
Tomalia, D. A. Aldrichimica Acta, 26, 91 (1993); (f) Tomalia, D. A., Sci. Am., 272, 62
(1995); (g) Ihre, H., Padilla de Jesus, O. L. and Fréchet, J. M. J. J. Am. Chem. Soc., 123,
5908 (2001).

(a) Jin, R., Aida, T. and Inoue, S. J. Chem. Soc., Chem. Commun., 1260 (1993). (b)
Sadamoto, R., Tomioka, N. and Aida, T. J. Am. Chem. Soc. 118, 3978 (1996); (c) Jiang,
D.-L.and Aida, T. J. Am. Chem. Soc., 120, 10895 (1998); (d) Pollak, K. W., Leon, J. W.,
Fréchet, J. M. J., Maskus, M. and Abruna, H. D. Chem. Mater., 10, 30 (1998).



CONVERGENT SYNTHESIS OF DENDRIMERS 109

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.

(10)(a) Zimmerman, S. C., Zeng, F. W., Reichert, D. E. C. and Kolotuchin, S. V.
Science, 271, 5252 (1996); (b) Wang, Y., Zeng, F. W. and Zimmerman, S. C. Tetrahed-
ron lett. 38, 5459 (1997); (c) Suarez, M. Lehn, J.-M. Zimmerman, S. C.,Skoulios, A. and
Heinrich, B. J. Am. Chem. Soc., 120, 9526 (1998); (d) Freeman, A. W., Vreekamp, R. H.
and Fréchet, J. M. J. Polym. Mat. Sci. Eng., 77, 138 (1997); (e) Percec, V., Johansson,
G., Ungar, G. and Zhou, J. J. Am. Chem. Soc., 118, 9855 (1996); (f) Balagurusamy, V. S.
K., Ungar, G., Percec, V. and Johansson, G. J. Am. Chem. Soc., 119, 1539 (1997); (g)
Percec, V., Cho, W.-D., Mosier, P. E., Ungar, G. and Yeardley, D. J. P. J. Am. Chem.
Soc., 120, 11061 (1998); (h) Enomota, M. and Aida, T. J. Am. Chem. Soc., 121, 874
(1999).

(a) Hawker, C. J. and Fréchet, J. M. J. Polymer, 33, 1507 (1992); (b) Karakaya, B.,
Claussen, W., Gessler, K., Saenger, W. and Schluter, A.-D. J. Am. Chem. Soc., 119,
3296 (1997); (c) Neubert, I. and Schluter, A.-D. Macromolecules, 31, 9372 (1998); (d)
Bo, Z. and Schluter, A.-D. Macromol. Rapid Commun., 20,21 (1999); (d) Bo, Z. Zhang,
C., Severin, N., Rabe, J. and Schluter, A.-D. Macromolecules, 33, 2688 (2000); (e)
Schluter, A.-D. and Rabe, J. Angew. Chem. Int. Ed. Engl., 39, 864 (2000); (f) Stewart, G.
M. and Fox. M. A. Chem. Mater., 10, 860 (1998); (g) Percec, V., Heck, J., Tomazos, D.,
Falkenberg, F., Blackwell, H. and Ungar, G. J. Chem. Soc., Perkin Trans. I, 2799
(1993); (h) Percec, V., Tomazos, D., Heck, J., Blackwell, H. and Ungar, G. J. Chem.
Soc., Perkin Trans. 1, 31 (1994).

(a) Wooley, K. L., Hawker, C. J. and Fréchet, J. M. J. J. Am. Chem. Soc., 113, 4252
(1991); (b) Jayaraman, M. and Fréchet, J. M. J. J. Am. Chem. Soc., 120, 12996 (1998).
(a) Hawker, C. J. and Fréchet, J. M. J. J. Chem. Soc., Perkin Trans. I, 2459 (1992); (b)
Hawker, C. J. and Fréchet, J. M. J. J. Am. Chem. Soc., 114, 8405 (1992); (c) Miller, T. X.,
Kwock, K. E. and Neenan, T. X. Macromolecules, 25,3143 (1992); (d) Ihre, H., Hult, A.
and Soderlind, E. J. Am. Chem. Soc., 118, 6388 (1996).

(a) Miller, T. M. and Neenan, T. X. Chem. Mater., 2, 346 (1990); (b) Ulrich, K. E. and
Fréchet,J. M. 1. J. Chem. Soc., Perkin Trans. I, 1623 (1992); (c) Bayliff, P. M., Feast, W.
J. and Parker, D. Polym. Bull. 29, 265 (1992).

(a) Miller, T. M., Neenan, T. X., Zayas, R. and Bair, H. E. J. Am. Chem. Soc., 114, 1018
(1992); (b) Sakimoto, Y., Suzuki, T., Miura, A., Fujikawa, H., Tokito, S. and Taga, Y.
J. Am. Chem. Soc., 122, 1832 (2000).

(a) Xu, Z. and Moore, J. S. Angew. Chem. Int. Ed. Engl., 32, 1354 (1993); (b) Xu, Z. F.,
Kahr, M., Walker, K. L. and Moore, J. S. J. Am. Chem. Soc., 116, 4537 (1994); (c)
Kawaguchi, T., Walker, K. L., Wilkins, C. L. and Moore, J. S. J. Am. Chem. Soc., 117,
2159 (1995).

Morikawa, A., Kakimoto, M. and Imai, Y. Macromolecules, 25, 3247 (1992).

(a) Wooley, K. L., Hawker, C. J. and Fréchet, J. M. J. J. Chem. Soc., Perkin Trans. I,
1059 (1999); (b) Wooley, K. L., Hawker, C. J. and Fréchet, J. M. J. J. Am. Chem. Soc.,
115, 11496 (1993); (c) Wooley, K. L., Hawker, C. J. and Fréchet, J. M. J. Angew. Chem.
Int. Ed. Engl., 33, 82 (1994); (d) Grayson, S. M. and Fréchet,J. M. J. J. Am. Chem. Soc.,
122, 10335 (2000); (e) Grayson, S. M., Jayaraman, M. and Fréchet, J. M. J. J. Chem.
Soc. Chem. Commun., 1329 (1992).

(a) Gitsov, 1., Wooley, K. L. and Fréchet, J. M. J. Angew. Chem. Int. Ed. Engl., 31, 1200
(1992); (b) Gitsov, I. and Fréchet, J. M. J. Macromolecules 26, 6536 (1993); (c) Gitsov,
1., Wooley, K. L., Hawker, C. J., Ivanova, P. T. and Fréchet, J. M. J. Macromolecules,
26, 5621 (1993); (d) Fréchet, J. M. J. and Gitsov, I. Macromol. Symp., 98, 441 (1995); (e)
Leduc, M. R,, Hawker, C. J,, Dao, J. and Fréchet, J. M. J. J. Am. Chem. Soc., 118,
11111 (1996).

Majoral, J. P. and Caminade, A. M. Chem Rev., 99, 845 (1999).

(a) Sanford, E. M., Fréchet, J. M. J., Wooley, K. L. and Hawker, C. J. Polym. Prepr. 34,



110 A.W. FREEMAN AND J. M. J. FRECHET

27.

28.
29.

30.

31
32.

654 (1993); (b) Sanford, E. M., Spindler, R. and Fréchet, J. M. J. Unpublished results.
(a) L’abbe, G., Forier, B. and Dehaen, W. Chem. Commun., 2143 (1996); (b) Forier, B.
and Dehaen, W. Tetrahedron, 55,9829 (1999).

Junge, D. M. and McGrath, D. V. Tetrahedron Lett., 39, 1701 (1999).

(a) Gilat, S. L., Adronov, A. and Fréchet, J. M. J. J. Org. Chem., 64, 7474 (1999); (b)
Gilat, S. L., Adronov, A. and Freéchet, J. M. J. Angew. Chem. Int. Ed. Engl., 38, 1422
(1999); (c) Adronov, A., Gilat, S. L., Fréchet, J. M. J., Ohta, K., Neuwahl, F. V. R. and
Fleming, G. J. Am. Chem. Soc., 122, 1175 (2000).

(a) Tyler, T. L. and Hanson, J. E. Chem. Mater., 11, 3453 (1999); (b) Hoger, S. Synthesis,
20 (1997).

Thre, H., Hult, A., Fréchet, J. M. J. and Gitsov, I. Macromolecules, 31, 4061 (1998).
(a) Trollsas, M., Hedrick, J. L., Mecerreys, D., Dubois, P., Jerome, R., Thre, H. and
Hult, A. Macromolecules, 30, 8508 (1997); (b) Trollsas, M., Hedrick, J. L., Mecerreys,
D., Dubois, P., Jerome, R., Ihre, H. and Hult, A. Macromolecules, 31, 2756 (1998); (c)
Trollsas, M. and Hedrick, J. L. J. Am. Chem. Soc., 120, 4644 (1998); (d) Trollsas, M.,
Claesson, H., Atthoff, B. and Hedrick, J. L. Angew. Chem. Int. Ed. Engl., 37, 3132
(1998); (e) Cordova, A., Hult, A., Hult, K., Thre, H., Iversen, T. and Malmstrom, E. J.
Am. Chem. Soc., 120, 13521 (1998).

. Fréchet, J. M. J. and Thre, H. US patent application.

. Spindler, R. and Fréchet, J. M. J. J. Chem. Soc., Chem. Commun., 913 (1993).

. Zeng, F. and Zimmerman, S. C. J. Am. Chem. Soc., 118, 5326 (1996).

. Deb, S. K., Maddux, T. M., Yu, L. J. Am. Chem. Soc., 119, 9079 (1997).

. Freeman, A. W, Fréchet, J. M. J. Org. Lett., 1, 685 (1999).

. Moore, J. S. and Stupp, S. I. Macromolecules, 23, 65 (1990).

. (a) Tully, D. C. and Fréchet, J. M. J. Chem Commun. 1229 (2001); (b) Dykes, G. M. J.

Chem. Technol. Biotechnol. 76,903 (2001).

. (a) Liu, M. and Fréchet, J. M. J. Pharmaceut. Sci. Technol. Today 2, 393 (1999);

(b) Malik, N., Wiwattanapatapee, R., Klopsch, R., Lorenz, K., Frey, H., Weener, J. W.,
Meijer, E. W., Paulus, W. and Duncan, R. J. Control. Rel. 65, 133 (2000).



Dendrimers and other Dendritic Polymers

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)

5

Formation, Structure and
Properties of the Crosslinked
State Relative to Precursor
Architecture

K. DUSEK AND M. DUSKOVA-SMRCKOVA

Institute of Macromolecular Chemistry Academy of Sciences of the Czech
Republic, Prague 6, Czech Republic

LIST OF SYMBOLS AND ABBREVIATIONS

f functionality of a precursor

g functionality of a precursor

Na, Ry, He mole fractions of components A, B, C

u initial molar ratio of hydroxy to isocyanate groups

Wy gel fraction

W, sol fraction

Wpe weight fraction of backbone chains

Wpe weight fraction of dangling chains

X; mole fraction of units with j reacted functional groups

Zy auxiliary (dummy) variable of probability generation
function identifying bonds extending to group X

Zyx auxiliary (dummy) variable of probability generation
function identifying bonds extending from group Y to
group X

z vector of auxiliary (dummy) variables of probability
function (pgf) identifying bonds

Fy.(Z,2) probability generating function of vectors of auxiliary

(dummy) variables Z and z

equilibrium shear modulus

molecular weight of chains between crosslinks
number-average molecular weight
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N

M, weight-average molecular weight

M, molecular weight of monomer unit

R gas constant

T temperature in K

T, glass transition temperature

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

V4 vector of auxiliary (dummy) variables in probability
generating function identifying unreacted groups

0l 0a,0lp degree of conversion of functional groups (A or B)

B, B*, p** branching index

Ve concentration of EANC’s per unit volume

(Dap)s number-average functionality for unreacted A groups

(Dap)w weight-average functionality for unreacted A groups

(Dap)2 second-moment average of the functionality distribution
for unreacted A groups

pef 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
distance means 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 growing much 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, the molecular
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, wy, on conversion of functional groups, «. Varying systems size counted in
the numbers of monomer molecules used in simulation is indicated: 105, 106, 107,
5x 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-
ked with 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 and modeling 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 observed macrogelation is a result of intermolecular chemi-
cal linking of these compact molecules. The peripheral pendant double bonds of
the micronetworks and still unreacted monomers 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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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, the molecular 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.

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 engaged With infinite ~ With finite

groups in bonds continuation continuation Unitis 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
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Figure5.3 Trifunctional and tetrafunctional monomer units in different reaction
states and their transformation

SOL

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
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Figure5.5 Calculated dependence of weight fractions of various substructures
in the crosslinking system of Hsz + I, type on the initial molar ratio of H-groups to
I-groups, m (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 o,
w-bis-unsaturated telechelics, or trifunctional as in «, w-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 (cont.) randomly branched

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, 7, 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
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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 ym 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 conventional materials is limited at this time by their relative-
ly high cost.

* Random hyperbranched polymers prepared from monomers 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 cyclization may 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 second moment 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 second moment 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 distribution with 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, o, w-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 also means 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 SUBSTRUCTURESIN SITU

Covalently bonded substructures having compositions distinguishable from
their surroundings are formed in multicomponent 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 yielding 7, 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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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 5.7 Calculated dependence of the weight-average degree of polymeriz-
ation of molecules, (P\w, and hard clusters, (P:)w, on conversion in a stoichiomet-
ric As(h) + B2(h) + Bz(s) system (h — hard, s — soft). The system corresponds to a
mixture of short and hard chains crosslinked with a tetrafunctional crosslinking
agent
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0—0
s Stage 1

Stage 2

Figure 5.8 Scheme of a multistage process: first stage: a distribution of bran-
ched polymer is formed with end groups O; second stage: the end groups are
modified by addition of the ring compound — O — [J; third stage: the distribution
with [J endgroups is crosslinked with a bifuctional compound bearing A 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 system with OH groups, 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



FORMATION, STRUCTURE, PROPERTIES — CROSSLINKED STATE 129

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, 557 (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 implicitly mean 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 5.9 Difference in concepts of statistical (A) and kinetic (B) network for-
mation theories
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Figure 5.10 Dependence of the gel fraction, wy, on molar ratio of [OH]/[NCO]
groups, my, 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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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, 1y, is equal to unity:

S [OH],
"1 [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 ry [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 ry > 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

0.6 1 1.4 1.8
T

Figure 5.11 Dependence of the reduced equilibrium shear modulus, Ge/wg/RT
on the molar ratio of [OH]/[NCO] groups, m, 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]
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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

F3
~D (]
F1 crosslinker
—_
O~r—~—r—_0
F2

dangling chain

Figure5.12 Structure of a polyurethane network with dangling chains prepared
from F1+F2 +F3 components



FORMATION, STRUCTURE, PROPERTIES — CROSSLINKED STATE 133

polyurethane systems [37] that the tensile strength, g, is markedly higher and
the elongation at break, ¢,, substantially smaller for the systems where the
percolation threshold has been exceeded. Near the percolation threshold, o, and
&, change steeply, but the true strength given by the product o,¢, 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 compact multifunctional 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. PAMAM dendrimers were functionalized with 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 to moisture of the modified 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 7, 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
can make the service life shorter. Partial chemical transformation of these groups
into inactive moieties 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, but mainly 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. The molecules are then composed only of
fully reacted units and terminal units with only one reacted group. The degree of
branching or branching index, f, 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]:

X3
= 1
b X3+ X, ™)
or alternatively [51]
2x
* _ 3 2
b 2x3 + X, @)

The latter definition can be extended to hyperbranched polymers with a higher
number of A groups in the monomer, f > 2. Frey and Holter [80] used the
definition
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The branching index depends on the following:

* Conversions of A and B groups, o, and a,; for acyclic molecules a, = og/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), Fy.(Z, z):

FouZ,2) = [(1 — o)) Z,, + aAZB]Z[(l — op)Zy, + upZa] “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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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 §, f*, or f.

Thus, the expression given in Table 5.2 can be substituted into the definition
equations for f and a dependence of the branching coefficient on conversion (i.e.
on molecular weight averages) can be calculated. For oy —» 1, 04 — 1/2, f = 1/3
and f* = 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-average molecular weights are given by the following
equations:

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

1 —og/f
(1- O‘B)Z

where M, is the molecular weight of the monomer unit. The polydispersity is
characterized by

M, =M, (6)

%:l—aﬁ/f (7)
M, 1—o4

Thus, the molecular weight averages diverge at full conversion (o; — 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

S —ay)

1 —op

(Dah = X1y = (®)

Table5.2 Fractions of units differing in the number of reacted functional groups, x;, for
BA, units

Xo Xy X, X3

(1 —a )’ (1 —oay) (1 — o)’y + 200,(1 — ay)org + ocflocB
2(1 — ag)oa(1 — aip) O‘i(l — ap)
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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

S — o) )(f — o)

= = 9
(¢Af)w Ec(bwtp,x (1 . aB)Z ( )
and the second-moment average of the functionality distribution (D),
z, . °n (f =D —ay)
e (10)
A Zw,x¢”<p,x (1 - OC]%)

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, 817, 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(e-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 hyperbranched molecules have been found: some
groups in less symmetric hyperbranched polymer molecules are apparently more
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
(OCA)M(O‘c)Cril = (D)2 — Dige— 1) (11)

One can see that for a polymer obtained from BA, at ay = 0.95, (®4), = 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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intermolecular reaction
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Figure5.13 Basic reactions operative in formation of a hyperbranched polymer
by irreversible reactions and a corresponding reaction scheme (cf. ref. [21])

Fou(Z, 2) = nga[(1 — 20)Z 4, + O(AZAB]I[(I — op)Zy, + OpZpal
+ neo[1 — ac + ad(Pazea + ¢BZCB)]2 (12)
where transformations are to be made:

Zay— 1 — o + pzac (13)

Zp,—1— O‘;sZBc (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 lookin