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DENDRITIC POLYMERS
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30.1 INTRODUCTION

Dendritic species represent the most recently discovered
class of branched macromolecular architecture. Major de-
velopments in linear, crosslinked, and branched architec-
tures date back roughly to the 1930s, 1940s, and 1960s,
respectively. The first synthetic dendritic species were re-
ported in 1978 [1]; however, much of the work in this
area began to build momentum only in the mid-1980s.
A chronology of the key developments in dendritic poly-
mers is provided in Table 30.1.

Dendritic patterns can be found all around us in na-
ture and within us. The drainage pattern of rivers and
their tributaries, plant roots and foliage, and neurons within
our body are but a few examples of unique branched sys-
tems ranging in size from kilometers down to micrometers.
Molecular dendritic species recreate fractal-like patterns
on the nanometric scale. Dendritic macromolecules can be
divided into three subclasses on the basis of their struc-
tural characteristics: dendrimers, hyperbranched polymers,
and dendrigraft polymers (including arborescent polymers).
Dendrimers should ideally have a perfect branched struc-
ture, hyperbranched polymers rely on statistical branching
giving a highly imperfect structure, while the architecture of
dendrigraft polymers is best described as semi-controlled.
A second subclass of controlled structures is the dendrons,
which are dendritic fragments formed by a monofunctional
initiator or core.

A graphical comparison of the structure of dendrons,
dendrimers, hyperbranched polymers, and dendrigraft poly-
mers is shown in Figure 30.1. The stepwise synthesis of
dendrimers involves multiple cycles of protection, con-
densation, and deprotection reactions to produce strictly

controlled branched structures and extremely narrow molec-
ular weight distributions (MWD): the molecular weight
dispersity (P = M, /M,) attained for such molecules can
be less than 1.01. The preparation of dendrigraft polymers
also relies on stepwise, generation-based synthetic proce-
dures but uses polymeric building blocks rather than small
molecules and branching points randomly distributed on
the coupling substrate. Under appropriate reaction condi-
tions, usually involving ionic polymerization and grafting,
low molecular weight dispersities can also be achieved
for these systems (P &~ 1.05-1.10). The completely ran-
dom branching process used in the synthesis of hyper-
branched polymers, typically resulting from the conden-
sation of nonprotected polyfunctional monomers, provides
the least defined structures, a P > 2 being obtained in most
cases.

Each color in Figure 30.1 represents the branching levels
derived from building blocks introduced in successive
generations, these being small molecules for dendrons,
dendrimers, and hyperbranched polymers (Fig. 30.1a—c),
and polymeric segments for the dendrigraft polymers
(Fig. 30.1d). Dendrons are closely related to the dendrimers
of Figure 30.1b, the main distinction being the number
of functional groups available on the substrate serving
as core in the first reaction step. It should also be
noted that hyperbranched polymers can be obtained from
polymeric segments (e.g., macromonomers) as well as small
molecules.

Dendritic macromolecules constructed from small-
molecule monomers incorporate three major components:
a core, repeating branch cell units, and a corona or outer
shell. The branch cells (BC), also known as repeating
units (RU), are defined in terms of a branching angle,
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TABLE 30.1 Dendritic Molecule Discoveries in the
Literature

Year Authors

Cascade Growth and Dendrimers

1978 Vogtle [1]

1982 Maciejewski [3]

1983 de Gennes [4]

1985 Tomalia [5], Newkome [6]

1990 Hawker and Fréchet [7], Miller and Neenan [8]
Random Hyperbranched Polymers

1988 Gunatillake et al. [9]

1990 Kim and Webster [10]

1991 Hawker et al. [11]

Dendrigraft Polymers

1991 Gauthier and Moller [12], Tomalia et al. [13]

Source: Adapted with permission from Tomalia DA, Fréchet JMJ. J Polym
Sci A Polym Chem 2002;40:2719 [2]. Copyright John Wiley and Sons.

rotation angles, RU lengths, and terminal groups. The
covalent assembly of these BC can take place in a
symmetrical manner, as in dendrimers, or into random
irregular patterns for hyperbranched polymers. The size,

(a)

shape, and functionality of the dendritic species depend
on the synthetic strategy employed and can be different
for each generation and/or each subclass of dendritic
species.

The unique architecture of dendritic polymers affords
distinct physical properties to these molecules as compared
to their linear polymer analogues. For example, as shown
in Figure 30.2, branched molecules have a much lower in-
trinsic viscosity than their linear analogues. Their compact
and dense molecular configuration also leads to enhanced
solubility at high molecular weights.

Some of the procedures used to synthesize dendritic
molecules can be quite involved, and many different
methods have been reported. The following three sections
provide an overview of some of the pioneering work
yielding each of the three main subclasses of dendritic
polymers, namely, dendrimers, hyperbranched polymers,
and dendrigraft polymers. The general characteristics and
properties of these materials are also considered, as well
as some of the more recent work including potential
applications for these extremely versatile materials.

(b) (c) (d)

Figure 30.1 Structure of four types of dendritic polymers: (a) dendron, (b) dendrimer, (c)
hyperbranched polymer, and (d) dendrigraft polymer. (See insert for the color representation of

the figure.)
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Figure 30.2 Molecular weight dependence of intrinsic viscosity [5] for polymers with (a) linear,
(b) hyperbranched, (c) dendrimer, and (d) dendrigraft architectures. Source: Reproduced with
permission from Tomalia DA, Fréchet JMJ. Introduction to the dendritic state. In: Tomalia DA,
Fréchet JMJ, editors. Dendrimers and Other Dendritic Polymers. West Sussex: Wiley; 2001. p 3

[14]. Copyright 2001 John Wiley and Sons.



30.2 DENDRIMERS

The word dendrimer is derived from the Greek words for
tree- or branchlike (dendron) and part (meros). The strictly
controlled structure of ideal dendrimers results from the
layered assembly of BC surrounding the core, which is
attained through sequential reaction cycles. This can be
achieved in two different ways, namely, by divergent (core-
first) or convergent (arm-first/core-last) methods.

30.2.1 Synthetic Strategies and Properties

The divergent approach begins with a multifunctional core
onto which polyfunctional monomers of the AB,-type are
added. Dendrimers result when the branching multiplicity
(subscript n) of the monomer unit is at least 2. Following
the addition of these small-molecule building blocks, the
subsequent layer can be added after deprotection of the end
groups and another monomer condensation reaction. The
structure resulting after the first addition cycle is known as
a generation 1 (G1) dendrimer. Further reaction cycles are
employed to prepare dendrimers of the desired generation,
size, or molecular weight.

The convergent approach uses monomers similar to
the divergent strategy and provides branched molecules
with the same characteristics and predictability; however,
wedgelike dendrons are first synthesized and subsequently
anchored on a core to complete the dendritic structure. The
number of dendrons that can be coupled with a core is gov-
erned by the core functionality. Convergent growth of the
dendron occurs through selective protection of one of the
functional groups, followed by a condensation reaction, re-
sulting in directional growth. The dendron unit is interesting
in itself, and it has been investigated as its own entity, but
deprotection and coupling with a multifunctional “anchor”
core is required to complete the dendrimer structure.

AP) A
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A comparison of the divergent and convergent strategies
for the synthesis of a generation 2 (G2) dendrimer is
provided in Scheme 30.1, where functionality A selectively
reacts with functionality B, and P represents a protecting
group for the associated functional group.

The divergent synthesis (Scheme 30.1a) begins with an
unprotected trifunctional initiating core (N, = 3). The GO
core can be coupled with a partially protected monomer,
BA,(P),, having a branching multiplicity (V,) of 2. The
G1 dendrimer results after removal of the protecting group
on the A functionality (-P,). Coupling of this substrate
with the protected monomer yields what is referred to as a
half-generation dendrimer (G1.5), and the G2 dendrimer
is obtained on deprotection. The convergent synthesis
starts by coupling a partially protected monomer, B(P)A,,
with a complementary protected monomer, BA,(P),, to
yield a dendron. Deprotection of the B group (-Py) at
the focal point of the dendron allows selective coupling
with the GO core (A;) to obtain the G1.5 dendrimer.
Deprotection of the terminal A functionalities provides the
G2 dendrimer. Specific details on the chemistry for the
functionalization, condensation, and protection processes
are discussed subsequently.

The radial core-to-surface direction of the synthesis for
the divergent strategy and surface-to-core direction for
the convergent method should yield identical architectures,
albeit some differences in properties have been observed for
molecules obtained by both methods and deemed to have
identical compositions. This can be explained in terms of
the degree of structural perfection attained in each case. The
divergent strategy requires the reaction of an exponentially
increasing number of functional groups over successive
generations. Considering the large number of reactions
required for the complete conversion of all terminal groups,
the probability of attaining a perfect structure is reduced.

— A _
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Scheme 30.1 Synthesis of a G2 dendrimer by (a) divergent and (b) convergent strategies.
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This contrasts with the small number of coupling reactions
involved in each cycle of a convergent synthesis. A lower
degree of surface congestion also exists for the synthesis of
individual dendrons, which favors complete reactions.

While the convergent strategy facilitates monomer
coupling for upper generations independently of surface
packing, the coupling of large dendrons to the anchor core
is also more difficult due to steric hindrance making the
focal point less accessible. Reduced coupling efficiency of
the dendrons with the core has a more profound effect
on the homogeneity of the dendritic species generated
as compared to a reduced coupling efficiency for small-
molecule monomers on the periphery of dendrimer in a
divergent approach. The extent of surface congestion by
terminal dendrimer groups can be estimated from the ratio
of the dendrimer surface area (Ap) to the number of surface
groups (Z) according to Equation 30.1, corresponding the
surface area occupied per end group (A,):

Ap  4mr?

(30.1)

The generation at which the area available per end
group approaches the actual dimensions of the end group
is the point where incomplete reactions should become
significant, resulting in an imperfect structure. This dense
or critical packing state was predicted by de Gennes for
polyamidoamine (PAMAM) dendrimers [4]. It was thus
predicted that the onset of deviation in molecular weight
from the ideal structure would occur around generation 9
or 10 for dendrimers, while molecular weight deviations
were experimentally observed for generations as low as
4, but these nonetheless became more predominant from
generations 9 or 10 as expected. Surface crowding effects
and surface functionalization can play important roles in
the application of dendrimers as scaffolds or containers:
for example, a densely packed surface may inhibit loading
of the dendrimer and rather favor surface coordination.
Conversely, the flexible and more open structure of lower
generation dendrimers should enhance their ability to house
materials within their interior.

30.2.2 General Characteristics

The size, shape, and molecular weight of a dendrimer de-
pend on the molecular weight and the branching multiplicity
of the monomer, as well as its generation number. Molec-
ular weights can range from the hundreds or thousands for
low generations, to over 10° for generations 10 and above.
The corresponding diameter of these structures ranges from
circa 1 to above 10 nm. Different generations of den-
drimers derived from a trifunctional core are compared in
Scheme 30.2.
The three-dimensional topology of dendrimers displays
a transition from ellipsoidal to spherical for increasing
generations [16]. The onset of the morphogenesis is
reliant on the core multiplicity and the synthetic strategy
(divergent or convergent) used. Increased core multiplicity
(N, = 3 or 4 vs N, = 2) forces a shape change at
least one generation earlier. The convergent method has
a similar effect due to the more perfect structure (increased
crowding) attained for a particular generation. The most
significant transformations occur between generations 3 and
5, after which the dendritic species adopt either spheroidal
or slightly ellipsoidal geometries. An increase in generation
number also brings enhanced surface group congestion,
until a maximum known as the dense packing state is
reached. Beyond this point, only a fraction of the end groups
can participate in the next cycle of monomer addition.
Targeting a specific molecular weight and number of
functional groups in dendrimer synthesis is relatively easy
due to the uniform structure of the molecules, in as
much as complete reactions are possible. The molecular
weight (MW) and the number of terminal functional
groups (Z) of dendrimers are well-defined functions of the
core multiplicity (branching functionality ), the branch
cell multiplicity (&,), and the generation number (G) of
the molecules. The number of functional groups can be
calculated according to the following equation:
Z = N,NE (30.2)
The number of end groups is directly related to the
number of covalent bonds formed in each reaction cycle,

222777
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Scheme 30.2 Dendrimer generations derived from a trifunctional core and a monomer with a
branching multiplicity of 2. Source: Reproduced with permission from Tomalia DA, Berry V,
Hall M, Hedstrand DM. Macromolecules 1987;20:1164 [15]. Copyright 1987 American Chemical

Society.



which increases according to the power law. The total
number of BC in the structure can be calculated from
Equation 30.3. The total number of BC is analogous to the
degree of polymerization (DP) commonly cited for linear
polymers and is also equivalent to the number of covalent
bonds formed in the dendrimer:

NE -1
BC =N, | (30.3)
o

The overall molecular weight of the dendrimer can be
calculated by factoring in the molar mass of the various
components including the core (M,), repeat units (Myy)),
and terminal groups (M), as expressed in the following
equation:

G

MW =M_+ N, |M alt
RU

) + MZNbG} (30.4)

30.2.3 Common Structures

30.2.3.1 Dendrimers Synthesized by a Divergent
Strategy The concept of branched macromolecules
derived from repetitive reaction cycles of multifunctional
small molecules was first introduced in 1978 [1]. Vogtle
thus reported a cascade-type divergent synthesis for low
molecular weight polypropylenimine by the cyanoethy-
lation of various amines cited in Reference 1, using
acrylonitrile in glacial acetic acid at reflux for 24 h.
Subsequent reduction of the cyano functionalities with
cobalt(Il) chloride hexahydrate and NaBH, in methanol
converted the terminal cyanoethyl groups to primary
propylamine functionalities, which were subjected to
further cyanoethylation and reduction reactions to obtain
the upper generation cascade polymers.

The yield of the cyanoethylation and reduction reactions
in Vogtle’s work was less than ideal, varying from 76% for
the zeroth generation to 35% for the G1 product. These low
yields resulted in ill-defined structures and prevented the
synthesis of the upper generation structures. This procedure
was nevertheless improved upon in the early 1990s
after optimizing the cyanoethylation and hydrogenation
reactions, by working in aqueous solutions at 80 °C and
through hydrogenation with Raney cobalt, respectively
[17, 18]. In this case, diaminobutane (DAB) served as
multifunctional core to generate DAB-dendr-(CN), and
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DAB-dendr-(NH,), dendrimers after the cyanoethylation
and hydrogenation reactions, respectively. The reaction
sequence for the divergent synthesis of polypropylenimine
dendrimers is shown in Scheme 30.3.

PAMAM dendrimers, synthesized subsequently, are
likely the most widely investigated and used dendritic
polymers to date. The first dendrimers commercialized in
that family were the Starburst” systems. These species
were developed in the mid-1980s by Tomalia [5], at about
the same time when Newkome developed similar dendritic
architectures named Arborols [6]. A major incentive for
the development of these molecules was the creation of
covalently bonded (unimolecular) micelles comparable to
the well-known multi- or intermolecular micellar systems.

PAMAM dendrimers are versatile in that their terminal
groups can be easily modified for targeted functionality
or reactivity. These compounds are synthesized by the
condensation of amines and acrylates. An initiating core
containing one or more amine functionalities is first
reacted with an excess of methyl acrylate, resulting in
an alkyl ester branch addition at each amino hydrogen
(Scheme 30.4). This ester-terminated product is referred
to as the GO.5 dendrimer. Amidation of the ester with
ethylenediamine (EDA) causes branch extension with
terminal amino groups. This amine-terminated dendrimer
is referred to as a GI PAMAM dendrimer. Repetitive
cycles of Michael addition of the acrylate ester and
amidation with EDA leads to successive generations of
dendrimers. Functional group modification chemistry can
also be performed on the terminal ester or amine groups.
Thus, the treatment of the half-generation (ester-terminated)
PAMAM dendrimers with alkali metal hydroxides yields
carboxylate functionalities.

30.2.3.2 Dendrimers Synthesized by a Convergent
Strategy Hawker and Fréchet [7] made a major con-
tribution to the dendritic polymer chemistry field by
developing a convergent approach to dendrimer synthesis
in 1990. Dendritic fragments (dendrons) of benzyl ether
were thus created by coupling phenols with benzylic
halides. This approach represents a surface-to-core method,
where the monomers are assembled from the peripheral
units toward the core. Benzyl bromide was first coupled
with dihydroxybenzyl alcohol (DHBA) in the presence
of potassium carbonate and 18-crown-6 as a phase
transfer catalyst in acetone as shown in Scheme 30.5.
Following isolation and purification of the product, the

H,N NH,
Raney cobalt /J

—_— N—(CH, )N

Hy ’/_J \_\
\‘?\‘ H N NH,

H
w~z

Scheme 30.3 Preparation of polypropylenimine dendrimers.
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Scheme 30.4 Divergent PAMAM dendrimer synthesis starting from a diamine (EDA) core.
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Scheme 30.5 Synthesis of a Fréchet-type benzyl ether dendrimer by a convergent approach.
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Scheme 30.6 Arborol synthesis according to Newkome.

G1 dendritic benzyl alcohol was converted to a benzylic
bromide by treatment with carbon tetrabromide and
triphenylphosphine. Further cycles of DHBA monomer
coupling were performed to obtain subsequent dendron
generations. To obtain a symmetrical dendrimer, the
dendritic wedges carrying a bromide functionality at their
focal point can be coupled with a polyfunctional core such
as 1,1,1-tris(4’-hydroxypheny 1)ethane.

A convergent strategy such as this, with only one final
coupling step for the dendron wedges, facilitates high yield
reactions leading to well-defined structures. The symmetry
of the molecules can be controlled through the functionality
of the anchoring core.

In fact Newkome was really the first one to report a con-
vergent dendron synthesis for the preparation of arborols,
but the generation number and the molecular weight at-
tained were limited [6]. The synthesis of arborols started
from a trifunctional branch cell formed by treating an alkyl
halide with triethyl sodium methanetricarboxylate. Subse-
quent reduction of the ester with LiAlH, yielded a triol. The
formation of the second tier through another cycle of ester-
ification was attempted by tosylation with tosyl chloride in
pyridine and treatment with the methylsodium triester, but
the yield was very low due to inefficient nucleophilic attack
at the three terminal sites as a result of steric crowding. To
solve this issue, extension of the ester was performed be-
fore tosylation and coupling with the methylsodium triester

to afford the nonaester. The third generation of this cascade
molecule, obtained through amide functionalization with
tris(hydroxymethyl)aminomethane, was completely water
soluble. The reaction scheme for Newkome’s synthesis of
a 27-arm arborol is shown in Scheme 30.6.

30.2.4 Applications and Recent Trends

Considering the extensive control achieved over the size,
shape, and surface functionality of dendrimers, it is not
surprising that these molecules have a wide range of
potential applications. On examination of the structural
features of a dendrimer, one can visualize sector-specific
uses as shown in Figure 30.3.

The first application examined, and one of the primary
motivations for dendrimer syntheses, was as unimolecu-
lar micelles. In contrast to common micellar structures
formed through intermolecular association or aggregation,
dendrimers are covalently bonded structures unaffected by
their surrounding environment. Consequently, the ability
of amphiphilic dendrimers to encapsulate guest compounds
should be independent of changes in concentration, solvent,
and pH, among others. A strong incentive for dendrimer
micelles is in catalysis. Considering the structure and func-
tionality control attained, catalytic sites can be introduced
specifically within the core, on the periphery of dendrimers,
or both, as illustrated in Figure 30.4.
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Figure 30.3 Structural features and potential uses of dendrimers. Source: Reproduced with
permission from Inoue K. Prog Polym Sci 2000;25:453 [19]. Copyright 2000 Elsevier.

Figure 30.4 (a) Internal and (b) peripheral dendrimer functionalization.

The preparation of metallodendrimers, incorporating
metallic species within their structure, is a relatively facile
process given the ease and versatility of dendrimer func-
tionalization which can be tailored for metal coordination.
For example, the PAMAM dendrimers discussed earlier can
coordinate different transition metals through their nitrogen
atoms. Metals able to coordinate with the PAMAM struc-
ture include among others Cu [20, 21], Au [22], Pd [23], Pt
[24], Ag [25], Co [26], as well as bimetallic systems such
as Pd—Au [27] and Pt—Ru [28]. Dendritic catalyst selec-
tivity, activity, and stability can vary on the basis of steric
effects, the location of the catalyst, and the architecture of
the dendritic support [29, 30].

Coronal functionalization of the dendrimers with metals
is typically performed by a divergent approach, that
is, with the metal binding process occurring in the
final step. Catalysis on the periphery of dendrimers
provides easily accessible sites; however, steric crowding
of the reactants can influence the activity level observed.
In theory, such a system should have a performance
comparable to homogeneous (nonsupported) systems [31].
A higher loading level (catalyst/dendrimer) is possible with
peripheral loading, as there is a larger number of terminal
groups as compared to junctions within the dendrimer
skeleton; however, core-functionalized metallodendrimers
offer isolated catalytic sites that can be attractive for



certain applications. In many cases, the reduction of the
noble metal salts is necessary after loading into the
dendrimer. Alternately, the reduction of surface-bound
metals could result in encasement of the dendritic structure,
and potentially eliminate some of the inherent benefits
that the core may have, or create a barrier to core
loading. Careful selection of the surface functionality and
the degree of functionality are critical. In both core- and
periphery-functionalized metallodendrimers, isolation of
the catalyst from the crude product is conveniently achieved
by nanofiltration. Several reviews have been published on
this topic [31, 32].

Examples of peripherally functionalized catalysts in-
clude carbosilane dendrimers with Ni at their peripheral
functional sites serving in the Kharasch addition of poly-
halogenoalkanes to terminal carbon—carbon double bonds,
which displayed regioselectivity [33]. Polypropylenimine
dendrimers have likewise been end-functionalized with pal-
ladium, rhodium, iridium, and Pd—Ni bimetallic catalysts
for use in the Heck reaction and hydroformylation [34]. PA-
MAM dendrimers supported on silica were complexed with
rhodium for heterogeneous catalysis in the hydroformyla-
tion of styrene and various other olefins. The highly active
catalyst yielded branched chain aldehydes with high selec-
tivity from aryl olefins and vinyl esters. The catalyst was
easily recovered, and no significant loss in selectivity or
activity was observed on reuse [35].

Core-functionalized metallodendrimer catalysts are
sometimes referred to as dendrizymes by analogy to
biological systems and due to the observed influence of the
generation number on selectivity. Ferrocenyldiphosphine
core-functionalized carbosilane dendrimers have thus been
prepared as Pd ligands for the homogeneous catalysis of
allylic alkylation reactions, and displayed variations in
product selectivity for the largest dendrimers investigated
[36]. Fréchet-type polyether dendrons were complexed
with Pt for use as SO, sensor and with Ni for the Kharasch
addition of CCl, to methyl methacrylate [37]. The dendron
wedges, when functionalized at their focal point, displayed
adequate catalytic activity with easy recovery and good
stability.

Mimicking biological species is a major investigation
area for dendrimers, particularly for PAMAM-based struc-
tures due to their similarities in size, shape, and chemical
make-up with globular proteins. Thus, the immunodiagnos-
tic capabilities of dendrimers have been investigated [38],
as well as in vitro and in vivo gene delivery [39] and gene
expression [40]. These species possess an exterior barrier
controlled through end-group functionalization, as well as
void spaces within their interior, much like liposomes. The
tailored unimolecular micelle characteristics of dendrimers,
with an open interior (in contrast to typical micelles), allows
them to entrap guest molecules of various sizes and to se-
lectively release them under certain conditions [41]. These
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characteristics have led to the development of macromolec-
ular drug delivery systems from dendrimers. In analogy
to other complexation processes, drug molecules can be
loaded inside or attached at the periphery of the molecules,
to form dendrimer—drug conjugates. In the latter category,
it has been demonstrated that PAMAM dendrimer—platinate
conjugates have antitumor activity [42]. More recently, it
was shown that the encapsulation or complexation of camp-
tothecin (a plant alkaloid known for its anticancer potency)
with PAMAM dendrimers increased its solubility, which
represents a step toward the effective delivery of this drug
to cancerous cells [43]. PAMAM dendrimer—glucosamine
conjugates have even been shown to prevent scar tissue
formation [44]. Lastly, dendrimers have been investigated
for light-harvesting applications [45]. Their branched archi-
tecture provides an interesting framework in which energy
transfer can occur from peripheral chromophores to an en-
ergy sink located at the core of the molecules. This property
can be exploited in light-emitting diodes, frequency con-
verters, fluorescent sensors, or as a mimic for the natural
photosynthesis process.

30.3 HYPERBRANCHED POLYMERS

Hyperbranched polymers also possess a dendritic architec-
ture, but with imperfect branching. The basic structural
features present in these molecules are the same as in den-
drimers, namely, a core surrounded by layers of BC capped
with terminal units. The one-pot syntheses used to create
these treelike structures also rely upon AB, -type monomers
(Scheme 30.1), but without protecting groups preventing si-
multaneous condensation reactions. The resulting polymers
typically have broad MWD (P > 2), with multiple isomers
and geometries. Because they are created in a single reac-
tion step, hyperbranched polymers are more economical to
produce than dendrimers as their synthesis is less time and
resource intensive. This trait represents a major draw for
industry and the development of commercial applications
for dendritic polymers

30.3.1 General Features

Many methods have been reported to synthesize hyper-
branched polymers. These materials were first reported in
the late 1980s and early 1990s by Odian and Tomalia [9],
Kim and Webster [10], and Hawker and Fréchet [11]. As
early as 1952, Flory actually developed a model for the
polymerization of AB,-type monomers and the branched
structures that would result, identified as random AB,, poly-
condensates [46]. Condensation step-growth polymerization
is likely the most commonly used approach; however, it is
not the only method reported for the synthesis of statisti-
cally branched dendritic polymers: chain growth and ring-
opening polymerization methods have also been applied,
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among others. In a one-pot (or concurrent) method, the
monomers simply add in alternate manners into patterns
that can be modeled statistically. Structures can be grown
in the presence or the absence of a central core, as illustrated
in Scheme 30.7 for a simplified system.

Ideally no intermolecular reactions should occur between
the branched structures, but this is difficult to avoid in
many cases and is a drawback to this method. For such
an ideal (and simplified) case with an AB,-type monomer,
the branching coefficient («), representing the probability
that a branch unit has reacted, and is thus connected to
another branch unit, is equal to the fraction of B groups
reacted (pg), if it is assumed that the two B moieties are
equally reactive. The probability or fraction of A groups
having reacted (p,) can then be considered to represent the
extent of reaction, which leads to the relation between the
extent of reaction (p), the branching coefficient (), and
the functionality of the AB, monomer (f) given by the
following equation [46]:

o = pgand py = p, (f — 1) ; therefore,

aszzp

f—1 f-1

(30.5)

Fréchet proposed to use the ratio of the number of fully
branched monomer units to the total number of monomer
units contained within the polymer (,) to describe the
degree of structural perfection of hyperbranched polymers

(a)

derived from AB,-type monomers [11]. In a dendrimer with
a perfect structure, two types of monomer units are present
in equal proportions, the terminal (7') and the dendritic (D)
units, and thus the degree of branching is equal to 1. In
a hyperbranched structure, some of the dendritic units are
unreacted, leading to the formation of a third monomer unit
described as a linear (L) segment. The degree of branching
(op,) attained under these conditions can be expressed
by Equation 30.6, where D, T, and L represent the total
number of each type of unit:

D+T D+T
Opr = =
D+T+L N,

[}

(30.6)

The different types of dendritic monomer units are
shown in Figure 30.5, where the dendrimer (Fig. 30.5a)
contains three dendritic and six terminal groups, while the
hyperbranched structure (Fig. 30.5b) has two dendritic,
three linear, and five terminal units, yielding branching
functionalities (as defined by Fréchet [11]) of 1 and 0.7,
respectively.

The relative amounts of each of the three types of
monomer units can, in some cases, be determined by NMR
analysis or by other spectroscopic methods. In situations
where the units cannot be differentiated by these methods,
selective labeling and/or degradation can be performed,
followed by spectroscopic analysis. It should be noted that
Equation 30.6 does not tend toward zero for linear polymers
as it should. This discrepancy prompted the development

Figure 30.5 Structural units in a dendrimer (a, oy, = 1) and a hyperbranched polymer (b,
ap, = 0.7): dendritic (D), linear (L), and terminal (7).



of a corrected expression for branching functionality
(«’, Eq. 30.7) by two different groups in 1997 [47, 48].
Expressions for the universal degree of branching were also
derived for higher order functionalities and can be found in
the respective references:

, 2D
o =
2D+ L

(30.7)

In his original 1952 article [46], Flory also predicted
the influence of branching on the DP and molecular weight
dispersity, as shown in the following equation, which is
derived from Equation 30.5:

— 2 _
pXw_1-0°(f-D (30.8)
Xn 1—Ol(f—l)

It is apparent that the breadth of the MWD is highly
dependent on the extent of reaction (conversion) attained
in these reactions, as D increases with the conversion. At
low conversions, the MWD for an AB,, system corresponds
to a Flory distribution (P & 2); however, P trends toward
infinity as full conversion is approached. For trifunctional
monomers, including equally reactive A; monomers and
ABC monomers with reactivity differentials, the MWD also
depends on the DP but in a different way: P is proportional
to DP in an Aj system, while for an ABC system it is
proportional to (DP)2 [49, 50].

Unfortunately, the one-pot reaction scheme for the
preparation of hyperbranched polymers offers no option
for molecular weight control, which ultimately leads to
gelation. Intramolecular side reactions such as cyclization
resulting from “backbiting” processes are also common
in these reactions. One technique developed to avoid
or reduce side reactions uses a slow monomer addition
protocol, by adding monomer throughout the reaction.
This method has been termed concurrent slow addition
[51-53]. The copolymerization of AB monomers with
AB, monomers has also been employed to control the
molecular weight and reduce P in these reactions [51, 54].
Multifunctional initiators (B, monomers), when used in
batchwise or concurrent slow addition protocols, have also
shown promise in controlling the breadth of the MWD
[55, 56].

30.3.2 Synthetic Strategies and Common Structures

Hyperbranched polymers can be synthesized by -either
single- or double-monomer methods. Falling in the single-
monomer methodology (SMM) are common polymeriza-
tion techniques including the polycondensation of AB,
monomers, self-condensing vinyl polymerization (SCVP),
self-condensing ring-opening polymerization (SCROP),
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and proton-transfer polymerization (PTP). The double-
monomer methodology (DMM), as the name suggests, re-
lies on monomer pairs that can be subdivided into two
strategies: A, + Bj reactions, and the couple-monomer
methodology (CMM). Many combinations of compatible
monomers have been successfully applied to these strate-
gies. Considering the broad scope of this topic, only a
few examples of the pioneering work and some of the
simpler methods are provided for the different strategies.
A more detailed review on synthetic strategies for the prepa-
ration of hyperbranched polymers was provided by Gao and
Yan [57].

30.3.2.1 Single-Monomer Methodology Kim and Web-
ster reported the first example of a single-monomer poly-
condensation technique using 3,5-dibromophenylboronic
acid and aqueous sodium carbonate in the presence of a
Pd catalyst [10]. A general scheme corresponding to this
reaction and the resulting hyperbranched structure obtained
are shown in Scheme 30.8.

The single-monomer polycondensation scheme has also
been used to synthesize hyperbranched polyethers [58],
polyesters [59], polyurethanes [60], polysiloxysilanes [61],
as well as polycarbonates [62]. Higher order monomers
including AB;, AB,, AB5, and AB4 have also been
applied in single-monomer polycondensation syntheses of
hyperbranched polymers [63, 64].

SCVP requires a monomer not only with a vinyl group
but also with a pendant moiety that can act as an initiating
site for other vinyl pendants. This type of monomer is
referred to as an inimer (initiator + monomer). Fréchet
developed both free radical [65] and cationic [66] SCVP
methods for the synthesis of hyperbranched molecules
using inimers. These techniques all depend upon the
same principle: new initiating species are formed from a
specific functionality within the inimer molecules. Once
activated, this site can propagate through vinyl groups
on other monomers or inimers. As propagation continues,
macromonomers formed from inimers in the reaction
eventually react with the propagating center, resulting in
branching.

D
Pd(PPhy),
—-

Scheme 30.8 Hyperbranched polyphenylene synthesis by the
single-monomer polycondensation method.

Br Br
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In Fréchet’s cationic method, 3-(1-chloroethyl)-
ethenylbenzene is activated with SnCl, to yield a cationic
initiating site from the chloroethyl functionality. This site
can propagate through vinyl-containing species, producing
chains with pendant initiating sites that form branches once
they become active and participate in chain propagation.
Similar reaction sequences are involved in the radical
systems, for example, with a styrenic inimer containing
a benzylic nitroxide functionality [65]. In this case, the
hyperbranching process begins with the thermolysis of the
benzylic nitroxide, producing radical species that propagate
through the pendant vinyl group of the styrene moieties.
Residual nitroxides can also cleave along the polymer
backbone to form radical sites and propagate branch
growth. The cationic and radical hyperbranching processes
are illustrated in Scheme 30.9a and b, respectively.

The degree of branching attained in SCVP reactions is
governed by the reactivity difference between chain growth
through the vinyl groups and step growth addition at the
initiating site. In some cases, the degree of branching
attained can be controlled by adjusting the reaction
conditions used. The radical SCVP procedure requires
additional considerations, however, since side reactions
leading to gelation are more probable at longer reaction
times.

Cl

(b)

Polymerization by the inimer technology has received
much attention from Kennedy and Puskas, specifically for
the synthesis of hyperbranched polyisobutylenes (PIB)s and
copolymers thereof in a one-pot method [67]. While this
convergent approach complicates the structural analysis
of the branched polymers, fragmentation of the resulting
polymer is possible in some cases to allow such analysis
[68]. Branching ratios (BR) can be calculated directly
from the molecular weight of the branched polymer as
per Equation 30.9, to give an indication of the number of
branches contained within the molecules, as the ratio of the
measured M, for the polymer obtained to the theoretical
Mn ( M;heo).

M

LI (30.9)

BR =
Mrtlheo

The theoretical M, is calculated by assuming that
all the inimer molecules in the reaction act solely as
monofunctional initiator and not as a branching agent. This
quantity is calculated from the mass of monomer (m,,) and
the moles of inimer (n;) in the reaction as described by the
following equation:

Mtheo — Mm (30.10)

Cl

Scheme 30.9 Formation of hyperbranched polymers by (a) cationic and (b) radical SCVP.
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Scheme 30.10 SCROP of hydroxyl-functionalized caprolactone.

H B eoH B
A —< B A—<
B

B

(a)

(b) OJ; }o HO @

e

[ P _{B
HA
H\A _<BA —<B g

B Proton transfer

o
M 0" "0

OH ° " —&. & Y2
HO ; i

Scheme 30.11 (a) Generalized PTP synthetic scheme and (b) examples of monomers used in

PTP syntheses.

SCROP and ring-opening multibranching polymeriza-
tion (ROMBP) are similar to SCVP; however, in these
cases, the inimer is a cyclic monomer carrying an initi-
ating functionality. A good example of this approach is
shown in Scheme 30.10, where hyperbranched polyesters
are formed from inimers containing an alcohol functionality
and a caprolactone group [69].

The dominant contribution of simultaneous chain growth
from all the chain ends, controlled by the deprotonation
level of the initiator, leads to relatively narrow MWD
D ~ 1.1-1.4) while maintaining branching levels typical
of random polycondensation reactions (degree of branching
o' ~ 0.5, Eq. 30.7) [70]. The SCROP technique has also
been used to synthesize hyperbranched polyglycerols [70],
polyethers [71], and polyamines [72].

PTP, which began to gain momentum in the late
1990s, relies on a reaction sequence of the type shown
in Scheme 30.11a, where a catalytic amount of initiator is
added to the monomer for proton abstraction. Following
coupling with another neutral monomer unit, a thermody-
namically favorable proton-transfer reaction occurs from
another free monomer unit to the dimer. The activated
monomer can then couple with another monomer unit or
with an existing branched species. The proton-transfer step

does not propagate to a significant extent as it is a kineti-
cally slower process. Specific monomers that have been in-
vestigated for the PTP method are shown in Scheme 30.11b.

30.3.2.2 Double-Monomer Methodology The most ver-
satile approach to hyperbranched polymer synthesis is likely
the double-monomer methodology (DMM), due to the wide
range of monomers and chemical functionalities to which it
can be applied. The two categories of DMM reactions only
differ in terms of the reactivity of the functional groups in-
volved: in A, + B; reactions, all the moieties within each
monomer have the same reactivity, while varying degrees
of reactivity describe the couple-monomer methodology
(CMM).

The chemistry behind the A, 4+ B3 method is analo-
gous to the previously described AB, reactions, but the
compatible reactive sites are separated on two different
monomers. A significant obstacle in this approach is the
occurrence of gelation, commonly observed for the direct
polycondensation of A, and B; monomers. This problem
can be minimized through slow monomer addition, capping
agents, reaction quenching by precipitation, or the addition
of catalysts or condensation agents before reaching the
critical conversion point. A few of the less exotic monomer
combinations that have been used in A, + B; reactions are
depicted in Figure 30.6. These examples include monomers



572 DENDRITIC POLYMERS

HaN~_S-NH,

HOOC

or + COOH
HzN@O@NHz HooC
(a)
B@
N~ )-Br + (HO),B~{_-B(0H),
Br

()

; OH
0\7/\/\/20 + HO OH
(b)
OCgHy7 W
| | + —
CgHy,0 V.

(d)

Figure 30.6 Examples of monomer combinations for the A, + B; double-monomer synthesis of

hyperbranched polymers.

H-N

(0]
Arov\o,”\& +

(0]
(a)

F_\N H
\__/ _\_N;

H

OH
NCO + H-N

OCN OH

(b)

Figure 30.7 CMM monomers for (a) A, + B’ B, and (b) A, + CB,, reactions.

with the following chemical functionality combinations:
aromatic diamine and triacid (Fig. 30.6a) [73], diepoxy
and trihydroxy (Fig. 30.6b) [74], trisbromophenyl and
diboronic acid, (Fig. 30.6¢) [75], and diiodophenyl and
triethynylphenyl (Fig. 30.6d) [76].

The CMM provides improved control over the branch-
ing process through reactivity tailoring, resulting in sol-
uble (nongelled) hyperbranched polymers in most cases.
Gelation can be avoided through careful monomer selec-
tion whereby the reactivity of the functional groups differs.
Many different monomer combinations have been reported
fulfilling this requirement, two of which are A, + B’ B,
and A, + CB, systems. In the first case, both A groups
have the same chemistry and reactivity, and likewise for
the B groups, however, B’ has the same chemical make-up
as B but differs in reactivity. In the A, + CB, system,
the A groups and B groups have equivalent reactivity, but

CO,CHy
CO,CHy
HyC0,C “N ~L
NH, N“-Nr~co,ch,
N ¢ R
N N
HoN 7~ NH,
HyCO,C CO,CHj

C differs in chemical structure and reactivity. Examples of
monomers corresponding to each of these CMM classes are
provided in Figure 30.7.

The first example, Figure 30.7a, is an A, + B’ B, system
with two equally reactive vinyl groups (A,) and three amine
functionalities, where the tertiary amine is unreactive under
the conditions used. The primary and secondary amines
differ in terms of reactivity and are bi- and monofunctional,
respectively (B,B’). In the A, + CB,, case, Figure 30.7b,
the isocyanate groups are considered to be equally reactive
based on the CMM naming conventions (A,), as are the
hydroxyl groups (B,), the third functional group being
a secondary amine (C). Higher order functionalities have
also been investigated. A hyperbranched analog of the
commercially available PAMAM dendrimers (HYPAM) has
thus been synthesized by a one-pot method shown in
Scheme 30.12 [77]. This approach can be described as an

l

N
0 /"/ o) ,{,N
NH NN
N N N N
N
~ N NN
\[Or’\/ S \/\[g N
H
H

H N N
~~N NNy
\g/\/ \/\lg N\\,NH-H

Scheme 30.12 Synthesis of hyperbranched PAMAM (HYPAM).



Ag + Bg reaction of tris(2-aminoethyl)amine with tris(2-
di(methyl acrylate)aminoethyl)amine.

30.3.3 Applications and Recent Trends

The comparable architecture and chemical functionality of
dendrimers and hyperbranched polymers lead to similar
applications for these two families of dendritic polymers.
The main benefit in using hyperbranched polymers to
replace dendrimers lies in their simpler synthesis, provided
that the perfect structure of dendrimers can be sacrificed
for their broadly distributed hyperbranched analogs. The
one-pot syntheses require less time and resources, resulting
in less expensive processes that make hyperbranched
polymers excellent candidates for commercial applications.
Pertinent to the hyperbranched architecture are applications
as electronic, magnetic, and catalytic materials, as well as
numerous uses in the biomedical field; some of these are
considered herein.

The incorporation of transition metals in hyperbranched
polymers has received considerable attention. Like den-
drimers, hyperbranched materials can be loaded with met-
als within their interior, on their exterior, or throughout
the whole molecule, the exact location of the coordina-
tion sites depending on the functionality of the polymer,
as shown previously in Figure 30.4. Salazar thus modi-
fied hyperbranched polyglycerol with hydroxyl end groups
to a structure containing tertiary amines on its periph-
ery [78]. The hyperbranched polyamines were coordinated
with copper chloride and were successfully used as cat-
alysts in the oxidative coupling reaction of phenylacety-
lene. Similarly, NCN-pincer platinum(II) carboxylates were
complexed with hyperbranched polyglycerols to form endo-
receptors to catalyze the coupling reaction of methyl vinyl
ketone and ethyl «-isocyanopropionate by Michael addi-
tion [79, 80]. These systems displayed improved perfor-
mance due to the enhanced accessibility of the catalytic
sites and the high local reagent concentration; the catalysts
could be isolated from the reaction product in high yield
(>97%) by dialysis. Other mainstream hyperbranched poly-
mers such as polyethylenimines [81] and PAMAMs [77]
have also been used to stabilize various transition metals
for catalytic applications. These molecules contain multi-
ple metal-coordinating sites, both internal and peripheral,
due to their high nitrogen content. The terminal primary
amine groups of these polymers can also serve as function-
alization sites to enhance the stability of the metal—polymer
complexes under different solvency conditions. Thus, in the
case of hyperbranched polyethylenimines, the aqueous sol-
ubility of the polymers loaded with transition metals (Cu,
Ag, Au, and Pt) was ensured by encapsulating the structure
with a carbohydrate shell [81].

The postpolymerization functionalization method to in-
corporate transition metals into hyperbranched polymer
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structures can target the interior cavities and the functional
groups of the molecules alike. One of the more exotic appli-
cations proposed for a metal-loaded hyperbranched polymer
is a combination of a semiconductor polymer of conju-
gated poly(p-phenylenevinylene) (PPV) and colloidal semi-
conducting CdS nanocrystals at various locations within
the structure [82]. This was accomplished by incorporat-
ing alkoxy substituents within the monomer before the
hyperbranched polymer synthesis, to provide coordinating
sites for cadmium. The deposition of cadmium within the
branched structure increased the dispersion of the nanoparti-
cles and reduced their aggregation within the PPV-CdS hy-
brid, in addition to providing efficient energy transfer. The
unique photochemical activity displayed by these nanos-
tructured CdS materials make them excellent candidates for
power conversion in hybrid photovoltaic systems [83]. Us-
ing a similar approach, a scaffold containing triple bonds
acting as ligand sites was used to template the deposition
of cobalt carbonyl, Co,(CO)g. The cobalt-containing hyper-
branched polyynes were synthesized by Hauller et al. for
the preparation of nanostructured magnetoceramics [84].
The cobalt was incorporated in the core of the hyper-
branched polyynes through cobalt-triple bond coordination
within the hyperbranched backbone. The structural units of
the polymers used to template CdS and cobalt deposition
are compared in Figure 30.8.

The incorporation of metals within dendritic structures
during the synthesis of the molecules has been achieved
using metal-containing AB, monomers. Onitsuka used
this approach in the synthesis of hyperbranched polyyne
from Pt-functionalized monomers [85]. These displayed
liquid crystalline properties under the influence of a
magnetic field, similar to the analogous one-dimensional
linear structures [86]. The predetermined location of the
metal within the monomer ensures its even and regular
distribution throughout the entire polymer structure. An
analogous Pt-containing dendrimer structure has also been
reported [87]. The formation of a hyperbranched structure
from the platinum—acetylide monomer proceeds as shown
in Scheme 30.13.

W

(a) (b)

Figure 30.8 Conjugated hyperbranched polymers used to tem-
plate (a) CdS and (b) cobalt deposition.
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Scheme 30.13 Synthesis of a hyperbranched polymer from a platinum-containing acetylide

monomer.

Hyperbranched polymers are also gaining interest as bio-
materials, specifically as hosts for bioactive molecules such
as drugs, labels, or probes. Hyperbranched polyglycerols
are one of the candidates considered for this application as
their synthesis is well-established and controlled, but more
importantly they are biocompatible and biodegradable. End-
group functionalization is also a versatile method that can
be easily adapted for enhanced biocompatibility, for site tar-
geting, or to serve as binding sites for guest molecules [88].
Similar polymers have been applied to protein immobiliza-
tion [89, 90] or to support cell growth [91]. Hyperbranched
PIB-based copolymers have likewise received significant
attention as biomaterials, with specific interest as coatings
in arterial stents [92, 93]. This is due to the fact that a linear
triblock copolymer analog, poly(styrene-b-isobutylene-b-
styrene) (SIBS), has received approval from the United
States Food and Drug Administration (FDA) for use as
medical device coating. More specifically, copolymers of
PIB and styrenic monomers were shown to display thermo-
plastic elastomeric (TPE) properties and are being assessed
for their degree of biocompatibility [94, 95]. The TPE prop-
erties of these materials arise from microphase separation
of the polystyrene (PS) chain segments within the poly-
mer matrix providing physical cross-links, in analogy to
the common block copolymer TPE. Consequently, these
materials behave like covalently crosslinked (vulcanized)
rubbers at room temperature, but they can be processed
like thermoplastics at temperatures above the glass transi-
tion temperature of the PS segments.

30.4 DENDRIGRAFT POLYMERS

30.4.1 General Characteristics

These macromolecules have a dendritic architecture rem-
iniscent of dendrimers and hyperbranched polymers, but

are derived from polymeric building blocks rather than
small-molecule monomers. While the molecular weights at-
tained for dendrigraft polymers can be much higher than
for the other dendritic polymer families, their MWD typ-
ically remains relatively narrow (P < 1.1), and thus they
are referred to as semicontrolled dendritic structures [96].
Synthetic schemes have been developed for the preparation
of dendritic graft polymers by different methods includ-
ing anionic, cationic, radical, and ring-opening polymer-
ization. Three distinct methodologies can be distinguished
in the literature, namely, divergent grafting-onto, divergent
grafting-from, and convergent grafting-through techniques.

The divergent approach relies on successive grafting re-
actions starting from a linear substrate (equivalent to the
core in dendrimer syntheses). In the divergent grafting-
onto method, polymeric side chains are coupled with the
substrate, while in the divergent grafting-from method, the
side chains are grown from initiating sites on the substrate.
Successive grafting reactions lead to consecutive gener-
ations of branched polymers in both cases. The conver-
gent grafting-through methodology is a one-pot technique,
whereby building blocks are produced and coupled in situ
to yield branched structures in a single reaction step. This
represents the main advantage of the grafting-through meth-
ods, in analogy to the hyperbranched polymer syntheses,
as it requires less time, effort, and resources to obtain
high molecular weight dendritic structures. The grafting-
onto and grafting-from methods, in contrast, involve distinct
steps of substrate functionalization, grafting, and product
isolation for each generation.

30.4.2 Synthetic Strategies, Common Structures, and
Properties

30.4.2.1 Divergent Grafting-Onto Strategy The first
dendrigraft polymer syntheses were reported independently
by two research groups in 1991. Gauthier and Moéller [12]



developed a divergent anionic grafting-onto method for
the preparation of branched PSs denominated arborescent
polymers. The term arborescent referred to the treelike ar-
chitecture of the molecules, with symmetric long branches.
Tomalia et al. [13], on the other hand, employed cationic
polymerization in a similar divergent grafting-onto scheme
to synthesize branched polyethylenimines, initially called
Comb-burst® polymers. The term dendrigraft polymers has
meanwhile become widely accepted to designate arbores-
cent, Comb-burst, and other related dendritic graft polymer
architectures collectively. The divergent grafting-onto strat-
egy is represented schematically in Figure 30.9. Specific
details of the anionic and the cationic grafting methods
developed by Gauthier and Moller and by Tomalia et al.,
respectively, are discussed in the subsequent sections.

Arborescent Polymers The first grafting technique de-
veloped for the synthesis of arborescent polymers used
chloromethyl coupling sites located on the phenyl pen-
dants of PS substrates. Coupling “living” polystyryl anions

Functionalization

X X Grafting
. J— . —_—
Linear X x
-
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with the chloromethyl sites on the substrate thus resulted
in a comb-branched, or generation 0 (GO) arborescent PS
structure. Repetition of the functionalization and graft-
ing reactions led to arborescent polymers of generations
Gl, G2, G3, etc. Efficient coupling with the substrate
required “capping” of the living chains with a single
1,1-diphenylethylene unit to suppress metal-halogen ex-
change side reactions. One of the major problems encoun-
tered in this approach was associated with the use of haz-
ardous chloromethyl methyl ether for the introduction of
the chloromethyl coupling sites on the substrate. This issue
was solved in 2001, when Li and Gauthier [97] developed
an alternate grafting method based on acetyl coupling sites
(derived from acetyl chloride). In this case, the living PS
chains were capped with a few 2-vinylpyridine units be-
fore coupling with the acetylated substrate, and LiCl was
added to suppress proton abstraction from the acetyl groups
leading to chain termination. The synthetic paths for the
preparation of GO arborescent PS using both chloromethyl
and acetyl coupling sites are compared in Scheme 30.14.

(1) Functionalization

B —
(2) Grafting

GO

G1

Figure 30.9 Schematic representation of the generation-based synthesis of dendrigraft polymers
by a divergent grafting-onto method. (See insert for the color representation of the figure.)
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The scope of the grafting methods initially developed
for PS was expanded over the years to the synthesis
of arborescent copolymers, mainly by grafting a poly-
mer with a different composition in the final reaction
cycle. Copolymers with core—shell morphologies were
thus synthesized by grafting living poly(2-vinylpyridine)
(P2VP) chains onto chloromethylated or acetylated PS
substrates [98, 99]. Polystyrene-g-polyisoprene [100] and
polystyrene-g-poly(tert-butyl methacrylate) [101] copoly-
mers were also synthesized by a similar approach. Alter-
natively, molecules with an inner P2VP shell embedded
between a core and a corona of PS were obtained by graft-
ing a PS-b-P2VP block copolymer onto arborescent PS
substrates [102].

Depending on the molecular weight of the side chains
and the functionalization level of the substrate used in
the reaction, very high overall molecular weights can be
achieved in only a few grafting cycles. If the number of
coupling sites (f) available per side chain on the substrate
and the molecular weight of the side chains (M) remain
constant for each cycle, the molecular weight (M) of an
arborescent polymer can be calculated according to the
following equation:

M=Mbr+Mbrf+Mbrf2+Mbrf3+"'
G+1

=) My f* (30.11)
x=0

Three key parameters characterize the success of a
grafting reaction: the grafting yield (G,), defined as the
fraction of side chains generated in the reaction becoming
attached on the substrate; the branching functionality
(fy), corresponding to the number of chains added in
a grafting reaction; and the coupling efficiency (C,),
which is the fraction of coupling sites grafted with side
chains. Arborescent polymers are typically synthesized
from linear polymer building blocks having a molecular
weight of about 5000 g/mol and substrates with target
functionalization levels of circa 25—30 mol%. This provides
a large number of coupling sites on the substrate (10—15 per
side chain), while minimizing steric hindrance effects that
would become more important at higher grafting densities.
The grafting of coronal side chains has been investigated
for both long (30,000 g/mol) and short (5000 g/mol) chain
segments, resulting in either starlike or crew-cut [103]
architectures, respectively. For increased side-chain lengths,
the grafting yield and the coupling efficiency decrease due
to enhanced steric crowding by the longer chains. The same
effect also comes into play when grafting onto substrates
of the upper generations. The small molecules used in the
substrate functionalization process can easily diffuse on
the periphery and the interior of the branched structures.
The ability of polymeric chains to diffuse to the coupling

sites located within the interior of the branched substrates
decreases as their size increases, however, which reduces
the grafting yield and the coupling efficiency. Typical
values of grafting yield and coupling efficiency thus range
from upward of 90% in GO polymer syntheses, down to
circa 20% for G4 polymers. Narrow MWD are maintained
over successive grafting reactions, and P sometimes even
decreases marginally as a result of averaging of the side-
chain length distribution. The molecular weight of these
polymers can range from circa 5 x 10* g/mol for GO to
over 107 g/mol for G4 polymers, depending on the length
of the side chains and the grafting density used in the
synthesis.

The spherical topology of arborescent polymers is a
consequence of the molecular weight of the polymer chains
used in their synthesis: a prolate spheroid having at most
a 3 : 2 axis ratio is expected for a GO molecule (if it
were to adopt a fully extended chain conformation) when
grafting side chains having the same molecular weight as
the linear substrate (e.g., 5000 g/mol for both components).
This changes to an increasingly spherical topology over
successive grafting cycles (5 : 3 axis ratio for a Gl
polymer, 7 : 5 for G2, and so on). This topology is
reflected in the dilute-solution properties of arborescent
polymers in terms of their scaling behavior (molecular
weight dependence) for the second virial coefficient (A,),
the z-average translational diffusion coefficient (D,), and
the radius of gyration (r,), which are all comparable to
rigid spheres [104]. More recently, it was shown through
small-angle neutron scattering measurements that the chain
segment density of arborescent polymer molecules becomes
relatively constant at their center after a few grafting
cycles, but decreases according to a power law within their
corona [105].

Comb-burst  Polymers The divergent grafting-onto
method suggested by Tomalia et al. [13] for the synthesis
of Comb-burst polymers yields a molecular architecture
similar to the arborescent systems, but these polymers are
produced through cationic polymerization of 2-ethyl-2-
oxazoline. The side chains inherently contain protected
coupling sites that are activated by deacylation under
acidic conditions. The secondary amine sites generated
along the substrate polymer can be coupled with living
poly(2-ethyl-2-oxazoline) in a predetermined molar ratio
to control the branching density. Another possibility is
through partial deacylation of a fraction of the secondary
amine sites. Depicted in Scheme 30.15 is the cationic
synthesis of Comb-burst poly(2-ethyl-2-oxazoline), by
initiation of the polymerization with methyl tosylate, as
well as substrate activation and grafting to yield a GO
polyethylenimine (3).

The number of RU (Ngy;) and the molecular weight (M)
of Comb-burst polymers can be predicted from the number
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Scheme 30.15 Grafting of living poly(2-ethyl-2-oxazoline) (2) onto a linear polyethylenimine (1)

to yield a GO Comb-burst polyethylenimine (3).

of coupling sites on the branches () and the core (V,), the
molecular weight of the core (M), the molecular weight of
the RU (M), and the molecular weight of the end groups
(M), according to the following expressions:

NS -1
Nrov =N\ —v—7~
b

G+1_l

M = M_+ N, |:MRU <b—

N )+MZNbG“:| (30.12)
o

A series of Comb-burst polyethylenimine was thus
synthesized with a side-chain DP increasing from 10 to 20
for the first two generations, and then maintained constant
at 100 for the subsequent generations [106]. A geometric
increase in molecular weight was observed as predicted by
Equation 30.12, with grafting yield variations similar to
those observed for arborescent systems.

30.4.2.2 Divergent Grafting-From Strategy In a diver-
gent grafting-from method, polymer chains are grown from
a substrate acting as a polyfunctional initiator. This ap-
proach is particularly advantageous for the preparation of
copolymers with core—shell morphologies, as these can be
obtained simply through the addition of different monomers
in the side-chain growth process. As with the grafting-onto
method, variations in the dimensions of the initiating core
relatively to the side chains, as well as the location of the
initiating sites, can produce different topologies. Spherical
molecules result when the core has dimensions compara-
ble to the side chains and the latter are evenly distributed
around the core. If the DP of the side chains in the first
grating cycle (GO polymer synthesis) is significantly lower
than that of the core, cylindrical structures will result. A GO
(comb-branched) molecule exhibiting this topology is com-
monly referred to as a polymeric brush.

The divergent grafting-from method suffers from a
significant drawback in terms of structural characterization.
In the grafting-onto techniques, a sample of the side
chains can be removed for analysis before the grafting

reaction. Unfortunately, this cannot be done in the grafting-
from approaches, in analogy to hyperbranched polymer
syntheses. Characterization of the side chains is only
possible if they can be cleaved from the substrate after
the reaction. Another drawback of this method is that it
often yields broadly dispersed products, due to the increased
probability of side reactions and the influence of steric
hindrance resulting in the retardation of propagation for
some of the chains.

This approach was first developed by Six and Gnanou
for the synthesis of starlike dendritic poly(ethylene oxide)
[107]. Analogous results have also been obtained using den-
drimerlike multifunctional initiators [108, 109]; however,
we focus on methods starting from linear macroinitiator
substrates in this section. One such method was reported for
the synthesis of arborescent polyglycidols, starting from a
linear polyglycidol macroinitiator with anionic ring-opening
polymerization [110]. The linear substrate was obtained by
initiating the polymerization of glycidol acetal with potas-
sium fert-butoxide, and treatments with formic acid and
KOH/methanol/dioxane to deprotect the hydroxyl function-
alities. The initiating sites were activated by treatment with
potassium fert-butoxide, and glycidol acetal monomer was
added to grow branches from the substrate and produce
a GO structure. Further reaction cycles led to arborescent
polyglycidols of generations up to G2. The synthesis of a
GO arborescent polyglycidol starting from the polymeriza-
tion of the acetal monomer is illustrated in Scheme 30.16
as an example.

Relatively low D values were obtained in this synthesis
(P ~ 1.2-1.4), albeit with MWD broadening over suc-
cessive generations. Substrate activation with fert-butoxide
targeted a 10% neutralization level, to provide adequate
spacing for the side chains, but much higher branching
densities (reaching 90%) were observed in practice. This
is due to hopping of the potassium counterions among the
hydroxyl groups on the macroinitiator substrate, leading
to chain growth from most of the deprotected functional
groups. Monomer conversion reached 99% during the first
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Scheme 30.16 Synthesis of a GO arborescent polyglycidol molecule.
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Scheme 30.17 One-pot synthesis of arborescent polystyrene by a semibatch process with
mixed monomer additions. Source: Reproduced with permission from Yuan Z, Gauthier M.
Macromolecules 2063;2006:39 [114]. Copyright 2006 American Chemical Society.

two grafting cycles, but decreased to 27% for the G2 polyg-
lycidol due to poor solubility of the graft polymer.

An approach similar to the previous divergent grafting-
from method also served to synthesize dendrigraft poly(L-
lysine) by ring-opening polymerization [111], styrene
homopolymers and styrene—methacrylate copolymers by
a combination of stable free-radical polymerization and
atom transfer radical polymerization (ATRP) [112], and
copolymers of 2-hydroxyethyl methacrylate with styrene or
tert-butyl methacrylate by ATRP [113].

Another embodiment of this technique was used for
the synthesis of high molecular weight, low D arbores-
cent polymers by Yuan and Gauthier in a one-pot synthesis
of arborescent PSs [114]. In this case, the anionic copoly-
merization of styrene (Sty) and 1,3-diisopropenylbenzene
(DIB) initiated by sec-butyllithium was carried out in a
semibatch process. Following complete monomer conver-
sion, the chains were terminated and the isopropenyl moi-
eties of the DIB units were activated with sec-butyllithium
to produce a polyfunctional anionic macroinitiator without
additional workup. Further styrene-DIB monomer mixture
additions yielded a comb-branched (GO) copolymer, and

subsequently G1 arborescent PS molecules after activation
and styrene addition. An illustration of this synthetic tech-
nique is provided in Scheme 30.17.

Control over the side-chain molecular weight was
achieved through the amount of monomer added to
the activated substrates. The P values obtained ranged
from 1.1 to 1.3 for molecular weights (M,,) reaching
7 x 10% g/mol. The same technique was also used
to synthesize arborescent copolymers, by adding other
monomers in the last side-chain growth cycle, namely,
arborescent polystyrene-g-poly(tert-butyl methacrylate)
and  polystyrene-g-[polystyrene-b-poly(2-vinylpyridine)]
copolymers [115].

Hybrid techniques combining grafting-onto and grafting-
from methodologies have also been investigated for ar-
borescent polymer molecules, by introducing functional
groups at the chain ends of an arborescent polymer and ac-
tivating them to grow a corona of polymer segments with
a different chemical composition [116].

30.4.2.3 Convergent Grafting-Through Strategy The
convergent grafting-through method is the least time- and
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Scheme 30.18 One-pot grafting-through method to for the convergent synthesis of dendrigraft

polystyrene.

resource-intensive approach for the synthesis of dendrigraft
polymers. This self-branching system, carried in a one-
pot reaction, makes use of bifunctional monomers carrying
a vinyl group and a second functional group capable of
coupling in situ with the living chains. The bifunctional
monomer can be added slowly at different stages of the
reaction to induce the formation of branching points,
while maintaining relatively low P typical for dendrigraft
polymers.

This technique was first developed by Knauss et al. for
the convergent anionic synthesis of PS. On addition of a bi-
functional monomer such as 4-(chlorodimethylsilyl)styrene
[117] or vinylbenzyl chloride [118] to living polystyryl-
lithium, a portion of the living chains undergo nucle-
ophilic substitution at their chloromethyl or chlorosilyl site,
while propagation may take place via the vinyl group. The
branched macromonomers generated in the coupling reac-
tion quickly become sterically crowded, which limits the
attainable molecular weight, but this growth mechanism is
also believed to be at the origin of the relatively narrow
MWD observed in some cases (P ~ 1.1-1.8). To facilitate
the attainment of higher molecular weights and branching
functionalities, styrene monomer can be added along with
the bifunctional monomer to introduce PS segment spacers
between the branching points, thus reducing the influence
of steric crowding on the branching process. In the ab-
sence of PS spacers, the branched structures obtained are
closer to star-branched polymers than to dendrigraft poly-
mers. A polymerization process with styrene addition to
produce spacers between the branching points is depicted
in Scheme 30.18.

The branched structure of dendrigraft polymers obtained
by the convergent grafting-through method can be described

in terms of an average generation number (G) determined
from Equation 30.13, where M and M,y correspond to the
M, for the graft polymer and the primary chains (before
addition of the coupling agent), respectively, and My is the
molecular weight of the structural unit derived from the
coupling agent:

G = log (Mg) — log (M, + Mg) (30.13)

The bifunctional monomer approach, with continuous
addition of the monomer and the branching agent, is
analogous to hyperbranched polymer syntheses using the
inimer technology, but the MWD obtained are significantly
narrower: the P values reported vary from 1.2 to 2.0, albeit
the molecular weight is also limited to circa 10° g/mol
[117, 118].

A similar approach was used to construct a unique tri-
block copolymer having dendritic termini connected by
linear segment. The synthesis of the dendritic-block-linear-
block-dendritic PS, referred to as the pom-pom structure
due to its dumbbell-like shape, results from a convergent
anionic polymerization procedure using dichlorodimethyl-
silane as a coupling agent [119].

30.4.3 Applications and Recent Trends

Considering the versatility of dendrigraft polymer syn-
theses, it is relatively easy to introduce features in the
molecules of interest for specific applications. Since the
chain segments of dendrigraft polymers are covalently
bonded, copolymers with amphiphilic character behave like
unimolecular micelles that provide an interesting basis for
comparison with regular micelles. The self-assembly of
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Figure 30.10 Percent mass fraction of lidocaine released from an
arborescent PS-g-P2VP G1 (UJ) copolymer, and of indomethacin
released from G1 (), G2 (M), and G3 (A) copolymers. Source:
Reproduced with permission from Njikang GN, Gauthier M, Li J.
Polymer 2008;49:5474 [120]. Copyright 2008 Elsevier.

block copolymers into micelles under selective solvency
conditions is indeed concentration dependent, requiring a
minimum concentration (the critical micelle concentration
(CMCQ)), which is nonexistent for unimolecular micelles.
Thus, depending on the specific application targeted, the
dynamic character of block copolymer assemblies and their
sensitivity to solvency conditions may be problematic, for
example, when trying to load host molecules within their
core.

The core—shell morphology of amphiphilic dendrigraft
polymers, and the ability to control their characteristics
(hydrophobic core size, hydrophilic corona thickness)
independently, provides a wider range of structures than
can be achieved for block copolymer micelles. A good
example of this is arborescent amphiphiles incorporating
a hydrophobic arborescent PS core and a corona of polar
P2VP segments [98, 99]. These copolymers are interesting
in terms of their solubilization properties [99] and their
ability to host and slowly release hydrophobic compounds
[120]. In vitro loading and release studies of indomethacin
and lidocaine from PS-g-P2VP arborescent copolymers of
different generations showed that the release profiles for

~— 0 e
Acetylated
PS-b-P2VP  GOPS

HAuCI,
—_—

the model drugs displayed an initial burst release, followed
by more gradual release over extended time periods. The
release profiles obtained for indomethacin and lidocaine
from different host PS-g-P2VP copolymers are compared
in Figure 30.10 as an example.

It is clear from Figure 30.10 that the release from
upper generation copolymers is more gradual, which can
be attributed to the increased branching functionality of the
molecules. It should also be noted that ionic interactions are
present between the carboxylic acid group of the drug and
the nitrogen atom of the pyridine pendants, which explains
the much slower overall release rate for indomethacin as
compared to lidocaine.

The usefulness of analogous arborescent copolymers
characterized by a layered architecture, with an inner shell
of P2VP segments, has been recently demonstrated as uni-
molecular templates for the preparation of metallic nanopar-
ticles in nonpolar solvents [102]. Metallic nanoparticles
are being intensively investigated for applications includ-
ing imaging agents, microelectronics, separation science,
catalysis, and biological uses such as targeted labeling and
delivery systems or cell therapy. Arborescent copolymers
with reverse micelle characteristics are obtained by graft-
ing living PS-b-P2VP block copolymers onto arborescent
PS substrates according to the methods described previ-
ously [12, 97]. A schematic representation of the synthesis
of a template molecule, its loading with a metallic salt,
and the reduction of the salt to metallic nanoparticles is
shown in Figure 30.11. Since the living end of the block
copolymer serving as side-chains is located at the end of
the P2VP segment, a core—shell—corona copolymer archi-
tecture is obtained, with a corona of PS chains providing
compatibility with nonpolar organic solvents, an inner shell
of P2VP, and a PS core. The P2VP shell enables the load-
ing of polar compounds, for example, through coordination
with transition metals or, for charged species, through ionic
interactions. This templating approach to the preparation
of metallic nanoparticles has so far been explored using
HAuCl,.

The metals loaded in the arborescent templates may be
easily viewed by transmission electron microscopy (TEM)
as shown in Figure 30.12 [102]. The generation number of
the PS-g-(P2VP-b-PS) templates governs the distribution of
the metallic species within the molecules: the GO templates
(Fig. 30.12a), having an ill-defined core comprised of a

Figure 30.11 Synthesis of an arborescent copolymer, GOPS-g-(P2VP-b-PS), its application to
templating HAuCl, deposition, and reduction to gold nanoparticles. (See insert for the color

representation of the figure.)
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Figure 30.12 TEM micrographs for (a) PS-g-(P2VP-b-PS) and (b) GI1PS-g-(P2VP-b-PS)
loaded with HAuCl,; the high magnification inset depicts the ring-like arrangement of Au.
Source: Reproduced with permission from Dockendorff J, Gauthier M, Mourran A, Moller M.
Macromolecules 2008;41:6621 [102]. Copyright 2008 American Chemical Society.
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Scheme 30.19 Synthesis of GOPS-g-PIP copolymer followed by hydrosilation with a fluorohy-
drosilane for use as a processing aid. Source: Reproduced with permission from Gauthier M, Lin
W-Y, Teertstra SJ, Tzoganakis C. Polymer 2010;51:3123 [121]. Copyright 2010 Elsevier. (See
insert for the color representation of the figure.)
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single linear PS chain, provide a uniform distribution of
gold, while the G2 species (Fig. 30.12b), incorporating a
larger noncoordinating G1PS core, display a metal-depleted
region at the center of the nanoparticles.

The high molecular weight, compact structure, and
spherical topology of arborescent polymers confer them
a low viscosity as compared to their linear counterparts.
These characteristics are also attractive for their potential
application as polymer processing additives. It has indeed
been demonstrated that branched polymers with a high
degree of symmetry have a greater tendency to diffuse
to the surface of polymer blends [121], and so they can
interact more efficiently with the die wall surface and
modify the processing characteristics of the host polymer.
Linear fluoroelastomers have been instated as polymer
processing additives for many years due to their ability to
induce slippage at the walls of processing equipment, which
leads to reduced melt defects and energy consumption. For
that reason, fluorine-containing arborescent polystyrene-g-
polyisoprene copolymers, combining the inherent properties
of branched polymers with the surface energy reduction of
fluorinated polymers, have been investigated as processing
aids [121]. Arborescent copolymers with a PS core and
polyisoprene (PIP) side chains were synthesized by a
divergent grafting-onto method [97] and hydrosilylated with
a fluorohydrosilane as depicted in Scheme 30.19.

Capillary rheometer extrusion tests were performed
by monitoring the applied pressure and the extrudate
appearance as a function of the deformation (shear) rate, for
blends of the arborescent copolymers at 0.5% w/w with a
commercial linear low density polyethylene (LLDPE) resin.
In all cases, the backpressure was reduced for the blends
as compared to virgin LLDPE; however, the performance
of the arborescent additives was inferior to a commercial
additive used for comparison.

30.5 CONCLUDING REMARKS

The dendritic polymer literature reviewed herein provides
compelling evidence that these materials are a unique
and versatile class of branched polymers. The synthesis
of dendritic macromolecules can be accomplished by
numerous methods allowing for specific tailoring of the
characteristics of the polymer, to yield desired properties
or functionality. While some of the procedures reported
are quite intricate, requiring multiple cycles of synthetic
steps and work-up, one-pot syntheses have also been
developed for hyperbranched and dendrigraft polymers,
making these materials more viable for (large-scale)
commercial production and industrial applications.

The low viscosity [122] of dendritic polymers is interest-
ing in terms of their potential applications as rheological (or
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viscosity) modifiers and/or as polymer processing aids. Fur-
thermore, the multiple chemical functionalities available for
these materials offers a wide range of applications in differ-
ent areas including stabilized catalysts, biological markers,
sensors, and micelle mimics.

Dendritic polymers have been the focus of a great
deal of application-oriented research in recent years. The
number of U.S. patents related to dendritic polymers
issued between 1990 and 1999 totaled 62, and only
three patents were issued before 1990. From 2000 until
July 2010, approximately 240 additional dendrimer-related
patents were issued, that is almost four times the number
issued in the previous decade.! The number of patent
applications relating to dendritic species over the same
period totaled approximately 430, demonstrating that this
field is receiving even more attention than the number of
already issued patents suggests. Recent emphasis on more
exotic applications within the fields of nanotechnology,
pharmaceuticals, and biotechnology has resulted in rapid
growth in the number of filings. Further investigation
into these fields as well as the new synthetic approaches
and hybrid methodologies being developed will certainly
broaden the scope of dendritic polymer applications in the
future.
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