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ABSTRACT: It has been about 10 years since the first intentional preparation of hyper-
branched polymer was disclosed. Hyperbranched polymers, as well as dendrimers, may
find utilities in the areas where the structural uniqueness of these polymers gives
merit. There has been much progress in the structural understanding and the methods
of synthesis of these polymers. However, functional understanding and utility of these
polymers are still in infancy. Better understanding on physical properties of these
polymers, such as solubility and miscibility of these polymers in solvents or with
polymers, and functional group dependency to the thermal relaxation process are
needed for further development of the subject. © 1998 John Wiley & Sons, Inc. J Polym Sci
A: Polym Chem 36: 1685–1698, 1998
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HISTORY

In the early 1980s, a surge of enthusiasm had
permeated the DuPont polymer research commu-
nity with success of the group transfer polymer-

ization (GTP).1–5 Room-temperature living poly-
merization of acrylic monomers opened a door to a
variety of architectural polymers. Star-shaped
polymers with a large number of active functional
groups particularly attracted much attention, be-
cause thin films with these star polymers as a
crosslinking agent were found to give exception-
ally high toughness even at low temperature.6–9Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 36, 1685–1698 (1998)
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Flexibility of the crosslinking constituents as well
as the large number of functional groups can be
hypothesized to account for the superior perfor-
mance. This discovery trigged curiosity toward
architectural polymers, in which the branching is
more dense and the total number of functional
groups is greater. This type of polymer was envi-
sioned to be obtained by condensation polymer-
ization of ABx-type monomers, and coined inter-
nally in DuPont as ‘‘hyperbranched polymers.’’
Polymers of such architectural characteristics
had been widely considered theoretically, and
have been a subject of polymer textbooks,10 but
intentional manifestation of hyperbranched poly-
mers had not been demonstrated by then. While
DuPont scientists were involved in construction
and characterization of hyperbranched polymers,
a number of scientists in various affiliations
turned out to be working on similar types of com-
pounds for different reasons, which appeared to
be geared more toward the fascination of the
beauty of the geometry. Research on compounds
with a cascading architecture11,12 or a symmetric
tree branching architecture13–18 provides exam-
ples. The synthetic strategies for these materials
were typically aimed to produce pure macromo-
lecular compounds. Some aimed to produce ‘‘pure’’
polymers with molecular weight in the range where
only biological systems were able to produce. This
was also the period that rich imagination not only
flourished in the science but also in nomenclature
of these compounds. The names termed were
mostly rooted from the shapes of these com-
pounds, which resembled the branching structure
of tree. Thus, names like star-burst dendrimer13

or cascade molecule arborols16 were suggested.
Single-step synthesis of the highly branched poly-
mer was settled down as a hyperbranched poly-
mer.19 Second-order hyperbranched polymers,
namely highly branched polymers with oligomers
as the branching arm, were coined as comb-burst
dendrimer,20,21 or arborescent graft polymer.22

Interestingly, the development of this area has
coincided with public fascination of the fractal
structure, and progress in the fractal theory cer-
tainly has helped in the characterization of hy-
perbranched polymers and in publicity.

It has been just about 10 years since the first
intentional preparation of hyperbranched poly-
mer was warranted as a patent in 1987,23 and
public disclosure at the 1988 American Chemical
Society Meeting at Los Angeles.19 The first type of
polymer investigated was aliphatic polyesters
with hydroxy or carboxy terminal groups.24 How-

ever, characterization of these polymers was
found to be erratic, particularly because of irra-
tional solubility of those polymers. The molecular
weight determined by GPC was irreproducible.
Polyphenylene is one of the most intractable poly-
mers known. Hyperbranched polyphenylenes, on
the other hand, exhibit excellent solubility prop-
erties. Compared to aliphatic hyperbranched
polymers, rigid monomer segments offer more
open and accessible cavities where solvation can
be accommodated for dissolution.23 Compared to
linear p-polyphenylene, which is one of the most
intractable polymers, such a high solubility of
hyperbranched polyphenylenes was surprising.
Highly branched polyphenylenes were synthe-
sized from AB2-type monomers, for example, (3,5-
dibromophenyl)boronic acid and 3,5-dihalophenyl
Grignard reagents as shown in Scheme 1. These
monomers were polymerized by Pd(0) and Ni(II)-
catalyzed aryl–aryl coupling reactions, respec-
tively. Polymers with molecular weights 5000–
35,000 and polydispersities , 1.5 were obtained,
with a branching factor of about 0.8. These poly-
mers were thermally stable to 550°C and soluble
in many organic solvents, with a Tg at 236°C. The
bromine functional group was converted to vari-
ous groups, through lithiation or coupling reac-
tions, to give other functional polymers with
vastly different relaxation and solubility charac-
teristics. Some of these derivatives were used as
multifunctional initiators to prepare star poly-
mers, for example, via ring-opening polymeriza-
tion of propiolactone and anionic polymerization
of methyl methacrylate.25 Reaction of the polymer
with BuLi, followed by CO2, resulted in a water-
soluble carboxylated polymeric lithium salt. This
polymer showed properties resembling those of
micelles, and was proposed to behave as a unimo-
lecular micelle.26 Surfactant properties were also
observed in a Langmuir monolayer experiment
and from its effect on CaCO3 crystal formation.27

While the architecture of dendrimers has cap-
tured synthetic chemist’s hearts as soon as the

Scheme 1.
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concept was known, it took some time for the
polymer chemists to jump on the hyperbranched
polymer wagon.28 For most cases, hyperbranched
polymers may be able to replace dendrimers in
utility,29 but they can be prepared much more
rapidly and economically. Nevertheless, as the
intensity of curiosity increases, more diverse in-
quiries on the subject emerged. Some of the in-
quiries may turn out to be rather obvious in ret-
rospect, and some are of surprising nature. The
most intense activities so far have been synthesis
of varieties of hyperbranched polymers, with
much of the effort from industrial settings. This
review is to summarize my personal view in this
new science area, where uncertainty furnishes
much excitement.

MOLECULAR ARCHITECTURE

Hyperbranched polymers exhibit much similarity
with conventional linear polymers in many as-
pects. The preparation of these polymers was
mainly conceived as an extension of well-known
classes of polymers. Hyperbranched polymers are
typically prepared by polymerization of ABx-type
monomers. When x is 2 or greater, polymerization
of such monomers gives highly branched poly-
mers as shown in Scheme 2, as long as A reacts
only with B from another molecule.10,30 Reaction
between A and B from the same molecule will
result in termination of polymerization by cycliza-
tion. This approach would produce highly
branched polymers possessing one unreacted A
‘‘terminal’’ functional group and (x 2 1)n 1 1
number of unreacted B ‘‘terminal’’ functional

groups, where n is the degree of the polymeriza-
tion. Similarly, copolymerization of A2 and B3 or
other multifunctional monomers also can give hy-
perbranched polymers, if the polymerization is
kept below the gel point by limiting polymer con-
version or by manipulation of the multifunctional
monomer stoichiometry.

The unique properties of hyperbranched poly-
mers are mainly manifested by their intrinsic
globular structure and large number of terminal
functional groups.

Unlike dendrimers, however, hyperbranched
polymers have elements of conventional poly-
mers, namely molecular weight dispersity, isom-
erism, and geometrical shapes. However, some
new geometrically descriptive terminology has to
be introduced to highlight the architectural
uniqueness of these polymers. For example, the
conventional polymer branching term,10 the de-
gree of branching (a) does not adequately describe
the highly branched polymers. To describe the
degree of perfection of the branching, a normal-
ized branching factor was introduced.26 The
‘‘branching factor,’’ fbr, is equal to the mol fraction
of fully branched monomers relative to the all
possible branching sites. In other words, it can be
also described as the ratio between the sum of all
the monomers that are fully branched and termi-
nal vs. the total monomer units.31 If we call the
mol fraction of monomers at the terminal position
T, unbranched linear monomer units L, and fully
branched monomer units B, then,

f br 5
T 1 B

N0

Thus, the branching factor for a fully branched
polymer, such as a dendrimer, is 1, and that of a
linear isomer of high molecular weight is 0. Since
N0 5 T 1 B 1 L, if one can measure the mol
fraction of the L units, fbr can be calculated from
1 2 L/N0. Thus, the degree of branching can be
determined if at least one type of branched mono-
mer units could be quantified.32 The mol fractions
of each type of monomer unit can be measured by
a spectroscopic method, or by digestive methods.33

Isomerism is the most important distinction
between hyperbranched polymers and either den-
drimers or linear polymers. Because the addition
of each monomer takes place randomly, a large
number of geometrical isomers can be formed
even for a given molecular weight and branching
factor. Isomerism causes further dispersity in the

Scheme 2.
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aspect ratio of the polymer molecule. Scheme 3
shows two polyphenylenes that have the same
molecular weight and fbr, and differ in geometry.
This variation of geometry has an importance on
the solution as well as solid-state packing struc-
ture of the polymer and related properties. For
example, the packing order influences not only
the relaxation process but also affects the solubil-
ity of the polymer.

Unlike dispersity of molecular weight and
branching, that of isomerism is difficult to quan-
tify. Flory has calculated10 that the number of
configurations for a branched polymer is, with n
equal the degree of polymerization and x is the
functionality of B,

nx!
~nx 2 n 1 1!!n!

Table I shows calculated numbers of possible
isomer configurations for various ABx monomers.
Obviously, the number of isomers increases with
the complexity of monomers and the molecular
weight of the polymers.

There have been some attempts to describe the
isomeric structural characteristic designation us-
ing graph theory. Among the various topological
indices, the Wiener index34 seems to be useful in
designating the geometry for hyperbranched poly-
mers. Several research groups have published

mathematical logic for calculating the Wiener in-
dex35 or hyper-Wiener index36 for dendritic poly-
mers. For hyperbranched polymers, a method of
subgraph enumeration of orbital and wedgeal
population, and its relationship with some struc-
tural properties such as molecular weight and
volume, were exemplified.37

Hyperbranched polymers are closer to conven-
tional polymers in terms of molecular weight dis-
tribution than dendrimers. Due to variations in
the degree of branching, the molecular-weight
distribution could be broader than that of the
linear polymers. The polydispersity of the hyper-
branched polymers is expected to increase to in-
finity at infinite polymer molecular weight. In the
case of AB2 type trifunctionality monomers, one
would expect a significant increase in the polydis-
persity when the monomer conversion reaches
about 90%. The molecular weight distribution of
imperfect dendrimers, which has a structure sim-
ilar to hyperbranched polymers but are obtained
by multistep synthesis, was found to be narrow.38

In reality, the GPC molecular-weight measure-
ment reflects the radius of gyration of polymer
due to not only its molecular weight but also the
size differences due to geometrical isomerism.
Even though the absolute molecular weight of
hyperbranched polymers can be obtained through
a universal calibration method, it may not be
legitimate to define the polydispersity of hyper-
branched polymers based solely on a GPC mea-
surement.

SYNTHESIS

In principle, practically all known polymerization
methods, condensation, addition, ring opening,
etc., can be employed to polymerize ABx type
monomers, as shown in Scheme 4. Solution poly-
merization is the most favored mode of polymer-

Scheme 3.

Table I. Number of Possible Isomers in Hyperbranched Polymers

N0

Generation
Number
for AB2

Dendrimers

Number of Configuration 3 in ABx

2 3 4

4 1 1.40E101 5.50E101 1.40E102
10 2 1.68E104 1.43E106 2.73E107
22 3 9.15E110 4.05E115 4.52E118
46 4 8.74E124 1.09E135
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ization, but neat polymerization,39,40 solid-state–
supported polymerization, etc., was also reported.41

Continuous, slow addition of an AB2 monomer to
a suspension of polystyrene beads functionalized
with a focal-point monomer results in the simul-
taneous growth of hyperbranched polymers in so-
lution and on the support. Interestingly, the poly-
dispersity of the support-bound polymer was ca.
1.3, among the lowest yet observed for the hyper-
branched polymers.

Condensation Polymerization

It is conceptually most obvious to identify conden-
sation polymerization monomers that have an
ABx type structure. For this reason these mono-
mers are the ones studied most extensively. Prob-
ably most early work on this area may not have
been designed to prepare hyperbranched poly-
mers intentionally, because unusual properties
for these polymers were not appreciated then.
Many classes of monomers fit into this category.

Thermoset polymers made of benzylic units
have been known for a long time, for example,
Bakelite. Controlled cationic polymerizations of
benzylic compounds are known to produce soluble
polymers, which should have a highly branched
structure.42 Benzyl halide or benzyl alcohol can
generate a benzylic cation that will undergo con-
densation via aromatic electrophilic substitution
either ortho or para position, leading to hyper-
branched polymers (Scheme 5). Unfortunately,

most of these polymers have not been character-
ized extensively.

The possibility of using hydroxyl-terminated
hyperbranched polymers as multifunctional
crosslinking agents was recognized as early as
1972. Polymers obtained by condensation of a
polyhydroxy monocarboxylic acid, such as bis(hy-
droxymethyl)propionic acid, were used in coating
compositions.43 Similarly, aliphatic hyperbranched
polymers derived from higher molecular weight
ABx-type monomers, prepared by Michael addi-
tion of v-hydroxy amine to arylates, as well as
fully aromatic polyesters (polyarylates) were re-
ported.24 Numerous methods and structure vari-
ations for hyperbranched polyarylates have ap-
peared.31,44–50 Various copolymers with AB-type
monomers were also prepared. The Tg’s of the
copolymers vary largely with the mole fraction of
branching units and with the nature of the end
groups. In the case of phenolic OH and acetate
end groups, the relationship between the Tg vs.
number of branching units passes through a min-
imum Tg around 100–120°C.51 On the other
hand, it was suggested that copolymerization of
AB2 and B3-type monomers, for example, di-
methyl 5-(2-hydroxyethoxy)isophthalate and tri-
methyl 1,3,5-benzenetricarboxylate, could give
better geometrical control in the hyperbranched
polymer synthesis.52 A monomer containing both
aliphatic and aromatic reactive groups is reported
to produce a hyperbranched polymer with less
internal ring formation. Condensation of 4,4-(49-
hydroxyphenyl)pentanoic acid gave high molecu-
lar polymer with more than 95% of the acid func-
tional groups remaining.53

Hyperbranched aliphatic polyesters with mo-
lecular weights in the range of 1200–44,300 were
synthesized in the molten state from 2,2-bis(hy-
droxymethyl)propionic acid and 2-ethyl-2-(hy-
droxymethyl)-1,3-propanediol as a core molecule
using acid catalysis. This polymer showed a lower
Mark–Hourwink’s ‘‘a’’ constant than linear poly-

Scheme 5.

Scheme 4.
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mers, but the viscosity of the solution was greatly
affected by the surface functionality.54 The poly-
merization is a pseudoone-step reaction where
stoichiometric amounts corresponding to each
generation were added successively.55 A kinetic
study of polymerization of 2,2-bis(methylol)prop-
ionic acid indicated that the reaction rates were
strongly dependent on the miscibility of the mono-
mer and the polyol core material. Trimethylolpro-
pane (TMP) core material exhibited the highest
rate of reaction, due to the low melting tempera-
ture of TMP and good solubility and mass trans-
fer of heterophase 2,2-bis(methylol)propionic acid
in the TMP melt.56

Even though some polyamide dendrimers, in-
cluding polypeptide dendrimers are reported,57–59

not many aliphatic polyamides have been inves-
tigated yet. In the area of aromatic polyamides,
condensation of 3,5-diaminobenzoyl chloride or
3-aminoisophthalyl chloride in an amide solvent
gave hyperbranched polymers. The GPC analysis
of these polymers in a solvent containing a com-
plexing salt showed that the molecular weight
ranged between 24,000 and 46,000 with polydis-
persities of 2.0–3.2, GPC in the absence of a com-
plexing salt indicated a high degree of polymer
aggregation.60

A few hyperbranched polyether polymers are
known. Most of the work in this class of polymers
has been concentrated in polybenzyl ether or poly-
phenylene ethers. Condensation of 3,5-dihydroxy
benzylbromide with K2CO3 in the presence of a
crown ether gave polyethers with various molec-
ular weights that were solvent dependent;61

2,4,6-Tribromo phenol is an example of an AB3
type of monomer, and can be polymerized via an
oxidative free radical intermediate. A low molec-
ular weight polymer obtained with 1 equivalent of
NaOH and a catalytic amount of K3Fe(CN)6
showed a Tg 5 148.8°C by DSC. High molecular
weight polymers can be obtained in high yield by
adding KOH to neutralize the phenol, assuring
thereby by complete dissolution of the phenol in

water prior to the addition of the initiator. Under
standard phase-transfer catalyst conditions with
tetrabutylammonium fluoride as the phase-trans-
fer catalyst, only a low molecular-weight polymer
(Mp 5 1100) was obtained.62

Hyperbranched structures of polymers com-
monly used as engineering plastic were also re-
ported, apparently with the hope that these poly-
mers would provide exceptional properties. These
attempts have neglected the fact that a hyper-
branched structure would not let the polymer
molecules engage in chain entanglement, which is
a necessity for the mechanical properties of the
engineering plastics. Polyetherketones, both of
dendrimer and hyperbranched structures,63 and
polyaryl ethers analogous to common linear poly-
aryl ethers are described along this line.64,65 More
recently, fairly high molecular-weight hyper-
branched aromatic polycarbonates derived from
1,1,1-tris(49-hydroxyphenyl)ethane were reported.66

Incorporation of metals or hetero atoms in den-
drimers has been a popular pursuit, especially in
attempts to prepare soluble polymeric catalysts.
That type of efforts has not been seen much in the
hyperbranched area yet. Silicon-containing poly-
mers are the only reported hyperbranched hetero
atom polymers so far. The most common polymers
are hyperbranched polysiloxanes, where usually
hydrosililation to a various length of the olefinic
chain was used to prepare polymers with varying
degree of success.67–71

Polysilane hyperbranched polymers containing
Si atoms connected to three and four other Si
atoms were prepared. Copolymers made from
RSiCl3 (R 5 n-hexyl, Ph, and Me) and MePhSiCl2
resemble hybrid materials of polysilyne and poly-
silanes.72

Addition Polymerization

Addition polymerization of monomers that con-
tain an initiating function and a propagating
function in the same molecule, has been shown to
give hyperbranched polymers. Unlike the ABx-
type structure required by condensation poly-
mers, addition polymerization renders the hyper-Scheme 6.

Scheme 7.
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branched polymer by multiple reactive sites,
which are generated as a result of vinyl addition
reaction in addition to the already existing initi-
ating function. A number of vinyl monomers con-
taining a pendant group that was transformed
into an initiating moiety by the action of an ex-
ternal stimulus were self-polymerized.

Hyperbranched polymers were prepared from
3-(1-chloroethyl)-ethyl benzene by cationic poly-
merization,73 and from 4-[2-(phenyl)-2-(1-2,2,6,6-
tetramethylpiperidinyloxy)ethyloxy]methyl sty-
rene74 or p-(chloromethyl)styrene75 by free radical
polymerization. In the cationic living polymeriza-
tion, the benzylic chloride of 3-(1-chloroethyl)-
ethyl benzene is activated with SnCl4 in the pres-
ence of Bu4NBr,76,77 followed by low-temperature
living cationic addition polymerization of a sty-
renic double bond. The Mark–Houwink a con-
stant for this series of polymers was 0.43, in con-
trast to 0.7 for a linear polystyrene. Recent ad-
vances in free radical living polymerization have
allowed more facile preparation of hyperbranched
polymers. TEMPO-assisted styrene polymeriza-
tion78 or Atom Transfer Radical Polymerization
(ATRP)79 of p-(chloromethyl)styrene provided hy-
perbranched polymers.75

Similarly, group transfer polymerization of
2-[[2-methyl-1-(triethylsiloxy)-1-propenyl]oxy]ethyl
methacrylate gave polymers with a hyperbranched-
structure.80,81 A method of calculation for the
molecular-weight distribution (MWD) and its mo-
ments for hyperbranched polymers formed by self-
condensing vinyl polymerization was reported.82

Ring-Opening Polymerization

There are few examples of hyperbranched poly-
mer synthesis using ring-opening polymerization.

We have attempted ring-opening polymerization
of 2-hydroxyl methyl oxetane under basic condi-
tions, which yielded only low molecular-weight
polyethers.83

Comb-Burst Dendrimers or Arborescent
Graft Polymers

Another intriguing concept in building high mo-
lecular-weight highly branched polymers is that
these can be prepared by grafting a polymer chain
that is already grafted to other polymers. Thus,
the polymer would have branches of branches, so
that these polymers show no chain entanglement
even at extremely high molecular weight. Toma-
lia has prepared such polymers in a convergent
approach, and called them comb-burst dendrim-
ers,20 while Gauther et al. have obtained struc-
turally similar polymers and named them arbo-
rescent graft polymers.22,84,85 Comb-burst polyox-
azoline dendrimers were prepared by repeated
sequential grafting and hydrolysis of preformed
living poly(2-ethyl-2-oxazoline) oligomers on a
polyethylenimine core. Arborescent graft polysty-
renes were prepared by successive chloromethyl-
anionic grafting sequences on polystyrene. This
approach led to well-defined hyperbranched mac-
romolecules with branching functionalities f
. 5000 and molar wt . 107 g/mol, while main-
taining a polydispersity below 1.3. The stiffness of
the polymer chain was modulated by varying the
degree of grafting sites along the chain, resulting
in controllable stiffening of the molecule struc-
ture. Static and dynamic light-scattering experi-
ments showed that the polymer behaved like hard
spheres in dilute solution. Measurements in the
semidilute range, however, showed a progressive

Scheme 8.
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structural stiffening effect as the degree of
branching increased.86–88 A similar approach
was used in the synthesis of hyperbranched poly-
isoprene.89,90 These polymer shapes can be pre-
pared if the chain termini or the chain backbone
contains well-defined initiating functional groups.
For example, highly branched polyethylene oxide
was prepared by this method. A multifunctional
initiator was used to form the first generation
branched polyethylene oxide. This living polymer
was end-capped with a latent multifunctional
group. Upon reactivation, the chain ends provided
sites for further branching.91

The most intriguing aspect of all these poly-
mers is that their properties depend more on the
chain length between the branching points than
the total molecular weight. Thus, if the chain
length between the branching point is less than
the critical molecular weight for chain entangle-
ment (Mc), the polymer behaves as a low molecu-
lar-weight polymer (with the slope of a plot of logh
vs. log MW to be 1) regardless of the total molec-
ular weight. When the molecular weight between
the branching points increases beyond the entan-
glement molecular weight the slope of a plot of
logh vs. log MW becomes 3.4. In other words, if
the branching length is less than the Mc, the
polymer shows the characteristics of a hyper-
branched polymer, and would not behave like a
conventional polymer regardless of the molecular
weight of the polymer.

PHYSICAL PROPERTIES AND UTILITY

Because hyperbranched polymers cannot engage
in chain entanglement to the same degree as lin-
ear polymers, their usefulness in conventional
structural applications is futile. To find its appli-
cations other than in crosslinking chemistry, a
better understanding of the physical properties of
these polymers is necessary. A few intriguing pos-
sibilities have surfaced recently. Some polymers
show colloid-like properties. The large number of
terminal functional groups greatly influences the
molecular relaxation processes of the polymer.
Polymer miscibility and solubility are other is-
sues that need to be addressed. The Flory–Hug-
gins theory is based on the polymer chain cohe-
sive interaction energy parameter. Because most
of the interaction between the hyperbranched
polymers resides at their chain ends, rather than
the chain interaction, the conventional Flory–
Huggins theory may not be able to predict the

miscibility of hyperbranched polymers. Even
though a physical understanding of these types of
polymers is highly desired, only limited effort has
been given so far to this problem.

Aggregation Properties

Some of these polymers exist as unusual colloid-
like aggregates. Some organometallic hyper-
branched polymers were found to aggregate even
at a very low concentration.92 A carboxylated hy-
perbranched polyphenylene gave oriented struc-
ture owing to partial segregation of the polymer
at the air/water interface, and resulted in an
usual nucleation of the CaCO3 crystal struc-
ture.93

Several hyperbranched polymers show me-
sophases. Thermotropic hyperbranched poly-
mers, comprised of mesogenic branched monomer
units, were described in a series of publications.
Above their glass transition temperature, these
hyperbranched polymers are considered to mini-
mize their free energy by lowering their free vol-
ume via a conventional nematic mesophase,
which is generated by the conformational change
of their structural units from gauche to anti.94–97

On the other hand, aromatic polyamides ex-
hibit polymer aggregation in the absence of a
complexing salt resulting in a mesomorphic
phase.60 Similarly, a protonated hyperbranched
amide with an amine center showed mesomor-
phism.98

Relaxation Properties

A strong correlation between the degree of
branching and the nature of the terminal groups
of dendrimers and hyperbranched polymers to
their glass transition temperatures has observed.
The variation in the glass transition temperature
as a function of molecular weight and types of
chain end for dendritic polyethers and polyesters
was explained with a modified chain end free-
volume theory. While the modified Flory equation
for Tg with consideration of the volume of end
groups could explain the molecular dependence of
polybenzylether dendrimer, the effect of func-
tional groups could not be explained.99 In compar-
ing the Tg’s of hyperbranched polyphenylenes
(Table II) and p,p9,p0-trisubstituted triphenylben-
zenes, Tg’s were found to increase with end-group
polarity for both the polymers and the models,
with an almost linear correlation between these
two sets of materials.100 More detailed dielectric
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permittivity and loss measurement for hyper-
branched polyesters of 2,2-bis(hydroxymethyl)-
propionic acid showed three relaxation transi-
tions, the glass–rubber transition and two sub-
glass processes with an Arrhenius temperature
dependence behavior with an activation energy of
96 6 2 kJ/mol.101 The activation energies of the b
process in the polymers increased in the order of
hydroxyl, acetate, and benzoate terminal groups,
indicating that the benzoate-terminated polymer
is the most constrained.102

Chu and Hawker have prepared an iso-struc-
ture of AB2-type monomers, which should give
polyether ketone with an identical backbone
structure, but with different terminal groups. A
large difference in the Tg of these two iso-struc-
tural polymers also suggests the importance of
the terminal groups in the polymer properties.103

In fact, it is not surprising at all that hyper-
branched polymers are looked as a one-to-one
block copolymer with all the monomers incorpo-
rated in the inner part of the polymer and termi-
nal groups. Due to large differences in the polar-
ity of the connecting groups and terminal groups,
the physical properties, including the Tg, would
be affected by the nature of the backbone as well
as the terminal groups (Table III).

To compare the general properties of hyper-
branched polymers and dendrimers, Wooley et al.

have examined a model hyperbranched polyester
and the corresponding dendrimer. Polymers pre-
pared from 3-hydroxy-5-(tert-butyldimethylsiloxy)-
benzoic acid, as a branching point, showed that
thermal properties, such as Tg and TGA, were
independent of polymer architecture. However,
the dendritic and hyperbranched materials dem-
onstrated comparative solubilities that were
much greater than those found for the linear poly-
mer.104 Their conclusions on the thermal proper-
ties may contradict with some other findings.
For examples, the Tg of hyperbranched polyphe-
nylenes is much lower than that of dendrimers of
comparable molecular weights (Table IV). This
discrepancy may have originated from the fact
that the hyperbranched model compound Wooley
et al. have used is a pure substance, while a real
hyperbranched polymer is a mixture of millions of
isomers of molecular weight and isomeric struc-
tures. This large number of isomers increases the
state of entropy for the system, and is expected to
lower the transition temperature as indicated by

T 5
DH
DS

Applications in Crosslinking

The large number of terminal functional groups
allows the use of hyperbranched polymers as mac-

Scheme 9.

Table II. The Effect of The Functional Groups on the Tg of Hyperbranched Polyphenylene

Functional
Groups Br H CH3 (CH3)3Si p-Anisol CH2Cl a-Vinyl Phenyl

Tg(°C) 221 121 177 141 223 182 96
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roinitiators,25 or crosslinking agents. Chemically
stable polymers, such as polyphenylenes, have
also been used as the core of conducting star
polymers. A star polymer of a hyperbranched
polyphenylene core with regioregular poly(3-
hexylthiophene) arms exhibits electical and opti-
cal properties of the same or even higher struc-
tural order than the linear analogues.107 A sys-
tematic investigation of hyperbranched polyesters
as curing agents has been developed in Sweden.
Hyperbranched aliphatic polyesters from 2,2-
bis(hydroxymethyl)propionic acid and 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol were used as a
crosslinking agent in the coating resin formula.
The resin could be UV cured, and the Tg of the
hard-cured films was correlated to the difference
in the structure of terminal groups in the res-
ins.108 The viscosity of alkyds based on hyper-
branched polyesters and unsaturated fatty acids
exhibited a substantially lower viscosity com-
pared to similar mixtures with conventional cur-
ing agents. They also had excellent curing prop-
erties with amazingly short curing times.54,109,110

The hyperbranched polymer composite in-
creased matrix toughness.111 The size and the
spherical configuration of the hyperbranched
polymer eliminate the detrimental particle filter-
ing effect observed with other conventional tough-
ening systems. The toughness properties of both
glass and carbon fiber-reinforced composites have
been increased.112

Polymer Solubility and Miscibility

Molecular modeling of the polymer reveals a large
number of empty cavities between branches. We

speculated that a complex would form between
hyperbranched polyphenylene and other aromatic
groups through intercalation of the aromatic
rings. Existence of such complexation was con-
firmed by a NMR study of carboxylated polyphe-
nylene and p-toluidine.26 If this interaction takes
place with a polymer containing aromatic groups,
it will cause a physically reversible crosslinking of
the polymer chains. While PS showed reduction
in the melt viscosity in the presence of bromi-
nated polyphenylene, it had no noticeable influ-
ence on the melt viscosity of PVC.25 The differ-
ence between PS and PVC in rheological effect
suggests that compatibility of a polymer with the
hyperbranched polymer may be an important pa-
rameter for such an effect. Some of these ques-
tions have been addressed using hydroxyphenyl-
and acetoxyphenyl-terminated hyperbranched
polyesters. The phase behavior of blends of hy-
droxyphenyl- and acetoxyphenyl-terminated hy-
perbranched polyesters with linear polymers such
as polycarbonate, polyesters, and polyamides in-
dicated that the hydroxy-terminated hyper-
branched polyester blend miscibility was identi-
cal to that of poly (vinylphenol), suggesting that
strong interactions due to hydrogen bonding, mo-
reso than chain architecture, dominate the blend
miscibility.113

Similar to hyperbranched polymers, arbores-
cent polystyrene also affect the melt viscosity of
linear polymers. While polymers with lower
branching functionalities led to melt strengthen-
ing in the high-temperature range, the more
highly branched polymers gave an almost 10-fold
decreases in melt viscosity. TEM of the PMMA
blends showed that melt thinning is associated

Table III.≤≤Properties of Iso-Structure Polyetherketone with Different Terminal Groups

Monomer Mn (D) End Group Tg Solubility

95000
(2.2)

OH 127

162

Soluble in DMF, KOH solution

Soluble in DMF, KOH solutionF20000
(1.8)

O
HO

OH
F

O

OH
F

F
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Table IV.≤≤The Glass and Other Thermal Transition Temperatures of Polyphenylene Dendrimers
and Hyperbranched Polymers

Branched Phenylenes105,106
Tm

(ƒC)
DHf

(kJ/mol)
Tg

(ƒC)
DCp

(J/ƒC ? g)

4Ph

10Ph

22Ph

46Ph

Ph

Ph

Ph

Ph
Ph

Ph

Ph

Ph

Ph

Ph Ph

PhPh

Ph

Ph

Ph

Ph

Ph

Ph
PhPh

Ph

174.0 32.3 no Tg or 100 (?)

271.2 67.6 126 0.28

338.9 74.2 190 0.22

511.5 — 220 0.11 

Hyperbranched polyphenylene with
≤≤hydrogen terminal groups


None


—


121


0.26
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with segregation of the branched polymer at the
sample surface.114

CONCLUSIONS

After 10 years since the introduction of hyper-
branched polymer, there has been much progress
in the structural understanding and the methods
of synthesis of these polymers. Unfortunately,
however, functional understanding and utility of
these polymers are still in infancy. Due to lack of
chain entanglement, these polymers do not show
the properties of common polymers, such as
strength and toughness, which make organic
polymers so useful in the modern materials sci-
ence. Hyperbranched polymers, as well as den-
drimers, may find utilities in the areas where the
structural uniqueness of these polymers gives
merit, as we have seen the possibilities. Most
likely these polymers could be useful in the area
of composites, coatings, or rheology modification.
However, the mechanistic understanding on the
viscosity modification is poor, and there are some
cases in which phase separation of the hyper-
branched polymer during the crosslinking reac-
tion caused the efficacy of these crosslinking
agents to be low. At this point, there is virtually
no understanding of the solubility and miscibility
of these polymers in solvents or with polymer, and
little effort has been devoted to obtain such an
understanding. In addition, the glass transition
temperature of the hyperbranched polymer de-
pends so much on the terminal groups, and the
relaxation of the hyperbranched polymer after it
is incorporated in the coating is hardly under-
stood. These would be the physical properties im-
mediately needed to make hyperbranched poly-
mers more widely accepted in the main stream
polymer science area.

The leadership of Dr. O. W. Webster, and collaboration
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