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Aromatic Hyperbranched Polymers:
Synthesis and Application

Anindita Ghosh, Susanta Banerjee, and Brigitte Voit

Abstract Hyperbranched (hb) polymers have been receiving increasing attention
because of their unique architecture that results in an interesting set of unusual
chemical and physical properties. Over the past decade quite a number of excellent
reviews on hb polymers have been published by different research groups, covering
various aspects of this class of polymers. This review will highlight the work on
aromatic hb polymers of the last decade, emphasizing general synthetic strategies
and recent development of alternative synthetic strategies, and discussing various
aspects of hb polymers to demonstrate their wide range of applications.
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Abbreviations

6F-BPA  4,4'-(Hexafluoroisopropylidene)diphenol

AFM Atomic force microscopy

BPA 4.4’ -Tsopropylidenediphenol

BPADA  2,2-Bis[4-(3,4-dicarboxyphenoxy) phenyl]propane dianhydride
BTDA 3,3',4,4'-Benzophenonetetracarboxylic dianhydride
C-BPA  4,4'-(9-Fluorenylidene)diphenol

CHCl; Chloroform

D Dispersity (M,/M,)

DB Degree of branching

DMAc Dimethyl acetamide

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

DSC Differential scanning calorimetry

EB Elongation at break

FTIR Fourier transform infra-red spectroscopy
GPC Gel permeation chromatography

HQDPA  1,4-Bis(3,4-dicarboxyphenoxy)benzene dianhydride
hb Hyperbranched

M, Number average molecular weight
M., Weight average molecular weight
NMP N-Methylpyrrolidinone

NMR Nuclear magnetic resonance

ODA 4,4'-Oxydianiline
ODPA 4.,4'-Oxydiphthalic dianhydride

PAA Polyamic acid

PL Photoluminescence

PMDA  Pyromellitic dianhydride

SEM Scanning electron microscopy

T. Crystallization temperature

T4 Onset decomposition temperature
Ta 5% 5% weight loss temperature
Ta.10% 10% weight loss temperature
TEM Transmission electron microscopy
T, Glass transition temperature
TGA Thermogravimetric analysis

THF Tetrahydrofuran

T Melting temperature

uv Ultraviolet
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1 Introduction to Hyperbranched Polymers

The research activities in the field of hyperbranched (hb) polymers have generated
an innovative and impressive number of new hb polymers, together with first
applications of these materials. With the availability of synthetic strategies from a
wide range of building blocks and with precise control over polymer architecture
and functionality, hb polymers have attracted a great deal of attention during the
past decade for many interesting applications. New synthetic methodologies have
allowed the preparation of highly branched molecules under controlled conditions,
and new analytical techniques have allowed the characterization of these materials
[1-8]. Numerous unusual and novel properties have been noted for hb and dendritic
macromolecules [9-11], and new applications are now appearing at a rapid pace
[12-15].

Hyperbranched polymers are promising in practical applications due to their
one-pot synthetic route on a large scale, as compared to dendrimers, which require
multistep synthesis. Compared with linear polymers, hb polymers have lower
viscosity and better solubility due to their abundant functional groups and globular
shape. The ease of preparation of hb polymers has led to their incorporation into
many copolymers [3, 16]. Copolymerization of linear monomer with branched
monomer as a random component generates material with controlled branching
that can enhance the properties of linear polymers [17, 18] and also lead to products
that have added flexibility [19-22]. Hyperbranched polymers are frequently used as
the core of core—shell block copolymers, with the shell block grown from the
functional groups of the hb polymer [23-26]. They have also been grown from
linear polymers to form diblock [27], triblock [28-30], and graft copolymers [31—
33]. It is believed that the terminal groups of hb polymers can greatly affect the
macromolecular properties, such as the glass transition temperature, solubility,
dielectric properties, hydrophobicity, and thermal stability [34].

Of particular interest from an industrial point of view are the impressive
advances that have been made using hb polymers for rheology modifiers,
processing aids and, more recently, as functional materials in coatings, catalysts,
sensors, biomaterials, emitting materials, nanotemplating applications, and piezo-
electric sensors [35—42]. Many hb polymers have already been used as modifiers for
different matrix polymers, especially for large-scale engineering plastics. Polymer
blending is also a useful approach for combining the advantages of individual
components [43]. The different structures of the hb polymers influence the proper-
ties of the blends in different ways.

This review is organized in the following way: In the first part, recent develop-
ments in the synthesis of various aromatic hb polymers are discussed. In the second
part, the applications of hb polymers in polymer processing, including melt mod-
ifiers, additives, and blend components as classical examples, are discussed. In
addition, the review includes a detailed discussion of new areas that are being
explored for the use of hb polymers, such as materials for fuel cell applications, gas
separation, optics, and electronics.
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2 Synthesis of Aromatic Hyperbranched Polymers

Hyperbranched polymers have attracted increasing attention because of their ease
of synthesis, high degree of functionality, and material properties. Many strategies
have been developed for the preparation of polymers with highly branched struc-
ture; in particular, the convenient and cheap one-step polycondensation of AB,
monomer has received significant attention [44, 45]. Many hb polymers have also
been prepared via the A, + B3 synthetic approach [46, 47]. Kim has reported the
synthesis of aromatic hb polyamides from AB, and A,B-type monomers
[48]. Monticelli et al. [49] have reported the synthesis of hb aromatic polyamides
from an AB, monomer, namely 5-(4-aminobenzoylamino) isophthalic acid. Poly-
merizations were carried out in N-methylpyrrolidinone (NMP) using triphenyl-
phosphite/pyridine as condensing agent. Yamakawa and Ueda developed a ‘one-
pot—multistep’ strategy for the synthesis of aromatic hb polyamides with relatively
low dispersities (D) of 1.1-1.5 and very high degree of branching (DB) of 80-90%
[50, 51]. Their strategy consisted of a repetitive sequence of in situ carboxyl group
activation and condensation reactions. Kakimoto and coworkers synthesized hb
polyamides [52] using p-phenylenediamine or 4,4’-oxyphenylenediamine as A,
monomer and trimesic acid as B3 building block. The structures of these A, and
B; monomers are shown in Scheme 1.

Russo and coworkers have extensively investigated hb polyamides prepared by
homopolymerization of 5-(4-aminobenzamido) isophthalic acid or copolymeriza-
tion of p-phenylenediamine and trimesic acid as supports for the preparation of Pd
and Pt nanoparticles [53, 54]. Fang et al. [47, 55] first reported the synthesis of hb
polyimides (hb-PIs) from a triamine, tris(4-aminophenyl)amine, and commercially
available dianhydrides. The hb-PIs showed a combination of the excellent high
temperature characteristics of linear polyimides together with high solubility, low
viscosity, and noncrystallinity resulting from the hb structure. Melt polycondensa-
tion has been applied for the synthesis of aromatic and aromatic—aliphatic based hb
polyesters, leading to broad molar mass distributions and limited molecular weights
[56, 57]. Carboxylic acid chloride end-functionalized all-aromatic hb polyesters
were prepared from the AB, monomer 5-(trimethylsiloxy) isophthaloyl dichloride
[56] and the structure of this AB, monomer (1-1) is shown in Scheme 2.

The hb aromatic polyesters prepared via melt condensation reaction resulted in
materials with a very high glass transition temperature (T,) due to rigidity of the
polymer backbones. However, the synthesis of hb polymers with much more facile
techniques is still desirable. Kricheldorf et al. [58] synthesized highly branched
aromatic polyesters from 3,5-bis(trimethylsiloxy)-benzoyl chloride as an AB,
type monomer (1-2, Scheme 2). Moore and Stupp synthesized linear polyesters
[59] by solution condensation using a condensing agent such as
1,3-dicyclohexylcarbodiimide (DCC) and a catalyst [4-(NV,N-dimethylamino)
pyridinium 4-tosylate] and the method was further utilized for the synthesis of hb
polyesters. Blencowe and coworkers reported the synthesis of a rigid hb polyester
using coupling agents such as DCC and 1,3-diisopropylcarbodiimide with an AB,
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Scheme 2 Structures of AB, monomers used for preparing hb aromatic polyesters

monomer, namely 3,5-bis (3-hydroxylprop-1-ynyl)-benzoic acid [60] (1-3,
Scheme 3). Jen and colleagues [61] reported a fluorinated hb aromatic polyester
that was prepared by mild one-step polyesterification of an AB,-type monomer,
namely  3,5-bis(4-hydroxy-2,3,5,6-tetrafluorobenzoate)benzoic ~ acid  (1-4,
Scheme 3), at room temperature using DCC and 4-(dimethylamino)pyridium
4-toluenesulfonate as the condensing agents.

Nucleophilic displacement of an activated dihalo or dinitro compound with an
activated bisphenoxide salt at high temperatures has been the most explored method
of poly(aryl ether) synthesis [62]. These synthetic strategies were further extended
for the preparation of hb poly(aryl ether)s in one-step polymerization from AB,
monomers containing a phenolic group and two aryl fluorides, which were activated
toward nucleophilic displacement by a sulfone, ketone, imide, or heterocycle [63—
65]. Miller et al. [63], Hawker and Chu [65], and Shu and Leu [66] reported the
synthesis of hb poly(aryl ether ketone)s (hb-PAEKSs) via the AB, method. The
structures of AB, monomers reported by Hawker and Chu [65] are shown in
Scheme 4 (1-5 and 1-6). The structures of AB, monomers reported by Shu and
Leu [66] are shown in 1-7, Scheme 4.

The synthesis of hb-PAEKSs via the A, + B3 approach has been reported by many
research groups [67, 68]. Choi et al. [69] reported a self-controlled synthesis of
hb-PAEKSs from diphenyl ether (or 1,4-diphenoxybenene, B,) and trimesic acid
(A3) via the Friedel-Crafts reaction. Baeck and coworkers developed optimized
conditions for Friedel-Crafts acylation in poly(phosphoric acid)/phosphorus pent-
oxide (PPA/P,0Os) medium for the preparation of hb-PAEKSs [70, 71]. Martinez and
Hay [72, 73] proposed the efficient synthesis and characterization of hb poly(aryl
ether sulfone)s with a K,CO3;/Mg(OH), catalyst system for nucleophilic aromatic
substitution. Kim et al. [74] reported the controlled nucleophilic aromatic
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Scheme 4 Structures of AB, monomers used for preparation of hb-PAEKs [65, 66]

substitution reaction (SyAr) of BC-type monomer, namely 5-fluoro-2-nitrobenzo-
trifluoride [where the reactivity of B (fluoro group) > C (nitro group)], with A or
A,-type phenolate for the formation of two aromatic ether linkages. The nitro group
activated by the trifluoromethyl group at the ortho position had a strong electron-
withdrawing capability, enabling the displacement of other leaving groups at the
para position before it was displaced.

The authors also investigated unusual growth of hb poly(arylene ether)s using
1,1,1-tris(4-hydroxyphenyl ethane as As-type and 5-fluoro-2-nitrobenzotrifluoride
as BC-type monomer by one-pot synthesis with stepwise fluorine displacement
followed by nitro displacement [75].

The trans-etherification reaction was realized during the polymerization of the
above A;+BC system, leading to various types of growing species whose func-
tional groups were dynamically exchanged during the polymerization. The mono-
mer combination Az + BC is shown in Scheme 5.

Kim and Webster first prepared hb polyphenylenes from 3,5-dibromophenyl
4-boronic acid and dihalophenyl Grignard reagents by palladium-catalyzed and
nickel-catalyzed aryl-aryl coupling reactions, respectively [76]. The structures of
3,5-dibromophenyl 4-boronic acid (1-8) and dihalophenyl Grignard reagents (1-9)
are shown in Scheme 6.

Tang and coworkers [77] used cobalt-catalyzed polycyclotrimerization of aro-
matic diynes for the preparation of hb polyphenylenes. The representative struc-
tures of aromatic diynes used for homopolycyclotrimerizations are shown in
Scheme 7.
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2.1 General Synthetic Approaches and Theoretical Aspects

Hyperbranched polymers are more promising for industrial applications than
dendrimers because of single-step polymerizations, which are convenient for
large-scale production. Hyperbranched polymers were first introduced by Flory in
1952 [78]. Flory presented hb polymers from a theoretical point of view, describing
the intermolecular condensation of AB,-type monomers. There are three types of
repeating units, classified as dendritic (D), linear (L), and terminal (T), depending
on the number of unreacted B functional groups in the structure of the hb polymers
obtained from AB, or A, + B, type monomers. In 1991, Hawker and Fréchet [79]
described the degree of branching (DB) of AB, products as a factor for explaining
the structure of the hb polymers:

DB = (D+T)/(D+L+T). (1)
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Because the number of dendritic units is theoretically equal to the number of
terminal units at high molecular weights, Hawker and Chu [65] and Frey and
coworkers [80] modified the definition as follows:

DB = 2D/(2D + L), (2)

DB =0 for a linear polymer because there is no branching and DB = 1 for a perfect
dendrimer because it is completely branched.

Copolymerization has been widely used with polycondensation reactions to alter
or enhance the physical properties and improve the processability of the final
polymer. The introduction of the AB monomer allows control of the content of
branching units. There are numerous reports in which an AB monomer has been
copolymerized with an AB, type monomer to afford copolymers with varying DB
values, where DB is a typical characteristic frequently used to evaluate the irreg-
ularity of the structure of hb polymers.

The DB of the hb polymers resulting from the copolymerization of AB, with AB
monomers depends on the fraction of branching unit AB, according to Eq. (3):

DB = 2%/ [r(1fx)+(1+r)2 , (3)

where x represents the conversion ratio of A groups and r represents the feed
fraction of AB, monomers in the total.

The maximum value the DB can reach is 0.5 when the reaction is close to
completion for the AB, polycondensation system. The DB of the hb polymers
resulting from the copolymerization of AB, and AB monomers depends greatly on
the initial fraction of AB, monomer in the total feed. At the end of the reaction,
when x =1, Eq. (3) reduces to DB =2r/(1 + r)z.

Highly branched polymeric structures are also attainable through the polymer-
ization of A,+B; monomers, but at a functional equivalence, when three-
dimensional (3D) structures are developed, the polymer becomes a gel or highly
crosslinked material that is insoluble in any organic solvent [78, 81]. Hence,
polymerization requires careful control of the reaction to produce soluble hb poly-
mers. The polycondensation to prepare hb polymers utilizing the A, + B3 approach
leads to gelation at the later stage of reactions (at a specific critical conversion and
critical concentration) and affects the structure and properties of the final products.
The gelation occurs because of the nonlinear propagation of macromolecules
through the intermolecular reaction, which depends on the monomer reactivity
and molecular steric elements. By choosing the appropriate monomer concentration
and composition ratio, or controlling the reaction conversion, the crosslinking can
be effectively avoided. A deeper understanding of the kinetics of A, + B3 polymer-
ization is valuable for both academic and practical application. Recently, Yang
et al. [82] applied a 3D reactive bond fluctuation lattice model to study the kinetics
of nonideal A, + B;s-type hb polymerization with consideration of the intramolec-
ular cyclization, monomer reactivity, and steric elements. This model was further
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used to simulate a realistic example of an A, + B3 polycondensation system from
the work of Voit and colleagues [83, 84], utilizing fitting approximations.

It is well known that avoidance of gelation is crucial in the synthesis of hb
polymers. Hence, low monomer concentration, intense stirring, and slow addition
speed are used to maintain the lowest local concentration in order to prevent
gelation for A,+Bs-type hb polymerization. Flory’s theory of gelation in the
polymerization of A,+ B3 monomers is based on the following requirements for
gelation: the equal reactivity of all A groups as well as B groups, the exclusive
reactivity of A groups with B groups, and no intramolecular cyclization or chain
termination in the process [85]. Thus, if an A, + B3 polymerization does not obey
these assumptions, gelation can be avoided. Recently, the more facile synthetic
approach of A,+BB’, was developed [86-90] because of the more effective
avoidance of gelation in this system compared with A,+Bj. In this approach,
monomers are used that contain the same functional groups but with different
reactivities, allowing for the formation of an intermediate AB, type monomer
that is further polymerized to an hb polymer [91].

Litvinenko and coworkers [92, 93], Beginn et al. [94], Dusek et al. [95], Cam-
eron et al. [96], and Galina et al. [97] have discussed the theoretical aspects of the
related polycondensation systems in detail. Recently, Zhou et al. investigated the
kinetics of the co-polycondensation of AB, and AB-type monomers in the presence
of multifunctional cores [98].

2.2 Synthesis of Selected Aromatic hb Polymers

Unlike linear polymers, hb polymers are highly branched 3D macromolecules and
have inherent internal cavities and abundant terminal groups, which often lead to
better processability, compatibility, and solubility [99]. The terminal groups of hb
polymers can greatly affect the macromolecular properties, such as the T,, solubil-
ity, dielectric properties, hydrophobicity, and thermal stability. For example, aro-
matic polyamides (aramids) are well known as high-performance polymers
[100]. However, hb structures are introduced [101, 102] in order to improve the
poor processability caused by the rigid repeating unit in aramids. As an important
engineering plastic, poly(phenylene oxide) has outstanding thermal, mechanical,
and dielectric properties [103, 104]. However, its poor moldability, poor solubility,
and inadequate adhesive strength limit its application. Compared with linear poly-
mers, hb polymers show lower viscosity and better solubility due to the branching
and their abundant functional groups and, therefore, hb poly(phenylene oxide)s,
which combine the merits of poly(phenyl oxide) and hb polymers, have been
synthesized to expand their application. Linear polyphenylenes [105] are found to
be only partially soluble in most common organic solvents as they tend to aggregate
in the solid state because of interchain z—z stacking interactions. Introducing the
highly branched structure of these materials has made them attractive because of
improved solubility and reduced or eliminated strong intermolecular interactions
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and aggregation [106]. We will now discuss the synthesis of selected hb polymers
such as hb poly(aryl ester)s, hb poly(aryl amide)s, hb polyimides, hb poly(aryl
ether)s, hb poly(phenylene oxide)s, hb poly(phenylene sulfide)s, and hb poly
(phenylene)s.

2.2.1 Hyperbranched Poly(aryl ester)s

Melt polymerization is widely used in preparation of hb poly(aryl ester)s in industry
because of the easy one-step process, but the solution polymerization route is more
attractive because of the mild polymerization conditions, which reduce the potential
for side reactions. Voit and coworkers [107] performed one-pot solution polycon-
densation of commercially available 3,5-dihydroxybenzoic acid as AB, monomer
(Table 1, entry 1), at room temperature in the presence of 4-(dimethylamino)
pyridinium-4-tosylate as catalyst to suppress the formation of N-acylurea. Different
carbodiimides as coupling agents were investigated to find the optimal esterification
conditions. To compare the properties of the AB, aromatic polyesters produced by
different pathways, the solution polycondensation was compared with their well-
known analogs synthesized in melt [78, 108]. Because of the mild reaction condi-
tions, completely colorless fully OH-terminated hb aromatic polyester with narrow
D was obtained. The degree of polymerization could be simply controlled by the
reaction time, in contrast to melt polycondensation. The product showed a DB of
60%, which was similar to that of the product previously reported by melt poly-
merization of 3,5-bis(trimethylsiloxy) benzoyl chloride [78] and was higher in
comparison with ideal statistically branched polymers from AB, monomers
(which should posses a theoretical DB of 50%). The authors attributed the high
DB to the activation or deactivation of different reaction sites as a result of different
electron densities caused by different substituents formed during the course of
the reaction in both melt and solution. Thermal analysis indicated that the hb
polyesters were amorphous in nature in contrast to the linear analog poly(m-
hydroxybenzoate), which is semicrystalline with a T, of 145°C and a melting
point T, of 183°C [58]. Previously, Schmaljohann and coworkers [109, 110]
used quantitative NMR to analyze the kinetics of the melt polycondensation of
3,5-bis(trimethylsiloxy)benzoyl chloride in detail using the contents of different
structural units at different degrees of conversion. A major accelerating effect was a
result of preferred formation of the most stable phenolate, which favored the
formation of dendritic units as per the previous findings reported in literature
[111, 112]. Recently, Khalyavina et al. [113] studied the effect of the DB on the
T, of hb polyesters and observed that the DB did not show much influence on the T,
of the polymers with an identical amount of phenolic —OH groups per unit. For
example, the T, and M, values of OH-terminated polymers with DB =8%
(M, = 14,500 Da, T, =155°C) and DB =50% (M, = 17,000 g/mol, T, = 152°C),
were close to each other. This finding was also in accordance with that observed
previously by Wooley et al. [114], where linear, hb, and dendritic polyesters
containing an identical amount of phenolic —OH groups per unit showed similar
T, values in the range 197-204°C.



37

Aromatic Hyperbranched Polymers: Synthesis and Application

(panunuod)
_m_v __u
O“U U#O
+ E/m \/W\OI
0
le
[L11] fg+v o) 14
_w _n_v
O“O U#O
- OO
_ulw
[o11] fg+y O €
£(fHD)ISO
£(fHD)ISO ‘ O OIS(tHD)  + _olw wl_o
[s11] fg+cy £HO 0 o) 7
mo/@\om
[Lo1] gy Ho~ Yo 1
SQOUAIJY ad£) uoneziowijog SUONRUIqUIOD JOWIOUOW PUB SAINJONIS IQWOUOA ‘ou Anjug

(10159 [A1e)A[0d qU JO SISOYIUAS A} J0J PAsn SUOTJRUIqUIOD JOWOUOW PUE SAINJONIIS JOWOUOI T dqe],



A. Ghosh et al.

38

[811]

mm+N<

HO

mololfolfu\O\mo + HO ‘ Nmulfuln_wlom
£ 0

Il
(6] HO

S
‘ou Anjug

SQOUQIRJOY

ad£) uoneziowijog

SuoIjeuIquIOd Iduwouow pue SaInjdns IWoUoJA

(ponunuod) T 3lqe,



Aromatic Hyperbranched Polymers: Synthesis and Application 39

Voit and coworkers [115] prepared hb polyesters by solution polycondensation
at room temperature from the previously reported monomer, namely 3,5-bis
(trimethylsiloxy)-benzoyl chloride (Scheme 2, 1-2) [109, 110]. Fully soluble aro-
matic AB; hb polyesters with a DB of about 55% in very high yield (~98 %) and of
high molar mass (M, = 45,000 Da) were achieved, which was in accordance with
results previously reported in the literature [79, 108]. The hb polyesters showed
high T, of 220°C and T4 s of ~380°C. The hb aromatic polyesters prepared by the
A, +Bj approach were also prepared by Voit and coworkers [115], where the A,
monomer was terephthaloyl chloride (TCI) and the B; monomer was 1,1,1-tris
(4-hydroxyphenyl)-ethane (THPE) or THPE modified with 1,1,1-tris(4-trimethylsi-
loxyphenyl)ethane (TMS) (see Table 1, entry 2 for monomer combination). All the
polymerization reactions were conducted at room temperature due to the high
reactivity of the TCI. In order to avoid gelation, the polycondensation of TCI (A5)
and THPE (B;) was performed in dilute solution by slowly adding TCI solution to
the THPE solution. The synthesis was carried out using different monomer ratios
(Ax:B3=3:2, 1:1, 3:4, and 1:2). The structures of the A, + B3 hb polyesters as well
as the DB were calculated from the NMR spectra. Well-separated signals
corresponding to the different subunits confirmed the hb structure of the A, + B3
hb polyester. In general, on approaching the stoichiometric ratio of the functional-
ities, the molecular weight of the resulting hb polymers increased and, as a result,
the T, and DB also showed an increasing trend. However, at the same time, gelation
could not be avoided with higher monomer concentration or when high molar mass
products were aimed for. Gelation was observed for higher A, ratios (3:2 and 1:1 at
a monomer concentration of 57 mmol/L), resulting in insoluble polymers and,
hence, gel permeation chromatography (GPC) could not be performed. The T,
values of the polymers obtained were in the range of 199-268°C, which showed
an increasing trend with increasing molecular weight. A high T, of 268°C was
realized for M,, as high as 28,500 Da, at an A,:B5; molar ratio of 1:1. Interestingly,
the melt rheology of A;+B; (3:4) hb polyester from solution polymerization
indicated viscous behavior with a shear thinning effect, whereas AB, polyester
behaved as a completely elastic material.

Hyperbranched poly(aryl ester)s via the polycondensation of A, and Bz mono-
mers were also prepared utilizing the A, + B3 approach by Lin and Long [116]. A
dilute bisphenol A (A,) solution was added slowly to a dilute 1,3,5-
benzenetricarbonyl trichloride (B3) solution at 25°C to prepare hb poly(aryl ester)
s in the absence of gelation (see Table 1, entry 3 for monomer combination). The
molar ratio of A,:B; was maintained at 1:1, and the maximum final monomer
concentration was maintained at 0.08 M to avoid gelation. Gelation was not
observed, even at longer reaction times of 72 h. Moderate values of M,, of the hb
poly(aryl ester)s were obtained in the range of 10,000 and 22,000 Da, with D values
ranging from 2.45 to 3.48. The molecular weights did not show any increase on
increasing the reaction time. The DB was determined to be in the range 47-55%.
The hb polymers exhibited lower solution viscosities, as expected, and also
exhibited lower T, values than the linear analogs, ranging from 130 to 150°C,
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depending on molecular weight. The authors attributed this to poor chain entangle-
ment of the hb polymers in comparison to the linear analogs.

Tailoring the DB through the synthesis of hb poly(ether ester)s was accom-
plished by Unal et al. [117]. The polymerizations were conducted at room temper-
ature using the A,+B; approach for the reaction of an acid chloride (1,3,5-
benzenetricarbonyltrichloride) with poly(ethylene glycol) (PEG) (see Table 1,
entry 4 for monomer combination) in the presence of anhydrous triethylamine
(TEA) and using chloroform as solvent. In general, reactions were allowed to
proceed for 24 h to ensure complete conversion. When a dilute solution of B;
monomer was added to a dilute solution of A, oligomer, highly crosslinked
products were obtained regardless of the rate of addition. In contrast, slow addition
of the oligomeric A, solution to the B; solution yielded branched polymers. The
monomer concentration did not show much influence on the molar mass and the D
of the final products. Commercially available PEG diols of various number-average
molecular weights (M,,) controlled the DB. "H NMR spectroscopy indicated a DB
of 69% for a highly branched poly(ether ester) derived from 200 g/mol PEG diol. In
general, the molar mass increased with increasing monomer concentration for
PEG-600, decreased with increasing monomer concentration for PEG-2000, and
changed nonsystematically for the samples derived from PEG-200. Decrease in
molar mass with increased monomer concentration for hb poly(ether ester) derived
from PEG-2000 was attributed to the limited solubility of the A, oligomer and the
branched products at higher concentrations. Gelation during the polymerization
was also observed at higher monomer concentration for various PEG-diols of M,
200, 600, and 2,000 g/mol. Molar mass distributions broadened with increasing
weight-average molar mass (M,,). The effects of branching and the length of the
PEG segments also showed interesting thermal properties of the highly branched
polymers, as detected by differential scanning calorimetry (DSC). The branched
poly(ether ester)s based on PEG-2000 showed T, values ranging from —42 to
—51°C and a depressed T, of 40°C, relative to both the A, oligomer (PEG-2000)
and the linear poly(ether ester) based on PEG-2000, consistent with the reduced
crystallization behavior of branched polymers.

A one-pot solution polymerization was performed at room temperature using
partially aromatic monomers, namely 4,4-bis(4’-hydroxyphenyl)valeric acid as
AB, and 3-(4-hydroxyphenyl)propionic acid as AB [118] (see Table 1, entry
5 for monomer combination), in the presence of 4-(N,N dimethylamino) pyridinium
4-tosylate (DPTS) as catalyst and dicyclohexylcarbodiimide (DCC). The depen-
dencies of the DB and the thermal properties of the polymers on the AB:AB,
monomer ratio were studied. Polyesters with statistical dendritic topology, con-
trolled DB, and M,, > 35,000 g/mol were obtained. The DB was found to decrease
with an increase in the amount of AB monomers and increasing comonomer ratio in
the polymer (r, =ratio of AB to AB;) as shown in Fig. 1. Interestingly, the DB for
hb homopolyester and branched copolyester at 1, =0.46 was similar (see Fig. 1a),
because of the fact that on adding the small-sized linear AB to the more voluminous
AB, monomers in the reaction mixture, the steric effects decreased, which pro-
moted the formation of dendritic units formed by the AB, monomer. The thermal
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Fig. 1 (a) Degree of branching (DB) versus ratio of AB to AB; (r). (b) Influence of the content
of AB units on DB and T,. Reproduced with permission from [118]

behavior strongly depended on the branching of the polymers. Theoretically, with
increasing DB, the T, should decrease but an opposite behavior was observed. The
T, value is also dependent on the flexibility of the polymers. DSC measurements
showed a decrease in the T, with a decrease in the DB, which was ascribed to the
higher flexibility of the polymer structures containing an increasing amount of AB
units. The T, of homopolymer resulting from AB, monomer was 151°C and that of
copolymer resulting from AB +AB, monomer combinations with r,=0.46 was
125°C. The hb homopolyester and copolyesters (r, =0, 0.46, and 0.94-2.00)
showed an amorphous behavior. However, the decrease in the DB and increase in
the number of linear units in the polymers enabled the formation of crystalline
sections. For this reason, the hb copolyester with 7, = 3.44 showed a broad melting
region, and the T, ranged from 150 to 220°C with a maximum at 178°C. The
dependence of the T, on the DB and the content of AB units in the copolymer is
shown in Fig. 1b. The T, decreased from 150 to 81°C with increasing AB content in
the copolymer as the flexibility of the chains increased, which in turn decreased the
T,. Thermogravimetric analysis (TGA) showed a higher thermal stability for the
branched copolyesters, with maximum decomposition temperature in the range
430-450°C, in comparison with the maximum decomposition temperature of
400°C for the hb homopolyester.

2.2.2 Hyperbranched Poly(aryl amide)s and Poly(arylether amide)s

Polymers containing arylamide units have been prepared by forming the amide
bonds directly during polymerization or by using monomers that contain amide
units and linking them, e.g. by nucleophilic substitution, to form poly(arylether
amide)s. for example, Baek and Harris [119] prepared two self-polymerizable AB,
amide monomers, namely N,N’-bis(4-fluorobenzoyl)-3,4-diamino-4’-hydroxydi-
phenylether (Table 2, entry 1) and N,N’-bis(4-fluorobenzoyl)-3,5-diamino-4’-
hydroxybenzophenone (Table 2, entry 2), and polymerized them to afford a hb
poly(aryl ether amide) and a hb poly(aryl ether ketone amide). The aryl fluoride-
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Table 2 Structures of monomers used for the synthesis of hb poly(aryl ether amide)s and poly
(aryl amide)s

Entry Type of
no. Monomer structures monomer References
1 C") AB, [119]
FOC—HN o)
FOC—HN:O/ \O\OH
g
2 (I? AB, [119]
FOC—HN
0
QgOOH
FOC—HN
(II)
3 C") AB, [120]
FOC—HN
@7(") OH
C—NHO
FOC—HN
g
4 HO. 9 A.B [120]
O
0
Q—C—HN
HO ('3
5 9 B; [121]
C—NHONHZ
0
HZNONH—gQ
C—NHONHZ
g
6 (") AB, [122]
C—OCH;3
HN
bn,
ﬁ—OCH3

(continued)
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Table 2 (continued)

Entry Type of
no. Monomer structures monomer References

7 HOOC COOH A,B [123]
T

NH,
8 HOOC NH, AB [125]
LT

OCH;

terminated hb poly(aryl ether amide) and poly(aryl ether ketone amide) were
amorphous and soluble in many common organic solvents, including THF and
CHCl3. However, hb poly(aryl ether ketone amide) showed a higher T, of 269°C
compared with that of poly(aryl ether amide), which showed a T, value of 210°C.
The thermal stability evaluated by TGA also showed a similar trend. The Ty s¢,
values in N, were recorded as 323°C and 433°C for hb poly(aryl ether amide) and
poly(aryl ether ketone amide), respectively. The authors attributed the drastic
weight loss at 323°C to the intramolecular formation of imidazole moieties with a
concomitant loss of 4-fluorobenzoic acid.

Hyperbranched poly(aryl ether amides) with fluorine or hydroxy end groups
were synthesized by In and Kim [120] from AB, (Table 2, entry 3) or A,B (Table 2,
entry 4) type monomers via a nucleophilic aromatic substitution (SyAr) reaction.
Monomer syntheses were facilitated by chemoselective amidation reactions, and
even a direct synthesis of hb polymer was possible without isolation of the mono-
mer. The resulting hb poly(aryl ether amide)s showed highly branched character-
istics, with DB ranging from 43 to 53%. All hb polymers were readily soluble in
polar aprotic solvents such as DMF, DMSO, and NMP, regardless of the end
groups, due to the high amide contents and longer branching distances between
adjacent branching points in the hb polymer backbones. The M,, values measured by
GPC were in the range of 46,200 to 112,400 Da. The polymers showed a high T, of
over 220°C and high thermal stability, with T ;04 over 420°C.

Shabbir et al. [121] aimed to prepare aromatic and semi-aromatic amine-termi-
nated hb polyamides without gelation via direct polymerization of triamine as B3
monomer with different aliphatic and aromatic diacid chlorides (terephthaloyl
chloride, isophthaloyl chloride, sebacoyl chloride, and adipoyl chloride) as A,
monomers. An aromatic triamine (B3), 1,3,5-tris(4’-aminophenylcarbamoyl)ben-
zene (TAPCB) (Table 2, entry 5), was reacted with two aromatic and two aliphatic
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diacid chlorides (terephthaloyl chloride, isophthaloyl chloride, sebacoyl chloride,
and adipoyl chloride) to yield four hb polyamides. In this work, the ratio A,:B3 was
set to 2:3 to control the polymerization without catalyst by consideration of
reactants and reaction conditions; no free acid chloride groups existed in the poly-
mers, making these amine-terminated polymers. No gelation occurred for the
selected reaction temperature and time (0°C for 3 h) with a monomer concentration
of 10 mmol. Products containing a large amount of terminal amine groups resulted.
The polymers were soluble in polar aprotic solvents at room temperature. The hb
polyamides in general showed low molecular weights in the range of 13,000-
27,000 Da and DB in the range of 51-55%. Higher molar masses could not be
achieved because of the off-stoichiometry chosen to prevent gelation. The T, values
for hb polyamides were in the range of 138—198°C, depending on the rigidity of the
polymer structure, the highest being for the hb polyamide containing rigid
benzamide units and the lowest for the hb polymer with an alkyl-amide chain.
The T4 59 values recorded in nitrogen for the hb polyamides were in the range of
262-331°C, indicating moderate thermal stability. The hb polyamides studied by
X-ray diffraction showed no crystallinity, indicating an amorphous nature that was
attributed to the highly branched architecture preventing the packing of macromol-
ecules through hydrogen bonding between the amide groups.

Ohta et al. [122] reported a new approach for controlling the polymerization of
AB, monomers from a core initiator by utilizing the change in substituent effects
between monomer and polymer to suppress statistical self-condensation but favor a
type of chain growth. The polymerization of AB, monomer (Table 2, entry 6) was
carried out utilizing a mixture of 1.1 equivalents of lithium 1,1,1,3,3,3-
hexamethyldisilazide (LiHMDS) and 6.7 mol% of core initiator in the presence
of lithium chloride (LiCl), where LiCl helped in reducing the reactivity of the
intermediate amide anion. The obtained hb polyamides showed controlled molec-
ular weight and narrow dispersity, P ~ 1.11, indicating that the controlled polymer-
ization of AB, monomer was not only governed by slow monomer addition, but
also by the change in substituent effects between the monomer and polymer to
suppress self-polymerization.

Liou and coworkers [123] synthesized A,B type monomer (Table 2, entry 7) by
chemical modification of end functional groups incorporating para-methoxy-
substituted triphenylamine groups [124], which lowered the oxidation potentials
and afforded different electrochromic characteristics. Furthermore, the content
of branching units could also be tuned by copolymerization of the A,B
with AB type monomer (Table 2, entry 8), namely 4-amino-4'-carboxy-
4”-methoxytiphenylamine [125]. The aromatic hb polyamide formed by self-
condensation of A,B monomer and the copolymer formed by utilizing the monomer
combination A,B + AB were prepared by the usual polycondensation method using
triphenyl phosphite and pyridine. The hb polyamide formed by self-condensation of
A,B monomer was post-functionalized with an amino monomer as the end-capping
agent. The high solubility of the hb polyamides in polar aprotic solvents such as
NMP, DMAc, DMF, and DMSO and also in THF was attributed to the incorpora-
tion of bulky, 3D triphenylamine moieties along the polymer backbone, which
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resulted in a high steric hindrance for close packing, and thus reduced their
tendency to crystallize. A high T, in the range of 193-211°C was recorded,
depending upon the stiffness of the polymer chain, and DSC thermograms indicated
the amorphous nature of the hb polyamides. The T4 04 of these polymers in
nitrogen and air were recorded as 505-550°C and 510-535°C, respectively, indi-
cating good thermal stability.

2.2.3 Hyperbranched Polyimides

Aromatic polyimides represent an important class of high-performance polymeric
materials because of their many outstanding key properties, such as high mechan-
ical strength, high modulus, unusual thermoxidative stability, excellent electrical
properties, and superior chemical resistance [126, 127]. Hyperbranched polyimides
(hb-PIs) show high T, and superior solubility due to their 3D architecture as well as
excellent physical and chemical properties.

Similarly to hb poly(aryl amide)s, the imide function in hyperbranched
polyimides can be formed directly through imidation of the respective anhydride
(acid)- and amine-containing AB, monomers or A, + B; monomer combinations or
by polymerization of imide function-containing monomers leading, e.g., to poly
(ester imide)s or poly(ether imide)s. Kricheldorf et al. synthesized a poly(ester
imide) from a trifunctional imide monomer [128]. Maier et al. synthesized a
heterocyclic hb-PI from a monomer containing a maleimide group (A) and an
azine group (B,) through a crisscross cycloaddition polymerization [129]. Moore
and coworkers [130] reported the preparation of aromatic hb-PIs through the
nucleophilic etherification of a protected AB, monomer (1-10, Scheme 8). The
self-polycondensation was carried out through the nucleophilic etherification of
silylated phenol and aryl fluoride in diphenylsulfone at 240°C in the presence of
cesium fluoride. Other AB,-type monomers were also prepared for the synthesis of
hb-PIs via nucleophilic etherification, as shown in 1-11, Scheme 8 [131].

An AB,-type monomer (1-12, Scheme 8) was prepared by Hao et al. [132] by
multistep synthesis. The AB, monomer was self-condensed to form five hb-PIs by
variation of the concentration and reaction temperature. The synthesized hb-PIs
showed good solubility in polar aprotic solvents such as in DMF, DMAc, DMSO,
and NMP with a DB around 50%. The hb-PIs prepared from the new AB, monomer
were observed to be soluble in polar aprotic solvents like NMP, DMF, and DMSO.
The self-condensation of AB, monomer at room temperature, carried out at a dilute
concentration of 0.06-0.16, led to low molecular weight oligomers of ~11,100 Da
and, hence, polymerization was investigated at higher solution concentration and at
a temperature of 50°C. Increasing the solution concentration from 0.06 to 0.32 g/
mL showed a limited increase in molecular weight up to 25,500 Da; however,
increasing the temperature to 50°C at a dilute concentration of 0.08 g/mL resulted
in a marked increase in molecular weight to 173,000 Da. The T, values of the hb-PIs
were found to be in the range of 155-161°C and showed an increasing trend with
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Scheme 8 Structures of some AB, monomers used for the synthesis of hb-Pls

increase in molecular weight. The T4 s¢, values for the hb-PIs were 445-460°C,
indicating high thermal stability.

An AB,-type monomer (1-13, Scheme 8), was synthesized by Yamanaka
et al. [133] starting from 3,5-dimethoxyphenol via a polyamic acid methyl ester
precursor. The aromatic hb-PIs were prepared by chemical imidization in the
presence of acetic anhydride and pyridine. The synthesized polyimides were solu-
ble in polar aprotic solvents and showed thermal stability, with a T4 10, of 470°C in
nitrogen and a T, of 193°C. In another work by Yamanaka et al. [134], the same
AB, monomer containing free amine end groups of the precursor was end-capped
with acetyl, n-heptanoyl chloride, and 4-methylphthalic anhydride. By chemical
imidization of these precursors in the presence of acetic anhydride and pyridine,
hb-PIs were prepared. The DB of the hb-PIs was ~50% as expected. The hb-PIs
showed a Ty 54, above 395°C, and T, values of 189, 138, and 186°C for the end
groups of acetoamide, n-heptanoamide, and 4-methylphthalimide, respectively.

Wang et al. [135] prepared a novel ABB’ monomer (1-14, Scheme 8), namely
4-[4-(2,4-diaminophenoxy)phenoxy] phthalic acid 2-methyl ester, which was poly-
merized to form the precursor polyamic acid monomethyl ester. The direct poly-
condensation of the ABB’ monomer was carried out to form polyamic acid
monomethyl ester as a precursor and had a M,, of 12,000 Da. Chemical imidization
in the presence of acetic anhydride and pyridine gave hb-PIs with low DB. The DB
of the precursor, as determined by the 'H NMR spectra, was only 7%. They
ascribed the low DB to the differences in the reactivities of the amino groups.
End modification reactions were accomplished with acetyl chloride, benzoyl chlo-
ride, and phthalic anhydride to form end-capped polyimides. The end-group-mod-
ified polyimides were soluble in polar aprotic solvents such as DMSO, DMF, and
NMP. TGA measurements showed Ty 54, in the range of 400-520°C, and T, of 200
258°C. The hb-PIs showed film-forming ability, but they were more brittle than
analogous linear polymers.

Shen et al. [136] prepared several hb-PIs from a BB’,-like aromatic triamine
monomer, namely 2,4,6-tris[3-(4-aminophenoxy)phenyl]pyridine (TAPPP) (1-15
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Scheme 9a), with commercial aromatic dianhydrides [4,4’-oxydiphthalic
dianhydride  (ODPA), 3,3’.4,4'-benzophenonetetracarboxylic  dianhydride
(BTDA), and 2,2-bis[4-(3,4-dicarboxyphenoxy) phenyl]propane dianhydride
(BPADA)] as A, type monomers by the A+ B3 approach. A different monomer
addition order and changes in monomer molar ratios resulted in different hb-PIs.
The addition of dianhydride into triamine TAPPP with a monomer molar ratio of
1:1 yielded the amine-terminated hb-PIs, whereas the reverse monomer addition
order with a molar ratio of 2:1 gave the anhydride-terminated hb-PIs. The monomer
was added slowly to avoid any high local concentration. The amine-terminated hb
polyamic acids (hb-PAAs) were thermally imidized in solution at 180°C for 24 h,
whereas the anhydride-terminated hb-PAAs were chemically converted into hb-PIs
using a mixture of excess acetic anhydride and pyridine. The hb-PIs were obtained
in high yields (95-98%). The DB for anhydride-terminated hb-PIs based on ODPA
(1-20, Scheme 9b), BTDA (1-21, Scheme 9b), or BPADA (1-22, Scheme 9b) with
TAPPP was 100%, indicating a completely branched structure. For amine-
terminated hb-PIs, it was impossible to determine the DB by 'H-NMR because
the peaks of linear units and terminal units were always in the same range. For the
amine-terminated and anhydride-terminated hb-PIs based on BPADA with TAPPP,
the M,, was 92,000 and 32,000 Da, respectively. The DSC measurements of the
amine-terminated hb-PIs showed T, in the range of 232-258.5°C and the
anhydride-terminated hb-PIs showed T in the range of 219-273.5°C. The highest
T, was recorded for BTDA-based hb-PIs and the lowest T, in the series was
detected for BPADA-based hb-PIs because of the flexible ether linkages present
in the structure. In the dynamic mechanical analysis (DMA), the T, values of
obtained hb-PI films were in the range of 214-270°C, showing similar values to
those detected by DSC. The Ty 199 values for the hb-PIs were in the range of 532—
575°C for the amine- and anhydride-terminated hb-Pls, indicating high thermal
stability. The hb-PI films showed film-forming ability. Their mechanical properties
were evaluated and showed high tensile strength of 83—-96 MPa, tensile modulus of
1.8-2.4 GPa, and low elongation at break (EB) of 5-7%.

Chen et al. [137] employed microwave irradiation for the preparation of amine-
or anhydride-terminated hb-PIs. A BB',-type triamine monomer, namely 2,4,6-tris
(4-aminophenyl)pyridine (TAPP) (1-16, Scheme 9a), was synthesized under
microwave irradiation to prepare a series of amine- and anhydride-terminated
triphenylpyridine-containing hb-PIs by A,+BB’, polymerization. Several com-
mercially available aromatic dianhydrides, namely pyromellitic dianhydride
(PMDA, 1-23, Scheme 9b), BTDA, and ODPA, were used as A, type monomers
to react with the BB, type aromatic triamine (TAPP). The addition of dianhydride
to triamine with a monomer molar ratio of 1:1 yielded the amine-terminated
polymer, whereas the reverse monomer addition order with a molar ratio of 2:1
gave the anhydride-terminated polymer. Slow monomer addition was used to avoid
any high local concentration. The authors kept the total solid content below
0.08 mol/L for the amine-terminated polymer and 0.06 mol/L for the anhydride-
terminated polymer to prevent insoluble gels. During the whole polymerization,
continuous microwave irradiation was employed to enhance the reactivity and
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Scheme 9 Structures of (a) triamines as B; monomers and (b) dianhydrides as A, monomers
commonly used for the synthesis of hb-Pls

shorten the reaction time. The amine-terminated hb-PAAs were thermally imidized
in solution in the presence of m-xylene at 170°C, whereas the anhydride-terminated
hb-PAAs were chemically converted into hb-PIs using a mixture of excess acetic
anhydride and pyridine at 40°C. All resulting hb-PIs were obtained in high yields
(95-98 wt%). The model compounds of terminal and linear analogous units were
not easy to obtain separately because of their multiple isomers and it was difficult to
determine the DB. The amorphous polyimides were soluble in polar aprotic sol-
vents at room temperature or upon heating. The amino- and anhydride-terminated
hb-PIs showed T4 109, values of 568—583°C, indicating high thermal stability. The
BTDA- and ODPA-based hb-PIs showed high T, values of 311-339°C. The
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thermally cured solution-cast films evaluated for mechanical properties showed
tensile strength and modulus of 53—89 MPa, and 1.0-1.2 GPa, respectively, with
low EB of up to 7%.

Gao et al. [138] synthesized fluorinated hb-PIs from a triamine monomer,
namely 1,3,5-tris(2-trifluoromethyl-4-aminophenoxy)benzene (TFAPOB) (1-17,
Scheme 9a), as Bs monomer (shown in Scheme 2) and
4,4-(hexafluoroisopropylidene)diphthalic anhydride (6FDA, 1-24, Scheme 9b) as
A, monomer to form fluorinated hb-PIs by the A,+Bs; approach. Here,
3,5-ditrifuoromethylphenyl was used as an end-capping reagent. The synthesis
route was similar to the conventional two-step method for the synthesis of linear
polyimides, but with a different monomer addition order. Molar ratios of the
dianhydride monomer and triamine monomer resulted in different hb polymers.
The addition of dianhydride to triamine TFAPOB with a monomer molar ratio of
1:1 yielded the amine-terminated polymers, whereas the reverse monomer addition
order with a molar ratio of 2:1 gave the anhydride-terminated polymers, as also
reported by Chen et al. [137]. All hb-PIs exhibited moderate molecular weights
with broad distributions. The anhydride-terminated hb-PI and amine-terminated
hb-PI showed T, values of 232°C and 243°C, respectively, in DSC. They ascribed
the difference in T, values to the appearance of hydrogen bonds in amine-
terminated hb-PI and the different content of 6FDA residues in the two polymers
[139]. The authors observed that hb-PI showed a birefringence as low as 0.002 at
650 nm, which was attributed to the presence of triamine monomers that reduced
the orientation of the bonds in the polymer backbone and thereby reduced the
birefringence. Liu et al. [140] used a nonideal A, + B3 polymerization approach to
obtain fluorinated hb-PIs based on TFAPOB. A series of aromatic ether dianhydride
monomers with different flexible linear lengths were used to overcome the poor
mechanical properties of globular branched macromolecules. In general, by
increasing the linear part of the dianhydride monomer, the entanglements of
polymer chains were enhanced and the mechanical properties of fluorinated
hb-PIs were further improved.

Gao et al. [141] synthesized —CF;-terminated hb-PI by condensation of a
triamine  monomer, 1,3,5-tris(2-trifluoromethyl-4-aminophenoxy)  benzene
(TFAPOB) (1-17 Scheme 9a), and a commercially available dianhydride mono-
mer, 1,4-bis(3,4-dicarboxyphenoxy) benzene dianhydride (HQDPA, 1-2§,
Scheme 9b), using the A, + B3 approach. Here, 3,5-ditrifluoromethylaniline was
used as an end-capping reagent. In addition, the physical and gas transport proper-
ties of CF3-HQDPA were compared with those of the non-trifluoromethyl-termi-
nated fluorinated hb-PI analog. The authors found that the introduction of —CF3
groups at the end of hb polyimide increased oxygen and nitrogen permeability,
whereas the selectivity decreased in the presence of the terminal groups. The B;
monomer TFAPOB (1-17, Scheme 9a) was further utilized by Zhang and col-
leagues [142] together with 4,4'-oxydiphthalic anhydride (ODPA) as A, monomer
to form fluorinated hb-PIs by the A, + B3 approach. Fluorinated hb-PIs end-capped
with metallophthalocyanines were prepared by the reaction of dicyanophenyl
end-capped fluorinated hb-PI with excessive amounts of 1,2-dicyanobenzene and
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the corresponding metal (Cu, Zn, Ni) salt in quinoline. Because of the paramagnetic
copper and nickel ions, "H-NMR analysis was not possible for structural elucida-
tion; however, the UV—vis absorption spectrum supported the chemical structure of
metallophthalocyanine-containing hb-PIs. The metallophthalocyanine-containing
hb-PIs also showed good solubility in polar aprotic solvents and CHCl; and their
M, varied from 25,300 to 31,800 Da. The T, values of these polymers were in the
range of 217-225°C and the Ty 54, varied from 440 to 487°C.

Banerjee et al. [143] synthesized a triamine monomer B3 (1-18, Scheme 9a)
with the aim of preparing fluorinated hb-PIs by the A, + B3 approach using com-
mercially available dianhydrides as A, monomers. However, during solution
imidization of the amide acids that formed by the reaction of the dianhydrides
and B3 monomer, an appreciable amount of gelation was observed for all the molar
ratios, except when 6FDA was used as dianhydride for reaction molar ratio of 1:1
and the solution concentration was maintained at 2.7 wt%. Due to the considerable
amount of gelation during solution imidization, further characterization was not
explored.

Previously, Park et al. [144] prepared hb-PIs by the polymerization of A, + B,B’
monomers. No gelation occurred during the polymerization although the monomer
conversions surpassed the theoretical gel points, which was attributed to the
unequal reactivity of the amino groups present in 2,4,6-triaminopyrimidine TAP
as B,B’ monomer (1-19, Scheme 9a). Peter et al. [145] prepared a series of hb-PI
membranes by copolymerization of 4,4’-oxydiphthalic anhydride (ODPA), 2,4,6-
triaminopyrimidine (TAP), and 4,4’-oxydianiline (ODA) at various molar ratios of
comonomers. No gelation occurred during polymerizations, probably because of
the different reactivities of the amino groups at the 2- and 4-/6- positions in TAP.
These hb-PIs were further explored for gas separation studies.

Recently, Chen et al. [146] also prepared a series of free-standing transparent
hb-PI membranes by the A, + B,B’ + B, polymerization approach using 6FDA as
A, monomer, TAP as B,B’ monomer, and ODA as B, monomer. Here too, no
gelation occurred during polymerization because of the different reactivities of the
amino groups present in the TAP monomer. The DB of the prepared hb-Pls
increased from 0 to 69% with increase in the content of branching unit TAP. The
T, decreased in the range of 313-266°C with increasing the content of TAP, which
the authors attributed to a lowering of molecular weight [147] with increasing TAP
content, which in turn led to higher segment mobility of the macromolecules and,
hence, lower T, values. The TGA measurements revealed that the T 5¢, decreased
from 559 to 432°C with increase in the TAP content. These hb-PI membranes were
further studied for gas separation applications.

2.2.4 Hyperbranched Poly(aryl ether)s
High molecular weight poly(aryl ether)s can be prepared typically from

arylhalogenides and phenols in the presence of weak bases such as potassium
carbonate in dipolar aprotic solvents [148—150]. The water formed during the
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reaction is removed azeotropically with toluene to promote the polymerization. The
SnAr reaction generally requires a leaving group activated with an electron-
withdrawing group at the ortho or para position. Typical leaving groups are
fluorine, chlorine, and nitro groups. Fluorine as a leaving group shows good
reactivity due to its small size and high electronegativity.

Hyperbranched Poly(aryl ether)s with a Ketone Moiety

Kricheldorf et al. [151] prepared 3,5-bis(4-fluorobenzoyl)phenol from
5-hydroxyisophthalic acid and 5-methoxyisophthalic acid via Friedel-Crafts acyl-
ation of fluorobenzene with 5-methoxyisophthaloyl chloride. The 3,5-bis
(4-fluorobenzoyl)phenol as AB, monomer (Table 3, entry 1) was polycondensed
under various reaction conditions utilizing different solvent mixtures and temper-
ature ranges (DMSO + toluene/140-145°C, NMP + toluene/150-155°C, sulfolane
+ toluene/150—-155°C, sulfolane + xylene/170-175°C). In NMP, the molecular
weights of the poly(aryl ether ketone)s were slightly lower than those obtained in
DMSO. With sulfolane and either toluene or xylene, the reaction temperature could
be raised to 150-155 or 170-175°C, respectively, but the lowest molecular weights
were obtained using this solvent. The M,, values were in the range of 7,000 to
12,500 Da. Copolymerizations were carried out using 4,4’-difluordiphenyl sulfone
(DFBP) as a comonomer in varying ratios, leading to the formation of star-shaped
polymers with a diphenyl sulfone star center. The results were compared with those
obtained from ‘linear polycondensations’ based on DFBP and 4-tert-butylcatechol
or bisphenol A. The hb poly(aryl ether ketones) (hb-PAEKSs) prepared from DFBP
had low molecular weights and contained high fractions of cyclic poly(ether
ketone)s. The authors concluded that for hb polymers, cyclization competes with
propagation at any stage of the polycondensation at any concentration and that for
polycondensations with AB,-type monomers, in general, star-shaped polymers
having a cyclic core and hb star arms are formed.

Previously, Morikawa [152] prepared hb-PAEKs with various numbers of
phenylene units in the backbone. A representative structure of the AB, monomer
containing phenylene units is shown in Table 3, entry 2. The values of T, for the
hb-PAEKs were in the range of 188-218°C and increased with an increasing
number of the phenylene units.

Recently, Maken and coworkers [153] prepared AB,-type monomers, namely
4-thio-3',5'-bis(4-fluorobenzal)biphenyl,4-thio-3",5”-bis(4-fluorobenzal)-p-terphenyl
and 4-thio-3"",5"-bis(4-fluorobenzal)-p-quarterphenyl (Table 3, entry 3), starting
from 3,5-bis(4-fluorobenzoyl)phenol. The AB, monomers were prepared by repeating
a series of conversions of the hydroxy group to the triflate, crosscoupling of the triflate
with (p-methoxythiophenyl) boronic acid, reduction of the carbonyl groups, and
subsequent conversion of the methylthio group to a thiol group. The AB, monomers
self-condensed to form different hb-PAEKs and the T, was 175, 197, or 215°C,
depending on whether the repeat unit structure contained biphenyl, terphenyl, or
quadriphenyl units in the polymer backbone.
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Baek and Tan [154] improved the procedure for preparation of 3,5-bis
(4-fluorobenzoyl)phenol (AB, monomer) at the intermediate step by the use of an
acetyl group instead of a methyl group as the protecting group for the hydroxyl
function of the AB, monomer. Alkaline hydrolysis of the intermediate 3,5-bis
(4-fluorobenzoyl)phenyloxyacetate led to the desired AB, monomer, 3,5-bis
(4-fluorobenzoyl)phenol. High molecular weight products (M, =23,900—
49,800 Da) were obtained from that monomer. The T, value of the hb-PAEK was
recorded to be 159°C, which was higher than the previously reported T, by Miller
et al. (140-143°C) [63]. The hb homopolymer showed a bimodal molecular weight
distribution that was also observed for other related linear hb systems. The AB,
monomer was also copolymerized with AB monomer, namely 4-fluoro-4’-
hydroxybenzophenone, in weight ratios AB,:AB of 1:3, 1:1, and 3:1 to afford the
respective hb-PAEKSs with variable degrees of branching. The monomer combina-
tion AB,+AB is shown in Table 3, entry 4. For 1:1 and 3:1 copolymers, the T,
value was 213°C and 164°C, respectively, indicating an increase in T, with increase
in the AB monomer content. The 1:3 copolymer (i.e., at 75 wt% of AB content) was
semicrystalline in nature and showed a well-defined melting endotherm at 340°C,
but no T, was observed.

Trimesic acid and phenyl ether were in-situ polymerized as A, and B3 mono-
mers, respectively, in a Friedel-Crafts acylation in the presence of 10 wt%
multiwalled carbon nanotubes (MWCNTs) by Baek and coworkers [155] to afford
nanocomposites of hb-PAEK and MWCNT (hb-PAEK-g-MWNT). The feed ratios
of A, and B3 monomers varied from 2:3 to 2:1 in a mildly acidic medium. The
monomer combination A, + B3 is shown in Table 3, entry 5. By simply varying the
A,:B3; monomer feed ratio, the polarity of the resulting nanocomposites was altered,
changing from highly ionizable (theoretically 100% COOH end groups when A;:
B; = 1:1) to relatively nonpolar (theoretically 100% phenoxy end groups when A;:
B3 =2:1). Because of the globular molecular architecture of hb polymers, the
morphology of the nanocomposites resembled ‘mushroom-like clusters on
MWCNT stalks.” The hb-PAEK-g-MWCNT nanocomposites showed good solu-
bility in polar aprotic solvents. The T, of the nanocomposites was 276-325°C and
T4.10% was recorded to be 477-498°C in air, indicating high temperature stability.

Li et al. [156] prepared hb poly(aryl ether ketone)s by the A, +BB’, approach
using hydroquinone (A, monomer) and 2,4’ ,6-trifluorobenzophenone (BB’, mono-
mer). The monomer combination A, + BB’; is shown in Table 3, entry 6. When the
feed molar ratio of A, to BB’, was less than or equal to 1 (A,:BB’, <1 or OH:
F<0.67), aryl fluoro-terminated hb poly(aryl ether ketone) (F-hb-PAEK) was
obtained. When the feed molar ratio of A, to BB’, was greater than or equal to
2 (A5:BB’,>2 or OH:F > 1.33), phenolic —OH terminated hb poly(aryl ether
ketone) (OH-hb-PAEK) was obtained. The chemical structure of F-hb-PAEK and
HO-hb-PAEK was confirmed using FTIR and 'H-NMR spectroscopy. In the
A, +BB’, approach, the reaction of the B group (fluorine located at para position
of the C=0 group) of BB, and the A group of A, monomer was much faster than
that of B” group (fluorine located at ortho position of the C=0 group) of BB’, and
the A group of A, monomer. Hence, in the initial stage of the reaction, the dimers
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AB’, were formed predominantly as new monomers, and such dimers further
polymerized with each other to form the hb polymer. The DB of F-hb-PAEK was
more than 50%, whereas that of OH-hb-PAEK was 100%. Other copolymers were
also prepared by using 4,4’-oxydiphenol, bisphenol A, or dihydroxydiphenyl as A,
monomers. All the hb polymers exhibited good solubility in common organic
solvents. The T, values of the hb polymers varied in the range of 146-176°C,
depending on the structure of the A, monomers. The T, of OH-hb-PAEK was
higher than that of F-hb-PAEK. This difference was attributed to the appearance of
hydrogen bonds and the different contents of hydroquinone in the two types of hb
polymers. The highest T, was recorded for the copolymer containing the rigid
diphenyl moiety and the lowest T, was recorded for the copolymer containing
isopropylidene groups on account of the flexibility and increased free volume in the
polymer. The T4 54, values of all the hb polymers were above 500°C in nitrogen,
indicating high thermal stability.

Hyperbranched Poly(aryl ether)s with a Sulfone Moiety

Himmelberg and Fossum [157] synthesized a new AB, monomer, namely
3,5-difluoro-4’-hydroxydiphenyl sulfone) (Table 4, entry 1), by the reaction of
3,5-difluorophenylmagnesium bromide with 4-methoxyphenylsulfonyl chloride,
followed by deprotection of the phenol group with HBr in acetic acid. The poly-
merization of AB, in the presence of core molecules, namely 3.,4,5-
trifluorophenylsulfonyl benzene or tris(3,4,5-trifluorophenyl)phosphine oxide,
yielded hb poly(aryl ether sulfone)s, (hb-PAESs) with M, values ranging from
3,400 to 8,400 Da and P values ranging from 1.5 to 4.8. The DB of the hb-PAESs
was determined by '"F-NMR spectra of the polymers and found to be in the range
51-70%, which was higher than the 50% usually observed for AB,-type polymers.
No satisfactory explanation was provided by the authors for the higher DB values.
The polymerizations were accomplished using two different solvents, namely
DMSO and NMP. The hb-PAESs synthesized using DMSO or NMP showed
relatively low M,, values of 4,070 Da (D =4.00) and 7,170 Da (D =2.84), respec-
tively. The presence of cyclic oligomeric species, formed by an intramolecular
cyclization process, was a contributing factor for the relatively low molecular
weights, which were attributed to the tetrahedral geometry of the AB, monomer.
The intramolecular cyclization was restricted by conducting polymerization at
higher concentration, leading to higher P values. However, all the M, values
observed for the polymerization reactions of 3,5-difluoro-4'-hydroxydiphenyl sul-
fone were also relatively low in comparison with the M,, values of the polymers
prepared from a similar monomer with a ketone analog [65]. The authors were of
the opinion that the low M,, values were due to the presence of core molecules that
placed an upper limit on the molecular weight, or due to the formation of small
cyclic structures that consumed monomer leading to additional core molecules. The
T, values for the hb-PAESs were in the range of 205-222°C with T4 10, as high as
500°C under nitrogen.
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Jikei et al. [158] reported the synthesis of a new AB, monomer (Table 4, entry 2)
with a sulfone linkage and prepared hb-PAESs and studied their properties. It was
found that the reaction conditions affected the DB of the resulting polymers. Self-
condensation of the AB, monomer to form hb-PAES was explored in three different
ways: First, self-condensation of the AB, monomer was performed in the presence
of a base such as K,CO5; in a DMAc/toluene solvent system. Second, the AB,
monomer was polymerized using cesium fluoride (CsF) in DMAc as solvent by
stirring the mixture at 160°C for 10 h. Third, self-condensation of the AB, mono-
mer was performed by using low monomer concentration in the presence of DMAc
as solvent in a highly diluted solution. The structure of the AB, monomer was
elucidated by 'H-NMR and '>C-NMR spectra and the peaks confirmed the pro-
posed structure.

The self-condensed polymer prepared in three different ways showed an abso-
lute M,, (determined by GPC-MALLS in NMP) in the range 27,000-270,000 Da.
The DB of the hb-PAES prepared at a temperature of 160°C with CsF was higher
(DB =39%) than that of hb-PAES prepared with K,CO;3; (DB =17%) although
both showed the same T, value of 217°C. The difference in DB was attributed to the
difference between the solubility of dissociated phenolate anions mediated by
K,COs3 and that of phenolate-ion-like intermediates mediated by CsF [159] for
the polymerization reaction. Both the hydroxyl groups of the AB, monomer were
converted to the corresponding phenolates but the solubility of the diphenolates in
the reaction medium was very low compared with the monophenolate. This
increased the possibility of reaction between the monophenolate and the AB,
monomer resulting in the formation of the linear units and causing a lower DB of
17%. In comparison, the phenolate-ion-like intermediates showed better solubility
in the reaction medium, leading to a higher DB of 39%. Interestingly, when the
heating—cooling scan of the hydroxyl-terminated hb-PAES (DB =39%) was car-
ried out five times in air at temperatures ranging from 50 to 300°C, the T, increased
from 217 to 236°C and the polymer sample became insoluble in all of the organic
solvents, indicating thermal crosslinking. The hb-PAES prepared with K,CO3 with
DB = 17% also showed an increase in the T, but the effect on the increasing trend
of T, was predominantly weaker than for the hb-PAES with DB =39%. This
finding indicated that the increasing trend in T, was dependent on the DB of
hb-PAES. However, the nitrobenzene-terminated hb-PAES did not show the
increase in T, after the heating—cooling scans from 50 to 260°C (repeated five
times) in air. The hydroxyl-terminated hb-PAES prepared with CsF showed an
improvement in thermal stability after heating at 300°C for 30 min in air and the
T4s59 and T4 1099 were recorded as 406 and 424°C, respectively, due to thermal
crosslinking reactions at high temperature. The hydroxyl groups in the hb-PAES
were end-functionalized by p-fluoro nitrobenzene to yield nitrobenzene-terminated
hb-PAES, which showed a T, value of 183°C that was lower than the T, of the
hydroxyl-terminated hb-PAES (T, =217°C). This difference was attributed to the
strong intra-and intermolecular interactions occurring between the hydroxyl groups
present in hydroxyl-terminated hb-PAES.
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Kricheldorf et al. [160] prepared hb-PAESs from 1,1,1-tris(4-hydroxyphenyl)
ethane (THPE) as B3 and 4,4’-difluorodiphenyl sulfone (DFDPS) as A, monomers,
either by polycondensation in DMSO with the elimination of water or via the silyl
method in NMP. All polycondensations based on silylated THPE were conducted in
NMP. The monomer combination of A, + B3 monomers is shown in Table 3, entry
3. The reaction temperature of most experiments was kept at 140-145°C to allow
for a comparison with the experiments performed in DMSO and to keep minimum
chain scission. The silyl method required longer reaction times than the standard
method because the concentration of active end groups (phenoxide ions activated
by K,COs) was significantly lower when silylated monomers were used. However,
when an exact 1:1 stoichiometry was used, an increase in reaction time from 24 to
48 h did not significantly enhance the molecular weight, whereas a higher temper-
ature for 24 h was more successful. With an exact 1:1 stoichiometry, crosslinking
was avoidable. For the silyl method, even an excess of DFDPS of 10 mol% did not
result in crosslinking, but larger excess of DFDPS yielded gels after a short reaction
time of 2 h.

Lin et al. [161] reported the preparation of hb polymers, with moderately
branched, slightly branched, and linear topologies by phenol end-capped telechelic
poly(arylene ether sulfone) oligomers as A, and tris(4-fluorophenyl) phosphine
oxide as trifunctional monomer B;. When bisphenol A and low molar mass
oligomers were used as A,, pronounced cyclic reactions led to branched products
without gelation. The significance of the cyclic reactions decreased as the molar
mass of the A, oligomers was increased. When moderate molar mass oligomers
were used as A, monomers, a kinetic excluded volume effect resulted in a low
branching efficiency. An increase in the concentration of A, oligomer significantly
improved the branching efficiency.

Osano et al. [162] reported the synthesis of hybrid linear—dendritic ‘ABA’-type
architectures, where A and B were hb poly(ether ketone)s and linear poly(ether
sulfone)s, respectively. They prepared an AB, monomer [3,5-bis(4’-fluorobenzoyl)
phenol] to construct the hb segments, in an attempt to provide better control of the
resultant hb structures than by utilizing the A,+ B3 approach. The monomer
combination of linear block and AB, monomer for the formation of ABA-type
architecture are shown in Table 4, entry 4. Unreacted terminal groups of the ABA
polymers were capped by terz-butylphenol and sodium 4-hydroxybenzene sulfo-
nate. Such a flexible approach could allow different functional groups on the
polymer chain ends simply by replacing the functional group on the phenol in the
last part of the synthesis.

Kakimoto and coworkers [163] prepared multiblock linear—hb copolymers by a
two-step method involving polymerization of the AB monomer, namely
[4-(phenoxy)benzenesulfonyl chloride], to generate the linear block followed by
addition of the AB, monomer 4,4’-(m-phenylene-dioxy)-bis(benzenesulfonyl chlo-
ride) in large molar excess (AB;:AB =19:1) to generate the hb block. The mono-
mer combinations of linear block AB and AB, are shown in Table 4, entry 5. The
thermal properties of multiblock linear—hb polymers were compared with the
homo-linear and homo-hb polymers.
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The advantage of such a multiblock linear—hb architecture lies in its simplicity,
ability to control the ratio of linear to hb blocks, and the avoidance of the potential
degradation of the macromonomer sulfonyl chloride by clean-up procedures. The
DB of such polymers was difficult to calculate from the "H-NMR spectra because of
the broad, overlapping peaks. The overall AB,:AB monomer molar feed ratio for
the entire procedure was 1.35 for 15 min and 0.39 for 1 h for linear—hb block
polymerization. The thermal stability of the multiblock hb-linear polymers was
intermediate to that of the homo-linear and homo-hb polymers. The linear polymers
showed T4109 at nearly 500°C, independent of molecular weight, and the hb
polymer showed T4 10, above 343°C. The multiblock hb-linear polymers showed
T4.10% values between 500 and 343°C, based on the weight ratio of linear to hb
polymer. The DSC thermograms showed a single T, of ~200°C for all multiblock
hb-linear polymers, which was higher than that measured for the linear homopol-
ymers (T, =133-154°C), indicating a homogenous product formation with no
phase separation. A homo-hb polymer of molecular weight 30,000 Da showed no
indication of a T, below 250°C; however, a homo-hb polymer of only 8,400 Da
showed a T, at 181°C. Multiblock hb-linear products prepared with a linear
reaction time of 15 min and hb reaction time of 6-12.5 h had M,, =26,600—
34,600 Da and did not showed any film-forming ability, similar to homo-hb poly-
mers. Multiblock hb-linear products prepared with a linear reaction time of 1 h and
longer hb reaction time (6—12.5 h) had M, = 53,500-145,600 Da and showed film-
forming ability, but the mechanical properties could not be evaluated due to
brittleness of the hb polymer films.

Hyperbranched Poly(aryl ether)s with a Phosphine Oxide Moiety

The phosphine oxide group is an exceptionally good electron-donating group and
facilitates the subsequent coordination with various metal ions or the formation of
relatively strong hydrogen bonds. In addition, polymers incorporating phosphorus
are known to have flame retardance and oxygen plasma resistance.

Lee et al. [164] prepared AB, and BA, monomers, namely bis(4-fluorophenyl)-
4'-hydroxyphenylphosphine oxide and bis(4-hydroxyphenyl)-4'-fluorophenyl-
phosphine oxide, that were converted to the corresponding hb poly(arylene ether
phosphine oxide)s (hb-PAEPOs) with hydroxyphenyl and fluorophenyl end func-
tional groups. The hb polymers were prepared by self-condensation of AB, (1-26,
Scheme 10) or BA; monomers (1-27, Scheme 10) utilizing NMP/toluene as solvent
in the presence of K,COj; as base. The hb-PAEPO with hydroxyphenyl end
functional groups showed a lower intrinsic viscosity (7 =0.15 dL/g), and thus a
lower molecular weight, in comparison to the hb-PAEPO with fluorophenyl end
functional groups (7 = 0.44 dL/g) because of the low solubility of the phenolate ion
during polymerization. The T, values for the obtained polymers were 230 and
266°C, which showed an increasing trend with increase in # values. The
fluorophenyl-terminated hb polymer was soluble in CHCI;, but the
hydroxyphenyl-terminated polymer was not soluble in CHCl; even though it had
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Scheme 10 Structures of monomers and core molecules used for the synthesis of hb-PAEPOs

a lower molecular weight than the fluorophenyl-terminated polymer, indicating that
the properties of the hb polymers were dependent on the end functional groups as
well as on their molecular weight. The prolonged polymerization of the AB,
monomer yielded insoluble product, presumably due to the intermolecular reaction.
However, the polymerization of BA, monomer at the same polymerization condi-
tions produced relatively low molecular weight polymer due to the poor solubility
of the corresponding phenoxide salt.

The AB, monomer, 4-(fluorophenyl)-4’,4”-(bishydroxyphenyl) phosphine oxide
(1-26, Scheme 10), was synthesized by Lin and Long [165] by polymerizing the
AB, monomer with various catalysts, such as K,CO3 or Cs,CO3/Mg(OH),, in the
presence of dry and distilled DMSO as a solvent. All hb-PAEPOs were readily
soluble at room temperature in polar aprotic solvents and basic water. Because of
the highly irregular, branched 3D structures, gel permeation chromatography
(GPC) did not provide an accurate measurement of molecular weight. Higher
monomer concentrations in DMSO resulted in higher molecular weight but with
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lower yields. The Cs,CO5/Mg(OH), catalyst resulted in higher molecular weights
than similar reaction conditions employing K,COj3 but resulted in lower yields of
about 45%, which the authors attributed to the formation of insoluble, high molec-
ular weight products. DSC measurements indicated no thermal transitions for the
hb-PAEPO below 350°C, with the exception of a transition at 100°C that the
authors attributed to the presence of residual water. They were of the opinion that
the abundance of phenolic end groups was capable of efficient hydrogen bonding
with other polar compounds.

A series of AB, monomers, namely bis-(4-fluorophenyl)-(4-hydroxyphenyl)
phosphine oxide (1-26, Scheme 10), bis-(3,4-difluorophenyl)-(4-hydroxyphenyl)
phosphine oxide (1-28, Scheme 10), and 4-hydroxyphenyl-bis-(3,4,5-
trifluorophenyl)phosphine oxide (1-29, Scheme 10), were synthesized and charac-
terized by Bernal et al. [166]. The AB, monomers were self-condensed to form
hb-PAEPOs according to the procedure reported by Hawker and Chu [65]. Spectral
analysis of the resulting polymers indicated DB of 57% with M,, ranging from
22,400 to 52,500 Da and P in the range of 2.44-3.60. The polymerization time
required to achieve reasonable molecular weights was decreased from 20 h to less
than 6 h and then to 4.5 h by the introduction of additional fluorine atoms to some of
the monomers, and a M, of 33,000-22,400 Da was obtained. The hb-PAEPOs
showed only a very weak endothermic baseline shift at approximately 300°C in
DSC scans up to 450°C. TGA measurements of hb-PAEPOs showed high thermal
stability at 545-590°C under nitrogen atmosphere and 475-480°C in air
atmosphere.

Bernal et al. [167] further extended their work and prepared hb-PAEPOs with
controlled molecular weights and narrow D by the polymerization of
bis-(4-fluorophenyl)-(4-hydroxyphenyl)phosphine oxide in the presence of three
core  molecules.  Polymerization reactions of  bis-(4-fluorophenyl)-
(4-hydroxyphenyl)phosphine oxide (1-26, Scheme 10) in the presence of 3, 5,
and 10 mol% of tris(4-fluorophenyl)phosphine oxide (1-30, Scheme 10), tris
(3,4-difluorophenyl)phosphine oxide (1-31, Scheme 10), and tris(3,4,5-
trifluorophenyl)phosphine oxide (1-32, Scheme 10), respectively, were carried
out in NMP at reflux in the presence of K,COj3, with reaction times of 8 h. The
more reactive the core toward nucleophilic aromatic substitution, the more control
was provided over the final molecular weight and the resultant P. Polymers showed
M,, values ranging from 3,270 to 8,100 Da for polymerization reactions in the
presence of core molecules. The highly fluorinated core, tris(3,4,5-trifluorophenyl)
phosphine oxide (1-32, Scheme 10), yielded polymers with molecular weights
approaching the theoretical values and narrow D values as low as 1.25 were
obtained. The DB also decreased significantly with increase in concentration of
the core molecule from 3.5 to 10 mol%.

Czupik and Fossum [168] prepared hb-PAEPOs via an A;+ Bj polymerization
technique with tris(4-fluorophenyl) phosphine oxide (1-30, Scheme 10) as Bj
monomer, using a variety of bisphenols, namely 4,4'-isopropylidenediphenol
(BPA), 4,4'- dihydroxybiphenyl (DHB), and 4,4’-dihydroxybiphenyl ether
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(DHBE), as A, monomers. They studied the effects of the reactivity of the A,
monomer, the A:B ratio, the mode of addition, the solvent, and the concentration on
the final molecular weight, £, and DB. Soluble hb-PAEPOs with M, up to
299,000 Da were obtained. When BPA was added to a solution of tris
(4-fluorophenyl) phosphine oxide over a period of 5.7 h, the M,, of the resulting
polymer increased slowly until all of the BPA was added, and then the M, increased
dramatically to 299,000 Da with a D of 24.2. If a solution of tris(4-fluorophenyl)
phosphine oxide was slowly added to a solution of BPA over a period about 4 h,
only 85% of tris(4-fluorophenyl) phosphine oxide could be added before the gel
point was reached. If tris(4-fluorophenyl) phosphine oxide was added slowly to
BPA over 3.5 h at twice the concentration (i.e., A,:B3; =2:1), the entire solution of
tris(4-fluorophenyl) phosphine oxide could be added before the gel point was
reached. These results indicated that soluble, moderate molecular weight
hb-PAEPOs with D values of about 3.0 were achieved with a molar ratio of 2:1
(A,:B5) if the reaction was stopped at an appropriate time. Slow addition of DHB to
a solution of tris(4-fluorophenyl) phosphine oxide and of tris(4-fluorophenyl)
phosphine oxide to a solution of DHB resulted in significantly lower molecular
weight products, with M, values ranging from 7,800 to 12,600 Da and P of about
2. When DHBE was added slowly to a solution of tris(4-fluorophenyl) phosphine
oxide, M, values were similar to those observed for BPA and DHB, which
increased with an increase in reaction time. Reactions in which the A, component
was added slowly resulted in lower DBs, ranging from 20 to 50%, whereas the slow
addition of the B3 component provided samples with DBs of approximately 75%.
Reactions performed under highly diluted conditions were independent of the mode
of monomer addition and afforded completely soluble products with M,, values in
the range of 9,000-12,100 Da and P values as low as 2.2.

Fossum and coworkers [169] reported the synthesis and characterization of
soluble, branched copoly(aryl ether ketones) with a phosphine oxide moiety with
controlled molecular weights and relatively low D values, prepared via the copo-
lymerization reactions of AB (1-33, Scheme 10) and AB, (1-26, Scheme 10) in the
presence of a highly reactive core molecule, tris-(3,4,5-trifluorophenyl)phosphine
oxide (1-32, Scheme 10). Many of their findings were compared with previously
reported results [170]. Initial reactions were performed with AB:AB, molar ratios
of 75:25, 90:10, and 95.5 in the presence of 3 mol% of core molecule, at a final
reaction temperature of 200°C. The final molecular weight could be easily con-
trolled by varying the amount of core molecule added to the reaction mixture. For
example, for AB:AB, with 95:5 mol%, when 5 mol% of core molecule was utilized
in the polymerization reaction compared to 3 mol%, a corresponding decrease in
the M, value (4,010 Da compared with 6,820 Da) was observed for the same
polymerization temperature of 200°C. At each polymerization temperature, the
ratio of AB:AB, also showed a significant impact on the D of the samples. Samples
prepared at the same reaction temperature, for example at 200°C, with AB:AB,
ratios of 75:25, 90:10, and 95:5 possessed P values of 2.2, 2.6, and 4.1, respec-
tively. The combined effects of reaction temperature, the ratio of AB:AB,, and the
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Fig. 2 The combined effects of reaction temperature, the ratio of AB to AB,, and the mol% of the
core molecule on the final polydispersity (PDI) of hb-PEK copolymers. Reproduced with permis-
sion from [169]

percentage of core molecule on the final P of hb-PEK copolymers are shown in
Fig. 2.

The substantial increase in P values with the increase of AB, in the ratio of AB:
AB, was attributed to the greater number of end groups present in the growing
polymer chains, thus favoring the reaction of monomer with growing polymer
rather than starting a new polymer chain. Fossum and coworkers also observed
that the effect of reaction temperature was not that significant for 5 mol% of core
molecule in comparison to that observed at 3 mol%. This finding was attributed to
the fact that the total number of end groups in the system was higher when a higher
mol% of core was utilized. Furthermore, for hb polymer prepared under similar
reaction conditions, with AB:AB, molar ratio of 75:25 mol% containing 3 mol% of
core molecule, both T (229°C) and T;,, (278°C) were measurable in comparison to a
similar polymer product prepared without a core molecule, which was completely
amorphous. Samples prepared under the same reaction temperature of 200°C, with
AB:AB; ratios of 75:25 containing 3 mol% of core molecule, showed much lower
M, and dispersity (M, =5,400 Da, D =2.2) compared with a similar polymer
sample prepared without the presence of a core molecule (M, =13,000 Da,
D =11). Fossum and coworkers assumed that the polymer samples prepared in
the presence of core molecule were more homogeneous in nature, leading to better
packing into crystalline regions and, hence, a T,, of 205°C. A similar polymer
sample prepared under the same reaction conditions without the core molecule was
completely amorphous in nature and did not show any T, which the authors
attributed to self-plasticification, thus preventing the formation of crystalline
regions. The M, values of these systems could be controlled by altering the
percentage content of core molecule, providing an efficient method for generating
materials for a thorough study of structure—property relationships.
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Hyperbranched Poly(aryl ether) with a Keto-imide Moiety

Baek et al. [131] synthesized an AB, monomer containing a preformed aromatic
imide moiety and para-carbonyl functions to facilitate the formation of phenolate
nucleophiles using K,CO; as base. The AB, monomer, N-[3,5-bis
(4-hydroxybenzoyl)benzene]-4-fluorophthalimide (shown in Scheme 11) was pre-
pared from 4-fluoroisophthalic anhydride and 3,5-bis(4-hydroxybenzoyl)aniline.
The AB, monomer was then polymerized via the aromatic fluoride-displacement
reaction to afford the corresponding hydroxyl-terminated hb poly(aryl ether keto-
imide) (hb-PAEKI). Functionalization of the resulting hb poly(arylene-ether-
ketone-imide) was accomplished by modifying the chain ends with allyl bromide,
propargyl bromide, or epichlorohydrin to afford allyl-terminated, propargyl-termi-
nated, or epoxy (glycidyl)-terminated hb polymers, respectively. All hb-PAEKIs
were soluble in common organic solvents. The hydroxyl-terminated hb PAEKI
showed a T, of 224°C due to hydrogen bonding whereas its derivatives exhibited
lower T, values that ranged from 122 to 174°C. Preliminary thermal study of the
allyl ether-terminated hb polymer as a toughening additive for high-performance
thermosets was conducted. The allyl-terminated hb-PAEKI was blended with a
bisphenol A-based bis(maleimide) in various weight ratios. The results from DSC
studies indicated that the presence of allyl-terminated hb-PAEKI significantly
affected the T, and cure behavior of bisphenol A-based bis(maleimide) when
added up to 32 wt%.

Baek and coworkers [171] also synthesized a phthalonitrile-terminated
hb-PAEKI that was end-functionalized with allyl groups, which could serve as a
good processing aid and property enhancer for a bismaleimide resin. Furthermore,
the authors blended it with a phthalonitrile (PN) resin based on [4,4'-bis
(3,4-dicyanophenoxy)biphenyl] because PN resins are known to show excellent
thermal and oxidative stability, together with flame retardant properties, and have
attracted a great deal of attention as matrices for composite applications in the
vicinity of an aircraft or submarine engine.

Fossum and coworkers were very curious to prepare hb-PAEKIs from the same
AB, monomer [172] on an industrial scale via a cost-effective route. They con-
cluded that the introduction of phenol groups via the nucleophilic aromatic substi-
tution reaction of aryl fluorides with K,COj; afforded a very low-cost and efficient
alternative to demethylation of the methoxy groups using either pyridine hydro-
chloride or BBr; when a large excess of reagent is used. The yields and selectivity
of the reactions were also improved significantly utilizing the nucleophilic aromatic
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substitution reaction of aryl fluorides with potassium hydroxide as a low cost
reagent.

Hyperbranched Poly(aryl ether)s with Oxazole, Oxadiazole, and Oxindole
Moieties

Gong et al. [173] synthesized and characterized an ABB’-type monomer containing
a pair of phenolic groups and an aryl fluoride, which was activated toward dis-
placement by the attached oxazole ring. The ABB’ monomer (1-34, Scheme 12)
was self-condensed to form a hb poly(aryl ether oxazole) (hb-PAE-Ox) with
terminal phenolic groups. The DB of hb-PAE-Ox was approximately 50%. The
polymer was thermally stable and readily soluble in polar organic solvents. The
terminal phenolic groups were easily functionalized, yielding hb hb-PAE-Oxs with
a variety of ester-terminated and ether-terminated chain ends using different
end-capping agents. Physical properties such as the T, and solubility of the hb-
PAE-Oxs depended significantly on the nature of the chain ends. It is known that for
hb polymers the transition from the polar hydroxyl function to nonpolar aliphatic
end groups results in a decrease in T, because of the reduction in the extent of
intermolecular interactions in the polymeric molecules [174]. The hb-PAE-Ox,
which has polar hydroxyl terminal groups, showed a T, value of 274°C. Polymers
with less polar terminal groups, such as ester and ether groups, showed T, values of
197 and 154°C, respectively. A further decrease in T, to 124 and 119°C was
observed for polymers when the length of the alkoxyl chain of the terminal ester
or ether groups increased. The different chain ends also led to differences in
solubility. The phenolic-terminated polymers were soluble in polar solvents such
as DMSO and DMF, whereas the ester-terminated polymers were only partially
soluble in DMF and insoluble in DMSO; the ether-terminated polymers were totally
insoluble in both polar solvents. Conversely, in relatively nonpolar solvents such as
CH,Cl, and CHCl; polymers with ester- and ether-terminated chain ends were very
soluble, whereas the polymers with a hydroxyl-terminated chain end were
insoluble.

An AB, monomer (1-35, Scheme 12) was synthesized by Wu and Shu [175] for
preparation of a hb poly(aryl ether oxadiazole) (hb-PAE-Oxd) with terminal phenol
functionalities. The AB, monomer contained two phenolic groups and a single aryl
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fluoride group that was activated toward nucleophilic displacement by the attached
oxadiazole ring. The hb-PAE-Oxd showed a DB of 44%. The terminal phenolic
groups were further post-functionalized with ether and ester chain ends using
different end-capping agents to yield hb-PAE-Oxds. The nature of the chain-end
groups showed a significant influence on the T, and solubility. The hb-PAE-Oxd
containing polar hydroxyl terminal groups showed T, of 286°C, whereas the T,
values of hb-PAE-Oxds that contained less polar terminal groups, namely ether and
ester groups, were 183 and 220°C, respectively. A further decrease in T, to 121 and
146°C was observed for polymers with increasing length of the alkoxyl chain of the
terminal ether or ester groups.

Hyperbranched poly(aryl ether oxindole)s (hb-PAE-Oxns) with a DB of 100%
were prepared by Fu et al. [176] from an isatin-based AB, monomer (1-36,
Scheme 12) by one-pot polymerization without using toxic organometallics nor
chromatographic purification. The hb-PAE-Oxns soluble in apolar solvents were
able to encapsulate a hydrophilic dye from the same polymer.

Kowalczuk et al. [177] synthesized an AB,-type monomer (1-37, Scheme 12)
that was self-condensed to give the hb poly(aryl ether oxindole) (hb-PAE-Oxn)
with a DB of 100% and showed good solubility in common organic solvents such as
CHCI; and THF. In general, the synthesis of the monomers for the preparation of
hb-PAE-Oxn required toxic chemicals. However, in this work, the AB, monomer
was prepared by only three steps: Friedel-Crafts acylation of 4-methylbenzoyl
chloride with diphenyl ether to yield benzophenone, which was brominated by
treatment with N-bromosuccinimide leading to benzyl bromide, and alkylation
with 5-bromoisatin to yield the respective AB, monomer purified simply by
precipitation from diisopropyl ether. The isatin functional groups were then
end-capped with phenol and acylated using 2-bromoisobutyryl bromide, yielding
a macroinitiator that was used for the synthesis of star polymers. The molar mass
and dispersity of the synthesized bromopropionyl-functionalized poly(arylene
oxindole) core showed M,, = 20,000 Da and ® = 1.7. The hb core polymer exhibited
a high T, of about 250°C, which was similar to the previously obtained linear
analogs (T, ~250-300°C) [178].

Hyperbranched Poly(aryl ether)s with a Phenylquinoxaline Moiety

Baek and Harris prepared AB, (1-38, Scheme 13) and A,B (1-39, Scheme 13)
monomers [179] and self-polymerized them to very high molecular weight hb poly
(phenylquinoxaline)s (hb-PPQs). The phenol-terminated hb-PPQs were only solu-
ble in strong organic acids, whereas the aryl fluoride-terminated hb-PPQs were
soluble in most common organic solvents. The hb-PPQs were treated with allyl
bromide to afford an allyl ether-terminated hb-PPQ, which was also soluble in most
organic solvents. The aryl fluoride hb-PPQs had a much higher M, of
~2,643,000 Da and a much broader molecular weight distribution (D ~60) than
the phenol-terminated hb-PPQs (M, =322,000 Da, D =3.7) and allyl-terminated
hb-PPQs (M, =243,000 Da, D ~4). The results indicated that phenol-terminated
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Scheme 13 Structures of monomers used for the synthesis of hb-PPQs

hb-PPQs formed aggregates in solution due to the formation of hydrogen bonding
and showed limited solubility in organic solvents. The aryl fluoride-terminated
hb-PPQs, on the other hand, had a much more extended and open conformation
and showed good solubility in most common organic solvents. The lower T,
(225°C) of aryl fluoride-terminated hb-PPQs compared with phenol-terminated
hb-PPQs (T, =255°C) was attributed to the extra flexible units in the repeating
unit, no hydrogen bonding, and its apparent extended and open conformation. The
phenol-terminated hb-PPQ and the aryl fluoride-terminated hb-PPQ showed Ty 54,
at 511 and 575°C, respectively, in nitrogen, indicating high thermal stability. The
reduced thermal stability of phenol-terminated hb-PPQs was attributed to the lower
stability of the terminal phenol groups.

Baek and Harris also synthesized AB (1-40, Scheme 13) and BA (1-41,
Scheme 13) monomers [180] in addition to the previously synthesized AB, and
A,B monomers [179]. The AB and AB, monomers were copolymerized to afford
different degrees of linear units in hydroxyl-terminated hb-PPQs. Similarly, BA
and A,B monomers were copolymerized to afford different types of fluorine-
terminated hb-PPQs. In the case of hydroxyl-terminated hb-PPQs, properties such
as solubility, solution viscosity, T,, and polymer degradation temperature were
greatly influenced by the number of hydroxyl groups on the surface. However, the
properties of fluorine-terminated hb-PPQs were much less influenced by the num-
ber of fluorines on the surface. The copolymers of AB and AB,were soluble in most
aprotic solvents and phenolic solvents and T, values ranged from 239 to 274°C.
Copolymers of BA and A,;B were also soluble in most aprotic solvents and phenolic
solvents. The hydroxyl- and fluorine-terminated hb-PPQs showed T4s¢, values
ranging from 511 to 568°C in air and from 556 to 588°C in nitrogen, respectively,
indicating that thermal degradation depended on the surface functional groups at
the chain ends. The enhanced thermal stabilities of fluorine terminated hb-PPQs
could be attributed to the fluorine terminal groups on the macromolecule surfaces.

A new phenylquinoxaline-containing AB, monomer (1-42, Scheme 13) was
designed and synthesized by Baek and Tan [181] and the corresponding polymer
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was synthesized at the optimal temperature of ~130°C using PPA and P,Os (4:1).
During the optimization study, the evolution of polymer density was realized by
visualizing the existence of a changeover in the macromolecular architecture from a
‘fanlike’ conformation at the early stage of polymerization to a denser, globular
conformation at higher molecular weights. The authors also showed that the
subsequent chain-end functionality transformation for the resulting hb-PPQ could
be performed either in a one-pot process or a batch process. The resultant hb-PPQs
were thermally stable, with a Ty 54, of over 500°C in air.

Fluorinated hb Poly(arylene ether)s

Fluorine-containing polymers [182] are of special interest because they provide
attractive properties such as low optical loss, birefringence, dielectric constant, and
moisture absorption. On the other hand, poly(arylene ether)s are well-known
aromatic polymers of high T, excellent thermal stability, and mechanical strength.
Researchers have reported that perfluoroalkyl groups as a pendant unit or in the
main chain activate fluoro displacement by phenoxides [183]. Since electron-
withdrawing perfluoroalkyl groups cannot participate in resonance stabilization,
activation by this group is expected due to the stabilization of the negative charges
at the 2- or 4-position by a negative inductive effect [184, 185]. The steric
congestion due to the bulky trifluoromethyl group (—CF3) may also facilitate the
formation of a stable Meisenheimer complex with the release of steric strain
[186]. The presence of a pendent —CF; group in polymers increases the fractional
free volume and lowers the dielectric constant while increasing its solubility
without forfeiture of thermal stability [187-190]. The pendent —CF; group also
decreases the crystallinity and serves to increase the free volume of the polymers,
thereby improving gas permeability [191, 192] and electrical insulating properties
[193]. The continued search for new activating groups for nucleophilic aromatic
substitution leading to the formation of poly(arylene ether)s has been a very active
area of polymer research, and in this regard fluorinated hb poly(arylene ether)s
(F-hb-PAESs) with pendant —CF3 groups are noteworthy in terms of their interesting
properties observed.

An AB, monomer containing pendent —CF; groups (1-43, Scheme 14), namely
2,4 bis-(4-fluoro-trifluoromethylphenyl)phenol, was synthesized by Banerjee [194]
utilizing Pd-initiated coupling, which was self-condensed to yield fluorinated hb
poly(arylene ether) (F-hb-PAE) with an M, = 8,200 Da and P = 1.2, indicating a
highly regular structure. The F-hb-PAE was soluble in a wide variety of organic
solvents and also in acetone. F-hb-PAE showed reasonable thermal stability, with
Ty 59, in air of about 379°C and a T, of 132°C. However, it was not possible to
calculate the DB from NMR spectra due to several aromatic units between the
branching points that restricted the analysis between a linear and a terminal unit.

An AB, monomer containing pendent —CF; groups (1-44, Scheme 14), namely
bis-(4-fluoro-3-trifluoromethylphenyl)-4’-hydroxyphenylphosphine  oxide, was
synthesized by Satpathi et al. [195]. On self-condensation, this AB, monomer led



70 A. Ghosh et al.

CF3

CF3
Loy 0 O
FyC CF;
" ‘
HO

F3C.
[194] O O

1-43 [195] [197]
CF3 1-46
S [143]

Scheme 14 Structures of monomers used for the synthesis of F-hb-PAEs

to fluorinated hb poly(arylene ether phosphine oxide) (F-hb-PAEPO) of much
higher molar mass (M, ~6,16,000 Da).The F-hb-PAEPO showed a T, value of
225°C; the T4199 in nitrogen and air were found to be 508°C and 448°C, respec-
tively. Due to missing entanglements, no free-standing films could be prepared
from the F-hb-PAEPO and no mechanical properties could be recorded. An inter-
esting finding was observed from '"F-NMR spectra that indicated partial loss of
4-fluoro groups from unreacted B sites, as also observed previously by Fossum and
coworkers [167] but was not explained. This effect was also manifested on the DB
of the F-hb-PAEPO, which was approximated to 53 or 59% using the equations
given by Frechét or Frey, respectively, but the DB should be ~50% without
unwanted side reactions. Satpathi and coworkers ascribed this to the lability of
these activated fluorine atoms under basic polymerization conditions. Under basic
conditions of the polycondensation reaction, this fluorine was not only replaced by
the phenolate under formation of ether bonds but probably also by the water that
was generated by the deprotonation of the hydroxyl groups, which was not removed
fast enough by azeotropic distillation, and this finding was supported by a model
reaction. Herbert et al. showed that activation of the fluorine by the phosphine oxide
group in the para position could further accelerate this reaction [196].

Banerjee et al. synthesized a new trifluoromethyl-activated trifluoro monomer
by Pd-initiated coupling of 1,3,5-tribromobenzene with 4-fluoro-3-trifluoromethyl-
phenylboronic acid to afford 1,3,5-tris(4-fluoro-3-trifluoromethylphenyl)benzene
as B3 monomer (1-45, Scheme 14) [143]. The B; monomer was reacted with
three different bisphenols, namely 4,4'-isopropylidenediphenol (BPA), 4,4-
'-(hexafluoroisopropylidene) diphenol (6F-BPA), and 4,4'-(9-fluorenylidene)
diphenol (C-BPA), as A, monomers in different molar ratios (A,:B;=1:1, 1.5:1,
or 2:1) leading to several fluorinated hb poly(arylene ether)s (F-hb-PAEs). At a
functional equivalence of A,:B3 (i.e., 3:2 molar product) very high molecular
weight products were obtained without significant gelation. In order to prevent
gelation, a slow mode of addition of B; monomer for a period of 3 h was adopted to
prevent any high local concentration at any time during polymerization, and the
solid content was kept as low as 2.7 wt%. For 1:1 and 2:1 (A,:B3) molar ratios,
reactions proceeded smoothly without any noticeable gel formation since both
contained a significant excess of one type of functionality. However, despite the
highest reactivity of BPA (strongly nucleophilic) toward the B; monomer in the
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series, there was no gelation even at a functional equivalence (A;:B;=1.5:1).
Theoretically, the gel point is reached in such a system at a functional group
conversion of about 71% whereas, interestingly, a very high molar mass product
(714,200 Da) was achieved in high yields, which clearly indicated a high monomer
conversion and this was also manifested by spectral analysis. Polymerization in a
highly diluted system, as well as slow monomer addition, helps to prevent macro-
scopic gelation to some extent according to the previous findings in literature
[83, 84]; however, there could be a tendency to intramolecular cyclization due to
favorable monomer configuration, which might help in shifting the gel point to
higher conversion or prevented it totally. Some gelation was observed in the case of
F-hb-PAEs resulting from 6F-BPA or C-BPA towards B; monomer (i.e., Aj:
B3 =2:1 molar ratio) under similar reaction conditions. It was also observed that
the gel content increased with increase in reaction time, particularly when the
reaction temperature was 180°C. To avoid the problem of gelation, the F-hb-
PAEs based on 6F-BPA or C-BPA with A;:B;=1.5:1 were prepared by
maintaining the reaction temperature at only 165°C. All the polymers were soluble
at room temperature in common organic solvents such as NMP, DMF, and DMAc,
but were insoluble in DMSO. The '’F-NMR signals revealed very high DB for
these F-hb-PAEs (>70% and approaching almost 100%). GPC analysis of the F-hb-
PAEs polymers prepared from 1:1 or 2:1 molar reaction of A, and B; monomers
showed relatively low molar masses with values as low as 10,900 Da and narrow D
values as low as 1.45 due to the presence of excess reactive functional groups,
resulting in termination of the polycondensation. The 1.5:1 molar reaction resulted
in very high molecular weight polymers, up to 2,840,000 Da, with D as high as 7.94.
The 1.5:1 and 2:1 molar F-hb-PAEs exhibited higher T,s than the 1:1 molar
products. The phenoxy-terminated products, i.e., the 2:1 molar reaction products,
showed a higher T, (180-249°C) than the 1:1 molar reaction products (T, ~147—
232°C). The F-hb-PAE prepared from C-BPA and B; monomer with 1.5:1 molar
ratio of A,:Bs did not show any T, up to 350°C and showed a Ty 104 as high as
595°C, indicating very high thermal stability. Besides, the polymers showed more
than 50% char residue even above 700°C under nitrogen atmosphere.

A new AB,; monomer [3,5-bis(4-fluoro-3-trifluoromethylphenyl)phenol]
containing pendent —CF; groups (1-46, Scheme 14) was prepared by Ghosh
et al. [197] utilizing Suzuki coupling of 4-fluoro-3-trifluoromethylphenylboronic
acid and 3,5-dibromophenol. The self-condensation of the AB, monomer led to
F-hb-PAEs of low molecular weight and high molecular weight (see Scheme 15 for
hb structures), depending on the solution concentration and reaction time. In
general, a high solution concentration and long reaction time led to high molecular
weight products. The M,, of the AB, self-condensation product was further
increased to 231,300 Da with a D of 2.0 when the solution concentration was
increased to 10 wt%. The fluorinated hb copoly(arylene ether)s 2a, 2b, 2¢, 3a, 3b,
and 3c (see Scheme 15 for hb structures) were prepared by the AB, + A, approach.
The synthesized AB, monomer was reacted with two different commercial
bisphenols, namely BPA and 6 F-BPA, at three different molar ratios (AB,:
A,=1:1,3:2,2:1) to form fluorinated hb copoly(arylene ether)s. Here, the reactions
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Scheme 15 Reaction scheme and structure of the hb poly(arylene ether)s. Reproduced with
permission from [197]

were carried out at lower solution concentration of about 4 wt% to avoid any
gelation, and some changes were also made in terms of reaction temperature and
reaction time, such as 150°C for 8 h and then at 180°C for another 3 h. These
changes were required to avoid any gelation in the 2:1 molar reactions of AB, and
A,. The calculation from 'H-NMR spectra for hbp(lw) showed DBpgeche; Value of
0.5, whereas DB, gave a value of 0.44. As the molecular weight increased for
high molecular weight F-hb-PAE, broadening of the "H-NMR signals prevented an
accurate determination of the content of linear, dendritic, and terminal subunits. For
the polymers 2¢ and 3c, there were broad and overlapping signals; however, the
copolymer structures could be confirmed. For the fluorinated hb copoly(arylene
ether) samples with excess of A groups (2a, 2b, 3a, and 3b), additional signals due
to unreacted A sites of the AB, and A, monomer, respectively, were observed.
Both refractive index (RI) and multi-angle laser light scattering (MALLS)
detectors were used in GPC measurements to determine the molecular weight of
the F-hb-PAEs synthesized using different monomer ratios. Extremely high molec-
ular weight products were obtained without gelation for 2:1 molar reactions, with
M,, values of ~3,730,000 and ~4,470,000 Da using BPA and 6 F-BPA as A,
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monomers, respectively. The authors stated that for the molar ratio AB,:A, =2:1,
i.e., at a stoichiometric equivalence, only half of the A functional groups contrib-
uted to potential gelation whereas the other half underwent self-condensation of the
AB, monomer, and shifted the critical conversion from ~70% to nearly 90%
without affecting the molar mass of the product. This observation was somewhat
in accordance with the previous theoretical finding by Voit and coworkers on the
‘diluting’ effect on the critical functionality ratio of adding A, to AB, [198]. The F-
hb-PAEs showed excellent thermal stability and very high T, values. The AB, self-
condensed F-hb-PAE showed a T, as high as 199°C and Ty, ;94 as high as 573°C in
N,, whereas the extremely high molar mass products of the AB, + A, approach did
not show any T, up to 350°C and T4y 04.as high as 554°C.The DSC plots of the
fluorinated hb homopoly(aryl ether)s and copoly(aryl ether)s are shown in Fig. 3.

2.2.5 Hyperbranched Poly(aryl amine)s with a Triazine Moiety

Mabhapatra and Karak [199] prepared triazine-containing hb polyamines (hb-PAms)
by the A, + B3 polymerization approach. The methylene-containing hb-PAm (the
monomer combination is shown in Scheme 16a) showed a lower T, of 230°C due to
the presence of the flexible methylene linkage compared with the sulfone-
containing hb-PAm (monomer combination shown in Scheme 16b), with a T, of
240°C as per DSC measurements. The solubility studies revealed that the hb-PAms
were soluble only in polar aprotic solvents, which the authors attributed to the
presence of polar —-NH— groups and rigid triazine moieties. Flame retardancy
studies revealed that the resulting sulfone-containing hb-PAm showed higher
flame retardancy in terms of the limiting oxygen index (LOI), with a value as
high as 42 compared with that of the methylene-containing hb-PAm with a LOI
value of 32. The authors attributed the higher LOI of the sulfone-containing hb
polyamine to the presence of sulfur as a nonflammable element compared to the
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Scheme 16 Structures of monomer combinations used for the synthesis of triazine-containing
hb-PAms [199]
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Scheme 17 Structures of hb-PPOs with different end-functionalities

methylene-containing hb-PAm, which might form flammable methane, ethane or
similar type of flammable molecule upon combustion.

2.2.6 Hyperbranched Poly(phenylene oxide)s

Zhang et al. [200] prepared an AB, monomer, namely 4-bromo-4’4"-
dihydroxytriphenylmethane, through a modified Ullmann reaction. The monomer
was treated with K,COsor NaOH as a base and copper chloride (CuCl) as a catalyst
in solvents such as DMSO or sulfolane to form hb poly(phenylene oxide)s
(hb-PPOs) with phenolic terminal groups (1-47, Scheme 17). The sulfolane/
NaOH system at a higher temperature of ~210°C led to more rapid polymerization
with a higher DB (71%), in comparison to polymers prepared in the presence of
DMSO/K,CO; at a temperature of 170°C, which showed a DB of 48%. The
phenolic terminal groups were modified into a variety of functional chain ends,
namely methoxy, 1-butoxy, ethyleneoxy, or diethyleneoxy units, which were
coupled with the aryl hydroxyl branch-end. The nature of the chain-end groups
showed significant influence on the solubility of the hb-PPOs. The hb-PPOs were
insoluble in chloroform, whereas the modified hb-PPOs were soluble in chloroform.
Due to the presence of the branched structure and the large number of polar
phenolic terminal groups, the resulting samples exhibited higher T, values, between
130°C and 153°C, compared to linear PPOs with T, values of about 95°C. The
resulting hb polymers showed high thermal stability, with T4 54, above 258°C in N,
and above 280°C in air.

Lv et al. [201] designed and synthesized an AB,-type monomer, namely
4-fluoro-4',4”-dihydroxy triphenyl methane. Through the homopolymerization of
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the monomer, hb-PPO with terminal phenolic groups (1-48, Scheme 17) was
obtained. Here, the aryl bromide was replaced with aryl fluoride group because
in the previous studies [200], hb-PPOs prepared from 4-bromo-4',4"-
dihydroxyltriphenylmethane by the Ullmann reaction had some limitations such
as promotion of branching via Ar—CHj groups during high temperature processing
by the unreacted amine and copper salts and also difficulty in removal of copper
salts [202]. Hence, the aromatic nucleophilic substitution reaction was used to
replace the Ullmann reaction to synthesize hb-PPO free of the amine and copper
salts for environmental safety. Aromatic nucleophilic substitution (SNAr) is a very
effective method among the various reactions that involve a leaving group activated
with an electron-withdrawing group that produces an aromatic ether linkage [74,
120]. The fluorine was chosen as a leaving group due to its good reactivity on
account of its small size and high electronegativity. Moreover, the fluorine group
can offer many desirable properties such as low polarity, low moisture absorption,
and good solubility.

A new AB, monomer, namely 4-hydroxyl-4',4”-difluorotriphenylmethane, was
successfully synthesized by Luo et al. [203] via a Friedel-Crafts alkylation of
phenol from 4,4'-difluorodiphenylmethanol. A series of fluoro-terminated hb-PPOs
(F-hb-PPOs, 1-49, Scheme 17) was prepared by self-condensation leading to
different molecular weights, with M,, values varying from 2,000 to 6,800 Da and
D of 1.74.8. It was found that the molecular weight and P of the F-hb-PPOs
increased with monomer concentration and reaction time. The solubility of the F-
hb-PPO was different from the hb-PPO synthesized in a previous study [200],
which the authors attributed to the large number of terminal groups leading to the
greater solubility of hb polymers. The DB of the F-hb-PPOs decreased from 0.63 to
0.53 as the molecular weight increased. This was attributed to differences in
reactivity between the two B groups of AB, monomer due to the steric hindrance.
The authors were of the opinion that one B group of the AB, monomer reacted with
an A group and the other B group in the same AB, had lesser chance of reacting
with the A group. As the molecular weight increased, the hb architecture became
larger and the terminal B groups on the outside surface became increasingly
crowded. The crowding or the steric hindrance inhibited the reaction between the
second B group and the A group, resulting in a more linear architecture and thus
lowered the DB. The T, of the F-hb-PPOs increased with increasing molecular
weight, up to 164°C when the M, was over 6,800 Da. The increase in T, was
ascribed to the highly branched molecular architecture, which could inhibit the
mobility of chain segments. The F-hb-PPOs showed excellent thermal stability,
with Ty 54, values up to 559°C.

The trifluoromethyl group can act as an effective activating group for fluoro
displacement. Ghosh et al. synthesized a new trifluoromethyl-substituted AB-type
monomer, namely 4-fluoro-3-trifluoromethylphenyl phenol [204], which was
copolymerized with the AB, monomer [197] in molar ratio 1:1 to yield a fluorinated
hb copolymer by the AB + AB, polymerization approach. The representative struc-
ture of the hb copolymer is shown in Scheme 18. The DB could not be evaluated
from spectral analysis; however, assuming a random copolymerization of the
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Scheme 18 Representative F
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monomers and a full conversion of A groups, the DB should be approximately 44%
as calculated theoretically by Frey and Holter for a 1:1 molar ratio of AB:AB,
[205]. The hb copolymer exhibited M,, of 144,100 Da. The hb copolymers
exhibited good solubility in common organic solvents such as in THF, CH,Cl,,
and CHCI; compared with a linear polymer that was prepared by self-condensation
of the AB monomer for comparison. The hb copolymers showed excellent thermal
stability, with T4 ;09 up to 522°C in air and Ts as high as 187°C.

2.2.7 Hyperbranched Poly(phenylene sulfide)s

Mellace et al. [206] reported the preparation and characterization of hb poly
(phenylene sulfide) (hb-PPS) utilizing 3,4-dichlorobenzenethiol as the AB, mono-
mer. Furthermore, polymerization of 3,4-dichlorobenzenethiol as AB, monomer
with 1,3,5-trichlorobenzene as a multifunctional core (B3 monomer) was utilized to
prepare hb-PPS by the AB;+Bj approach. Polymerization of commercially avail-
able 3,4-dichlorobenzenethiol was accomplished utilizing anhydrous K,CO; as a
base in the presence of DMF or NMP as solvent. The monomer combination is
presented in Scheme 19. When DMF was used as solvent, the reaction was carried
out at 100°C for 24 h and in NMP the reaction was carried out at 150°C for 8.5 h.

The polymer resulting from AB, monomer (see structure of AB, monomer in
Scheme 19) showed a reasonably high M,, (~17,000 Da), with a P value of 2.0
when polymerization was accomplished in DMF as solvent. Addition of 1 core
molecule for every 50 monomers gave a polymer with a M, of 8,400 Da and D of
1.2 in DMF, and a polymer with a M, of 13,000 Da and P of 1.3 in NMP. DSC
revealed that the hb-PPS was amorphous, with a T, between 60 and 90°C in
comparison to linear PPS with a T, value of 85°C. No Ty, was observed up to
375°C for hb-PPS. They attributed the low T, values (similar to the linear analogs)
to a change in the nature of the intermolecular interactions as a result of the large
number of terminal chlorines, or to the nonsymmetrical branching [207, 208]. The
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Scheme 19 AB,+B; SH Cl
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hb-PPSs reported by Mellace and co-workers had both nonsymmetrical branching
and a nonsymmetrical arrangement of the chlorines on the terminal groups, which
might have resulted in the reduction in T,. A crystallization temperature T, was not
observed for hb-PPSs by annealing, even when the polymer samples were heated to
300°C, in contrast to the linear PPS that showed T. of ~225°C. The lack of
crystallinity was due to the highly branched nature of hb-PPS. The hb-PPS samples
showed an onset temperature for decomposition (Ty) between 400 and 445°C,
compared to 480°C for linear PPS. The author attributed the slightly reduced
thermal stability to the large numbers of chain ends, which had a tendency to
evolve volatiles at a lower temperature, or to effect of chlorination of the terminal
and linear groups in the polymer, leading to more rapid chain-cleavage.

A detailed study on the thermal degradation of hb-PPS was accomplished by Bo
et al. [209] utilizing thermal decomposition kinetics by applying the Kissinger
[210], Friedman [211, 212], and Ozawa-Flynn methods [213]. The values of
activation energy were constant with increasing degree of conversion. Through
analyzing the activation energies obtained by the three methods, it was found that
the values were close to each other for Kissinger, Friedman, and Flynn—Wall—
Ozawa methods and the values were 183, 189, and 194 kJ mol ™" respectively. The
Coats—Redern method [214-216] was also chosen for determining the activation
energy and showed a value of 184 kJ mol . These values strongly suggest that the
solid-state thermal degradation mechanism followed by hb-PPS is a phase bound-
ary controlled reaction mechanism. Oxidation of the hb-PPS to hb poly(phenylene
sulfone) was also accomplished by Mellace et al. [206] with hydrogen peroxide in
acetic acid. The resulting sulfone polymers were insoluble in all common solvents.
DSC analysis of the hb poly(phenylene sulfone) polymer revealed a T, of ~155°C,
which was higher than for hb-PPS (7,=85°C) and lower than for the linear
aromatic polysulfones, which usually show high T, values of above 200°C. The
hb poly(phenylene sulfone) did not show any detectable T}, due to its branched
architecture.

Xu et al. [217] decorated the core of hb-PPS with benzyl, phenyl, and naphthyl
groups and investigated the effects of the core structures on the fluorescence
properties of hb-PPS. Two hb-PPSs were synthesized (batch 1: polymerization
time =7 h, M,,=1,900 Da, and P = 1.4; batch 2: polymerization time =16 h,
M,,=4,500 Da, and D = 1.2). Under the same reaction conditions, three different
molecules naphthyl, phenyl, or benzyl were attached to the central thiol (—SH)
group as shown in Scheme 20.
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Scheme 20 Schematic structure of core-functionalized hb-PPS. Reproduced with permission
from [217]

Both the phenyl-cored and the naphthyl-cored hb-PPS gave rise to a fluorescence
peak at about 500 nm due to excimers formed by intermolecular packing, which
results in a high degree of fluorescence polarization due to encumbered molecular
rotation. Phenyl and naphthyl groups could form conjugated structures with the
hb-PPS backbones through sulfide bridges, whereas the benzyl group showed
almost no effect on the fluorescence properties of hb-PPS. The naphthyl-cored
hb-PPS showed drastic fluorescence enhancement of about 10- to 18-fold higher
than the original hb-PPS, indicating that the core structures are conjugated with the
hb backbones and might have important effects on the structural rigidity of the hb
backbones [218]. The naphthyl core was more restricted in its intramolecular
rotations in comparison to the phenyl core, which could easily rotate. DSC analysis
showed that the T, of naphthyl-cored hb-PPS increased to 93°C in comparison with
the T, of 55°C for neat hb-PPS; however, no significant change in T, was found for
benzyl- or phenyl-cored hb-PPS. DSC results indicated that naphthyl-cored hb-PPS
showed a higher T, because of the strengthened intermolecular packing, leading to
strengthened planar rigidity, proving that the focal group might have an important
effect on the electronic structure of highly branched hb-PPS conjugated polymers.

2.2.8 Hyperbranched Polyarylenes

Acetylene cyclotrimerization is a well-established method for the effective trans-
formation of triple bonds to benzene rings. Acetylenic polymerization has emerged
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as a useful technique for the synthesis of advanced specialty polymers with novel
molecular structures and unique functional properties. Polycyclotrimerizations of
diyne molecules are anticipated to result in the formation of hb polyarylenes [219-
221]. The polycyclotrimerization of aromatic diyne uses only a single A,-type
monomer. The A,-type diyne monomers are stable at room temperature in the
absence of a catalytic species. The polymers have been found to exhibit a variety
of unique properties such as high luminescence with fluorescence quantum yields
up to unity and high thermal stability up to 500°C [222]. Triple bond-mediated
metathesis or insertion, coupling, addition, and cyclization have also been explored
for synthesis of acetylenic polymers with different chain structures and dimension-
alities such as poly(arylene ethynylene), polydiacetylene, polyarylene, and poly
(1,2,3-triazole) as well as their substituted derivatives [223, 224].

Hyperbranched Polyphenylenes

Hyperbranched polyphenylenes (hb PPhs) are nonconducting polymers because
extended z-conjugation is hindered due to their tightly packed and strongly twisted
phenylene units. Different linear or branched PPh have been explored by several
research groups [76, 225-227]. The polymers are synthesized utilizing Diels—Alder
cycloaddition [228] of phenylated cyclopentadienones with phenylated alkynes and
subsequent decarbonylation leading to hb structures with high thermal stability and
better processability. Previously, Tang and colleagues prepared hb-PPhs using
diyne polycyclotrimerization initiated by transition metal catalysts [229] and
base-catalyzed alkyne polycyclization [230].

Hyperbranched PPhs were synthesized by Voit and coworkers [231] utilizing the
Diels—Alder reaction with subsequent decarbonylation based on the A, + B3, AB
+AB,, and AB, approaches. All the polymer backbones were based on
hexaphenylbenzene units that were linked in different ways depending on the
monomer structure and the Diels—Alder adduct that was formed during the course
of the polymerization reaction, which was conducted for 48 h. The structures of the
monomers and monomer combinations are shown in Scheme 21. For structural
characterization of different hb-PPhs, '"H-NMR and 3C.NMR was carried out. Tt
was difficult to assign terminal, linear, and dendritic substructures due to signal
overlap for AB, and AB,+ AB-type polymers. For A, + B3 polymers, signals for
both 'H-NMR and '*C-NMR spectra were clearly distinguishable and it was
possible to assign terminal, linear, and dendritic substructures.

The A, + Bj polymerization was carried out at different molar ratios of A, and
B3 monomers (A;:B;=1:1, 3:2, 2:1, and 3:1). The molar masses of polymers
obtained by the A, + B3 approach were lower (M, =2,500-68,000 Da, as recorded
by refractive index detector) than those of AB, polymers (M, =47,000—
660,000 Da, as recorded by light scattering detector) due to the off-stoichiometric
functional ratios. For AB,-type polymerization, a higher molar mass was attained at
longer reaction times. All the AB; polymers showed a bimodal weight distribution
whereas all the polyphenylenes derived from the A, and B; monomers showed a
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Scheme 21 Structures of monomers and monomer combinations used for the synthesis of
hb-PPhs [231]

monomodal distribution. The molar masses of polymers resulting from the
AB, + AB approach (AB,:AB =3:1 and 1:1) decreased with an increase in the
AB monomer content (M,, =74,000-20,000 Da, as recorded by light scattering
detector). All the hb-PPhs showed good solubility in common organic solvents,
including chloroform and toluene. The polymer of molar mass M, = 95,800 Da and
D of 9.5 synthesized by self-condensation of AB, monomer also showed film-
forming ability using very slow evaporation from a chloroform solution over
several weeks [232]. Scheme 22 shows the structure of hb-PPh from AB, monomer
and of a small rolled-up film of hb-PPh. It is noteworthy that the A, + B3 system
showed no crosslinking at functional equivalence (A,:B; = 3:2) although the mono-
mer conversions crossed the theoretical gel points. Voit and colleagues ascribed this
behavior to the steric hindrance of the bulky hexaphenylbenzene units after two of
the B groups of monomer B; were converted, resulting in polymers with a high
percentage of linear units. The synthesized hb-PPhs did not show any T, up to
360°C and TGA measurements showed Ty o9 of 550-600°C, indicating high
thermal stability.

Suitable crosslinking chemistry for the hb-PPh with reactive alkynyl function-
alities derived from the AB, approach, utilizing azide—alkyne click reaction by
1,3-dipolar cycloaddition, was utilized to check the suitability of such polymers as
dielectric material in microelectronics. For polymers to be used for optoelectronic
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Scheme 22 Structure of hb-PPh from an AB, monomer (/eft) [231]. Small rolled-up film of
hb-PPh of wall thickness ~0.5 mm (right). Reproduced with permission from [232]

application a metal-free reaction for curing is the preferred route because the
removal of the Cu residues after click coupling of alkyne—azide moieties using
Cu(I) catalyst is quite difficult, and small residues might be detrimental for a
material to be used in microelectronic applications. Again, high temperatures for
curing, such as above 200°C, should be avoided because of potential degradation of
some active substances. In this regard, a small molecule, namely 1,3,5-tris
(azidomethyl)benzene (TAMB), was prepared by Potzsch and Voit [233] and
successfully used to crosslink the hb-PPh matrix both thermally and photochemi-
cally. The mechanisms of these two crosslinking reactions were different; in
thermal curing, triazole units were formed between the acetylene groups of
hb-PPh and the azide group of the crosslinker in a 1,3-dipolar cycloaddition
reaction. In the photochemical curing, a reactive nitrene group was formed upon
photolysis of the azide group, which further reacted with the benzene rings in
hb-PPh to form an azanorcaradiene derivate and after rearrangement an azepine
unit. Films of hb-PPh and TAMB (9:1) were made by drop-casting the 5 wt%
toluene solution onto glass substrates and either thermally crosslinking at 180°C for
6 h or exposing to UV light for 2 h. Scheme 23c shows neat hb-PPh film , where
immediate film dissolution is observed in CHClj; yielding a greenish solution that is
typical for hb-PPh. In comparison, for the thermally or photochemically crosslinked
films, no film dissolution in CHCl; took place even after several days, indicating
that these films were sufficiently crosslinked. Atomic force microscopy (AFM) in
tapping mode revealed homogeneous surfaces of thin film, which explains why the
thin film morphology remained unaffected by the crosslinking reactions.

The selectivity of thiol addition to a diphenylacetylene (DPA) system was
studied recently by Voit and coworkers [234]. When thiophenol was used, no
trace of bis-adduct was observed even when a large excess was used, which was
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Scheme 23 (a) Thermal curing by formation of triazole unit. (b) UV curing by formation of
azepine unit. (c¢) Films of hb—PPh in CHCl;: pristine film (A); thermally crosslinked film (B); and
UV crosslinked film (C). Reproduced with permission from [233]
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Scheme 24 Synthesis of hb poly(vinyl sulfide) (hb-PVS) with a sketch of the hyperbranched
structure showing all potential units that may appear in the final polymer, depending on the molar
ratio of A, and B;. Reproduced with permission from [234]

attributed to the steric hindrance of a second thiol addition to the vinyl sulfide. This
selective and efficient mono-addition reaction was applied for the preparation of hb
poly(vinyl sulfide)s (hb-PVSs) via the A,+ B3 approach starting from 1,3,5-tris
(phenylethynyl)benzene B; monomer and hexane-1,6- dithiol as A, monomer
(as shown in Scheme 24). Polymerization was therefore conducted with a 1:1
molar ratio of thiol and alkyne functional groups using thermal initiation. The
hb-PVS showed T4 54, of 350°C and T, of 68°C. The resulting polymer exhibited
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excellent solubility in common organic solvents and showed a high refractive index
of 1.70 at 589 nm, which was attributed to the presence of sulfur and phenyl rings in
the (hb-PVS) [235]. The vinyl sulfides and residual end groups also provided
suitable crosslinking sites. The authors concluded that such interesting properties,
including good processability and the potential for secondary crosslinking, might be
useful for application as suitable coating materials for optical devices.

Utilizing the methodology of selective thiol radical mono-addition to phenyl—
acetylene derivatives, Voit and coworkers [236] recently synthesized a series of
high refractive index hb polymers (refractive index of 1.68—1.75 with low optical
dispersions of 0.004) by using different dithiol and trialkyne monomers. The hb
structures produced materials with better performance in terms of light reflection
and chromatic dispersion compared with linear analogs that were also synthesized
for comparison.

Conjugated Hyperbranched Polyarylenes

A variety of potential optical and electronic applications have been proposed for
conjugated polymers, and the perspective has stimulated dynamic research activi-
ties on macromolecules with extended s-conjugations [237]. The frontier of
research on conjugated polymers is now moving from linear to dendritic and hb
structures [238, 239]. In general, such polymers are prepared by transition-metal-
catalyzed alkynepolycyclotrimerization involving a single monomer species, such
as acetylenic monomers, and do not suffer from stoichiometric imbalance
[240]. Tang and coworkers explored polycyclotrimerization of aromatic diynes
and succeeded in the homopolycyclotrimerization of organic and organometallic
diynes and their copolycyclotrimerization with aromatic and aliphatic monoynes
[241, 242].

Liu et al. [243] prepared soluble and processable hb poly(silylenephenylene)s
(hb-PSPs) (Table 5, entry 1) by the polycyclotrimerization of A,-type monomers
initiated by a single-component catalyst TaBrs. Spectroscopic analyses assisted by
mathematical modeling revealed that ~75% of the triple bonds were
cyclotrimerized into benzene rings via a [24+2+2] cyclotrimerization mechanism.
The hb-PSPs were completely soluble in common organic solvents. The polymers
showed T4 54, of 480°C, possessed a unique o—z conjugated electronic structure,
and emitted strong violet-blue light upon photoexcitation. The triple bonds on the
peripheries allowed the thin films of the polymers to be readily photocrosslinked,
generating fluorescent photoimages in high resolutions.

Tang and coworkers [244] further synthesized a series of conjugated hb
polyarylenes (hb-PAs) containing carbazole and/or fluorene chromophores by the
homo- and copolycyclotrimerization of diynes with monoyne by different
transition-metal catalysts and investigated their thermal and optical properties.
Alkyne polycyclotrimerizations are effected by TaXs-PhySn (X=Cl, Br) and
C,Co(CO),-hv catalysts, yielding soluble hb-PAs with high molecular weights
(M, up to ~1.6 x 10° Da). The homopolymer showed T459 as high as 560°C. All
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Table 5 Monomer structures and monomer combination used for the synthesis of conjugated hb
polyarylenes

Entry no. Monomer structures and monomer combination References
1 CInH2n+1 [243]
HCECAO—&'—O—CECH
CInH2n+|
n=2,4, 6
2 [246]

Cl
(0]
Sei” ~c7
/O/ \O\ + /@
& X
O
Cl\ﬁ ?4
O Cl

the copolymers started degrading at slightly lower temperatures due to the incor-
poration of aliphatic 1-octyne into the polymer structure. In general, the hb-PAs
prepared from TaCls-PhsSn and C,Co(CO), showed quantum yield values of
50 and 53%, respectively, whereas the hb-PAs obtained fromTaBrs-Ph,Sn showed
a quantum yield value as high as 90%. The authors suggested that the poorer
z-conjugation along the all-meta-substituted benzene ring might partially block
the radiative decay pathways of the excited species and, consequently, lower the
quantum yield value.

Organometallic hb-PPhs containing ferrocene groups to be utilized for magnetic
ceramics were synthesized by Tang and colleagues [245] by designing a diyne
monomer carrying a ferrocene moiety as single crystals. Scheme 25 shows the
reaction scheme and structures of the monomer and hb-PPh. The authors success-
fully developed ruthenium- and rhodium-based catalysts to bring the polymeriza-
tion reactions under control. The hb-PPh recorded by DSC showed a peak at 240°C
during the first heating scan due to the thermally induced crosslinking associated
with the alkyne polymerization; however, during the second heating scan no
exothermic peak was realized indicating that the thermal curing process was
irreversible. The (hb-PPh) started to lose weight at temperatures above 300°C.

For metallization, hb-PPh was admixed with octacarbonyldicobalt to form a
cobalt complex. Refractive index values were measured for the neat hb-PPh and for
the hb-PPh cobalt complex, indicating refractive index values of 1.704-1.681
together with low optical dispersion for the hb-PPh-cobalt complex, as verified
by the high value of the Abbe number. The authors concluded that these materials
could act as precursors to magnetic ceramics with high magnetizabilities.

Recently, Tang and coworkers [246] reported a new method for the formation of
conjugated hb polymers with diyne monomer [bis(4-ethynylphenyl)dimethylsilane]
and benzene-1,3,5-tricarbonyl trichloride as branching unit using the A, + B3 poly-
merization approach (Table 5, entry 2) by the rhodium (Rh)-catalyzed
decarbonylative reaction for the formation of hb poly(arylene chloro-vinylene)s.
The molar ratio selected for polymerization of A,:B3 was 4:3 (A:B=28:9) so as to
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Ru, Rh cat.

—_

Scheme 25 Polymerization of (E)-1-[2-(2,5-diethynylphenyl)vinyl]ferrocene (/) to
hyperbranched polyphenylene (hb-P1) with ferrocenyl groups attached to its repeat branches as
pendant groups. Reproduced with permission from [245]

render an excess of alkyne functionalities at its peripheries for post-
functionalization. The polymers showed good solubility in common organic sol-
vents. The DB value of hb polymer was determined to be 30%. The authors
attributed the low DB to the stoichiometric imbalance of the two mutually reactive
groups during polymerization and to structural crowding of the branching unit
(benzene-1,3,5-tricarbonyl trichloride). Thus, the reaction of the remaining acyl
chloride moiety was difficult after the first two were consumed, leading to the
formation of a large fraction of linear units and, hence, a lower DB. DSC measure-
ments showed no thermal transitions in the hb polymer in both first and second
heating cycles. The authors assumed that the hb polymer did not undergo any
crosslinking reaction or post-polymerization due to its spatially branched structure,
which restricted the probability for the vinyl chloride groups to approach each
other. The T4 59, of ~350°C indicated good thermal stability.
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3 Applications

Hyperbranched polymers show lower viscosity and better solubility due to the
branching and abundant functional groups and therefore they are good for use as
additives. The aromatic hb polymers combine good miscibility and are thermally
stable enough to allow melt processing.

3.1 Additives and Rheology Modifier

Schmaljohann et al. [247] used hb polyesters with alkyl-modified end groups as dye
carriers in polyolefins. The use of hb polyesters resulted in a reduced melt viscosity of
the polyolefin and a much better distribution of the dye in the polyolefin matrix. Jang
et al. [248] showed that a small amount of hb polyester with hydroxyl end groups
could greatly reduce the relative crystallinity of a semicrystalline polyethylene
terephthalate (PET) through hydrogen bonds between the —OH groups of the hb
polymer and the carbonyl groups of PET. Simon and coworkers [249] discovered that
the lower-generation hb polyesters (Boltorn™-type) showed shear-thinning,
whereas higher-generation polyesters exhibited Newtonian dependency, which was
also found in the blends if at least one blend component showed Newtonian behavior.
The study of Nunez et al. [250] on the rheological behavior of hb polyesters and their
blends with linear polymers observed a drastic decrease in viscosity depending on the
hb polymer concentration in the blends. More recently, Li et al. [251] employed hb
poly(ether ether ketone) (hb-PEEK) at 1-5 wt% as a rheology modifier towards
linear poly(ether ether ketone) (LPEEK) for improving the melt processability.
Interestingly, the crystallization temperatures (7.) of LPEEK/hb-PEEK blends
were higher than that of pure LPEEK (7, =283°C), and the T, of LPEEK/hb-
PEEK blends gradually increased from 288 to 294°C with increasing hb-PEEK
content in the blends. The increase in T of the blends was attributed to the enhanced
crystallization capacity of LPEEK because incorporation of branched polymer
resulted in a lower melt viscosity of the LPEEK/hb-PEEK blends compared to
pure LPEEK, thus improving the mobility of LPEEK segments and leading to the
increase in the crystallization capacity of LPEEK. Figure 4 shows the effect of
hb-PEEK concentration on nonisothermal crystallization of LPEEK, indicating an
increase in the crystallization capacity of LPEEK in the blends due to the presence of
hb-PEEK as a rheology modifier in the crystallizing process of LPEEK.
Bismaleimide (BMI) resin is one of the most important thermosetting polymers
due to its superior thermal resistance, outstanding dielectric property, and good
fatigue resistance at high humidity. However, being a thermosetting resin, original
BMI resins suffer from brittleness and poor processing features, such as high
melting point and narrow work life, so toughening and improving the processing
characteristics have been the main targets of the investigation of BMI resins.
Recently, Tang et al. [252] synthesized allyl-terminated hb-PAEK and incorporated
it into the BMI matrix with the aim of improving the toughness. BMI resins
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Scheme 26 Structure of allyl-terminated hb-PAEK [252]

modified by allyl-terminated hb-PAEK (see structure in Scheme 26) showed good
processibility, with viscosities below 0.6 Pa s at 110°C. An increase in impact
strength from 9.5 kJ/m” to about 14 kJ/m?*was realized, indicating improvement in
the toughness of the cured BMI resins due to the presence of allyl-terminated
hb-PAEK.

Aromatic hb polyamides have been used to modify the thermal, dielectric,
viscoelastic, and rheological properties of linear polyamides [253, 254]. The char-
acteristic architecture of these macromolecules makes them interesting candidates
as a blend component with commercial linear polymers. A hb poly(ether amide)
was blended with commercially available polyamide-6 (PA6) by Huber et al. [255]
and Clausnitzer and coworkers [256]. The complex melt viscosity of the new
materials was reduced, even at small amounts of the hb polymer, whereas the
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Scheme 27 Structure of dendritic unit of hb polyphosphate ester [258]

mechanical properties of the blends remained nearly constant. This was explained
by the formation of hydrogen bonds between the hb polymer with the large number
of hydroxyl groups and the polyamide. Hyperbranched polyphenylenes synthesized
from AB, monomers were blended with linear polystyrene (PS) [76]. The resulting
materials exhibited a reduced viscosity at high temperatures and an improved
thermal stability compared with pure PS.

PAG6 is one of the most important engineering plastics and is widely used as
fibers, molded articles, and binders for composites. However, the applications of
PAG are still restricted in many fields owing to its poor flame retardant property and
low limiting oxygen index (LOI) ~21, and because it burns easily. Fang et al. [257]
synthesized hb polyphosphate bisphenol-S ester to improve the flame retardancy of
PAG6. Chen et al. [258] synthesized hb polyphosphate ester (Scheme 27) and used it
as curing agent and flame retardant in epoxy resins.

Polypropylene shows an interesting set of mechanical and physical properties
but it lacks dyeability and is not usually regarded as a textile fiber. Many efforts
have been made to improve the dyeability of polypropylene. Recently, Sari
et al. [259] utilized a poly(ester amide)-based hb polymer (Scheme 28) in fiber-
grade polypropylene (PP) to study the nanostructure of the hb-modified PP and its
correlation with macromechanical behavior. The study revealed an enhancement in
mechanical properties due to the grafting reactions of hb poly(ester amide), leading
to the formation of a crosslinked nanostructure of dendritic domains. The domains
were capable of penetrating into the amorphous phase of the semicrystalline
structure of the PP matrix and behaving as a toughener.

In order to improve the toughness of epoxy materials, hb polymers, having a 3D
globular architecture and a large number of functional groups, were used for
improving the toughness [260] and reducing the dielectric constant [203] by
blending with epoxy resin lacking such qualities.

Qiang et al. used hb polymer with a terminal carboxyl group as an additive in
auxiliary tanning of natural leather to improve the moisture absorption and perme-
ability to water vapor of microfiber synthetic leather [261]. Recently, Ren
et al. [262] prepared amino-terminated hb polyamide and grafted the same onto
the polyamide microfiber synthetic leather employed for clothing, and organic
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Scheme 28 Structure of hb poly(ester amide) (DSM Hybrane PS2550). Reproduced with per-
mission from [259]

phosphine was used as a crosslinking agent to improve the content of the active
groups and enhance the dyeing rate and color fastness. Wang and colleagues [263]
synthesized hb poly(aryl ether ketone) terminated with cobalt phthalocyanine
(CoPc-hb-PAEK) and studied its catalytic activity in oxidative decomposition of
2.4,6-trichlorophenol (TCP); the results were compared with those for the linear
poly(aryl ether ketone) terminated with cobalt phthalocyanine [264, 265]. CoPc-hb-
PAEK decomposed 75% of initial TCP within 7 h, whereas linear analogs
decomposed only 68—70% within 7 h. This indicated that the efficiency of CoPc-
hb-PAEK was better than the linear analogs due to highly branched structure of
CoPc-hb-PAEK, followed by the high density and good dispersion of cobalt
phthalocyanines compared to the linear analogs.

Hence, because of their unique 3D structure and the large number of functional
groups, hb polymers provide high chances for possible interactions and, therefore,
are expected to result in novel materials with improved properties upon
compounding with other components. Thus, hb polymers are considered good
candidates for use as additives and rheology modifiers.

3.1.1 Hyperbranched Phenylene Oxide as a Low Temperature Curing
Agent

An epoxy-functionalized hb-PPO (epoxy-hb-PPO) (see structure in Scheme 29)
was synthesized by Huang et al. [266] and the effect of adding 2.5-15% of epoxy-
hb-PPO on the curing mechanism and kinetics of cyanate ester (CE) was studied.
Each prepolymer showed one exothermic peak; however, interestingly, all peaks
of CE/epoxy-hb-PPO prepolymers appeared at a significantly lower temperature
than those of CE prepolymer, demonstrating that an additional reaction took place
in the CE/epoxy-hb-PPO resin system. The curing mechanism of CE was the
cyclotrimerization of CE, whereas that of CE/epoxy-hb-PPO included the cyclotri-
merization of CE under the catalytic role of —OH groups in epoxy-hb-PPO, the
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copolymerization between epoxy and —OCN groups as well as triazine rings of CE,
and the self-polymerization of epoxy-hb-PPO. Moreover, CE/epoxy-hb-PPO
showed a slightly smaller apparent activation energy (55-57 kJ mol™') than CE
(58 kJ mol ), indicating the ease of the curing reaction of CE/epoxy-hb-PPO with
the addition of epoxy-hb-PPO to CE. On the other hand, CE/epoxy-hb-PPO mol-
ecules less easily to collide with each other for curing because of the more
branched architecture of epoxy-hb-PPO compared with neat CE. The incorporation
of 10 and 15% of epoxy-hb-PPO to CE yielded CE/10epoxy-hb-PPO or
CE/15epoxy-hb-PPO resin systems and their thermal properties were studied.
Because the T, of the cured CE ranged from 243 to 321°C and was difficult to
compare with the resin systems containing epoxy-hb-PPO, the authors compared
the thermal properties of the resins with p-CE (cured CE resin post-cured at 230°C),
which showed a single T, value of 314°C, as recorded from the plot of tan 0 versus
temperature. The T, values observed for CE/10epoxy-hb-PPO and CE/15epoxy-hb-
PPO resin system were 296 and 266°C, respectively, which were lower than the T,
value of the p-CE, indicating that the CE/epoxy-hb-PPO resin systems cured at
lower temperatures than p-CE. Figure 5 shows the tan O—temperature plots for
cured CE, p-CE, and CE/eHBPPO resins.
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Scheme 30 Structures of hb-PEs from AB, and A, + B3 approaches [267]

3.1.2 Hyperbranched Poly(aryl ester)s as Rheology Modifiers
for Linear Polyamides

Voit and coworkers utilized high T, hb aromatic polyesters [115] as additives for
modification of the most important engineering thermoplastics, namely polyam-
ides, in terms of their thermal properties and melt rheological behavior by blending.
A lowering of the melt viscosity and, thus, an improvement in the processing
properties is of high interest, especially for the partially aromatic polyamide
PAG6T/6, which requires a processing temperature above 310°C. Different amounts
of the two hb polyesters, from 1 up to 20 wt%, were added to the linear thermo-
plastic polyamides by melt mixing. Two different polyamide grades, either partly
aromatic polyamide-6 (PA6) or aliphatic polyamide-6 T-type (PA6T/6), were used
for blending with hb aromatic polyesters [267]. Scheme 30 shows the structures of
the AB, and A, + B;3-type polyesters that were used for blending. The influence of
the addition of AB, and A, + Bs-type polyesters on the rheological behavior of
linear polyamides was investigated. Miscible blends were formed in all cases, as
was confirmed by a single T, in DSC measurements.

The —OH group density in AB; hb polyesters (hb-PEs) was higher than that of
A, + B3 hb-PEs. The hb-PEs were compounded in the melt with the partly aromatic
polyamide PA6 and the aliphatic polyamide PA6T/6 to obtain polyamide blends.
Melt mixing was carried out at 320°C for PA6T/6 and at 250°C for PA6. As control
samples, pure matrix polyamides and pure hb polyesters were also processed under
the same conditions for comparison with the blends. All of the blends showed both
T, and T,,,, indicating the semicrystalline nature of the polymer blends. The T, as
well as the crystallinity of the blends of PA6T/6 and hb-PE containing the AB,
hb-PE was decreased from 297 to 258°C with increasing the amount of hb polymer
from 1 to 20 wt%. The T, as well as the crystallinity of the PA6/hb-PE blends
containing the AB, hb-PE was decreased from 221 to 205°C with increasing the
amount of hb polymer from 1 to 20 wt%. The T, of the blends increased from 103 to
119°C for polyamide PA6T/6 as matrix material and from 56 to 72°C in the blends
for polyamide PA6 as matrix material with increasing the content of AB, hb-PE
from 1 to 20 wt% in the blends. With respect to the structures of the hb polyester
and the polyamides, the increase in T, was favored due to the formation of strong
hydrogen bonding between the hydroxyl groups of AB, hb-PE and the carbonyl
groups of the polyamides.
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The addition of 1-10 wt% of A,+Bj; hb-PEs to polyamide PA6T/6 showed
negligible effect on the T, of the blends, the value of 101°C being the same as that
for the polyamide PA6T/6. This was attributed to the influence of the temperature
selected for compounding. At high processing temperatures (320°C) for the PA6T/6
blends, the A,+B; hb-PEs might undergo side reactions such as post-
polymerization, leading to crosslinking, which prevent the formation of miscible
blends. Gas chromatography/mass spectrometry (GC/MS) investigations of A, + B3
hb-PE showed a release of phenol at temperatures above 250°C due to decompo-
sition of terminal groups derived from the B; monomer [115], thus reducing the
number of free phenolic groups responsible for the interactions with the polyamide.

The modification of PA6T/6 with AB, hb-PE led to a reduction in the complex
viscosity, even at low concentrations of AB, hb-PE. After adding 1 wt% of AB,
hb-PE, the zero-shear viscosity of PA6T/6 changed from 500 Pa s (0 wt% of AB,
hb-PE) to 340 Pa s (1 wt% of AB, hb-PE). By increasing the amount of AB, hb-PE
in the blends, a continuous reduction in the viscosity was observed until a concen-
tration of 10 wt% was reached. Further increase in the AB, hb-PE content of the
blends did not further affect the complex viscosity. The decreased melt viscosity of
the resulting blends indicated improved processability of polyamides by the addi-
tion of AB, hb-PE. Adding 1 wt% of A,+B; hb-PE to PA6T/6 resulted in a
comparable complex viscosity to that of the processed matrix polyamide. However,
a larger amount of A, + B3 hb-PE (10 wt%) in the blends resulted in a reduction in
viscosity, especially in the region of higher frequencies. Generally, for the same
concentration (e.g., 10 wt%) of hb polymers in the blends, the addition of AB,
hb-PE resulted in a much more significant reduction in the complex viscosity of the
final material than addition of A, + B3 hb-PE.

All of the blends of PA6 and the hb polyesters exhibited Newtonian behavior.
Only at a high content of AB, hb-PE was a decrease in the complex viscosity of the
blends observed. The addition of A, + B3 hb-PE to PA6 resulted in a continuously
increased zero-shear viscosity from 380 to 920 Pa s with increase in the content of
A, + B3 hb-PE from 0 to 15 wt% in the blends, which is in contrast to previous
findings [49, 247, 254, 268]. This was attributed to the existence of a heterogeneous
system in which a phase with a higher viscosity (A, + B3 hb-PE) was dispersed in
the continuous phase (PA6) possessing a lower complex viscosity, and this was also
manifested in the scanning electron microscopy (SEM) images. The hb polymer
phase behaved like reactive filler. Also, A,+ B3 hb-PE distributed in the blend
might behave as a coupling agent, connecting the polyamide chains at different
positions through strong physical interactions that result in effects similar to a
material being reinforced, causing an increase in the complex viscosity. In general,
the addition of AB, hb-PE to the polyamides showed a more pronounced effect on
the improvement of T, and the processability of both the polyamides. However, the
gelation tendency of A, + B3 hb-PE at higher processing temperatures and the larger
nonpolar branching unit and lower branching density lead to a lower miscibility of
A+ B3 hb-PE within the polyamide matrix. Besides, the lower density of —OH
groups in A, + B3 hb-PE induce a lower possibility for hydrogen bonding between
A, + B3 hb-PE and polyamides. Hence, AB, hb polyesters show a much higher
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Scheme 31 Representative structure of hb-PAm used as flame retardant for PA6 [269]

potential for use as processing additives in linear thermoplastic polyamides com-
pared to A, + Bj hb polyesters because of the potential post-polymerization at the
processing temperatures.

3.1.3 Hyperbranched Poly(aryl amine) as Flame Retardant for PA6

A hb polyamine (hb-PAm) was prepared by Ke et al. [269] utilizing the A, + B;
approach where s-triazine was the B; monomer and ODA was the A, monomer.
The representative hb-PAm structure is shown Scheme 31. The resulting hb-PAm
acted as a hb charing and foaming agent (HCFA) in combination with ammonium
polyphosphate (APP) to form a new intumescent flame retardant (IFR) system for
PAG6, abbreviated as IFR-PA6. The effect of HCFA on the flame retardance and
thermal degradation properties of IFR-PA6 was investigated by the limiting oxygen
index (LOI), UL-94 vertical burning, cone calorimetry, and thermogravimetric
analysis (TGA).

The experimental results of UL-94 vertical burning indicated that all the
IFR-PA6 composites gave a V-0 rating when the weight ratio of HCFA to APP
was between 1:3 and 3:2. The IFR system showed the most effective flame
retardancy in PA6 when the weight ratio of HCFA to APP was 1:2. The LOI
value of IFR-PAG6 could reach 36.5 with a V-0 rating when the IFR loading was
30 wt%. Additionally, even with 25 wt% loading of the IFR (where HCFA:
APP = 1:2), a V-0 rating could be still maintained with an LOI value of 31. The
interaction between APP and HCFA improved the char formation ability of the IFR
system. Much more char was formed for the PA6/HCFA/APP composite than for
the PA6/APP system, indicating better flame retardancy with incorporation of
HCFA. The char acted as a barrier that prevented the transfer of gas and heat
flow during combustion and, hence, the flame retardancy of PA6 resin was greatly
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improved by adding HCFA to the system. The average heat release rate (Av-HRR),
peak heat release rate (PHRR), and total heat release (THR) values were recorded
by a cone calorimeter. In general, for effective flame retardant materials, the heat
release in tests should reduce drastically. The results of cone calorimetry also
showed HCFA/APP as an effective IFR system for PA6. Neat PA6 showed the
following values: Av-HRR 310 KW/m?, PHRR 490 KW/m?, and THR 106.5 MJ/
m?. For the PA6/APP system, the values were reduced: Av-HRR 133 KW/mz,
PHRR 420 KW/m?, and THR 43.7 MJ/m”. The PA6/HCFA/APP showed Av-HRR
76 KW/m?, PHRR 343 KW/m?, and THR 31 MJ/m’values, which were lower than
the values recorded for neat PA6 and indicated that PAG/HCFA/APP is an effective
flame retardant system. TGA results showed higher char residue at 700°C for the
PA6/HCFA/APP composite system (24% char residue) compared to the PA6/APP
composite system (15% char residue) because when HCFA was added the
polyphosphoric acid not only interacted with PA6 but also with HCFA, decreasing
the amount of evaporated excess polyphosphoric acid and enhancing the char
formation ability.

3.1.4 Hyperbranched Polyphenylene Sulfide as Textile Dyeing Agent
for Polypropylene

The hb-PPS prepared from previously synthesized AB, monomer [206] was uti-
lized for studying the dye uptake by PP in the presence of a monoazo-type of
disperse dye, namely CI Disperse Red 202 [270]. The hb-PPS at various concen-
trations was added to PP granules followed by melt mixing to form hb-PPS/PP spun
fibers. Due to the presence of polar groups and aromatic rings in hb-PPS, the
hb-PPS/PP spun fibers showed the potential to interact with the dye. The neat PP
fibers were dyed to a pale depth and the modified PP fibers were dyed to a deeper
depth, indicating the presence of hb-PPS in the modified PP. In the case of the
modified PP fibers, the dye uptake increased with increased hb-PPS content from
1 to 3 w/w%, which was attributed to the increased introduction of polar groups and
aromatic rings that acted as active sites for the dye molecules. With hb-PPS
dispersed in PP matrix, the chlorides formed intermolecular hydrogen bonding
with the proton-supplying groups (such as —OH and —NH,) present in the dye
structure. Aromatic rings, present in hb-PPS, formed x bonds with the groups in the
dye molecules supplying protons, which also helped to produce deeper shades of
color. There was no increase in the depth of shade in hb-PPS modified PP fibers
with increasing the dye concentration from 4 to 6%, which Yan’s group attributed
to the saturation of dye sites in hb-PPS-modified PP fiber. The hb-PPS/PP blends
showed only one T, corresponding to the T, of PP, because of the very low content
of hb-PPS present in the blend. Interestingly, with increasing the hb-PPS content,
the T, of the PP phase showed a tendency to shift towards higher temperatures,
indicating that the blends were partially miscible.
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3.2 Membranes

Aromatic hb polymers have been found to fulfill the broad material needs for
membrane-based separation applications due to their large free volume. Some
selected examples will be highlighted to demonstrate the potential of hb polymers
for membrane-based applications.

In recent years, there has been increasing interest in reverse 0OSmosis
(RO) membranes for desalination. Thin film composite polyamide membranes are
currently used in commercial RO membranes [271]. Among these materials,
m-phenylenediamine- and trimesoyl chloride-based polyamides prepared by inter-
facial polymerization are available as commercial products [272, 273]. Ideally, RO
membranes should possess high flux and high salt rejection, in addition to excellent
chlorine and fouling resistance, mechanical durability, and low cost. Chiang
et al. [274] synthesized nanofiltration membranes based on hb polyethyleneimine
(M, =2,000 Da) with two acyl chlorides, namely trimesoyl chloride and
terephthaloyl chloride. They observed that highly branched polyamides showed
higher flux and higher salt rejection to sodium chloride, which the authors attributed
to the presence of pendant amine groups that interact with the ions in the pathway
and thus hinder ion transport. Recently, Park et al. [275] prepared hb aromatic
polyamide-grafted silica and disulfonated 4,4-bis(3-aminophenoxy)phenyl sulfone
composite membranes to enhance the chlorination resistance of RO membranes for
desalination. After the chlorination test, salt rejection was decreased by 36.2% and
water permeation was increased by only 5.6% compared with performance before
chlorination measurement.

Fuel cells are regarded as efficient and clean energy sources as alternatives to
limited fossil fuel resources. For proton exchange membranes for fuel cell
(PEMEFC) applications, high proton conductivity, mechanical properties, and oxi-
dative stability are the basic requirements. DuPont’s Nafion is a commercially
available perfluoro sulfonated polymer membrane and is the current state-of-the-
art proton exchange membrane [276]. However, Nafion has the drawbacks of low
operational temperature (<80°C) and being very costly due to its complex prepar-
ative technique. These deficiencies have produced great research interest in devel-
oping alternative polymer electrolyte membranes based on ethoxysiloxane
[277]. The proton conductivities of these membranes are comparable to Nafion
115 in humid state. In a separate study, Gode et al. synthesized a novel sulfated hb
polymer for the PEMFC [278], such as sulfonated poly[3-ethyl-3-(hydroxy-methyl]
oxetane. The hb polymer-containing PEMFC showed higher proton conductivity
compared to Nafion 117 in humid state. The hb sulfonated poly(3-ethyl-3-
(hydroxy-methyl) oxetane-modified membrane was more flexible and exhibited
better mechanical properties than the chemically crosslinked membranes, such as
the Nafion series. Recently, Itoh et al. synthesized two novel hb polymers with
sulfonic acid or acryloyl groups at the end of chains [279]. It was reported that the
ionic conductivity of these two novel hb polymers increased with increasing
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temperature and that the thermal stability of these materials was perfect up to
200°C.

Membrane-based gas separation has attracted much attention during the last two
decades. Compared with traditional separation processes it has many significant
advantages, such as low investment cost, low energy consumption, simple opera-
tion, etc. Gas separation processes using polyimide gas separation membranes have
been developed and are of great interest because of their excellent thermal,
mechanical, and gas transport properties [280]. The high gas permeability of
polyimides is generally attributed to the large fractional free volume, which is
closely related to their highly rigid structure, whereas the high selectivity is due to
the high diffusion selectivity and/or the high solubility selectivity. On the other
hand, it is reported that there are many open and accessible cavities in a rigid hb
polymer that are formed due to the periphery of neighboring branches. These
cavities may function as the pathways for the transport of gas molecules, resulting
in high gas permeability [281-286].

3.2.1 Sulfonated hb Poly(aryl ether ketone) for PEMFC

Wang et al. [287] prepared sulfonated linear poly(aryl ether ketone) (S-LPAEK)/
sulfonated hb poly(aryl ether ketone)s (S-hb-PAEKSs) blend membranes and
focused on the influence of the IEC and the content of S-hb-PAEKs on the
properties of the blend membranes. The S-LPAEK membranes with varying con-
tent of sulfonated groups were synthesized and characterized. Three S-hb-PAEKSs
were synthesized based on varying degrees of sulfonation by post-functionalization
of fluoro-terminated hb poly(aryl ether ketone) (F-hb-PAEK) with concentrated
sulfuric acid at different temperatures and reaction times to afford S-hb-PAEKSs
with three different ion exchange capacities (IECs); these were named S-hb-PAEK-
20, S-hb-PAEK-40, and S-hb-PAEK-60. The monomer combinations for the syn-
thesis of S-LPAEK and S-hb-PAEK are shown in Scheme 32. The, S-hb-PAEKs
and S-LPAEKSs were blended and cast into membranes. The blend membranes were
prepared using DMAc as solvent and S-hb-PAEK content was 15, 20, 25, and
30 wt% in the S-hb-PAEK/S-LPAEK blends.

The T, of F-hb-PAEK was 124°C, whereas no T, was found up to 300°C for
S-hb-PAEKSs due to the ionic effects that produced increased intermolecular inter-
action, followed by the difficulty of the internal rotations. The thermal stability of
F-hb-PAEK was better than that of the S-hb-PAEKSs, and the thermal stability of
S-hb-PAEKSs gradually decreased with increasing IEC value because of the increase
in sulfonated groups.

The T, values of all S-hb-PAEK/S-LPAEK blend membranes were lower than
214°C (the T, of the sulfonated linear analog, S-LPAEK was 214°C) and gradually
decreased with the increase in S-hb-PAEK content. The T, values of these mem-
branes were 214, 199, 188, 184, and 180°C for blend composition S-hb-PAEK-XX/
S-LPAEK with S-hb-PAEK-XX contents of 0, 15, 20, 25, and 30 wt%, respectively.
Besides, S-hb-PAEK-40/S-LPAEK and S-hb-PAEK-60/S-LPAEK membranes
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Scheme 32 (a) Monomer combinations for the synthesis of S-LPAEK. (b) Monomer combination
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showed similar a trend. The blend membranes exhibited second and third weight
loss at ~350°C and 500°C, corresponding to the loss of sulfonated groups and the
actual thermal decomposition of the polymer backbone, respectively, indicating
high thermal stability. The water uptake and proton conductivity of all the blend
membranes increased with the IEC and content of S-hb-PAEK in the blend mem-
branes compared to neat S-LPAEK. This was a result of the formation of larger and
more continuous ion networks as well as an increase in the free volume arising from
the introduction of the branched structure. The membranes exhibited enhanced
proton conductivity at lower temperatures (20 and 40°C).

3.2.2 Sulfonated Star Hyperbranched Polyimide for PEMFC

Suda et al. [288] reported the synthesis and characterization of a series of sulfonated
star-hb polyimides (S-hb-PIs) without any crosslinking for use as proton exchange
membranes. Sulfonated anhydride-terminated polyimides with different molecular
weights (M, = 59,000, 200,000 and 300,000 Da) based on monomer combination
1,4,5,8-naphthalene tetracarboxylic  dianhydride/4,4’-diaminobiphenyl — 2,2’-
disulfonic acid (NTDA/BDSA) were synthesized using different molar ratios of
BDSA:NTDA. The amine-terminated hb-PI based on monomer combination
4.,4-(hexafluoroisopropylidene)diphthalic anhydride/tris(4-aminophenyl)amine
(6FDA/TAPA) was also prepared. Scheme 33 shows the monomer combinations
used for the preparation of (S-hb-PI).

The amine-terminated polyimide solution in m-cresol was added dropwise to
sulfonated anhydride-terminated polyimide and stirred following a temperature
profile of 70°C for 4 h and 180°C for 24 h to form S-hb-PI with a core—shell
structure. The hb polymer based on 6FDA/TAPA formed the core and linear
polymer based on NTDA/BDSA formed the shell. The S-hb-PI membranes was
soluble in aprotic polar solvents such as in DMAc, DMSO, DMF, and NMP. The
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Scheme 33 (a) Monomer combination NTDA and BDSA used for the synthesis of sulfonated
anhydride-terminated polyimide. (b) Monomer combination 6FDA and TAPA used for the
synthesis of amine-terminated hb-PI [288]

S-hb-PI membranes showed film-forming ability because of the enhanced entan-
glement between linear polymers. The M,, values of the S-hb-PI membranes were
320,000, 500,000, and 830,000 Da, respectively, which corresponded to the
increase in the molecular weights of sulfonated anhydride terminated polyimides.
The onset temperature of decomposition Ty started above 280°C due to the
desulfonation of the S-hb-PI membranes. The weight loss above 550°C was due
to decomposition of the polymer backbone. The proton conductivities of the S-hb-
PI membranes were in the range of 0.34-0.51 S/cm at 80°C and relative humidity
~98%, indicating higher values than that of Nafion (proton conductivity ~0.15 S/
cm) under the same conditions. Suda and coworkers suggested that the S-hb-PI
membrane containing sulfonic acid groups as a linear hydrophilic domain at the
core surface might have formed ionic channels. However, the S-hb-PI membranes
broke within 1 h in the presence of Fenton’s reagent, indicating that oxidative
stability should be improved from an application point of view.

3.2.3 Hyperbranched Polyimide—Silica as a Gas Separation Membrane

The gas transport properties of hb-PI blend membranes of 4,4'-
(hexafluoroisopropylidene) diphthalic anhydride/1,3,5-tris(4-aminophenoxy)ben-
zene (6FDA/TAPOB) and 4,4'(hexafluoroisopropylidene) diphthalic anhydride/
3,3’-dihydroxybenzidine (6FDA/HAB) blends and their silica hybrid membranes
were investigated by Suzuki et al. [289]. The formation of a hb-PI blend silica
hybrid membrane is presented in Scheme 34 in a simplified manner. Polymer
blending is also a useful approach for combining the advantages of individual
components. A number of polyimide-based polymer blends have been studied to
develop high-performance gas separation membranes [43, 290-292]. DMAc solu-
tions of the amine-terminated 6FDA/TAPOB-based hb-PAA and 6FDA/HAB
hydroxyl-PAA were mixed at room temperature in ratios of 40:60 or 20:80 wt%.
Then, 3-(triethoxysilyl)propylsuccinic anhydride (TEOSPSA) was added as a cou-
pling agent and imidization carried out under nitrogen flow to obtain (6FDA/
TAPOB)/(6FDA/HAB) blend silica hybrid membranes of 20-25 pm thickness.
Neat blended membranes without silica were also prepared in a similar manner
for comparison.
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Scheme 34 Monomer combinations used for the formation of hb blend silica hybrid membranes
in the presence of coupling agent [289]

In general, gas permeability and selectivity of a binary polymer blend are
described by the semilogarithmic additive rule [293]. Gas permeability coefficients
of hb-PI (6FDA/TAPOB)/(6FDA/HAB) blend membranes showed positive devia-
tion from the semilogarithmic additive rule. The enhanced gas permeabilities
resulted from the increase in free volume elements caused by the intermolecular
interaction, disrupting molecular chain packing between terminal amine groups of
hb-PI (6FDA/TAPOB) and hydroxyl groups coming from the (6FDA/HAB) back-
bone. Ideal the CO,/CHy, selectivity of hb-PI(6FDA/TAPOB)/(6FDA/HAB) blend
silica hybrid membranes showed a tendency to exceed the upper limit for CO,/CHy4
separation with increasing silica content, that is CO, permeability, comparing the
results reported by Robeson [294, 295]. The remarkable CO,/CH, separation
behavior was considered to be due to the characteristic distribution and intercon-
nectivity of free volume elements created by the incorporation of silica. For the
hb-PI (6FDA/TAPOB)/(6FDA/HAB) blend system, the polymer blending and
hybridization with silica synergetically induced the enhancement of free volume
elements, which provided the prominent CO,/CH, separation ability. This finding
was also supported by SEM images, where silica particles showed poor interfacial
adhesion with sharp and clear boundaries, indicating the induction of free space
around the polymer-silica interfacial area. The T, values of the hybrid membranes
could not be detected by DSC, whereas the blend membranes without silica showed
T, values in the range of 332-329°C. This behavior was attributed to a strong
inhibition of segmental mobility of molecular chains by silica. On the other hand,
the Ty 5, increased up to 486—496°C with increasing silica content in comparison to
the blend membranes without silica that showed values of ~479°C, indicating
higher thermal stability by the hybridization with silica. The gas permeability
coefficients of the hybrid membranes also increased with increasing silica content.
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3.3 Optoelectronic Materials

Photosensitive polymers are well-known polymer materials that play important
roles in the field of semiconductor manufacturing as protection and insulation
layers. The applications of hb polymers as photoresist materials seem to be very
promising. Hyperbranched polymers with compact molecular chains and low chain
entanglement offer some advantages over linear polymers for those attempting to
pattern feature sizes that are on the order of the molecular dimensions. In addition,
the peripheral location of the photosensitive groups at the polymer framework is
expected to produce high sensitivity to exposure to light. Fréchet and coworkers
[296] reported a hb polymer as the first example of a chemically amplified resist.
Ueda and coworkers [297] reported a new negative working photoresist based on
resorcinol-terminated hb poly(ether imide) with 4,4’-methylenebis[2,6-bis
(hydroxymethyl)]phenol as a crosslinker (1-50, Scheme 35) and diphenyliodonium
9,10-dimethoxyanthracene-2-sulfonate as a photoacid generator; it exhibited a
feature resolution of 4.5 pm when exposed to 365-nm UV light.

In et al. [298] reported a hydroxy-terminated hb poly(arylene ether phosphine
oxide) (1-51, Scheme 35) containing 10 wt% diphenyliodonium-9,10-dimethox-
yanthracene-2-sulfonate as a photoacid generator and 25 wt% 4,4'-methylenebis-
[2,6-bis(hydroxymethylphenyl)phenol] as a crosslinker. It had a sensitivity of 9 mJ/
cm” and a contrast of 1.6 under 365-nm UV light exposure. Kakimoto and
coworkers [299] described a kind of chemically amplified photosensitive
polybenzoxazole based on a tert-butoxycarbonyl-protected hb poly(o-
hydroxyamide) (1-52, Scheme 35). The resist showed a sensitivity of 115 mlJ/
cm” and a contrast of 2.2 with 365-nm light exposure. A series of benzophenone-
containing hb polyimides (hb-PIs) were prepared by Chen and Yin [300, 301] via
the end-capping modification of the terminal anhydride groups by ortho-alkyl
aniline. The hb-PIs were characterized as inherently photosensitive to UV expo-
sure, giving a patterning resolution greater than 3 pm. Chen and Yin [302] also
prepared hb-PIs with terminal phenol groups that were modified by acyl chloride
compounds (acryloyl chloride, methylacryloyl chloride, and cinnamoyl chloride) to
yield photosensitive hb-PIs. Photosensitive property studies revealed good photo-
lithographic properties with a resolution greater than 3 pm and a sensitivity of 650—
680 mJ/cm?. A series of autophotosensitive semi-aromatic hb-PIs end-capped with
3-aminophenylacetylene (1-53, Scheme 35) were prepared by Liu et al. [303]. Photo-
sensitivities of hb-PIs were obtained in the range of 80-162 mJ/cm?, and they
showed a clear negative image with a line width of 8 pm when exposed to UV light
of 365 nm. Scheme 35 shows some structures of hb polymers used as photoresist
materials.

Second-order nonlinear optical (NLO) organic polymer materials have also
attracted much attention because of their potential applications in the fields of
high-speed electro-optic (EO) modulators, optical data transmission, and optical
information processing [304, 305]. Organic polymers have been conceived as a
suitable material for these optical devices due to their large optical nonlinearity and



Aromatic Hyperbranched Polymers: Synthesis and Application 101

o) 0.
4
N
o) o.
o] o
N
o OH  HO
° 0 OH /\
N—Q ® CH___~_
F on crosslinker
o)

Q 0
N o 0
o \Q N OH
0 m o \Q/
0  OH

OH

[297] CH,
1-50 \
i
(‘)‘ 07C707<*
—~ i
o ol NH —C
H
CH.
OH ® ) —~ o NH |
crosslinker
[298]
1-51 0=
o)
299
1-52[ !
Q CH, o CH,
@ eopaUantos gy
o N N
CHs
o o)
n=1,3,7
CH NH, ] CH; o]
+ CH; N
o
crosslinker °
[303]
1-53

Scheme 35 Representative structures of hb photosensitive polymers

easy fabrication. NLO polymers have many advantages over conventional inor-
ganic polymers, such as light weight, low cost, ultrafast response, wide response
wave band, high optical damage threshold, and good processability to form optical
devices. A potential NLO polymer must contain highly polarizable conjugated
electronic systems and has to be mechanically very strong and thermally stable
with a high T, together with stabilization of electrically induced dipole alignment.
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To exhibit an EO effect, the active moieties (NLO chromophores) should be
generally poled under an electric field to form a highly ordered noncentrosymmetric
alignment. A proportional relationship between chromophore concentration and
optical nonlinearity is observed at low chromophore content. Furthermore,
intermolecular dipole interactions at high chromophore content cause obvious
decrement in optical nonlinearity. The design of a chemical structure that sup-
presses the dipole interactions is a promising approach for improving the optical
nonlinearity. Hence, there is a need to design and synthesize new chromophores to
produce better optical nonlinearity. Hyperbranched polymers with 3D spatial sep-
aration of the chromophore moieties endows them with favorable site isolation
effects, while their void-rich topological structure could minimize optical loss in
the NLO process [306-309]. Therefore, macromolecules with branched architec-
tures are alternative promising candidates for NLO materials with large bulk EO
activities. Chang et al. [310] synthesized hb polymers via a ring-opening addition
reaction between azetidine-2,4-dione and primary amine. All the obtained polymers
showed EO coefficients in the range of 6—16 pm/V with temporal stability at 60°C.
The monomer combination used for the synthesis of hb NLO polymer is shown in
Scheme 36.

Hyperbranched polymers with methyl ester or epoxy as terminal groups
containing pendant azobenzene chromophores (1-54, Scheme 37) were prepared
by Xie et al. [311]. The poled films exhibited EO coefficients (>50 pm/V) due to
the 3D spatial isolation effect resulting from their highly branched structures. Bai
et al. [312] prepared thermally crosslinkable, hb oligomer containing NLO chro-
mophores and blended it with linear host polymer. They obtained large and stable
EO coefficients up to 65 pm/V, which are suitable for device development in terms
of improved poling efficiency and temporal stability. Xie et al. [313] synthesized an
hb polytriazole (1-55, Scheme 37) and compared the results with a linear analog.
The poled film of hb polytriazole showed a much higher second-harmonic coeffi-
cient (96.8 pm/V) than the linear analog (23.5 pm/V). They proposed that the 3D
spatial isolation effect resulting from the highly branched structure and crosslinking
of the terminal acetylene groups at moderate temperature led to the enhancement of
optical nonlinearity.

Jiang’s group [68] prepared fluorinated hb-PAEK end-capped with nickel phtha-
locyanine and checked the material for NLO applications. The third-order nonlinear
coefficient was found to have a value of 0.98 x 107! esu, which the authors
attributed to the dual contributions of nonlinear absorption and refraction of
the molecules. Moreover, the obtained value was found to be almost five times
larger than that of other metallophthalocyanines [314] due to presence of
the hyperbranched structure, the aromatic backbone, and the number of
end-functionalities.

Hyperbranched polymers, are good candidates for both core and cladding mate-
rials in photonic device applications [315, 316] due to excellent processability and
good optical properties in terms of low optical losses, low birefringence and high
T,. Gao et al. [317] developed ZnO/hb-PI nanohybrid films and investigated the
optical properties and fluorescence mechanisms. An efficient energy transfer from
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the excited donor (ZnO) to the accepter (hb-PI) occurred in this unique hybrid
system and originated from the sufficiently short distance between the ZnO surface
and hb-PI chains. All the films exhibited good optical transparency in the range of
450-800 nm, as detected by UV—vis absorption spectra. Chen et al. [137] synthe-
sized both amine- and anhydride-terminated hb-PIs and investigated them using
UV-vis spectra and fluorescence spectroscopy. The hb-PIs showed UV-vis absorp-
tions in the region 200400 nm and also displayed strong purple and blue fluores-
cence at 400 and 460 nm, respectively, indicating their possible utilization in
organic photoluminescence and photoelectricity. Zhang and colleagues [142] pre-
pared hb-PIs end-capped with metallophthalocyanines that showed different colors
in chloroform (CHCl;) solution depending on the type of metal present in the hb-PI,
i.e., brown, dark green, and green colored for Cu, Zn, and Ni, respectively. The
absorption maxima as detected by UV—vis spectra of the three polymers in chloro-
form solution were 672, 701, and 665 nm, respectively. A fluoro-terminated hb poly
(aryl ether ketone) end-capped by azobenzene chromophores was prepared by Jiang
et al. [318]. The UV-visible absorption spectrum of azo-hb-PAEK in DMF solution
exhibited two absorption bands in the range of 300—650 nm, centered around
347 and 445 nm, which revealed the z—z* and n—z* electronic transitions of the
azo-chromophoric moieties. The azo-hb-PAEK films were investigated for surface
relief grating (SRG) and birefringence measurements. The SRGs of the azo-hb-
PAEK film showed good thermal shape stability and could not be totally erased by
even heating up to 300°C, which the authors attributed to the rigidity of the azo-hb-
PAEK structure. The azo-hb-PAEK showed a large photoinduced birefringence
intensity and good reversible optical storage upon irradiation with 532 nm light
using a Nd:YAG laser. Such azo-hb-PAEKSs show potential application in holo-
graphic memory, reversible high-density optical storage, optical switches, and other
photodriven devices.

Multilevel interconnection technology is essential for realization of high density
and ultralarge scale integrated circuits (ULSIs). The interlayer dielectric film
technology is one of the most important keys for fabrication of multilevel inter-
connections [319]. Dielectric materials must meet stringent material property
requirements for successful integration into the interconnect structures. The desired
electrical properties are low dielectric constant, high T, high thermal and chemical
stability, and good mechanical properties. The linear polyimide made from PMDA
and ODA was the first to be commercialized by DuPont under the trade name
Kapton®, and it is still the most widely used dielectric material in microelectronics.
It has a high T, of 377-400°C and dielectric constant of 3.1-3.5. With microelec-
tronic devices becoming smaller and lighter during the past decades, a low dielec-
tric constant has become one of the most crucial factors for minimizing electrical
power loss and delay in signal transmission in microelectronic applications and,
hence, there is a great need for materials exhibiting low dielectric constants for
application as insulating materials around the interconnecting wires in these
devices [320].

One of the developments in low-dielectric-constant polymers has been an
increase in the free volume in the structure. Dubois et al. prepared hb carbosiloxane
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thin films by sol—gel processing and reported dielectric constants ranging from 2.6
to 3.1. The Dow Chemical Company has already commercialized a polyphenylene-
based product under the trade name SiLK™ with dielectric constant value of 2.65
[321]. Somboonsub et al. [322] prepared multilayer hb-PI/POSS nanocomposites
synthesized by the incorporation of POSS into the side chains of polyimide. The
lowest dielectric constant value attained was 2.54 in the hb-PI/POSS
nanocomposite because of the large free volume and loose polyimide structures.
The fluorinated hb poly(aryl ether)s (F-hb-PAEs) synthesized [143, 197] could be
used for dielectric coatings, which require crosslinked films on a substrate after
high-temperature baking. The dielectric constant values (¢ =2.67 = 0.2) obtained
for the analogous linear poly(aryl ether)s [323] support the fact that these F-hb-
PAEs exhibit even lower dielectric constants due to the increased free volume
arising from the highly branched architecture and to the —CF; pendant groups on
these polymers. Hyperbranched polyphenylenes have been shown to exhibit low
dielectric constants due to their branched and twisted nonpolar all-phenylene
structure. Hyperbranched PPhs are promising candidates for application as insulat-
ing materials in microelectronics, where features like high thermal stability, good
processability and solubility, and low moisture absorption are required. The dielec-
tric constant value of the synthesized hb-PPh from an AB, monomer prepared by
Voit and colleagues showed a value of 2.1 [232] at low frequencies, indicating that
hb-PPh is a very promising insulating material, even without the presence of pores.
The introduction of nanopores into a low dielectric matrix [324, 325] can offer
further advantages because a very low dielectric value might be obtained in
combination with greater mechanical strength and greater thermal conductivity.

3.3.1 Hyperbranched Poly(arylene ethynylene) as NLO Material

A hb poly(arylene ethynylene) was prepared by Li et al. [326] via a Sonogashira
coupling reaction, in which the chromophore moieties were in the main chain rather
than in the side chains. The structure of the hb poly(arylene ethynylene) is shown in
Scheme 38. A linear analog was also prepared for comparison.

Both hb and linear poly(aryleneethynylene) exhibited good film-forming ability,
and their poled thin films showed second harmonic generation coefficient values
(d33) of 144 and 53 pm/V, respectively, at the 1,064 nm fundamental wavelength.
The values indicated that the incorporation of hb polymer together with the
chromophoric groups in the main chain showed very high d33, implying large
optical nonlinearity and high stabilization of dipole moments compared to the linear
analog. The onset temperature for decay of hb polymer was found to be 153°C,
which was higher than for the linear polymer (onset temperature for
decay was 119°C), indicating long term temporal stability of the hb polymer as
shown in Fig. 6. These results clearly revealed that the hb polymer had greatly
enhanced poling efficiency, making it a promising candidate for optoelectronic
applications.
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Scheme 39 Structure of hb poly(tetraphenylethene) used as fluorescent chemosensor [327]

3.3.2 Hyperbranched Poly(tetraphenylethene) as Fluorescent
Chemosensor for Detection of Explosives

Hu et al. [327] synthesized hb conjugated polymers containing tetraphenylethene
units. Tetraphenylethene (TPE) is a well-known building block for aggregation-
induced emission (AIE) luminogens. By cyclotrimerization of a
TPE-functionalized diyne in the presence of TaBrs as catalyst, using toluene as
solvent at room temperature, hb poly(tetraphenylethene) (hb-TPE) was afforded.
The structure of hb-TPE is shown in Scheme 39. The hb-TPE showed good
solubility in common organic solvents such as toluene, CH,Cl,, CHCl3, and THF,
which the authors attributed to the twisted conformation of the TPE unit, which in
turn led to large intermolecular distances and free volume for interaction with the
solvent molecules. The hb-TPE also showed good film-forming ability by spin-
coating or solution-casting techniques.

The onset decomposition temperatures (Ty) of hb-TPE were 462°C in nitrogen
atmosphere and 417°C in air, indicating high thermal stability. The remaining triple



108 A. Ghosh et al.

bonds on the periphery of hb-TPE provided suitable sites for photocrosslinking,
generating photopatterns. The polymer showed a superamplification effect in the
emission quenching of the polymer nanoaggregates by picric acid (used as a model
explosive in their work), indicating hb-TPE as a promising fluorescent chemosensor
for detection of explosives.

Concluding Remarks

Hyperbranched polymers are characterized by high solubility, low melt and
solution viscosity, and excellent thermal properties. They can be tailored for
various end-use applications and many of these branched architectures have
already been commercialized by the chemical industry. New monomers and
hb polymers have been more recently developed to result in materials for
various applications, where the branching allows more easy processability
and better solubility than the corresponding linear polymers. Typical
approaches developed for linear polymers can be used to prepare hb polymers
[e.g., poly(aryl ester)s, poly(aryl amide)s, poly(aryl ether), poly(imide)s, and
poly(arylene)s] by employing monomers such as AB, and A,B that allow
branching and also by copolymerization with AB monomers to adjust the
degree of branching. In particular, A, + Bs-type polymerizations are widely
used because of the more easily accessible monomers and the ability to
prevent gelation by controlling factors such as the rate of monomer addition,
monomer molar ratio, and percentage solid content. New synthetic strategies
such as the AB, + A, approach for synthesis of high molecular weight hb poly
(aryl ether)s have been identified. The high molecular weight products show
significant advantages with regard to thermal stability and film-forming
ability. Small amounts of hb polymer can be incorporated into linear poly-
mers to improve the processability, melt flow properties, and various other
material properties. For example, hb poly(phenylene sulfide)s exhibits dye-
ability in commercially available polypropylene, hence opening a new gate-
way towards the application of polypropylene as a textile fiber. Triazine-
based hb polyamines show good flame retardancy in which the limiting
oxygen index value can be tailored by incorporating different moieties in
the structure. Sulfonated hb poly(aryl ether ketone)s have been incorporated
into linear analogs to prepare blend membranes that could be used as proton
exchange membranes. Fluorinated hb poly(arylene ether)s may find applica-
tion as dielectric materials and as optical waveguide materials. Nanohybrid
materials based on hb polyimides have also been explored recently for
fluorescence applications. Thus, the future of hb polymers seems to be very
promising for a wide range of applications.
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