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Hyperbranched poly(ether sulfone)s: preparation
and application to ion-exchange membranes

Masa-aki Kakimoto, Stephen J Grunzinger1 and Teruaki Hayakawa

Hyperbranched polymers possess unique characteristics such as low viscosity, high solubility in organic solvents and a high

degree of functionality at the terminal position. However, hyperbranched polymers also possess weak mechanical properties.

In this study, hyperbranched poly(ether sulfone)s (HBPES) possessing sulfonic acid moieties at the terminal position were

prepared by reacting electrophilic sulfonium ions with electron-rich benzene rings from two kinds of AB2 monomers.

To address the weakness of HBPES, hybrid materials containing linear and hyperbranched PES were investigated. Linear and

hyperbranched multiblock copolymers were successfully prepared by reacting oligomeric linear PES and AB2 monomers.

From the multiblock copolymers, linear and hyperbranched PES blends were prepared and applied as ion-exchange membranes

for fuel cells. Films containing various ratios of linear and hyperbranched PES terminated by sulfonyl chloride groups were

prepared via casting from a solution of DMAc. The results indicated that tethers between linear and hyperbranched polymers

were important for controlling the size of the phases and for preventing the dissolution of HBPES in water; thus, linear and

hyperbranched polymers were crosslinked by simply heating blends of both films. Finally, hybrid films containing sulfonic acid

groups were obtained by hydrolyzing the sulfonyl chloride moieties. The resultant films showed ion-exchange capacities that

were comparable to that of a Nafion 117 membrane (Dupont, Tokyo, Japan).
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INTRODUCTION

Hyperbranched polymers are dendritic macromolecules that have a
systematic branching structure. The concept of ‘dendritic macro-
molecules’ was introduced by Tomalia in 1985.1 Compared with linear
polymers, dendritic macromolecules are more amorphous, and are
usually soluble in organic solvents because of their highly branched
structures. Dendritic macromolecules can be classified as dendrimer
or hyperbranched polymer. Dendrimers have a precise chemical
structure, and hyperbranched polymers consist of a mixture of
polymers with different molecular weights.

Hyperbranched polymers have attracted a considerable amount of
attention because of their ease of synthesis, degree of functionality and
material properties.2–4 As shown in Figure 1, the structure of hyper-
branched polymers is similar to that of dendrimers. Moreover,
hyperbranched polymers are highly soluble, possess many functional
groups and have a rigid structure (that is, low entropy). Although
many synthetic steps are required to produce multigenerational
dendrimers, hyperbranched polymers can be easily prepared in a
single reaction vessel from ABx-type monomers, where the monomer
contains a single A group and multiple (x) B groups.

Recently, we prepared hyperbranched polymers, such as aromatic
polyamides,5–18 polyimides,19–24,15,25 polyesters,26 polysiloxanes,27,28

poly(benzoxazole)s,29–33 poly(triphenylamine),34 PES35–39 and poly
(siloxysilane),40–45 from AB2 type monomers, and investigated their
mechanical properties. Moreover, to synthesize polyamides,46 poly-
imides47,23,48 and polyphthalocyanines,49–57 we developed a novel
A2+B3 method.

The focus of this study was to prepare hyperbranched poly(ether
sulfone)s (HBPES) with sulfonic acid groups at the terminal position
and to apply these polymers to ion-exchange membranes. In general,
hyperbranched polymers contain a significant number of end
groups.58 In HBPES, the number of sulfonic acid end groups is
equal to the degree of polymerization; thus, HBPES contains a
hydrophobic core and a hydrophilic shell of sulfonic acid end groups.
Owing to the structural characteristics of HBPES, these polymers
possess a suitable path for proton conduction and may have potential
for applications such as ion-exchange membranes.

In this paper, the preparation and properties of HBPES is described
in detail. As hyperbranched polymers have poor mechanical proper-
ties, block copolymers of linear and HBPES were prepared to improve
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the mechanical properties of the material and to prepare ion-exchange
membranes.

PREPARATION OF HBPES

Hyperbranched polymers are typically prepared by self-condensation
of ABx monomers. For instance, as shown in Figure 2, 3,5-diamino-
benzoic acid contains one carboxylic acid (A) and two amines (B);
thus, hyperbranched polyamides can be produced via the self-con-
densation of 3,5-diaminobenzoic acid to form amide bonds between
A and B.

During polymerization of HBPES, the electrophilic sulfonium ion
reacts with the electron-rich benzene ring. As shown in Equation (1),
HPES 2 was prepared by self-condensation of 2,6-bis(p-sodium
sulfophenoxy) benzonitrile 1, which was obtained via the condensa-
tion of sodium p-hydroxybenzene sulfonate and 2,6-dichloro benzo-
nitrile in the presence of potassium carbonate.35 The
polycondensation reaction was conducted at 140 1C for 24 h in the

presence of a mixture of phosphorus pentoxide and methane sulfonic
acid, which was used as the condensing agent, as well as the solvent.59

The resulting mixture was poured into water and dialyzed to remove
low-molecular-weight materials. HPES was isolated by freeze-drying
and was obtained in 92% yield. Polymer 2 was soluble in DMSO and
water.

Ueda and Matsumoto60 prepared HBPES by a different method, as
shown in Equation (2). Specifically, resorcinol was reacted with sodium
p-fluorobenzenesulfonate in the presence of potassium carbonate to
produce 4,4¢-(m-phenylenedioxy) bis(benzenesulfonic acid disodium
salt), which was subsequently treated with phosphorus oxychloride to
afford monomer 3. Polycondensation of 3 was conducted in nitrobenzene
in the presence of 1 wt% FeCl3. The polymerization proceeded smoothly
at 120 1C for 3 h, providing hyperbranched polymer 4 with a maximum
number-average molecular weight of 35 700 and a solution viscosity of
0.1–0.2 per 100 ml g�1, as determined by gel-permeation chromatography
(GPC) with polystyrene standards.

Terminal

Figure 1 Hyperbranched polymers.
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PREPARATION OF HYPERBRANCHED�LINEAR PES

MULTIBLOCK COPOLYMERS

The ease of preparation of hyperbranched polymers has led to their
incorporation into many copolymers.39,61,62 The copolymerization of
hyperbranched monomers as the random component of the block
copolymer results in controlled branching and enhanced linear
polymer properties.63,64 Hyperbranched polymers are frequently
used as the core of core-shell block copolymers, where the shell
block is grown from the functional groups of the hyperbranched
polymer.65–67 Hyperbranched polymers have also been grown from
linear polymers to form diblock,68 gridlock69,70 and graft copoly-
mers.41,71,72 Hyperbranched polymers have also been prepared from
one or more oligomeric monomers to yield products that have
additional flexibility.73–76 Although the concentrated functionality of
a dense hyperbranched polymer is desirable in applications such as
fuel cell membranes, additional entanglements are necessary to avoid
poor blend compatibility and leaching.

To prepare hyperbranched polymers with a densely functionalized
core and a sufficient number of entanglements, polymeric linear
blocks were incorporated via a two-step, single-pot approach that
generates the linear block before the addition of hyperbranched
monomers. In addition to the facile single-pot synthetic procedure,
another advantage of the proposed architecture is that the ratio of
linear to hyperbranched blocks can be easily controlled. In the
synthesis of diblock and triblock copolymers, the duration of the
reaction and the size of the blocks control the ratio of the sizes of the
blocks because each block is prepared separately. Moreover, higher
molecular weight fractions from the same reaction have a different
linear to hyperbranched molar ratio. However, with linear�hyper-
branched multiblock architectures, both components remain reactive
through the reaction, and the molar ratio is determined by the initial
concentration of hyperbranched monomers. Thus, although the
molecular weight increases over time, the ratio of the sizes of the
blocks is the same, regardless of the molecular weight of the polymer.
A constant block size ratio was necessary to improve the performance
of blend films for fuel cell membranes.38Homo-hyperbranched poly-
mers form large continuous phases that are suitable for proton
conductivity; however, the size of the phase and the solubility of the
hyperbranched polymer lead to rapid material loss and performance
deficiencies. Adding a structural component to increase the compat-
ibility of the blend reduces the size of the phase and increase the
amount of material retain by the membrane.

For the linear block of the block copolymer, a repeating unit of
p-phenoxyphenylsulfone was targeted because of its structural simi-
larity to HBPES and the presence of a sulfone group on the phenyl
ring, which deactivates the linear chain toward electrophilic addition
during the polymerization of the hyperbranched polymer. If the phenyl
rings of the linear block were susceptible to electrophilic addition, the
reaction would generate a crosslinked network rather than a soluble
polymer. The AB monomer 4-(phenoxy)benzenesulfonyl chloride was
synthesized via the sulfonation of diphenylether with concentrated
sulfuric acid and acetic anhydride. The conversion of the sulfonate to
sulfonyl chloride was accomplished by refluxing in POCl3. The nuclear
magnetic resonance (NMR) spectrum of the resulting monomer was
consistent with the formation of mono-sulfonated diphenyl ether.

A plot of the molecular weight versus time was generated for the
polymerization of the AB monomer. The AB monomer was poly-
merized in nitrobenzene (20 wt% monomer) at 130 1C in the presence
FeCl3 (1.6 mol%), which was used as the catalyst. The product was
recovered by precipitation from methanol and the molecular weight
was determined by GPC as a function of time (Table 1). The GPC

results indicated that the molecular weight and polydispersity of the
polymer increased over time, which is typical for condensation
polymerizations. In general, the DSC thermograms indicated a single
Tg between 133 and 154 1C. In addition to nitrobenzene and DMF, the
linear polymers were also soluble in dimethylformamide, tetrahydro-
furan, dimethylsulfoxide, acetone and chloroform, and they were
slightly soluble in toluene and ethyl acetate. Alternatively, the polymers
were completely insoluble in hexanes and ether. The NMR spectra of
the linear products indicate primarily para-addition of the sulfonyl
chloride, along with 12–16% ortho-addition. Thus, the results indi-
cated that a linear polymer with one terminal phenoxy (A) group, one
terminal sulfonyl chloride (B) group and an inert chain was formed.
As a result, crosslinking in subsequent polymerization was prevented
and the formation of a linear�hyperbranched multiblock architecture
was achieved.

The polymerization of 4,4¢-(m-phenylene-dioxy)bis(benzenesulfo-
nyl chloride) 3 for the generation of hyperbranched polymers has
previously been reported by Ueda and Matsumoto.60 Polymers with a
multiblock linear�hyperbranched architecture were generated by the
addition of AB2 monomers to the reaction mixture after a specified
duration (either 15 min or 1 h) of AB polymerization. A 19:1 molar
ratio of the AB2 monomers to the AB macromonomer was employed,
and the molecular weight of the linear block was determined
from the polymerization time (Table 1). The overall AB2: AB molar
feed ratio for the entire procedure was 1.35 for 15 min and 0.39 for 1 h
of linear block polymerization (Table 2). Additional catalyst and solvent
were added to maintain a catalyst concentration of 1.6 mol% and a
monomer concentration of 20 wt%, respectively. To achieve hyper-
branched polymerization, the reaction was continued for 6 or 12.5 h
and the products were precipitated from methanol. To indicate the
duration of linear and hyperbranched polymerization, the products of
this two-step process are generically referred to as LxHB. The afore-
mentioned synthetic procedures are summarized in Scheme 1.

The DSC thermograms displayed a single Tg around 200 1C for all
LxHB products, which was significantly higher than the Tg of the

Table 1 Linear poly(ether sulfone) molecular weight versus time

ID no. Linear Rxn time Mw (gmol–1)a PDI Tg (1C)b Frac. 1,2-additionc

1 15 min 3.5k 1.57 134 0.12

2 1 h 12.4k 1.85 142 0.13

3 3 h 21.5k 2.48 141 0.15

4 10h 57.5k 2.84 154 0.16

Abbreviations: Frac., fraction; GPC, gel permeation chromatography; PDI, polydispersity index;
Rxn, reaction.
aCalculated by DMF GPC.
bDetermined by DSC.
cFraction of 1,2-sulfone addition versus 1,4-sulfone addition.

Table 2 Linear�hyperbranched (LxHB) reaction products

ID

no.

Linear

reaction

time

Hyperbranched

reaction time

Mw

(gmol–1)a PDI

AB2:AB

ratiob

Tg

(1C)c

5 15min 6 h 26.6k 1.34 1.35 206

6 15min 12.5h 34.6k 1.15 1.35 203

7 1 h 6 h 53.5k 1.84 0.39 216

8 1 h 12.5h 145.6k 1.92 0.39 201

Abbreviations: GPC, gel permeation chromatography; PDI, polydispersity index.
aCalculated by DMF GPC.
bAB2:AB mole ratio calculated from monomer feed ratio.
cCalculated by DSC.
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linear homopolymers (133–154 1C). The Tg of a homo-hyper-
branched polymer with a molecular weight of 30 k is 4250 1C;
however, a homo-hyperbranched polymer with a molecular weight
of 8.4 k has a Tg of B181 1C The presence of a single Tg indicated that
a single product formed with little to no phase separation. Similar to
homo-hyperbranched polymers, LxHB products 5 and 6 did not possess
film forming properties. LxHB products 7 and 8 did form films, but
were too brittle to investigate the mechanical and phase properties.

From the GPC and NMR data, we deduced that a linear�hyper-
branched multiblock architecture had formed. The formation of
homopolymers was not indicated by the GPC data; however, the
NMR spectra suggested that the phenoxy end group of the linear
polymer were consumed. The full consumption of the end groups was
not surprising because excess sulfonyl chlorides were present in the
AB2 monomer. The connectivity of the sulfonyl chloride group of the
linear polymer was unclear because of its low concentration and
degenerate NMR position with hyperbranched sulfonyl chlorides.
However, the reactivity of the sulfonyl chlorides should be similar
because both functional groups are para to a phenolic ether. The use of
alternate core monomers for hyperbranched polymers has been
previously demonstrated; thus, the reaction of the B group of the linear
macromonomer, which possess similar reactivity to the B group of the
AB2 monomer, was assumed to be based on statistical probability.

The overall reaction process is illustrated in Scheme 1. Initially, only
linear polymer growth occurs because only AB monomer is present.

When AB2 monomer is added to the reaction mixture, the linear
polymer reacts with the AB2 monomer at both ends of the chain.
Owing to the large molar excess of the AB2 monomer, it is unlikely
that further linear addition occurs. The reaction of an AB linear block
with an AB2 monomer consumes one A unit and one B unit. As a
result, one A unit and two B units remain, which is essentially a large
AB2 monomer. Therefore, because the linear blocks neither subtract
functionality nor induce crosslinking, the polymerization behaves
similarly as a typical hyperbranched polymerization. However, the
main type of polymer that forms will be the condensation polymer of
the AB2 monomer creating its own block. Eventually, two polymer
units containing a linear block will condense, and linear blocks will
become separated by a region of hyperbranched polymer. Growing
polymer units will continue to combine, generating a polymer with
multiple linear and hyperbranched blocks.

The number of linear and hyperbranched sections, as well as the
average size of the hyperbranched block, was calculated from the
peaks in NMR spectra (Figure 3). In the NMR spectra of LxHB,
the region from 8.0 to 7.9 p.p.m and 7.3 to 7.2 p.p.m. was attributed
to the protons on the linear block derived from para-addition. The
remaining portion of the aromatic region was attributed to
the hyperbranched polymer and the ortho-addition product.
However, as the ortho-addition product accounted for 13% of the
total addition products, the relative areas of the peaks were adjusted
accordingly. The area of both peaks was normalized to the number
of protons in the repeating unit (eight for the linear polymer and
eleven for the hyperbranched polymer), and the molar ratio of AB2:AB
units in the polymer was calculated (Table 3). The results indicate
that the molar ration of AB2:AB units was nearly identical to the
initial molar ratio of monomers, which suggests that the AB macro-
monomer and the AB2 monomer possess similar reactivity. Further-
more, the average number of AB2 repeating units per hyperbranched
block (Table 3) was obtained from the AB2:AB ratio and the molecular
weight of the linear polymer (Table 2). For all of the copolymers,
the ratio of AB2 units to AB macromonomer was equal to 20, which
is slightly higher than the initial 19:1 molar ratio. Moreover, the
average molecular weight of the hyperbranched block in the LxHB
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products was 8700 g mol�1 (Table 3). These results are in good
agreement with the Tg of the low-molecular-weight hyperbranched
homopolymers.

The average number of linear blocks per polymer chain can be
estimated using an L�HB pair as an abstract means of approximation.
An L�HB pair is defined as a linear block and a hyperbranched block
with a molar ratio that matches the calculated NMR ratio. By dividing
the molecular weight of the product by the molecular weight of the
L�HB pair, the number of linear blocks can be obtained. However, the
major or preferential block connectivity cannot be constructed from
the NMR data. Moreover, the molecular structures derived from these
architectures will be different from those of diblock, dumbbell triblock
and core-shell linear�hyperbranched polymers.

The materials were evaluated as blends in fuel cell membranes;
however, the proposed method for the generation of this type of polymer
architecture is applicable to any hyperbranched polymerization of linear
chains with AB terminal groups that match the chemistry of ABx.

HYPERBRANCHED�LINEAR PES BLEND FILMS FOR

PROTON-EXCHANGE MEMBRANES

The development of fuel cells for commercial applications has been
hindered by the synthesis of suitable materials, including those for
proton-exchange membrane.38,77–79 The current membrane used for
many fuel cell assemblies is Nafion, a sulfonated fluoropolymer, and
many materials that are currently being developed mimic the basic
architecture of a continuous polymer electrolyte.78,80 Many materials
with high proton conductivities have been synthesized; however, the
majority of these materials also have high water uptake and
fuel crossover because of the mechanism of proton conduction in
continuous polyelectrolytes.81,80 High water uptake impedes water
management at the required operating temperatures, and fuel cross-
over diminishes power output.

The mechanism of proton conduction in Nafion and other proton-
exchange membranes involves the formation of water-filled pores and
channels within the film82,83 and proton conduction occurs through a
hopping mechanism. The pores are generated by the rearrangement of
polymer chain, which bring hydrophilic sulfonic acid groups into
contact with water and allow hydrophobic segments to migrate away.83

However, the mobility of the polymer chains is problematic at elevated
temperatures. The management of liquid water, which is critical for
proton hopping, is more difficult as the temperature approaches the
boiling point. Moreover, at increased temperature, the linear chains
begin to coil, destabilizing the pores.84,85

Hyperbranched polymers have very little entropy; thus, entropic
coiling, which destabilizes linear polymers is not present in hyper-
branched polymers. To overcome the mechanical deficiencies of

hyperbranched polymers and to access the multitude of functional
groups that they contain, blends of HBPES bearing sulfonic acid end
groups were fabricated, and a linear PES was added to serve as a
structural support. These types of polymer blends have shown
potential as fuel cell membranes.86 Blended films undergo spinodal
decomposition into bicontinuous phases, and the high concentration
of acid groups from the hyperbranched polymer promote proton
conduction in one phase, while the mechanical robustness of the
linear polymer is retained in the other phase.

Preparation of hyperbranched�linear PES-blended films
Linear poly(ether ether ether sulfone) were prepared via nucleophilic
aromatic substitution of 4,4¢-di(chlorophenyl)sulfone with 4,4¢-di
(hydroxyphenyl)ether.86 Typically, the purified reaction product pos-
sessed a viscosity of 0.40 in DMAc. GPC analysis in DMF indicated
that the molecular weight (Mw) of the polymer was 42 600 g mol1 and
the polydispersity index was 1.98. The 1H NMR spectrum revealed
that a doublet was located at 7.88 p.p.m. (ortho-sulfone protons) and
an unresolved multiplet appeared at 6.78–7.16 p.p.m. The doublet and
unresolved multiplet integrated to a 1:3 ratio, which is consistent with
linear poly(ether ether ether sulfone).

HBPES were prepared by Freidel–Craft acylation using FeCl3 as the
catalyst (Equation (2)).60 GPC analysis indicated that the molecular
weight (Mw) of the polymer was 27 900 g mol�1 and the polydisper-
sity index was 1.54. The 1H NMR spectrum revealed several, broad,
unresolved peaks between 6.6 and 8.3 p.p.m. The Fourier-transform
infrared spectrum contained a peak at 1376 cm�1, which is consistent
with the S¼O stretching of sulfonyl chloride.

Films were prepared by casting from a solution of the hyper-
branched sulfonyl chloride and 20 wt% linear polymers in DMAc.
The solutions also contained a small amount of FeCl3 to catalyze the
reaction between hyperbranched end groups with electron-rich
aromatic rings of the linear polymer. The linear polymer is very
sensitive to protic moieties in solution; thus, the sulfonyl chloride
form of the hyperbranched polymer was used to allow for a greater
weight percent of hyperbranched polymer in the coating solution.

The thickness of the coating was controlled by a doctor blade with a
125-mm gap. The cast films were dried in vacuo at 150 1C to remove
the DMAc. After drying, the thickness of the films was typically 12%
of the coating thickness (Table 4). The films were optically transparent
after drying; however, the film prepared with 30 wt% hyperbranched
polymer was hazy because of a significant amount of phase separation.

Optical microscope images of the dried films indicated a phase
separation that was spinodal-like in appearance. Films cast with 10
and 20 wt% hyperbranched polymer exhibited a uniform spinodal
phase structure. Alternatively, films cast with 30 wt% hyperbranched
polymer displayed, a number of spherical features; however, spinodal-
like features were still apparent. The haziness of the film could also be
attributed to the presence of spherical phases. These results indicated
that films prepared at or above 30 wt% hyperbranched polymers have
access to a nonspinodal phase separation pathway.

To prevent leaching of water-soluble, sulfonic acid-terminated
hyperbranched polymers from the membrane, the linear polymer
was covalently attached to the membrane via Freidel–Craft aromatic
sulfonation, which was used to generate the sulfonyl chloride-termi-
nated hyperbranched polymer (Scheme 2). Poly(ether ether ether
sulfone) possesses electron-rich aromatic rings similar to the A-ring
of the AB2 monomer; however, FeCl3 is not a typical catalyst for
Freidel–Craft aromatic sulfonation in DMAc or in the solid state.
Attempts to polymerize AB2 monomer in DMAc with FeCl3 did
not yield the desired product. However, after phase formation, the

Table 3 Calculation of hyperbranched block size

ID

no.

AB2:AB NMR

ratio

L Mw

(gmol–1)a
AB2 repeat

unitsb

HB Mw

(gmol–1)c
No. of L�HB

pairsd

5 1.33 3.5 k 20.4 8.6k 2.2

6 1.41 3.5 k 21.6 9.1k 2.7

7 0.38 12.4k 20.5 8.7k 2.5

8 0.37 12.4k 20.0 8.4k 7.0

Abbreviations: GPC, gel permeation chromatography; HB, hyperbranch; L, linear; NMR, nuclear
magnetic resonance.
aMolecular weight of linear block from Table 2 used to calculate average size of hyperbranched
block.
bCalculated average number of AB2 repeating units per hyperbranched block.
cCalculated average hyperbranched molecular weight based on number of repeat units.
dNumber of theoretical linear�hyperbranched block pairs to satisfy both GPC molecular weight
and NMR integration ratio.
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polymer film should contain little, if any, DMAc. Thus, we speculated
that the sulfonation reaction occurred along the hyperbranched�linear
phase boundary, forming a covalent bond. Confirming that such a
reaction occurred was difficult because the sulfone bond that was
generated during the reaction was not unique to the system and was
generated in such a small amount that identification by Fourier-
transformed infrared and NMR analyses were inconclusive.

To indirectly verify that tethering occurred, a portion of each of the
dried films was further heated in vacuo to temperatures greater than
the Tg (220 1C). For the 20 and 30 wt% films, only minor changes in
the film morphology were observed. Specifically, films containing 20
and 30 wt% hyperbranched polymer shifted to a slightly more
spherical phase structure. Films prepared at 150 or 220 1C were
reintroduced into DMAc. As shown in Table 4, the films that were
dried at 150 1C redissolved within seconds, whereas films heated to
220 1C swelled and persisted in solution for several weeks indicating
that the end groups from the hyperbranched polymer reacted with
linear polymer chains to form a crosslinked network. This observation
and other indirect measurements suggested that hyperbranched poly-
mer chains became tethered to the structural phase of the linear
polymer.

The sulfonyl chloride version of the hyperbranched polymer was
not suitable for proton conduction. Methods for converting sulfonyl
chloride groups to sulfonic acid, such as heating in hot water, did not
produce the desired conversion. During the drying process, a thin film
of linear polymer formed at the polymer�air interface, preventing
conversion of the sulfonic acid groups. However, the surface of the

polymer could be sulfonated with 16 M H2SO4. Thus, high concen-
tration of sulfuric acid were strong enough to sulfonate the linear
polymer at the surface of the film, allowing access to the hyper-
branched phase without dissolving the bulk of the polymer. Conver-
sion of the hyperbranched phase from the sulfonyl chloride to the
sulfonic acid was confirmed by an increase in the turbidity of the film,
which is due to a larger difference in the refractive indices of the two
phases. The Fourier-transformed infrared spectra indicated an increase
in the peak located in the OH-stretching region, which is consistent
with acid formation (Figure 4).

Characterization of hyperbranched�linear PES blend films
The ion-exchange capacity (IEC) of the films was correlated to the
amount of hyperbranched polymer in the film (Figure 5). The 30 wt%
dried film displayed the highest IEC, and values of 0.4 meq g�1 were
obtained. Moreover, the results indicated that heated films possessed
lower IEC values than dried films. Compared with the IEC of a Nafion
membrane (0.9), the IEC values obtained in this study were relatively
low, which suggests that sulfonyl chloride groups were consumed
during the additional heating step, causing insolubility in DMAc.
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Figure 5 Ion-exchange capacity (IEC) of dried blends (~) and cured blends

(�) as measured by back titration of NaOH. The dashed line indicates the

theoretical IEC based on the amount of HB polymer. Reported values are the

average of three samples. The errors associated with the measurement were

o±0.12.

Table 4 Thickness, water uptake and resolubility in DMAc

HB wt%

Process

conditions

Thickness

(mm)

Water

|uptake

DMAc

solubility

0 Dried 17 1.005 Y

0 Cured 17 1.021 Y

10 Dried 12 1.020 Y

10 Cured 11 1.070 N

20 Dried 14 1.066 Y

20 Cured 10 1.032 N

30 Dried 9 1.025 Y

30 Cured 10 1.034 N

Nafion 117 — 205 1.180 —

Abbreviation: HB, hyperbranch.
All films were dried at 150 1C, whereas cured films were also heated at 220 1C. Thickness
measurements are the average of four measurements over three samples (12 total). Water
uptake was calculated after 16h of water immersion and is relative to the vacuum-dried mass.
DMAc resolubility was investigated on films before H2SO4 treatment.
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Additionally, all the samples possessed IEC values that were slightly
below the theoretical value, which is based on the complete conversion
of the end groups of the hyperbranched polymer to sulfonic acids.
The leaching of nontethered hyperbranched polymers, excessive con-
sumption of end groups during tethering, and phase isolation could
explain the low IEC values; however, the specific causes have yet to be
identified.

The mechanical strength of the films was compared to that of the
pure linear polymer (Table 5). The Young’s modulus of the blended
films was slightly lower (same order of magnitude) than that of the
pure polymer, and the yield stress at break was similar. These results
suggest that the polymer forms a continuous phase and is not
compromised by the presence of the hyperbranched polymer or the
effects of sulfonation. The affect of blending and sulfonation increase the
elongation of the samples, due to additional strain release modes along
phase boundaries. Moreover, in the concerted film, hydrogen bonding/
water uptake can also increase the number of strain release modes.

The proton conductivity of the films was measured according to the
four-probe impedance method (Figure 6). Initially, the films were in
a dry state and were measured at 80 1C and 90% relative humidity.
The proton conductivity of the films increased with an increase in the
concentration of hyperbranched polymer. With the exception of the
10 wt% film, the conductivities of the dried films were slightly higher
than those of the heated films. However, the relative error of the
measurement precludes deeper speculation. All films were slightly
lower than the accepted range for Nafion 117 (0.08–0.10 S cm�1);
however, the proton conductivities of the films were of the same order

of magnitude. The films may have possessed lower proton conductiv-
ities because of a reduced amount of free water within the film. For
instance, the films possessed a maximum water uptake of B7%,
whereas Nafion 117 has a maximum water uptake of 18%. Fewer
sulfonic acid groups and the separation of the hyperbranched phase
into spherical domains (that is, the collapse of the spinodal phase
during the drying and heating steps) may have reduced the proton
conductivities of the films.

The bicontinuous phase structure of blend membranes makes direct
comparisons with more common polyelectrolyte membranes difficult.
The acid groups in polyelectrolyte membranes are homogeneously
distributed and require water to drive the formation of conduits for
proton travel. Alternatively, the acid groups in the proposed mem-
branes are distributed heterogeneously, and the proton conduits are
formed by phase separation. The hyperbranched�linear blend mem-
branes contain a small region with a high acid concentration and a
large area devoid of acid groups. Thus, even though the IEC and
proton conductivity values are low compared with those of the Nafion
membrane, these values are a bulk average of the conducting and
nonconducting phases. Clearly, the IEC and proton conductivity
values of the pure hyperbranched phase are higher. However, to
calculate the IEC and proton conductivity values of the pure hyper-
branched phase, accurate knowledge of the fraction of hyperbranched
polymer removed by leaching, the volume of the noncontinuous
(spherical) phase, and the number of end groups that formed bonds
the linear polymer must be known. The chemical similarities between
the hyperbranched and linear phase, and the ambiguity of the
tethering chemistry impede detailed analysis. Ongoing studies are
focused on measuring the current density output from a fuel cell
assembly, which is a more direct means of assessing the membrane
performance of this novel architecture.

The results of this study suggest that hyperbranched polymers could
be applied as the proton conduction phase for fuel cell membranes.
The robustness of hyperbranched polymers was improved by blending
the material with a linear polymer. The phase structure generated
during the film-forming process was spinodal and the hyperbranched
polymer could be tethered to the linear polymer by FeCl3-catalyzed
sulfonation in the solid state to prevent leeching of the hyperbranched
phase. The proton conductivities of the blended films are of the same
order of magnitude as that of a Nafion membrane. Current studies are
focused on reducing the domain size of the spinodal phase, improving
water management capabilities, investigating alternate method of
tethering the hyperbranched phase to the linear phase, and analyzing
the performance of the films in a fuel cell assembly.

CONCLUSION

In summary, the mechanical deficiencies of sulfonated hyperbranched
polymers can be overcome by blending the polymers with a linear
structural polymer, and the resulting materials can be used for proton-
exchange membranes. Care must be taken to induce proper bicontin-
uous phase formation, which allows the transfer of protons from one
side of the membrane to the other. Additionally, care must also be
taken to ensure that the sulfonated hyperbranched polymer, which is
highly soluble in water, remains within the membrane.
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