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a b s t r a c t

We synthesized novel sulfonated star-hyperbranched polyimides composed of a hydrophobic hyper-
branched polymer for polymer stability and a hydrophilic sulfonated polyimide as the proton-transport
site in the core–shell structure. The proton conductivities of the star-hyperbranched polyimide mem-
branes were measured as functions of the relative humidity and temperature using electrochemical
impedance spectroscopy. Although the water uptake and IEC value for the sulfonated star-hyperbranched
eywords:
tar-hyperbranched polyimide
roton conductivity
onic channel
uel cell

polyimide membranes were almost constant, the proton conductivity of the membrane strongly
depended on the molecular weight of the hydrophilic sulfonated polyimide as the shell. Especially, the
conductivity of the high molecular weight star-hyperbranched polyimide membranes was significantly
superior to that determined in Nafion® at all temperatures and was 0.51 S cm−1 at 80 ◦C and 98% RH,
which may suggest that a good proton-transport pathway in the core–shell structure is formed. Conse-

ved t
l cell
quently, this material pro
applications for use in fue

. Introduction

The proton exchange membrane fuel cell converts chemical
nergy directly into electrical energy with a high efficiency and
ow emission of pollutants, and is the most promising power source
or portable and automotive applications. Proton exchange mem-
ranes are one of the key components in the fuel cell systems
1–3]. An ideal membrane should possess both good chemical and
hermal stabilities, a high mechanical strength, and a high proton
onductivity. Although perfluorosulfonate ionomer membranes,
uch as Nafion®, have been the most widely used for the polymer
lectrolyte membrane because of their high proton conductivities,
here are some drawbacks, such as high cost and low conductivity
t high temperature or low humidity [4,5].

Recently, much effort has gone into the development of novel
olymer electrolyte membranes based on the sulfonated aro-
atic hydrocarbon polymers and many sulfonated polymers, such

s the sulfonated polyimide, sulfonated polysulfone, sulfonated
olyphenylene, and sulfonated poly(ether ether ketone), have been
idely synthesized as alternate candidates [6–10] due to their
xcellent chemical and thermal stabilities, and good mechanical
trength. Generally, the proton conductivities for the membranes
ased on these polymers strongly depend on their ion exchange
apacities (IECs) [11]. However, these linear polymers, in which

∗ Corresponding author. Tel.: +81 426 77 1111x4972; fax: +81 426 77 2821.
E-mail address: kawakami-hiroyoshi@c.metro-u.ac.jp (H. Kawakami).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.02.019
o be promising as a proton exchange membrane and may have potential
s.

© 2010 Elsevier B.V. All rights reserved.

the sulfonic acid groups are attached to the polymer main chain,
sometimes show huge water uptake by the enhanced IEC, result-
ing in unfavorable swelling of the membranes and a dramatic loss
in their mechanical properties. To overcome these problems, the
sulfonated block copolymers, which had ion transport channels
formed by phase-separated hydrophilic and hydrophobic domain
structures, were synthesized, and the efficiency of their proton con-
ductivities was investigated [12–14].

In recent years, polymers with highly branched, globular
macromolecular structures, such as dendritic and hyperbranched
polymers, have attracted increasing attention, because they are
expected to have unique properties when compared to their lin-
ear analogues [15–18]. Unlike dendritic polymers, hyperbranched
polymers do not have a well-defined architecture, but can be sim-
ply prepared, e.g., from bifunctional and trifunctional monomers,
and are much more readily available at lower costs than dendritic
polymers, which is highly desirable for many applications. Hyper-
branched polymers show a low viscosity and high solubility in
organic solvents, however, they lack a significant entanglement in
the solid state, indicating that it is very difficult to prepare tough
membranes with a good mechanical strength [19].

Surface modification of the dendritic and hyperbranched poly-
mers is one important strategy for improving their properties

and finding new applications. For example, the polymers with
terminal reactive groups can easily react with the functional
group on the surface of the hyperbranched polymers, yielding
star-hyperbranched polymers. The star-hyperbranched polymers
contained core–shell structures, and were composed of a hyper-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kawakami-hiroyoshi@c.metro-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.02.019
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Fig. 1. Structure of star-hyperbranched polyimide (SHB-PI).

ranched polymer as the core and one type of linear polymer as
he shell [20,21]. That is, the resulting polymers can have extremely
ifferent characteristics, such as a hydrophilicity and hydrophobic-

ty.
This paper first describes the syntheses and characterizations of

series of sulfonated star-hyperbranched polyimides for the pro-
on exchange membrane. The star-hyperbranched polyimides were
omposed of a hydrophobic hyperbranched polymer for polymer
tability and a hydrophilic sulfonated polyimide as the proton-
ransport site (Fig. 1) and their membranes were prepared without
ny crosslinking. Specifically, we focused on the influence of the
olecular weight of the sulfonated polyimide as the shell on the

roton conductivity.

. Experimental

.1. Materials

2,2′-Bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride
6FDA) was purchased from the Clariant Co., Shizuoka, Japan,
nd purified by sublimation prior to use. The diamine monomer,
ris(4-aminophenyl)amine (TAPA), was synthesized from tris(4-

itrophenyl)amine, which was purchased from the Sigma–Aldrich
o., Tokyo, Japan, and purified by sublimation prior to use as
eported in a previous paper [14].

1,4,5,8-Naphthalene tetracarboxylic dianhydride (NTDA) was
urchased from the Sigma–Aldrich Co., Tokyo, Japan. 4,4′-Diamino-

Scheme 1. Synthetic scheme of star-hy
rces 195 (2010) 4641–4646

biphenyl 2,2′-disulfonic acid (BDSA) was purchased from the Tokyo
Kasei Co., Tokyo, Japan, and was purified by dissolution in a triethy-
lamine aqueous solution and then precipitated in 1N H2SO4. Finally,
the BDSA was dried in a vacuum oven at 70 ◦C for 12 h. Nafion® 117
was used in this study as the control membrane. The membranes
were obtained from the DuPont Co., Ltd. (Tokyo, Japan) and were
as-received for use.

2.2. Syntheses of sulfonated star-hyperbranched polyimides

A novel sulfonated star-hyperbranched polyimide was synthe-
sized as shown in Scheme 1. The hyperbranched polymer as the
core, an amine-terminated polyimide, was prepared by the same
method reported by Okamoto and co-workers [22].

The linear polymer as the shell, a sulfonated anhydride-
terminated polyimide, was prepared by the same method as
described in previous papers [13,14]. Sulfonated anhydride-
terminated polyimides with the different molecular weights,
NTDA–BDSA(1), (2), and (3), were synthesized using the different
molar ratios of BDSA:NTDA. After the sulfonated anhydride-
terminated polyimide solution was cooled to 80 ◦C, 0.1 g of the
amine-terminated polyimide, 6FDA–TAPA, dissolved in 10 ml of
m-cresol was added dropwise through a syringe over 1 h. The
mixture of the sulfonated anhydride-terminated polyimide and
amine-terminated polyimide was stirred at 70 ◦C for 4 h and at
180 ◦C for 24 h. After cooling to room temperature, the solution
was poured into methanol several times to remove the resid-
ual sulfonated anhydride-terminated polyimide. In addition, the
precipitated polyimide was collected by filtration and was re-
dissolved in m-cresol. The solution was poured into ethyl acetate,
and the precipitated sulfonated star-hyperbranched polyimide was
washed several times with ethyl acetate and dried under vacuum at
150 ◦C.

2.3. Preparation of sulfonated star-hyperbranched polyimide
membranes

The sulfonated star-hyperbranched polyimide membranes were
prepared using a solvent-cast method. The dimethyl sulfoxide solu-
tion of the polyimide was carefully cast on a glass plate, and then
the plate was placed in a vacuum oven at 110 ◦C for 24 h to slowly

remove most of the solvent. The membranes were immersed in
ethanol and deionized water for 4 h each, then acidified with a 0.1 M
HCl solution for 24 h, and finally washed with deionized water. The
resulting membranes were dried in a vacuum oven at 80 ◦C for 24 h.
The thickness of the membranes was approximately 50 �m.

perbranched polyimide (SHB-PI).
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PI membrane as star-hyperbranched polymer, which is composed
of a hyperbranched polymer as the core and one type of linear poly-
mer as the shell, indicated good membrane formability because of
the enhanced entanglement between linear polymers. In addition,

Table 1
Solubilities of 6FDA–TAPA, NTDA–BDSA, and SHB-PI for organic reagents.

Polyimide DMAc DMSO DMF NMP Methanol Water
T. Suda et al. / Journal of Pow

.4. Characterization of sulfonated star-hyperbranched polyimide
embranes

The molecular weights (Mw and Mn) of the amine-terminated
olyimide, sulfonated anhydride-terminated polyimide, and sul-
onated star-hyperbranched polyimide were determined by
el-permeation chromatography (detector: Jasco 830-RI monitor,
okyo, Japan) using two Shodex SB-806HQ and SB-804 HQ columns.
imethylformamide containing 0.01 M lithium bromide was used
s the eluent at the flow rate of 1.0 ml min−1. The molecular weights
ere estimated by comparing the retention times on the columns

o those of standard polystyrene [14]. The ionic-exchange capac-
ty (IEC) was measured by classical titration using NaOH and HCl
olutions [14].

The water uptake of the sulfonated star-hyperbranched poly-
mide was gravimetrically measured from the dried and humidified

embranes [14]. The sulfonated star-hyperbranched polyimide
embranes were dried in a vacuum oven at 80 ◦C for 10 h and

hen immersed in liquid water at room temperature. After 24 h,
he membrane was then wiped dry and quickly weighed. The water
ptake was calculated using Eq. (1):

(%) = Ws − Wd

Wd
× 100 (1)

here Ws and Wd are the weights of the wet and dry membranes,
espectively.

Radical stability of the membranes was measured by soaking in
enton’s reagent (30 ppm FeSO4 in 30% H2O2) at 25 ◦C as an accel-
rated testing. The stability was evaluated by recording the time
hen membranes dissolved completely.

The size change of the sulfonated star-hyperbranched poly-
mide membranes was measured in water at 30 ◦C for 5 h [23]. The
hanges in the thickness and diameter were calculated from

T (%) = Ts − Td

Td
× 100 (2)

L (%) = Ls − Ld

Ld
× 100 (3)

here Ts and Ls are the thickness and diameter of the wet mem-
ranes, respectively, and Td and Ld are the thickness and diameter
f the dry membranes, respectively.

The thermal behavior of the polyimide membranes in a nitrogen
tmosphere was evaluated by thermogravimetric analysis (TGA:
eiko TG/DTA300, SSC/5200H, Tokyo, Japan). The thickness of the
embranes was approximately 50 �m.
The proton conductivity in plane direction of membrane was

easured by electrochemical impedance spectroscopy over the
requency range from 50 Hz to 50 kHz (Hioki 3532-50, Tokyo,
apan) as reported in previous papers [12,14]. The membranes
1.0 cm × 3.0 cm) and two blackened platinum plate electrodes
ere placed in a Teflon cell. The distance between the two elec-

rodes was 1.0 cm. The cell was placed in a thermocontrolled
umidity chamber to measure the temperature and humidity
ependence of the proton conductivity.

. Results and discussion

.1. Syntheses of sulfonated star-hyperbranched polyimide
embranes
The amine-terminated polyimide as hyperbranched polymer
as prepared by the same method reported by Okamoto and

o-workers [22]. The structural perfection of the hyperbranched
olymers is generally characterized by the degree of branching
Fig. 2. 1H NMR spectrum of amine-terminated 6FDA–TAPA.

(DB), which was defined by Frechet as follows:

DB = D + T

D + T + L

where D, T, and L refer to the number of dendritic, terminal, and
linear units in the polymer, respectively. Generally, DB is deter-
mined from NMR spectroscopy by the integration of the peaks for
the respective units in the hyperbranched polymers. Fig. 2 shows
the 1H NMR spectrum of the amine-terminated 6FDA–TAPA poly-
imide. The broad peak at 5.48 ppm is assigned to the hydrogens of
the free amine groups in the terminal and linear units. The DB value
of the 6FDA–TAPA was calculated from the 1H NMR spectra of the
model compounds for the dendritic, terminal, and linear units as
reported by Okamoto and co-workers [22] and was estimated to
be 0.64, indicating that the 0.6 was typical value as hyperbranched
structure.

The sulfonated anhydride-terminated polyimide, NTDA–BDSA,
was synthesized by the same method as described in previous
papers [14], and three kinds of NTDA–BDSA polyimides with dif-
ferent molecular weights were obtained. The degree of imidization
of the 6FDA–TAPA, and NTDA–BDSA was determined by 1H NMR
spectroscopy. The 1H NMR spectra of the poly(amic acid)s of
6FDA–TAPA and NTDA–BDSA completely disappeared (data not
shown), indicating that 6FDA–TAPA and NTDA–BDSA polymers
were completely imidized.

The SHB-PI was synthesized from the mixture of the sulfonated
anhydride-terminated polyimide and amine-terminated polyimide
stirred at 70 ◦C for 4 h and at 180 ◦C for 24 h. The obtained SHB-PI
was washed several times in methanol to completely remove the
residual sulfonated anhydride-terminated polyimide, which eas-
ily dissolves in methanol. The yield of the resulting polymer was
approximately 26%. The SHB-PI was soluble in aprotic polar sol-
vents, such as DMAc, DMSO, DMF and NMP, as shown in Table 1. In
general, a hyperbranched polymer membrane was very difficult to
prepare tough membranes because of low entanglement between
polymer chains [19,24]. The 6FDA–TAPA membrane had very poor
membrane strength and easily broken. On the other hand, the SHB-
6FDA–TAPA + + + + − −
NTDA–BDSA + + + + + −
SHB-PI(1) + + + + − −
SHB-PI(2) + + + + − −
SHB-PI(3) + + + + − −
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Fig. 3. IR spectrum of SHB-PI.

t was found that the toughness of the SHB-PI membrane increased
ith the molecular weight of NTDA–BDSA.

Fig. 3 shows the IR spectra of SHB-PI. The peaks at 1710 and
670 cm−1 were assigned to the carbonyl group absorption and
he peak at 1350 cm−1 was attributed to the imide absorption. The
ands that appeared at 1250 and 1180 cm−1 were assigned to the
ulfonic acid groups. In addition, it was found that the peak of the
mine at 5.48 ppm measured by 1H NMR significantly decreased
ue to the reaction between the amine of 6FDA–TAPA and the
nhydride of NTDA–BDSA (data not shown).

The molecular weights of the amine-terminated 6FDA–TAPA,
ulfonated anhydride-terminated NTDA–BDSA, and sulfonated
tar-hyperbranched polyimide (SHB-PI) are shown in Table 2.
he actual molecular weights of the 6FDA–TAPA and SHB-PI
ay be even greater than the value estimated using the stan-

ard polystyrene, because the dendritic polymers are generally
maller than linear polymers with the same molecular weight [22].
midization reaction between NTDA–BDSA(1) as the low molecu-
ar weight and 6FDA–TAPA was efficiently accelerated rather than
TDA–BDSA(2) and (3) as the high molecular weight, and the
pparent NTDA–BDSA(1), (2) and (3) chain numbers attached on
FDA–TAPA were approximately 5, 3, and 2, respectively.

.2. Characterization of sulfonated star-hyperbranched polyimide
embranes

The thermal stability of the synthesized polyimides was investi-
ated by TGA measurements. Fig. 4 shows the TGA curves of SHB-PI,
TDA–BDSA, and 6FDA–TAPA. The curve of SHB-PI was similar to

hat measured in the sulfonated homopolyimide, NTDA–BDSA. The

oss above 280 ◦C was due to the desulfonation of the SHB-PI and
TDA–BDSA. The weight loss above 550 ◦C was ascribed to the
ecomposition of the polymer main chain. The decomposition tem-
erature was almost as high as that of Nafion® [25]. The TGA curves

able 2
olecular weights of 6FDA–TAPA, NTDA–BDSA, and SHB-PI.

Polyimide Mw Mw/Mn

6FDA–TAPAa 44,000 5.3
NTDA–BDSA(1) 59,000 2.9
SHB-PI(1)a 320,000 9.0
NTDA–BDSA(2) 200,000 2.8
SHB-PI(2)a 500,000 3.0
NTDA–BDSA(3) 300,000 2.4
SHB-PI(3)a 830,000 4.9

a Apparent molecular weight estimated from standard polystyrene.
Fig. 4. TGA curves of 6FDA–TAPA, NTDA–BDSA and SHB-PI. (1) SHB-PI(1); (2) SHB-
PI(2); (3) SHB-PI(3); (4) 6FDA–TAPA; (5) NTDA–BDSA.

of SHB-PI(2) and (3) indicated a completely similar thermal stability
compared to that measured in SHB-PI(1).

On the other hand, the TGA curve of 6FDA–TAPA was ther-
mally stable up to 550 ◦C. The decomposition starts between 560
and 580 ◦C. This indicates that 6FDA-TAPA has a high-temperature
resistance compared to SHB-PI and NTDA–BDSA.

Table 3 shows the proton conductivity, ion exchange capac-
ity (IEC), and water uptake for SHB-PI membranes. This value
depended on the molecular weight of the sulfonated anhydride-
terminated NTDA–BDSA and slightly increased with the molecular
weight. In most polymer electrolyte membranes, the proton con-
ductivities of the membranes are strongly related to the water
content of the membrane, and the polymer electrolyte mem-
branes absorbing a large amount of water typically have a high
proton conductivity [26,27]. Therefore, there is good correlation
between the IEC and water uptake, and the water uptake for the
SHB-PI membranes also increased with the molecular weight of
the NTDA–BDSA. It was clarified that the proton conductivities of
the SHB-PI membranes indicated significantly higher values when
compared to those of Nafion® under the same conditions [14]. One
reason is that SHB-PI has a large number of sulfonic groups so that
it can significantly adsorb the water compared to Nafion® as appar-
ent from the results of the IEC and water uptake. In addition, it was
found that the SHB-PI membrane indicated a higher proton con-
ductivity than the other linear sulfonated polyimide membranes
with the same IEC values and uncontrolled microstructures such
as random sulfonated polyimide, as reported in previous papers
[28,29]. This may be due to the fact that the hydrophilic domain
formed by the sulfonated polyimide as a shell efficiently transports
the protons. That is, the sulfonated star-hyperbranched polyimide

has many NTDA–BDSA chains containing sulfonic acid groups as
hydrophilic domain at the core surface so that the entanglement of
NTDA–BDSA chains between star-hyperbranched polyimides may
form ionic channels.

Table 3
Proton conductivity, IEC, and water uptake of SHB-PI membranes.

Polymer Proton conductivitya

(S cm−1)
IEC (mequiv. g−1) Water uptakeb (%)

SHB-PI(1) 0.34 2.5 79
SHB-PI(2) 0.46 2.8 82
SHB-PI(3) 0.51 2.8 83
Nafion® 117 0.15 0.9 21

a At 80 ◦C and 98% relative humidity.
b In water at room temperature.
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PI membranes at 80 ◦C. The � values of all the membranes were
enhanced with the relative humidity, however, the comparison
of the � values among the membranes with different molecular
weights of the sulfonated anhydride-terminated NTDA–BDSA do
ig. 5. Dimensional changes of SHB-PI membranes immersed in water at 80 ◦C. (�)
T is the dimensional increase in thickness direction; (�) �L is the dimensional

ncrease in plane direction.

Radical stability of the SHB-PI membranes was immersed in
enton’s reagent (30 ppm FeSO4 in 30% H2O2) at 25 ◦C. All the SHB-
I membranes broke within 1 h and their radical stabilities were
ot sufficient. We consider that NTDA–BDSA as shell attached on
FDA–TAPA was mainly attacked by radicals produced from Fen-
on’s reagent.

Fig. 5 shows the results of the dimensional changes (thick-
ess, �T, and plane direction, �L) of the SHB-PI membranes

mmersed in water at 80 ◦C. The �T changes of the SHB-PI mem-
ranes increased with an increase in the molecular weight of
he sulfonated anhydride-terminated NTDA–BDSA, on the other
and, their �L changes decreased with the molecular weight.
he DB value as the degree of branching of the synthesized star-
yperbranched polyimide was approximately 0.6, therefore, the
olyimide structure is not spherical and may form an asymmetric
tructure. In addition, it may be considered that the hydrophilic
omain formed by NTDA–BDSA chain containing sulfonic acid
roups were swollen in the thickness direction due to the disor-
ered structure of the star-hyperbranched polyimide. As a result,
he through-plane swelling in the thickness direction of the SHB-
I membrane might have occurred. However, these hypotheses
equire validation by another measurement.

Fig. 6 shows the temperature dependence of the proton conduc-
ivity of the SHB-PI membranes at a 98% relative humidity. It was
ound that the SHB-PI(3) membrane showed higher proton con-
uctivity compared to the other membranes at all temperatures.

n addition, it should be noted that the SHB-PI(2) and (3) mem-
ranes indicated a significantly higher conductivity compared to
hat determined in Nafion® at all temperatures.

Fig. 7 shows the relative humidity dependence of the proton
onductivity for the SHB-PI membranes at 80 ◦C. The conductivi-
ies of the SHB-PI membranes were similar to or higher than those
f Nafion® from 70 to 98% relative humidity. In general, the pro-
on conductivity for most polymer electrolyte membranes based on

he sulfonated polyimide is well known to significantly decrease
ompared to that determined in Nafion® [30]. In this study, the
onductivities of the SHB-PI membranes are also much lower than
afion® at the lower humidities. However, the conductivities of the
Fig. 6. Temperature dependence of proton conductivity for SHB-PI membrane at
98% RH. (©) SHB-PI(1); (�) SHB-PI(2); (�) SHB-PI(3); (�) Nafion® 117.

SHB-PI(2) and (3) membranes indicated much higher values than
the SHB-PI(1) membrane at the low humidities.

As already mentioned, the proton conductivities of the mem-
branes are strongly related to the water content of the membrane,
and polymer electrolyte membranes absorbing a large amount of
water typically have a high proton conductivity. The water uptake
has been expressed as the number of water molecules per sulfonic
group (�).

� = n(H2O)
n(SO3

−)
= WS

18 IEC

where n(H2O) is the H2O mole number, n(SO3) is the SO3 group
mole number, WS is the water uptake value by weight, IEC is the
ion exchange capacity, and 18 corresponds to the molecular weight
of water.

Fig. 8 shows the relative humidity dependence of � for the SHB-
Fig. 7. Relative humidity dependence of proton conductivity for SHB-PI membrane
at 80 ◦C. (©) SHB-PI(1); (�) SHB-PI(2); (�) SHB-PI(3); (�) Nafion® 117.
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[27] Y.A. Elabd, E. Napadensky, C.W. Walker, K.I. Winey, Macromolecules 39 (2006)
ig. 8. Relative humidity dependence of water molecules per sulfonated group (�)
or SHB-PI membranes at 80 ◦C. (©) SHB-PI(1); (�) SHB-PI(2); (�) SHB-PI(3); (�)
afion® 117.

ot indicate significant differences. In general, the � value and
ater uptake have significant influence on the proton conductivity

f polymer electrolyte membranes. Although the proton conduc-
ivity of SHB-PI(3) at 80 ◦C and 98% RH was 1.5 times larger than
hat determined in SHB-PI(1), the � value and water uptake of the
ormer polymer were almost similar to those in the latter poly-

er. Therefore, it is difficult to explain the difference in the proton
ransport among sulfonated star-hyperbranched polyimides using
he � value and water uptake. A most plausible explanation of the
roton conductivity behavior in the sulfonated star-hyperbranched
olyimide may be that the core–shell structure led to a phase sep-
ration between the hydrophilic proton transport sites and the
ydrophobic domain so that ionic channels for the proton trans-
ort might be formed. If the ionic channels are formed by phase
eparation in the star-hyperbranched polyimide membranes, it is
onsidered that the channels efficiently transport the proton at
ower humidity. It is well known that Nafion® indicates the high
roton conductivity at low humidity due to ionic channels. Unfor-
unately, the proton conductivity of sulfonated star-hyperbranched
olyimide membranes prepared in this study did not reach that
easured in Nafion® at low humidity. However, as mentioned

bove, the SHB-PI(2) and (3) indicated much higher proton con-
uctivity at low humidity when compared to SHB-PI(1). That is,
e believed that the entanglement of NTDA–BDSA chains as shell

etween the sulfonated star-hyperbranched polyimides induced
he formation of the ionic channel and that, especially, the forma-
ion in the star-hyperbranched polyimide with larger molecular
eight of NTDA–BDSA was accelerated. In the future research, we
ill elucidate phase separation produced in the sulfonated star-
yperbranched polyimide membrane using TEM.

. Conclusions

This paper is the first report concerning with the syntheses
nd proton exchange membrane properties of a sulfonated star-

yperbranched polyimide membrane. We succeed in preparing the
ough membrane without any crosslinking. Although the water
ptake and IEC value for the sulfonated star-hyperbranched poly-

mide membranes were almost constant, it was found that the
roton conductivity of the membrane strongly depended on the

[
[

[

rces 195 (2010) 4641–4646

molecular weight of the hydrophilic sulfonated polyimide as the
shell. Especially, the conductivity of the high molecular weight
star-hyperbranched polyimide membranes was significantly supe-
rior to that determined in Nafion® at all temperatures. This may
be due to the fact that ionic channels in the sulfonated star-
hyperbranched polyimide membrane are formed. However, these
arguments require validation by observation of the ionic channels
and phase separation measurements. Future research will have to
elucidate these influences on the proton conductivity.

Unfortunately, although the obtained membranes were tough,
the membranes immersed in Fenton’s reagent (30 ppm FeSO4 in
30% H2O2 at 25 ◦C) broke within 1 h and their radical stabilities
were not sufficient. Therefore, to improve the membrane stability,
such as mechanical strength and radical and hydrolytic stabilities,
we are going to prepare organic–inorganic hybrid membranes com-
posed of the star-hyperbranched polyimides and silica that possess
desirable membrane stability, then estimate their fuel cell proper-
ties. Consequently, the polyimides may prove to be promising as
a proton exchange membrane and may be potentially useful for
application in fuel cells.

Acknowledgment

This work was partially supported by a grant from the Tokyo
Metropolitan University, Japan.

References

[1] R.F. Service, Science 303 (2004) 29.
[2] J. Rozière, D.J. Jones, J. Annu. Rev. Mater. Res. 33 (2003) 503–555.
[3] B.C.H. Steele, A. Heinzel, Nature 414 (2001) 345–352.
[4] N. Li, S. Zhang, J. Liu, F. Zhang, Macromolecules 41 (2008) 4165–4172.
[5] J.M. Serpico, S.G. Ehrenberg, J.J. Fontanella, X. Jiao, D. Perahia, K.A. McGrady,

E.H. Sanders, G.E. Kellogg, G.E. Wnek, Macromolecules 35 (2002) 5916–5921.
[6] S.S. Sekhon, J.S. Park, E.K. Cho, Y.G. Yoon, C.S. Kim, W.Y. Lee, Macromolecules

42 (2009) 2054–2062.
[7] J. Saito, K. Miyatake, M. Watanabe, Macromolecules 41 (2008) 2415–2420.
[8] Y. Li, A. Roy, A.S. Badami, M. Hill, J. Yang, S. Dunn, J.E. McGrath, J. Power Sources

172 (2007) 30–38.
[9] Y. Yin, Y. Suto, T. Sakabe, S. Chen, S. Hayashi, T. Mishima, O. Yamada, K. Tanaka,

H. Kita, K. Okamoto, Macromolecules 39 (2006) 1189–1198.
10] C.H. Fujimoto, M.A. Hickner, C.J. Cornelius, D.A. Loy, Macromolecules 38 (2005)

5010–5016.
11] J. Pang, H. Zhang, X. Li, Z. Jiang, Macromolecules 40 (2007) 9435–9442.
12] T. Nakano, S. Nagaoka, H. Kawakami, Kobunshi Ronbunshu 63 (2006) 200.
13] N. Asano, K. Miyatake, M. Watanabe, J. Polym. Sci. Part A: Polym. Chem. 44

(2006) 2744–2748.
14] T. Nakano, S. Nagaoka, H. Kawakami, Polym. Adv. Technol. 16 (2005) 753–757.
15] A. Deffieux, M. Schappacher, A. Hirao, T. Watanabe, J. Am. Chem. Soc. 130 (2008)

5670–5672.
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