
Preparation of Sulfonated Copolyimides Containing
Aliphatic Linkages as Proton-Exchange Membranes
for Fuel Cell Applications
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ABSTRACT: A series of random sulfonated copolyimides
containing aliphatic linkages (co-SPIAs) with controlled
degrees of sulfonic acid groups were synthesized via a con-
ventional two-step polyimidization method. 2,4-Diamino-
benzene sulfonic acid (2,4-DABS) and 1,6-diaminohexane
(DAH) were used as sulfonated aromatic diamine and non-
sulfonated aliphatic diamine compounds, respectively.
Mixtures of diamine compounds were reacted with benzo-
phenonetetracarboxylic dianhydride (BTDA) to obtain the
co-SPIAs. The molar ratios of DAH/2,4-DABS were system-
atically varied to produce copolymers with controlled com-
positions that contained up to 70 mol % sulfonic acid
moieties. The co-SPIAs were evaluated for thermal oxida-
tive stability, ion-exchange capacity (IEC), water uptake,
proton conductivity, solubility, and hydrolytic stability. The
proton conductivity and hydrolytic stability of the co-SPIAs
were compared with the fully aromatic polyimide, sulfo-

nated homo-polyimide (homo-SPI) (BTDA/2,4-DABS).
From thermogravimetric analysis, we observed desulfona-
tion temperatures in the range 200–3508C, which suggested
a high stability of the sulfonic acid groups. The co-SPIAs
with 40–70 mol % 2,4-DABS showed higher proton conduc-
tivity than Nafion 117 in water. The proton conductivity
values of the co-SPIAs were mainly a function of IEC and
water uptake. Furthermore, the hydrolytic stability of the
2,4-DABS-based sulfonated polyimide membranes were
improved by the introduction of the nonsulfonated diamine
with aliphatic linkages. The optimum concentration of 2,4-
DABS was found to be around 40 mol % from the viewpoint
of proton conductivity, IEC, and hydrolytic stability. VVC
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INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs)
have been developed as promising alternative
energy supplies for mobile and stationary applica-
tions. The most important part of a fuel cell is the
polymer electrolyte membrane (PEM).1–3 To date,
the commercially available PEMs for PEMFCs are
perfluorosulfonic acid membranes, such as DuPont’s
Nafion membrane, which have high proton conduc-
tivities and excellent chemical stabilities. However,
some drawbacks, including high cost, low conduc-
tivity at high temperatures, and high methanol per-
meability, seriously limit their further application.3

Therefore, much effort has gone into the develop-
ment of low-cost and high-performance nonfluori-
nated hydrocarbon membrane materials. The major
approach has been the attachment of sulfonic acid

groups onto highly stable aromatic polymers, such
as polyaramide, poly(ether ether ketone), polysul-
fone, and poly(phenylene sulfide).4–6

Among many polymer materials, sulfonated polyi-
mides (SPIs) with five- and six-membered imide
rings have been studied as one of the promising can-
didates for fuel cell applications because of their low
methanol permeability and excellent thermal and
chemical stabilities.7–16 Two different synthetic
approaches for obtaining different types of SPIs
have been described. Some SPIs have been prepared
by direct sulfonation of the parent nonsulfonated
polyimides with fuming sulfuric acid as the sulfo-
nating reagent under proper conditions,17 whereas
other SPIs have been synthesized via a sulfonated
diamine compound as a monomer.7–16

Recently, SPIs have been successfully developed
in several laboratories. Mercier et al.7 first synthe-
sized various sulfonated copolyimides (co-SPIs)
from naphthalene-1,4,5,8-tetracaboxylic dianhydride
(NTDA), 2,20-bendizine sulfonic acid (BDSA), and
common nonsulfonated diamine monomers. These
co-SPI membranes were practically tested in a fuel
cell system and showed fairly good performance.
Some co-SPIs showed both relatively high proton
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conductivity and relatively high hydrolytic stability.
The sulfonation degree was precisely controlled by
regulation of the molar ratio between BDSA and
common nonsulfonated diamines, such as 4,40-oxy-
dianiline, during the copolymerization process. In
other studies, McGrath and coworkers9,10 prepared a
series of co-SPIs using different types of sulfonated
diamine compounds in a one-pot polymerization.
They reported that their 2,5-diaminobenzene sulfonic
acid (2,5-DABS)/NTDA-based wholly aromatic six-
membered ring sulfonated homo-polyimide (homo-
SPI) exhibited poor hydrolytic stability, and they
tried to synthesize novel types of sulfonated dia-
mines to obtain SPI membranes with mechanical sta-
bility. On the other hand, Okamoto and coworkers11–

14 found that a sulfonated diamine monomer with a
flexible structure, 4,40-diaminodiphenylether-2,20-disul-
fonic acid, displayed good protonic conductivity and
hydrolytic stability.

There have been a few reports on SPI membranes
with aliphatic linkages.18–21 Watanabe and co-
workers18,19 tested an aliphatic linkages containing
sulfonated homo-polyimide (homo-SPIA) for long
term fuel cell conditions. Moreover, they reported
that a SPI containing an aliphatic diamine exhibited
a higher hydrolytic stability than that containing an
aromatic diamine. Because an aliphatic diamine gave
rise to a higher electron density on the imide nitro-
gen, despite the presence of an aliphatic chain, the
polyimide had good thermal and oxidative stabil-
ity.20 Recently, Han et al.21 investigated the effect of
the chain length of aliphatic diamine compounds on
the physical properties of sulfonated copolyimides
containing aliphatic linkages (co-SPIAs), which were
prepared from NTDA, BDSA, and aliphatic dia-
mines. They concluded that the ion-exchange capacity
(IEC) and proton conductivity of the co-SPIAs
increased when the chain length of the aliphatic dia-
mine decreased. The variation in the physical proper-
ties of 2,4-diaminobenzene sulfonic acid (2,4-DABS)-
based co-SPIA membranes by the introduction of
aliphatic linkages has not been yet reported.

In this study, we prepared a series of co-SPI
membranes with aliphatic linkages, which were
synthesized with benzophenonetetracarboxylic
dianhydride (BTDA), 2,4-DABS, and 1,6-diamino-
hexane (DAH) as the nonsulfonated diamine com-
pound. The goal was to identify the effect of
aliphatic linkages in the polymer chain on the ther-
mal oxidative and hydrolytic stabilities of the SPI
membranes. In addition, a fully aromatic polyimide,
homo-SPI (BTDA/2,4-DABS), was prepared to
compare the proton conductivity and hydrolytic
stability with the co-SPIAs. Furthermore, the rela-
tionships between the proton conductivity, water
uptake, hydrolytic stability, and IEC values of the
co-SPIAs were studied.

EXPERIMENTAL

BTDA, 2,4-DABS, and DAH were used as received
from Merck Co. (Darmstadt, Germany). N-Methyl
pyrrolidone (NMP), dimethyl acetamide (DMAc),
and dimethyl sulfoxide (DMSO) were supplied from
Merck Co. NMP was purified by distillation under
reduced pressure and stored over a 5-Å molecular
sieve. Methylene chloride (MeCl2), tetrahydrofuran
(THF), and toluene were used as received from
Merck and Carlo Erba (Italy), respectively. The com-
mercial product Nafion117 was purchased from
Sigma-Aldrich Co. The water used in the protonic
conductivity measurements was ultrapure Mili-Q
water (18.2 MX).

Analysis

Attenuated total reflectance–Fourier transform infra-
red (FTIR) spectra of the co-SPIAs were recorded
from a PerkinElmer Spectrum One spectrometer
with a ZnSe prism with an incident angle of 458.
Each spectrum was collected by the accumulation of
64 scans at a resolution of 2 cm�1. A Shimadzu (Ja-
pan) TGA 50-W thermogravimetric analyzer system
was used to study the thermal stability of the co-
SPIA membranes. All of the samples were heated
from 25 to 7508C under an air atmosphere at a 58C/
min heating rate.

The proton conductivity of the co-SPIA mem-
branes was measured at 258C in water with a two-
point probe alternating-current impedance analyzer
with a Solartron (Hampshire, England) 1260 fre-
quency response analyzer and a Solartron 1296
dielectric interface. An impedance spectrum was
recorded from 20 MHz to 1 Hz at an amplitude of
10 mV. Conductivity measurements were performed
with the homemade glass cell shown in Figure 1.
The proton conductivity (r) of the co-SPIAs was cal-
culated with the following equation as given in a
previous work:21

r ¼ L

RAd
(1)

where L is the distance between Pt electrodes, d is
the thickness of the membrane, A is the cross-sec-
tional area of the membrane, and R is the bulk re-
sistance value measured. The distance between the
two electrodes was 1 cm. The membrane size was
3 � 1 cm2 for all of the conductivity measurements.
The impedance analyzer result was computed by the
Z-view 2 program (Scribner Associates, USA).

In the water uptake experiments, the membrane
was dried in a vacuum oven at 1108C for 24 h until
a constant weight was reached. The water uptake
was determined by the immersion of a piece of SPI
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membrane (20–50 mg) in water at room temperature
for 48, 120, and 240 h. Then, the membranes were
taken out, wiped with tissue paper, and quickly
weighed on a microbalance. The water uptake of the
membrane was calculated by the following formula:

S ¼ ðWw �WdÞ=Wd � 100% (2)

where S is the water uptake and Ww and Wd are the
weights of the wet and dry membranes, respectively.

The IEC of the homo-SPI and co-SPIAs were
determined by a titration method. A sample mem-
brane in proton form was soaked in a saturated
NaCl solution for 48 h at room temperature to
exchange Hþ ions with Naþ ions. Then, the H ions
released into the solution were titrated with a 0.01N
NaOH solution with phenolphthalein as the indica-
tor. The IEC values were calculated with following
formula:

IEC ¼ VM

mdry
(3)

where IEC is the ion-exchange capacity (mequiv/g),
V is the added titrant volume at the equivalent point
(mL), M is the molar concentration of the titrant,
and mdry is the dry mass of the sample (g).

Reactions

Preparation of the co-SPIAs

A series of random co-SPIAs were synthesized by
thermal imidization with a two-pot method over a
poly(amic acid) intermediate. We modified the
method given in Woo’s article22 and used our proce-
dure for the preparation of the co-SPIAs. The reac-
tions are shown in Scheme 1. In the preparation of
the poly(amic acid) solution, DMSO was used
because 2,4-DABS was hardly soluble in NMP alone.
co-SPIAs with different sulfonation levels were syn-

thesized with different molar ratios of 2,4-DABS/
DAH (from 20/80 to 70/30). For example, the syn-
thesis of sulfonated poly(amic acid) (SPAA) with a
BTDA: 2,4-DABS:DAH molar ratio of 2 : 1 : 1 was
performed as follows: 0.66 g (3.5 mmol) of 2,4-DABS
and 17.1 g of DMSO were added to a 50-mL, three-
necked flask and stirred with magnetic stirrer under
a nitrogen atmosphere at 708C. When the 2,4-DABS
solution was obtained, it was cooled down to room
temperature. Then, 0.41 g (3.5 mmol) of DAH was
added to this solution. Finally, 2.26 g (7.0 mmol) of
BTDA was added, and the mixture was stirred at
308C for 4 h. To obtain the co-SPIA membranes, the
SPAA solution was diluted with a NMP/DMSO
mixture (NMP/DMSO ¼ 1/1 v/v). Subsequently,
this homogeneous solution was used for the prepa-
ration of the co-SPIA membranes by casting onto
well-cleaned Petri dishes. Thermal imidization of the
co-SPIA membranes was carried out at 1008C for
1 h, 1208C for 1 h, 1408C for 1 h, and finally, 1608C
for 5 h. For comparison, a fully aromatic SPI (2,4-
DABS/BTDA) was also prepared in the same
manner.

RESULTS AND DISCUSSION

A series of random co-SPIAs were synthesized by
thermal imidization with a two-pot method over an
SPAA intermediate. The SPAA intermediates with
aliphatic linkages were transformed into co-SPIA
form by thermal imidization, which was carried out
below 2008C to prevent the decomposition of SO3H
groups in the polymer backbone. This procedure
gave us an easier method for preparing the co-SPIA
membranes.

The polymers were fabricated into membranes via
a solution casting technique from DMSO or a mix-
ture of NMP/DMSO (1/1) to study the film-forming
properties. All of the SPI membranes fabricated with
DMSO as a casting solvent exhibited low flexibility.
This implied that DMSO was a poor casting solvent
for PEM fabrication. After this result, the membranes
were cast in a mold from an NMP/DMSO (1/1)
mixture, and co-SPIA membranes with flexible and
homogeneous appearances were obtained. The thick-
ness of the prepared co-SPIAs was in the range 20–
40 lm.

FTIR results

The chemical structure of the co-SPIAs was con-
firmed by FTIR spectroscopy. FTIR spectra of the
homo-SPI and co-SPIAs are depicted in Figure 2.
The asymmetric and symmetric absorptions of the
imide carbonyl groups (C¼¼O) were observed
around 1705 and 1777 cm�1, respectively. The

Figure 1 Schematic diagram of the proton conductivity
measurement cell.
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absorption of the SO2 group of the sulfonic acid was
observed as a broad peak around 1010–1030 cm�1

and as a peak around 1090 cm�1. The out-of-phase
bending of the imide ring was observed around
720 cm�1. The C��N��C stretching vibration of the
imide ring was observed around 1375 cm�1. The ali-
phatic sp3 CH vibration of the diamine was
observed around 2920–2940 cm�1. This analysis con-
firmed that all of the co-SPIAs were successfully
synthesized. Additionally, there was a wide and
large water peak at 3300–3400 cm�1 in the IR spectra
of the homo-SPI and co-SPIAs. This result showed
us that membranes absorbed water very easily
because of their hydrophilic natures.

Thermogravimetric analysis (TGA)

It was important to determine the thermal stability
of the membranes because it is well known that fuel
cells exhibit better performance when they are oper-
ated at high temperatures. The thermal stabilities of
the co-SPIAs were investigated by TGA. The onset
temperature was considered the degradation tem-
perature. The onset temperatures for the degradation
steps in an air atmosphere are given in Table I, and
representative TGA patterns are given in Figure 3.

All of the prepared co-SPIAs exhibited similar
TGA curves, and degradation took place in three
steps. The first weight loss was observed around

Scheme 1 Chemical structures of the monomers and co-SPIAs.
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1008C, which was due to the evaporation of
absorbed moisture of the hygroscopic SPIs. The sec-
ond degradation began around 2008C and was due
to the decomposition of sulfonic acid groups; the
third degradation step, which was attributed to the
decomposition of imide groups in the polymer back-
bone, began around 5008C. As shown in Figure 3,
the homo-SPI (2,4-DABS/BTDA) displayed a lower
thermal stability than the co-SPIAs with various
molar percentages of sulfonated diamine. The homo-
SPI exhibited the second degradation step around
2008C, which induced the loss of ��SO3H groups,
and the third degradation step around 5108C, which
corresponded to the decomposition of the polymer
main chain. Conclusively, we concluded that the
incorporation of aliphatic linkages into the polyi-
mide backbone slightly improved the thermal stabil-
ity, and all of the co-SPIAs exhibited fairly good
thermal stabilities.

Proton conductivity

Proton conductivity is one of the crucial properties
for fuel cell membranes, and it directly depends on
the water uptake and IEC values of the SPIs.11 Gen-
erally, the proton conductivity of the polymer
increases with increasing IEC and water uptake.
This is because, with higher IEC and water uptake
values, the formation of the hydrophilic domain
increases and, hence, the proton conductivity
increases. The proton conductivity of the prepared
homo-SPI and co-SPIA membranes was measured,
and the results are given in Table II. Furthermore,
the variation in the impedance behavior (Nyquist
plot) and proton conductivity of the co-SPIA mem-
branes are given against the molar percentage of 2,4-
DABS in the copolymer composition in Figures 4
and 5, respectively.

As shown in Table II, the homo-SPI membrane
displayed the highest proton conductivity at 11 mS/
cm among the prepared membranes because of its
highest IEC. The proton conductivities of the co-
SPIA membranes increased in the order 2,4-DABS/
DAH (20/80) < 2,4-DABS/DAH (30/70) < 2,4-
DABS/DAH (40/60) < 2,4-DABS/DAH (50/50) <
2,4-DABS/DAH (70/30) < 2,4-DABS/DAH (100/0).
It was clear that the proton conductivity value
tended to decrease with decreasing sulfonation
degree (IEC). At a low sulfonation degree of 30 mol %
2,4-DABS, the membrane had a proton conductivity
of only 1.22 mS/cm, which was lower than that of
Nafion 117. Beyond 30 mol % 2,4-DABS/DAH (30/
70), the co-SPIA membranes displayed higher con-
ductivity values than that of Nafion 117. This sug-
gested that the co-SPIA membranes had higher

TABLE I
Thermal Oxidative Properties of the homo-SPI

and co-SPIA Membranes

Membrane T1 (8C) T2 (8C)

2,4-DABS/DAH/BTDA (20/80/100) 206 476
2,4-DABS/DAH/BTDA (30/70/100) 204 477
2,4-DABS/DAH/BTDA (40/60/100) 201 479
2,4-DABS/DAH/BTDA (50/50/100) 204 482
2,4-DABS/DAH/BTDA (70/30/100) 204 485
2,4-DABS/BTDA (100/100) 203 490

T1 ¼ temperature at which the first-step degradation
started; T2 ¼ temperature at which the second-step degra-
dation started.

Figure 3 Thermal oxidative degradation curves of the
homo-SPI and co-SPIAs.

Figure 2 FTIR spectra of the prepared homo-SPI and co-
SPIAs.
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water contents in fully hydrated states than Nafion
117 because of their higher IEC values, which was
helpful for the increased proton transport capabil-
ity.14 This result was in good agreement with those
in a previous article.23 Conclusively, as shown in Ta-
ble II and Figure 5, the proton conductivity strongly
depended on the IEC value of the membrane. (We
could not determine the proton conductivity of SPI
with 70 mol % 2,4-DABS because it was cracked in
water during the measurement).

It was interesting to compare the proton conduc-
tivities of the SPIA membranes with that of Nafion
117 [Nafion is a copolymer of tetrafluoroethylene
with 15 mol % of a CF2¼¼CFR type monomer with a
polar and ionic side group R ¼ ��O��CF2��
CF(CF3)��O��CF2��CF2��SO3��]. The proton con-
ductivity of Nafion 117 membranes as a function of
relative humidity has been investigated in several
laboratories.11,24–26 However, the data are quite dif-

ferent from each other. The conductivity value
belonging to Nafion 117 given in Table II was deter-
mined under our laboratory conditions and was
found to be 3.8 mS/cm at 258C.

Interestingly, as shown in Figure 5, the proton
conductivity value significantly increased beyond 30
mol % 2,4-DABS in the copolymer composition. This
result can be explained as follows. When the sulfo-
nation part increased, the number of hydrophilic
domains gradually increased, and finally, the water
clusters began to be close and caused a rise in con-
ductivity by the Grotthuss mechanism.27 Similarly,
this phenomenon was also observed for BDSA-based
co-SPI systems by Okamoto et al.11

Iron Exchange Capacity (IEC)

The IEC of a polymer is an important property, and
generally, the proton conductivity and water uptake
of the final polymer directly depend on the IEC of
the polymer. The variation in IEC with molar

Figure 4 Variation in the impedance behavior of the co-
SPIAs with copolymer composition (20 MHz–1 Hz) at
room temperature. co-SPIA, aliphatic linkages containing
sulfonated co-polyimide; co-SPAA, aliphatic linkages con-
taining sulfonated co-poly(amic acid); Z, the real part of
impedance; z00, the imaginary part of the impedance.

Figure 5 Variation in the proton conductivity and IEC of
co-SPIAs with the molar percentage of 2,4-DABS.

TABLE II
IEC and Proton Conductivity Values of the homo-SPI and co-SPIA Membranes

Membrane

Theoretical IEC
(mequiv/g
of sample)

Experimental IEC
(mequiv/g
of sample)

Proton
conductivity

(mS/cm)a

2,4-DABS/DAH/BTDA (20/80/100) 0.48 0.38 0.54
2,4-DABS/DAH/BTDA (30/70/100) 0.71 0.49 1.22
2,4-DABS/DAH/BTDA (40/60/100) 0.93 0.9 7.8
2,4-DABS/DAH/BTDA (50/50/100) 1.14 0.97 8.3
2,4-DABS/DAH/BTDA (70/30/100) 1.55 1.52 n.d.
2,4-DABS/BTDA (100/100) 2.11 2.07 11.0
Nafion 117 — 0.89 3.8

n.d. ¼ not determined.
a This measurement was carried out at 258C.
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percentage of 2,4-DABS in the co-SPIA structure is
given in Table II and shown in Figure 5. The IEC of
the homo-SPI and co-SPIAs increased in the follow-
ing order: 2,4-DABS/DAH (20/80) < 2,4-DABS/
DAH (30/70) < 2,4-DABS/DAH (40/60) < 2,4-
DABS/DAH (50/50) < 2,4-DABS/DAH (70/30) <
2,4-DABS/DAH (100/0). As expected, the IEC val-
ues increased with increasing amount of sulfonated
diamine compound in the polymer backbone. Fur-
thermore, the experimental IEC values were com-
pared with the theoretical ones. As shown in Table
II, the theoretical IEC values were a little higher
than the calculated ones.

Water uptake

The water uptake of PEMs is another important
property for application in fuel cells. Generally, the
proton conductivity of the polymer increases with
increasing water uptake. It is more water uptake
that improves the formation of the hydrophilic do-
main carrying the proton conductivity. The water
uptake of a SPI membrane can be increased by
increasing the ionic group content in the polymer
chain. However, most often, a higher water uptake
results in a higher swelling of the membrane, which
leads to a loss of mechanical stability in the mem-
brane. Moreover, higher swelling also leads to high
methanol permeability. Hence, the optimization of
water uptake and polymer swelling is required for
successful operation in fuel cells.

The water uptakes of the co-SPIA membranes
were evaluated at room temperature for different
time intervals and are given in Table III. The water
uptake increased in the order 2,4-DABS/DAH (20/
80) < 2,4-DABS/DAH (30/70) < 2,4-DABS/DAH
(40/60) < 2,4-DABS/DAH (50/50) < 2,4-DABS/
DAH (70/30) < 2,4-DABS/DAH (100/0). As shown
in Table III, the water uptake mainly depended on
the sulfonic acid content of the copolymer. For
example, the co-SPIA 2,4-DABS/DAH, 50/50 exhib-
ited a 74.9% weight increase due to water uptake af-
ter 120 h. This result was consistent with the report

of Wang et al.6 Another important parameter of the
water uptake properties of co-SPIA membranes is
the configuration of the nonsulfonated diamine com-
pound. For this purpose, we used 4,40-oxydianiline
instead of DAH as a nonsulfonated diamine com-
pound in another experiment and found that the
membrane with aliphatic linkages exhibited a
slightly higher water uptake than the wholly aro-
matic co-SPI membrane. On the other hand, the co-
SPIA membranes absorbed slightly less water than
Nafion117 for the same IEC values. This may be
explained by the specific nature of the Nafion
membrane.

Hydrolytic stability

It is essential for electrolyte membranes to retain
their mechanical strength under humidified condi-
tions in the light of the membrane electrode assem-
bly to be used in fuel cells. To evaluate the
mechanical properties of the membranes under wet
conditions, the membranes were immersed in water
at 808C. In this study, the hydrolytic stability of the
membranes was characterized by the time at which
the membranes started to become a little brittle (a
membrane was broken when it was lightly bent) af-
ter immersion in hot water at 808C.28,29 The water
uptake and hydrolytic stability values of the homo-
SPI and co-SPIAs are given in Table III.

It is known that the hydrolytic stability of SPI
membranes is greatly affected by the structure of the
sulfonated diamine moieties. 2,5-DABS-based SPI
membranes generally show poor hydrolytic stability
when the amounts of 2,5-DABS are increased in the
copolymer composition. In addition, it was reported
that sulfonated diamine moieties with a flexible
structure, high basicity, and linear configuration
resulted in a high hydrolytic stability of the SPI
membranes.9,14 In this study, we tried to investigate
the effect of the aliphatic moiety on the hydrolytic
stability of the prepared 2,4-DABS-based co-SPIAs.
Interestingly, we found that SPIs containing aliphatic
linkages with less than 30 mol % 2,4-DABS exhibited

TABLE III
Water Absorption and Hydrolytic Stability of the homo-SPI and co-SPIA Membranes

Water Absorption (wt %)

Membrane 48 h 120 h 240 h Hydrolytic stability at 808C

2,4-DABS/DAH/BTDA (20/80/100) 3.2 6.5 9.1 >100 h
2,4-DABS/DAH/BTDA (30/70/100) 9.7 13.2 15.1 >100 h
2,4-DABS/DAH/BTDA (40/60/100) 13.9 18.8 19.2 17 h
2,4-DABS/DAH/BTDA (50/50/100) 35.2 74.9 Cracked 3 h
2,4-DABS/DAH/BTDA (70/30/100) 54.3 Cracked Cracked 3 h
2,4-DABS/BTDA (100/100) Cracked Cracked Cracked 3 h
Nafion 117 15.1 >100 ha

a Shrinkage was observed.
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a similar hydrolytic stability to that of 1,4-bis
(4-amino-2-sulfonic acid phenoxy)benzene based SPIs,
with two flexible ether bonds, as reported by Xie
et al.30 This result shows that the hydrolytic stability
of the 2,4-DABS-based SPI membranes was
improved by the introduction of the nonsulfonated
diamine with aliphatic linkages.

IEC is also an important factor that affects the
hydrolytic stability of membranes. Generally, higher
IEC values cause larger water uptakes and worse
hydrolytic stabilities. In the light of these findings,
SPIs with high IECs and hydrolytic stabilities can be
developed by the choice of the proper molecular
design of sulfonated diamine in the copolymer com-
position. For this purpose, the hydrolytic stability
times of the co-SPIAs were compared with that of
the homo-SPI, which had the highest IEC value (2.07
mequiv/g of sample). As one can see from Table III,
the homo-SPI only maintained its mechanical
strength for less than 3 h because of the high sulfo-
nation degree. In contrast, the co-SPIA membranes
with less than 40 mol % 2,4-DABS maintained their
mechanical strength after they were soaked in water
at 808C for more than 100 h.

Another important result, as shown in Table III,
was that the co-SPIAs started to lose their mechani-
cal stability beyond 30 mol % 2,4-DABS in the
copolymer composition. This mechanical instability
was the result of a morphological change at the per-
colation threshold in which the hydrophilic domains
became interconnected.10

Solubility

Polymer solubility is an important property that
depends on several parameters, such as the type of
polymer, configuration, and solvent type. The homo-
SPI and co-SPIA membranes were tested for solubil-
ity in several common solvents, including DMAc,
NMP, DMSO, THF, toluene, and dichloromethane
(DCM). The solubility of the co-SPI membranes were
typically examined at nearly 1% solid (w/w). The
results are shown in Table IV.

The resulting co-SPIAs showed better solubility
than Nafion 117. Although the co-SPIA membranes
with more than 40 mol % 2,4-DABS in the copoly-
mer composition were soluble in common polar sol-
vents, such as NMP, DMAc, and DMSO, at room
temperature, the co-SPIA membranes with less than
40 mol % 2,4-DABS were not dissolved in any of the
solvents used. This result showed that the solubility
of the SPI membranes was greatly improved by an
increase in the sulfonation degree (higher IEC val-
ues). On the other hand, the co-SPIA membranes
showed better solubility properties than Nafion 117
for the same IEC values.

CONCLUSIONS

A designed series of co-SPIAs was synthesized on
the basis of 2,4-DABS/DAH and BTDA over a two-
step procedure to evaluate the suitability for fuel cell
application. Our conclusions can be summarized as
follows:

• A sulfonated diamine monomer (2,4-DABS) and
nonsulfonated diamine monomer with aliphatic
linkages (DAH) were reacted with BTDA to
yield co-SPIAs.

• All of the expected bands attributed to the imide
ring were observed, as shown in Figure 1. The
FTIR analyses of the co-SPIAs showed that all of
the membranes were successfully synthesized.
The intensity of the sulfonyl absorption band
increased with increasing amount of 2,4-DABS.

• All of the prepared SPIAs exhibited similar TGA
curves, and degradation took place in three pla-
ces. The first weight loss was observed around
1008C, which was due to the removal of the
absorbed moisture of the hygroscopic co-SPIAs.
The second one, which began at about 2008C,
was due to the decomposition of sulfonic acid
groups, and the third degradation step began
around 5008C, which was attributed to the pres-
ence of imide groups in the polymer backbone.
Conclusively, the TGA patterns clearly indicated

TABLE IV
Solubility Properties of the homo-SPI and co-SPIA Membranes

Membrane NMP DMAc DMSO THF DCM Toluene

2,4-DABS/DAH/BTDA (20/80/100) �h �h �h -, -- -, -- -, --
2,4-DABS/DAH/BTDA (30/70/100) �h �h �h -, -- -, -- -, --
2,4-DABS/DAH/BTDA (40/60/100) �,c �h �,c �h �,c �h -, -- -, -- -, --
2,4-DABS/DAH/BTDA (50/50/100) þ þ þ -, -- -, -- -, --
2,4-DABS/DAH/BTDA (70/30/100) þ þ þ -, -- -, -- -, �h

2,4-DABS/BTDA (100/100) þ þ þ -, �h -, �h -, --
Nafion 117 -, -- -, -- -, -- -, -- -, -- -, --

- ¼ insoluble at room temperature; -- ¼ insoluble at 708C; þ ¼ soluble at room temperature; �c ¼ partly soluble at
room temperature; �h ¼ partly soluble at 708C.
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that all of co-SPIAs had fairly good thermal
stabilities.

• In water, the homo-SPI (2,4-DABS/BTDA) and
co-SPIAs including more than 30 mol % 2,4-
DABS in the copolymer composition displayed
higher proton conductivities than Nafion 117,
which were high enough for practical use (10�2–
10�3S/cm). The proton conductivities of the co-
SPIA membranes increased in the order 2,4-
DABS/DAH (20/80) < 2,4-DABS/DAH (30/70) <
2,4-DABS/DAH (40/60) < 2,4-DABS/DAH (50/
50) < 2,4-DABS/DAH (70/30) < 2,4-DABS/DAH
(100/0). It was clear that the proton conductivities
of the co-SPIA membranes strongly depended on
the sulfonic acid group content, and the conduc-
tivity increased rapidly as IEC increased (Fig. 5).

• As shown in Table III, the homo-SPI only main-
tained its mechanical strength for less than 3 h
because of its high sulfonation degree. In con-
trast, the co-SPIA membranes with less than 40
mol % 2,4-DABS maintained their mechanical
strength after they were soaked in water at 808C
for more than 100 h.

• The optimum concentration of 2,4-DABS was
found to be 40 mol % from the viewpoint of pro-
ton conductivity, IEC, and hydrolytic stability.
To maintain a good compromise between the
proton conductivity and hydrolytic stability, the
IEC values of the co-SPIAs should be controlled
in the range of 1.0 mequiv/g of sample.

• These results show that the co-SPIA membranes
with less than 40 mol % 2,4-DABS in the copoly-
mer composition may be considered an alterna-
tive membrane for PEMFC applications.
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