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Abstract

A series of sulfonated polyimides containing benzimidazole groups were synthesized using 4,40-binaphthyl-1,10,8,80-tetracarboxylic dianhy-
dride (BTDA), 4,40-diaminodiphenyl ether-2,20-disulfonic acid (ODADS) as the sulfonated diamine, and 2-(30,50-diaminophenyl)benzimidazole
(a) or 6,40-diamino-2-phenylbenzimidazole (b) as the nonsulfonated diamine. The electrolyte properties of the synthesized polyimides (Ia� x,
Ib� x, x refers to molar percentage of the sulfonated diamine) were investigated and compared with those of polyimides (Ic� x) from BTDA,
ODADS, and m-phenylenediamine (c). All synthesized polyimides possessed high molecular weights revealed by their high viscosity, and for-
mation of tough and flexible membranes. Polyimides with benzimidazole groups exhibited much better swelling capacity than those without
benzimidazole groups. This was attributed to the strong interchain interaction through basic benzimidazole functions and sulfonic acid groups.
The sulfonated polyimides that are incorporated with 1,10,8,80-binaphthalimide exhibited better hydrolytic stability than that with 1,4,5,8-naph-
thalimide. Polyimide membranes with good water stability as well as high proton conductivity were developed. Polyimide membrane (Ia� 90),
for example, did not lose mechanical properties after being soaked in boiling water for 1000 h, while its proton conductivity was still at a high
level (compared to that of Nafion 117).
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have
attracted much attention as alternative sources of electricity
due to their low emissions and high conversion efficiency
[1,2]. Improvement in performance of the polymer electrolyte
membrane (PEM) has been the focus in the development of
PEMFCs because the PEM is one of the key components for
successful PEMFC fabrications [3]. Nafion (Dupont), a per-
fluorosulfonic acid polymer, is a currently used PEM in com-
mercial systems. Nafion is highly proton conductive and
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chemically and physically stable at moderate temperatures.
However, these preferable properties are deteriorated above
their glass transition temperature (Tg¼ ca. 110 �C) [4,5].
High gas permeability, high cost, high methanol crossover,
and environmental inadaptability of the fluorinated materials
are also serious drawbacks for the practical fuel cell applica-
tions. These limitations have stimulated many efforts in the
development of alternative non-fluorinated materials with
low cost and high performance [6e8]. So far, many kinds of
sulfonated aromatic polymers, such as poly(ether ether ketone)
[9e14], poly(ether sulfone)s [15e22], polysulfone [23], poly-
imide [24e31], and poly( p-phenylene)s [32e35] have been
widely investigated as candidates for PEM materials. Among
those sulfonated aromatic polymers, sulfonated aromatic
polyimides (SPIs) are considered as promising alternative
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materials for fuel cell applications due to their high thermal
stability, excellent mechanical strength, superior chemical re-
sistance, and good film forming ability. However, water stabil-
ity of sulfonated polyimides has been an issue to be addressed.
The aromatic imide linkage tends to hydrolyze under high
moisture conditions and at high temperatures, and this results
in the degradation of the polymer main chain and a dramatic
drop in the mechanical strength for SPI membranes. To inves-
tigate the relationship between water stability and chemical
structure of SPIs and to achieve the high water stability,
many types of SPIs based on novel sulfonated diamines have
been developed. Okamoto and co-workers have reported on
the water stability of sulfonated polyimides from different
sulfonated diamines. They revealed the factors controlling
the water stability of sulfonated polyimide membranes, of
which the most important factor is the basicity of the
sulfonated diamine [36,37]. Moreover, they have found that
the sulfonated and nonsulfonated diamines having flexible
linkages could improve water stability of the polyimide based
on six-membered ring dianhydride [38,39]. Watanabe et al.
had shown that NTDA-based SPIs with bulky fluorenyl groups
having unique water uptake behavior produced higher conduc-
tivities than Nafion [40]. They also reported that polyimides
bearing aliphatic sulfonic acid groups had enhanced water
stability [41,42].

Acidebase blend membranes synthesized by a combination
of polymeric nitrogen-containing bases (N-bases) with poly-
meric sulfonic acids are new class of interesting materials
that exhibit improved thermal stability and good resistance
to swelling. For example, Han and co-workers reported the
synthesis of the base polyimide using diaminoacrydine hemi-
sulfate and 1,4,5,8-naphthalene-tetracarboxylic dianhydride
(NTDA), and its blending with a polyimide having sulfonic
acid group in the main chain [43]. The formation and proper-
ties of the blend membranes are based on the interaction be-
tween the sulfonic acid groups and the N-bases. The formed
polysalt between the acid polymer and base polymer acts as
ionic cross-linking point and it also resists the polymer swell-
ing. In the similar manner, the polymers bearing both sulfonic
acid groups and N-bases should possess the improved water
stability. In view of this consideration, efforts have been
made to develop membrane materials based on sulfonated poly-
imides containing benzimidazole groups. In this article, we
report the synthesis of sulfonated polyimides by copolymeri-
zation of 4,40-binaphthyl-1,10,8,80-tetracarboxylic dianhydride
(BTDA), 4,40-diaminodiphenyl ether-2,20-disulfonic acid
(ODADS), and 2-(30,50-diaminophenyl)benzimidazole (a) or
6,40-diamino-2ephenylbenzimidazole (b). The introduction
of basic benzimidazole groups was expected to increase
interchain interaction of the SPIs, thus to improve the water
swelling capacity of the SPIs. 4,40-Binaphthyl-1,10,8,80-tetra-
carboxylic dianhydride (BTDA) was used due to its unique
structure. BTDA dianhydride has two anhydride groups which
are located on the two twist noncoplanar naphthalene rings. As
a result, the polyimides from BTDA should possess a de-
creased positive charge density of carbonyl groups in the
naphthalimide moieties compared with that from NTDA.
This is favorable to depress the hydrolysis of the imide rings.
For comparison study, the polyimides (IIc� x) from BTDA,
ODADS, and m-phenylenediamine were also synthesized.
The effects of both the dianhydride and the diamine structures
on the properties of the copolymers were evaluated through
the study of their electrolyte properties.

2. Experimental

2.1. Materials

3,5-Dinitrobenzoyl chloride, o-phenylenediamine, m-phe-
nylenediamine (MPDA), and 4,40-diaminodiphenyl ether
(ODA) were purchased from Aldrich and used without further
purification. Reagent grade anhydrous NiBr2 was dried at
220 �C under vacuum. Triphenylphosphine (PPh3) was recrys-
tallized from hexane. Zinc dust was stirred with acetic acid,
filtrated, washed thoroughly with diethyl ether, and dried un-
der vacuum. Polyphosphoric acid, 5-chloro-1,8-naphthalic
anhydride and 1,4,5,8-naphthalenetetracarboxylic dianhydride
were used as received from Beijing Multi. Technology Co.,
Ltd. 4,40-Diaminodiphenyl ether-2,20-disulfonic acid (ODADS)
was prepared according to a previously described procedure
[38]. All other reactants and solvents were obtained from com-
mercial sources and used as received.

2.2. Monomer and polymer syntheses

2.2.1. Synthesis of dimethyl-4-chloro-1,
8-naphthalenedicarboxylate

A mixture of 100 g (0.43 mol) of 4-chloro-1,8-naphthalic
anhydride (1), 128 g (0.62 mol) of phosphorus pentachloride
and 180 mL of phosphorus oxychloride was refluxed for
24 h and the solvent then removed by distillation. The residual
solid was added slowly into 500 mL methanol while cooling in
an ice-bath and stirring vigorously. The resulting mixture was
allowed to stand for 0.5 h at room temperature and diluted
with water to 1500 mL. The solid was filtered off and washed
with water and recrystallized from about 400 mL of methanol
which gave 100.6 g (84.0%) of white crystals, m.p. 80e81 �C.
1H NMR (300 MHz, DMSO-d6): d (ppm): 3.92 (s, 6H, eCH3),
7.64e7.72 (t, 2H, Ar-H), 7.91e7.94 (d, 1H, Ar-H), 8.06e8.08
(d, 1H, Ar-H), 8.51e8.53 (d, 1H, Ar-H).

2.2.2. Synthesis of 4,40-binaphthyl-1,10,8,80-tetracarboxylic
dianhydride (BTDA)

To a 100 mL three-necked round-bottomed flask equipped
with a serum cap, nitrogen inlet and outlet was added anhy-
drous NiBr2 (0.087 g, 0.4 mmol), PPh3 (0.786 g, 3 mmol),
zinc dust (1.56 g, 24 mmol), and dry DMAc (5 mL). The flask
was evacuated and filled with nitrogen three times and then
placed in an oil bath heated at 85e90 �C. After the red-brown
color was formed, a nitrogen purged solution of dimethyl-
4-chloro-1,8-naphthalenedicarboxylate (1.67 g, 6 mmol) in
15 mL dry DMAc was added via a syringe. The mixture was
stirred at 85 �C for another 2e4 h until the red color resumed.
The resulting mixture was poured into 300 mL 10% HCl/
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water. The solid was collected by filtration and washed with
ethanol. The tetra-ester was treated with potassium hydroxide
(1.5 g) in ethylene glycol (20 mL) at 150 �C for 18 h. After
cooling to room temperature, the solid was filtered off and
washed with acetone. It was dissolved in water and the solu-
tion was acidified with concentrated hydrochloric acid to yield
the tetra-acid. The solid was washed with water thoroughly
and dehydrated at 200 �C under vacuum for 12 h to afford
pure dianhydride BTDA 1.02 g (89%). 1H NMR (300 MHz,
DMSO-d6): d (ppm): 7.70e7.73 (d, 1H), 7.77e7.82 (t, 1H),
7.97e7.99 (d, 1H), 8.57e8.59 (d, 1H), 8.68e8.71 (d, 1H).
Anal. Calcd for C24H10O6 (394.05): C, 73.10; H, 2.56; Found:
C, 73.00; H, 2.67. IR (KBr, ncao, cm�1): 1773, 1732.

2.2.3. Synthesis of sulfonated copolyimide (Ia� 50)
To a 100 mL completely dried 3-necked flask were added

0.3604 g (1 mmol) of ODADS, 10 mL of m-cresol, and
0.68 mL (about 2 mmol) of Et3N successively under nitrogen
flow. After the sulfonated diamine was completely dissolved,
0.7886 g (2 mmol) of BTDA, 0.2243 g (1 mmol) of nonsulfo-
nated diamine (DAPBI) and 0.4884 g (4 mmol) benzoic acid
were added. The mixture was stirred at room temperature
for a few minutes and then heated at 80 �C for 4 h and
180 �C for 20 h. After cooling to 80 �C, additional 20 mL of
m-cresol was added to dilute the highly viscous solution,
and then the solution was poured into acetone. The fibre-like
precipitate was filtered off, washed with acetone thoroughly,
and dried in vacuum oven for 12 h at 150 �C to give product
with 97% yield. FT-IR: 1705 cm�1 (nsymCaO), 1659 cm�1

(nasymCaO) and 1368 cm�1 (nCeN imide).
The above procedures were followed for the synthesis of

polyimides Ib� x, Ic� x expecting that the molar ratios of
nonsulfonated diamine (DAPBI, BIA or MPDA) were differ-
ent. The polyimide IIc� 60 was synthesized from NTDA,
ODADS and m-phenylenediamine (1/0.6/0.4) following the
same procedure as above.

2.3. Membrane preparation and proton exchange

A series of tough, ductile copolymer membranes were pre-
pared with a controlled thickness of 30e50 mm. The triethyl-
ammonium salts of the copolymers were redissolved in
m-cresol to form a 4e5% solution at 80 �C. The solutions
was filtered and cast onto glass plates at 120 �C for 12 h.
The as-cast membranes were soaked in ethanol for 24 h to re-
move the residual solvent, and then treated with 1.0 N sulfonic
acid at room temperature for 4 days for proton exchange. The
proton-exchanged membranes were thoroughly washed with
deionized water and then dried in vacuum at 150 �C for 10 h.

2.4. Polymer characterization

2.4.1. Measurements
1H NMR spectra were measured at 300 MHz on an AV600

spectrometer. FT-IR spectra were obtained with a Bio-Rad digi-
lab Division FTS-80 FT-IR spectrometer. The inherent viscosi-
ties were determined on 0.5 g/dL concentration of polymer in
m-cresol with an Ubbelohde capillary viscometer at 30�
0.1 �C. The thermogravimetric analyses (TGA) were carried out in
nitrogen with a PerkineElmer TGA-2 thermogravimetric ana-
lyzer at a heating rate of 10 �C/min. Tensile measurements
were performed with a mechanical tester Instron-1211 instru-
ment at a speed of 1 mm/min. The relative humidity was
50% RH.

2.4.2. Water uptake and dimensional changes
The membrane (30e40 mg per sheet) was dried at 80 �C

under vacuum for 6 h until constant weight as dry material
was obtained. It was immersed into deionized water at room
temperature for 4 h. Then the membranes were taken out,
wiped with tissue paper, and quickly weighted on a microbal-
ance. Water uptake of the membranes was calculated from:

WU¼ ðWs�WdÞ=Wd ð1Þ

where Wd and Ws are the weights of dry and corresponding
water-swollen membranes, respectively.

Dimensional changes of the copolymer membranes was in-
vestigated by immersing the round shaped samples into water
at room temperature for a given time, the changes of thickness
and diameter were calculated from:

DTc ¼ ðT� TsÞ=Ts; DLc ¼ ðL� LsÞ=Ls ð2Þ

where Ts and Ls are the thickness and diameter of the mem-
brane equilibrated at 70% RH, respectively; T and L refer to
those of the membrane immersed in liquid water for 5 h.

2.4.3. Oxidative stability
A small piece of membrane sample with a thickness of

about 40 mm was soaked in Fenton’s reagent (30 ppm FeSO4

in 30% H2O2) at room temperature. The stability was evalu-
ated by recording the time when membranes began to dissolve
and dissolved completely.

2.4.4. Ion exchange capacity
Ion exchange capacity (IEC) was determined through titra-

tion. The membranes in the Hþ form were immersed in a 1 N
NaCl solution for 24 h to liberate the Hþ ions (the Hþ ions in
the membrane were replaced by Naþ ions). The Hþ ions in
solution were then titrated with 0.01 N NaOH using phenol-
phthalein as an indicatior, and the membrane was kept in the
solution for the titration.

2.4.5. Methanol permeability
Methanol diffusion coefficients were determined using an

H’s test cell with a solution containing 2 N methanol in water
on one side and pure water on the other side. Magnetic stirrers
were used in each compartment to ensure uniformity. Meth-
anol concentration within the water cell was monitored by
SHIMADZU GC-1020A series gas chromatograph. The meth-
anol diffusion coefficients were calculated by the following
equation:
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CBðtÞ ¼
A

VB

DK

L
CAðt� t0Þ ð3Þ

Where CA and CB are the methanol concentration of feed side
and that permeated through the membrane, respectively. A, L
and VB are the effective area, the thickness of membrane
and the volume of permeated compartment, respectively. DK
is defined as the methanol permeability and t0 is the time lag.

2.4.6. Proton conductivity
The proton conductivity (s, S/cm) of each membrane cou-

pon (size: 1 cm� 4 cm) was obtained using s¼ d/LsWsR (d:
distance between reference electrodes, and Ls and Ws are the
thickness and width of the membrane, respectively). The resis-
tance value (R) was measured by four-point probe alternating
current (ac) impedance spectroscopy using an electrode sys-
tem connected with an impedance/gain-phase analyzer (Sola-
tron 1260) and an electrochemical interface (Solatron 1287,
Farnborough Hampshire, ONR, UK) [44]. The membranes
were sandwiched between two pairs of gold-plate electrodes.
The membranes and the electrodes were set in a Teflon cell
and the distance between the reference electrodes was 1 cm.
The cell was placed in a thermo-controlled chamber in liquid
water for measurement. Conductivity measurements under
fully hydrated conditions were carried out with the cell im-
mersed in liquid water. All samples were equilibrated in water
for at least 24 h before the conductivity measurements. At
a given temperature, the samples were equilibrated for at least
30 min before any measurements. Repeated measurements
were then taken at that given temperature with 10-min interval
until no more change in conductivity was observed.

3. Results and discussion

3.1. Monomer synthesis

The synthetic route of 4,40-binaphthyl-1,10,8,80-tetracarb-
oxylic dianhydride (BTDA) is outlined in Scheme 1. Dimethyl-
4-chloro-1,8-naphthalenedicarboxylate (2) was synthesized
with 84% yield by the reaction of 4-chloro-1,8-naphthalic
anhydride (1) with phosphorus pentachloride and subsequent
esterification with methanol. The Ni(0) catalytic coupling of
2 afforded tetra-ester 3 in almost quantitative yield. Hydrolysis
of the tetra-ester 3 with potassium hydroxide in ethylene gly-
col and subsequent acidification with hydrochloric acid give
tetra-acid 4, which was cyclodehydrate at 200 �C under vac-
uum for 12 h to generate a 89% yield of 4,40-binaphthyl-
1,10,8,80-tetracarboxylic dianhydride (BTDA). The chemical
structure of the dianhydride (BTDA) was confirmed by FT-
IR, 1H NMR (Fig. 1). Wang has independently prepared this
monomer utilizing the Ni(0) catalytic coupling of di-n-butyl-
4-chloro-1,8-naphthalenedicarboxylate [45]. There was no
report on the NMR data of BTDA in their paper. 2-(30,50-
Diaminophenyl)benzimidazole (DAPBI) and 6,40-diamino-2-
phenylbenzimidazole (BIA) were synthesized according to
the reported procedures [46,47]. These monomers were pure
enough for polymerization as confirmed by 1H NMR spectra
and elemental analyses.

3.2. Polymer syntheses

As shown in Scheme 2, the preparation of BTDA based
SPIs were carried out by a one-step method in m-cresol in
the presence of triethylamine (Et3N) and benzoic acid (cata-
lyst), which has been employed for preparation of many other
sulfonated polyimides in the literature [38]. ODADS was used
to provide sulfonated sites along the copolymer backbone. The
nonsulfonated diamines used in this study were DAPBI (a),
BIA (b), and MPDA (c). The copolymers were denoted as
Ia� x, Ib� x, and Ic� x, where x was the mole fraction of
the monomer ODADS in the feed. For comparison purpose,
NTDA-based SPI (IIc� 60) was also prepared. All copoly-
imides (in triethylammonium salt form) were completely solu-
ble in m-cresol and DMSO, and form a flexible and tough film
membrane by casting from the m-cresol solution. The obtained
membranes were treated with 1.0 M sulfuric acid at room tem-
perature for 4 days and washed with deionized water at room
temperature for another 24 h. The inherent viscosity values of
all copolymers were higher than 1.80 dL/g, which indicated
successful copolymerization in producing high molecular
weight copolymers. Fig. 2 shows the FT-IR spectra of the
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SPI membranes. The typical absorption bands for naphthalene
imido rings are found around 1705 cm�1 (nsymCaO),
1659 cm�1 (nasymCaO) and 1368 cm�1 (nCeN imide) for
Iaec membranes, and 1710 cm�1 (nsymCaO), 1667 cm�1

(nasymCaO) and 1348 cm�1 (nCeN imide) for IIc� 60 mem-
brane, respectively. No peaks at 1780 cm�1 [corresponding
to poly(amic acid)] was observed, and this suggested complete
imidization of the SPI membranes. Furthermore, the bands
around 1197 cm�1, 1090 cm�1 and 1020 cm�1 were assigned
to the stretching vibration (OaSaO) of sulfonic acid groups.
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Fig. 1. 1H NMR spectrum of BTDA (I) in DMSO-d6.
3.3. IEC, water uptake, and size changes

Ion exchange capacity (IEC) of the copolymers synthesized
was calculated from the molar ratio of sulfonated diamine to
nonsulfonated diamine in feed, and also evaluated by means
of titration. The method commonly used to determine IEC
of sulfonated polymers involves the immersion in a 1 N
NaCl solution of the membrane in the acid form. The mem-
brane is converted to the sodium form by exchanging its Hþ
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Fig. 2. FT-IR spectra of copolyimide membranes.
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Scheme 2. Syntheses of sulfonated copolyimides I and II.
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ions with Naþ from the solution. Then, the membrane is re-
moved from solution, and the Hþ ions within the solution
are titrated with 0.01 N NaOH solution using phenolphthalein
as the indicator. The experimental IEC values of the mem-
branes Ic and IIc fit well with the theoretical values. However,
the IEC values of the copolymers containing benzimidazole
groups, which were determined by the titration method,
were much lower than the theoretical values. For example,
soaking copolymer Ia� 70 membrane in a 1 N NaCl solution,
could exchange only 66.9% of the total amount of Hþ in its
polymers. This observation implied that the acid protons of
the copolymer are more difficult to exchange than for the other
kind of sulfonated polyimides, probably because of the forma-
tion of an acidebase complex between benzimidazole and the
sulfonic acid groups of the copolymer. The same behavior was
observed by Rozier and Mercier groups [48,49]. To overcome
this uncompleted exchange problem, the membrane was
kept in the solution for titration. The IEC values measured
from this method were in good agreement with the theoretical
values.

The water uptake and swelling ratio of copolymer mem-
branes were determined by measuring the changes in the
mass and size, respectively, before and after hydration. The
data are reported in Table 1. As expected, the water uptake in-
creases with the increasing IEC. The water uptakes observed
for copolymer Ia� x varied from 24e65% for IEC values
varying from 1.26e2.55 meq/g, which were lower than that
of Ic� x with a comparable IEC values. For example, copoly-
mer Ia� 80 (IEC¼ 2.26 meq/g) shows lower water uptake
(55%) than Ic� 70 (59%) (IEC¼ 2.15 meq/g), even though
the IEC value of Ia� 80 is higher than that of Ic� 70. The
difference of water uptake between Ia� 80 and Ic� 70 can
be attributed to their difference in molecular structure. Both
copolymers Ia� x and Ic� x have the same sulfonated di-
amine of ODADS. However, copolymers Ia� x contain pen-
dant benzimidazole groups. The basic benzimidazole groups
in the copolymers preferentially interact with sulfonic acid
group and decrease the amount of free sulfonic acid group
available to form hydrogen bond with water molecules. This
enhanced intermolecular/intramolecular interactions in Ia� x
copolymers consequently improved the dimensional stability
of the membrane films. The results indicate that the basic
benzimidazole is effective for retaining the dimensional stabil-
ity in water especially for high IEC membranes.

3.4. Membrane stability toward water and oxidation

The stability test of the copolymer membranes toward wa-
ter was carried out by immersing the membranes into water at
90 �C and is justified by the loss of mechanical strength of the
hydrated membranes. The criterion for the judgment of the
loss of mechanical strength is that the membrane is broken af-
ter being lightly bent at 90 �C in water, or start to be broken
into pieces under the test conditions. As shown in Table 2,
the copolyimide membranes based on BTDA display much
better water stability than those of the copolyimides based
on NTDA. The copolyimide membrane (Ia� 90), for exam-
ple, did not lose mechanical properties after being soaked in
hot water for 1000 h but the IIc� 60 membranes became brit-
tle at 4 h. Both Ic� x and IIc� x have the same sulfonated
diamine and nonsulfonated diamine moieties but the different
dianhydride units. However, Ic� x shows much better water
stability than IIc� x. From this observation, it can be

Table 2

Hydrolytic stability and oxidation stability of copolyimide membranes

Samples IEC

(meq/g)

Water

uptake

(%)

Hydrolytic stability Oxidative stabilityc (h)

Timea Decrease

in weightb (%)

t1
d t2

e

Ia� 40 1.26 24 >1000 0 24 30

Ia� 50 1.54 32 >1000 0 22 27

Ia� 70 2.07 46 >1000 1 18 26

Ia� 80 2.31 55 >1000 1 16 26

Ia� 90 2.55 65 >1000 2 14 23

Ib� 80 2.31 57 >1000 1 16 24

Ib� 90 2.55 65 >1000 2 13 21

Ic� 70 2.18 59 >1000 3 18 23

Ic� 90 2.58 79 >1000 5 17 24

IIc� 60 2.44 78 4 � 16 24

‘x’ broken into pieces.
a Measured at 90 �C.
b Measured at 140 �C for 24 h.
c Measured at 30 �C in 30% H2O2 containing 30 ppm FeSO4.
d The time when the membrane broke into pieces after being shaken

drastically.
e The time when the membrane dissolved completely.
Table 1

IEC, water uptake, dimensional change, methanol permeability and proton conductivity of copolyimide membranes

Samples IECa (meq/g) l Water uptake

(%W/W)

PM s (S/cm) Size change

Calculated Measured (10�6 cm2/S) 20 �C 80 �C DT DL

Ia� 40 1.26 1.27 10.5 24 0.05 0.012 0.021 0.13 0.03

Ia� 50 1.54 1.53 11.6 32 0.09 0.024 0.045 0.13 0.04

Ia� 70 2.07 2.01 12.7 46 0.15 0.048 0.084 0.15 0.05

Ia� 80 2.31 2.26 13.5 55 0.24 0.093 0.166 0.18 0.06

Ia� 90 2.55 2.47 14.6 65 0.30 0.108 0.182 0.21 0.06

Ib� 80 2.31 2.27 13.9 57 0.25 0.092 0.178 0.16 0.06

Ib� 90 2.55 2.49 14.3 65 0.35 0.121 0.197 0.19 0.06

Ic� 70 2.18 2.15 15.2 59 0.37 0.044 0.073 0.20 0.09

Ic� 90 2.58 2.54 17.3 79 0.48 0.098 0.187 0.22 0.12

IIc� 60 2.44 2.40 18.0 78 0.58 0.105 0.184 0.19 0.15

a Calculated, IEC calculated from DS; measured, IEC measured with titration.
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concluded that the enhanced hydrolytic stability of I series of
copolyimides could be contributed to its unique binaphthal-
imide structure. Copolymer Ia� x had two carbonyl groups
in the naphthyl groups whereas copolymer II� x had four car-
bonyl groups. Therefore, copolymer Ia� x should possess de-
creased positive charge density in carbonyl groups compared
with copolymer IIc� 60 because of the electron withdrawing
characteristics of carbonyl groups. The quantum-chemical cal-
culations also revealed that 4,40-binaphthyl-1,10,8,80-tetracar-
boxylic dianhydride (BTDA) has a lower affinity to the
electron, i.e., 3.7790 vs 4.0102 eV, than NTDA [50]. In addi-
tion, the binaphthalimide groups are more hydrophobic than
the naphthalimide groups due to the decreased density of the
polar carbonyl groups in the binaphthalimide groups. The
highly hydrophobic nature of the binaphthalene backbone re-
sists the approach of water to a great extent and hence prevents
the rapid attack of water; hence, increases the overall stability.
In an accelerated hydrolytic stability testing, the polyimide
ionomers were treated at 140 �C in water for 24 h, and the
weight loss of the copolymers were determined. As listed in
Table 2, I series of polyimide ionomers showed a little weight
loss whereas II series polyimide completely broke into pieces
in the solution after the testing. The result further confirmed
the excellent water stability of the copolyimides based on
the BTDA dianhydride.

The oxidative stabilities of the SPIs were investigated by
measuring the elapsed times, when a membrane began to dis-
solve (t1), and a membrane was dissolved completely (t2)
after immersion into Fenton’s reagent of the 30 wt% H2O2

containing 30 ppm FeSO4 solution at room temperature. As
listed in Table 2, the SPI membranes with an IEC lower
than 2.0 meq/g showed relatively good resistance to oxidation
and endured without dissolving for 18 h, while membranes
with higher IEC dissolved to some extent. The membranes
Ia� x and Ic� x with the similar IEC values showed the sim-
ilar oxidative stability. The results indicate that the oxidative
degradation of these ionomers may occur on the main chains
rather than the pendent benzimidazole groups. It is reasonable
to consider that the oxidative attacks by HO� and HOO� radi-
cals are electrophilic and occur more likely on the main chain
aromatic rings bound with electron-donating ether groups
[51,52].

3.5. Thermal and mechanical properties

The thermal stability of the SPIs was investigated by ther-
mogravimetric analysis (TGA). As shown in Fig. 3, all the co-
polyimide membranes exhibited three-step degradation
pattern. The first weight loss was observed around 100 �C.
This weight loss is attributed to the loss of absorbed moisture
by the hygroscopic sulfonic groups in the copolyimides. The
second weight loss from 200 to 400 �C was closely associated
with the thermal degradation of the sulfonic acid groups. The
desulfonation temperatures increased with increase in the
basic benzimidazole component. The sulfonic groups form
polysalt with basic benzimidazole groups and this leads to
the stabilization of the aromatic sulfonate groups, which might
be the reason for increase in thermal stability in the second
step.

The mechanical properties of the SPI membranes are sum-
marized in Table 3. The stressestrain data are shown in Fig. 4.
The Ia� x and Ib� x membranes in the dry state had tensile
stress at maximum load of 123.4e150.4 MPa, Young’s moduli
of 0.86e1.67 GPa, and elongations at break of 24.7e50.2%.
In the wet state, the samples showed excellent mechanical
properties with tensile stress of 38.2e80.4 MPa and Young’s
moduli of 0.34e0.91 GPa. Especially, their elongations at
break were up to 35.2e87.8%, which showed that they were
very flexible materials. All SPI membranes showed the general
trend of lower maximum stress for the higher IEC membranes.
Comparison between the Ic� 90 and Ic� 60 membranes re-
vealed that Ic� 90 membrane based on BTDA is mechani-
cally stronger than IIc� 60 membrane from NTDA. It is
assumed that the unique binaphthyl moieties restrict the mo-
lecular motion of the polymer chains resulting in stronger
membranes.
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Fig. 3. TGA thermodiagram of the sulfonated copolyimide membranes.

Table 3

Mechanical properties of sulfonated copolyimide membranes in dry and wet

state

Samples IEC

(meq/g)

Tensile strength

(MPa)

Young’s modulus

(GPa)

Elongation at

break (%)

Drya Wetb Dry Wet Dry Wet

Ia� 40 1.26 150.4 80.4 1.67 0.91 24.7 35.2

Ia� 50 1.54 143.3 74.8 1.56 0.86 34.2 40.3

Ia� 70 2.07 138.8 64.6 1.36 0.70 40.7 49.7

Ia� 80 2.31 137.0 58.6 1.21 0.67 45.3 70.8

Ia� 90 2.55 115.7 38.9 0.92 0.34 46.7 75.6

Ib� 80 2.31 134.7 48.7 1.01 0.67 50.2 87.8

Ib� 90 2.55 123.4 38.2 0.86 0.55 43.5 78.9

Ic� 70 2.18 128.5 55.9 1.07 0.76 43.8 79.9

Ic� 90 2.58 96.5 43.9 0.96 0.36 36.8 65.3

IIc� 60 2.44 92.1 25.4 1.04 0.60 23.1 53.0

a Samples were dried at ambient conditions for one day and tested at 30 �C,

50% RH.
b Samples were soaked in deionized water for 12 h at room temperature and

tested in fully hydrated state at 30 �C.
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3.6. Proton conductivity and methanol permeation
properties

Proton conductivities of the hydrated membranes were mea-
sured in the temperature range of 20e80 �C. The conductivity
data are tabulated in Table 1. Copolyimide Ia� x exhibited
comparable proton conductivity with copolyimide Ib� x at
a similar IEC. The proton conductivities of such benzimidazole
based copolyimides were much lower than those of polyimides
from NTDA, MPDA and the same sulfonated diamine of
ODADS [38]. This can be attributed to the interchain interac-
tions between the sulfonic acid groups and the benzimidazole
groups. This kind of interaction decreases the amount of free
sulfonic acid group available to release and transport protons.
The decreased proton conductivity was also attributed to the
low water uptakes of the benzimidazole based copolyimides.
When Ic� 90 and IIc� 60 are compared, which have the
same diamine moieties, but different dianhydride components,
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Fig. 4. Stress vs strain curves of copolyimide membranes: (a) dry state (sam-

ples were dried at ambient conditions for one day and tested at 30 �C, 50%

RH); (b) wet state (samples were soaked in deionized water for 12 h at

room temperature and tested in fully hydrated state at 30 �C).
copolymer Ic� 90 exhibited lower proton conductivity than
copolymer IIc� 60. The results indicate that the bulky binaph-
thalimide moieties in the copolymer interferes in the proton
conductivity, probably due to its rigid and hydrophobic charac-
ters. However, the effect of the dianhydride structure on the
conductivity is not pronounced between NTDA and BTDA
based benzimidazole polyimides. The other factors such as
morphology, interchain interaction may also affect the proton
conductivity of the copolymers. Fig. 5 shows the temperature
dependence of the proton conductivity. All the membranes dis-
played increased proton conductivities with increasing temper-
ature. BTDAeODADS/BAPBI (7/3) and BTDAeODADS/
MPDA (7/3) displayed slightly lower proton conductivities
than Nafion 117, whereas other copolyimide membranes
showed fairly high proton conductivities, which were roughly
comparable to that of Nafion 117.

Table 1 lists the methanol transport behavior of the Ia� x
and Ic� x membranes. The methanol permeability increased
with increase in IEC values and water uptake. This indicated
that methanol transport across the sulfonated polymer mem-
branes was strongly dependent upon the water uptake content,
and the methanol permeates through the membranes in com-
plex forms such as CH3OH2

þ and H3Oþ [53]. The methanol
permeability of the Ia� x membranes decreased with increas-
ing DAPBI content. This can be interpreted by the formation
of baseeacid complex between the sulfonic acid groups and
benzimidazole groups. The formation of baseeacid complex
reduces vacant space that absorbs free water molecules and in-
duces a much denser structure to act as a methanol barrier.
Moreover, the Ia� 80 membrane, which has comparable pro-
ton conductivity to Nafion 117, shows nearly one order of
magnitude lower methanol permeability than Nafion 117.

4. Conclusion

4,40-Binaphthyl-1,10,8,80-tetracarboxylic dianhydride (BTDA)
and diamines containing benzimidazole moieties (BAPBI and
BIA) were synthesized and used as comonomers to generate
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water stable copolymers for proton exchange membranes. The
electrolyte properties of the synthesized polyimides were
investigated and compared to those of polyimides based on
1,4,5,8-naphthalenetetracarboxylic dianhydride (NTDA). The
sulfonated polyimides based on BTDA exhibited much better
water stability than those based on NTDA. Such improvement
in the stability could be attributed to the low hydrolysis activ-
ity of the binaphthalimide moieties. The SPI membranes
incorporated with basic benzimidazole groups showed the
enhanced thermal and water stabilities at the expanse of
some proton conductivity. Furthermore, the low methanol per-
meation was achieved by the introduction of the benzimid-
azole into the SPIs backbone.
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