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ABSTRACT: Crosslinkable sulfonated poly(arylene ether
sulfone)s (SPAESs) were synthesized by copolymerization
of 4,40-biphenol with 2,6-difluorobenzil, 4,40-difluorodi-
phenyl sulfone, and 3,30-disulfonated-4,40-difluorodiphenyl
sulfone disodium salt. The corresponding covalent-ioni-
cally crosslinked SPAESs were prepared via the cyclocon-
densation reaction of benzil moieties in polymer chain
with 3,30-diaminobenzidine. The crosslinking significantly
improved the membrane performance, that is, the crosslinked
membranes had the lower membrane dimensional swelling,
lower methanol permeability, and higher oxidative stability
than the corresponding precursor membranes, with keeping

the reasonably high proton conductivity. The crosslinked
membrane (CS5) with measured ion exchange capacity of 1.47
meq g�1 showed a reasonably high proton conductivity of 112
mS cm�1 with water uptake of 42 wt % at 80�C, and exhibited
a low methanol permeability of 2.1 � 10�7 cm2 s�1 for 32 wt %
methanol solution at 25�C. The crosslinked SPAES mem-
branes have potential for PEFC and DMFCs. VC 2012 Wiley Peri-
odicals, Inc. J Appl Polym Sci 124: E278–E289, 2012

Key words: crosslinked sulfonated poly(arylene ether
sulfone); proton exchange membrane; quinoxaline groups;
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INTRODUCTION

In the past decades, as one of the most promising
clean energy sources for transportation, stationary
and portable power applications, polymer electrolyte
membrane (PEM) fuel cells (PEFCs), and direct
methanol fuel cells (DMFCs) have attracted consider-
able attentions due to their high efficiency and low
pollution to environment.1,2 PEM is one of the key
components in PEFC and DMFC systems, and serves
as a proton conductor and a fuel separator between
anode and cathode. Perfluorosulfonate polymer

membranes such as DuPont’s Nafion membranes are
the state-of-art PEMs commercially available with
features of high proton conductivity and excellent
chemical stability.3 However, large fuel crossover,
lower operating temperature below 80�C, and high
cost critically limit their widespread application.4

Therefore, sulfonated aromatic polymers have been
extensively studied as alternative PEMs.4–25

Despite extensive efforts, however, the perform-
ance of alternative PEMs is still inferior to that of
perfluorosulfonate polymer membranes. Conse-
quently, further improvement of alternative materials
is essential. Among alternative PEM materials, sulfo-
nated poly(arylene ether)s (SPAEs) such as sulfonated
poly(arylene ether sulfone)s (SPAESs)13–19 and sulfo-
nated poly(arylene ether ketone)s (SPAEKs)20–22 are
widely considered as one of the promising candidates
for fuel cell applications due to their good thermal
and chemical stability and good proton conductivity.
Various factors such as levels of sulfonation (or ion
exchange capacity, IEC), the solvents used for casting
the membranes, and the membrane preconditioning
are found to affect the properties such as the water
uptake (WU), the membrane swelling, and the proton
conductivity of SPAEs, and membrane electrode as-
sembly performance due to variations in the micro-
structure. It is known that most of SPAEs with high
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IEC makes them excessively swell and even soluble
in water, resulting in a lower membrane stability.
To overcome this problem, several methods have
been developed, such as covalently crosslinked mem-
branes,26–32 ionically crosslinked acid/base blend
membranes33–35 and layer-by-layer membranes,36–39

in which the formation of strong and stable cross-
linking bonds is a common and powerful method
to suppress membrane swelling and to improve the
membrane durability. However, some of the cova-
lent crosslinking methods are achieved via the
crosslinking mechanism involving elimination of
sulfuric acid groups, which results in a decrease in
ion content of the membrane. To avoid the con-
sumption of sulfuric acid in polymer, unsaturated
propenyl-based crosslinkable SPAEs have been
developed.30–32 The corresponding crosslinked SPAEs
obtained via thermally crosslinking method exhibit
improved properties.

Recently, an improved crosslinking strategy based
on elimination of sulfuric acid in SPAEs is devel-
oped via the formation of sulfonamide linkage,
where sulfonated diamine-based crosslinking agent
helps to compensate the loss of sulfuric acid groups
in polymer.40 In our recent research, both covalent
crosslinking and ionic acid-base crosslinking could
be achieved by introducing quinoxaline crosslin-
kages in the SPAEK membranes, and the resulting
membranes displayed the improved properties com-
pared with the uncrosslinked ones.41 However, in
order to clearly investigate the effects of the cross-
linking on the membrane properties, the IECs of the
studied SPAEK membranes were limited to be
higher than 2.0 meq g�1, which made the cross-
linked SPAEK membrane swell strongly at 80�C.
Meanwhile, a side-chain type of activated difluoro
monomer, 2,6-difluorobenzil (DFB), used as the non-
sulfonated monomer and crosslinkable group, was
not helpful for increasing the mechanical property of
the SPAEK membranes due to the rigid structure of
the formed nonsulfonated parts. Generally, a flexible
and activated main-chain difluoro monomer should
be helpful. In this work, we present crosslinkable
SPAESs composed of benzil moieties and flexible
sulfonated and nonsulfonated monomers, and pre-
pare a series of quinoxaline-based crosslinked SPA-
ESs with IECs less than 2.0 meq g�1 via the cyclo-
condensation reaction of benzil moieties in polymer
chain with 3,30-diaminobenzidine (DAB) to form
quinoxaline groups, which act as covalent and acid-
base ionic crosslinking. For the crosslinked mem-
branes with different quinoxaline capacity (QC),
the properties including WU, membrane swelling,
proton conductivity, mechanical property, oxidative
stability, and methanol permeability are investi-
gated, compared with the corresponding precursor
membranes.

EXPERIMENTAL

Materials

4,40-Biphenol (BP) and DAB were purchased from
Aladdin-reagent Co. (Shanghai, China) and BP was
purified by vacuum sublimation prior to use. 4,40-
Difluorodiphenyl sulfone (DFDPS) were purchased
from Zhejiang Shouerfu Chemical Co. (Lishui, China)
and purified by vacuum sublimation prior to use. Di-
methyl sulfoxide (DMSO), N,N-dimethylacetamide
(DMAc), N,N-dimethylformamide (DMF), and 1-
methyl-2-pyrrolidone (NMP) were purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China)
and dehydrated with molecular sieve 4A. Fuming sul-
furic acid (20% SO3), calcium hydride, and other mate-
rials were purchased from Sinopharm Chemical Rea-
gent Co. (Shanghai, China) and used as received. NMP
was dehydrated by calcium hydride, distilled under
reduced pressure, and then dried with molecular sieve
4A prior to use. 3,30-Disulfonated-4,40-difluorodiphenyl
sulfone disodium salt (SDFDPS) was prepared by sul-
fonation of DFDPS at 120�C using fuming sulfuric
acid. DFB was prepared according to the literature.41

Polymerization

SPAES copolymer BP-SDFDPS/DFDPS/DFB(x/y/z),
where the data in parenthesis refer to the molar ratio
of SDFDPS : DFDPS : DFB, was prepared by a one-
pot high temperature polymerization method, as
shown in Scheme 1. As an example, the preparation
procedure of BP-SDFDPS/DFDPS/DFB(1/0.5/0.5),
S1 in Table I, is described below.
To a 100-mL dry three-neck flask equipped with a

Dean-Stark trap and a condenser, 2.292 g (5.0 mmol)
of SDFDPS, 0.636 g (2.5 mmol) of DFDPS, 0.616 g
(2.5 mmol) of DFB, 1.862 g (10.0 mmol) of BP,
1.588 g (11.5 mmol) of anhydrous potassium carbon-
ate, 26 mL of NMP, and 15 mL of toluene were
added under nitrogen flow with stirring. The reac-
tion mixture was heated to 140�C. Water and toluene
were evaporated as the azeotrope and collected in
the Dean–Stark trap. After water was completely
evaporated (the Dean–Stark trap became clear), the
reaction temperature was raised to 160�C and the
polymerization was continued at this temperature
for 10 h. The resulting highly viscous solution was
slowly poured into water. The resulting fiber-like
precipitate was thoroughly washed in water with
stirring at 50�C overnight, and then washed with
methanol, and dried at 120�C in vacuum.
Crosslinked SPAES copolymer, BP-SDFDPS/

DFDPS/DFB/DAB(x/y/z/w), where the data in
parenthesis (x/y/z/w) refer to the molar ratio of
SDFDPS : DFDPS : DFB : DAB, was prepared by
using the cyclocondensation reaction of benzil
groups in DFB moieties and DAB to form quinoxa-
line, as shown in Scheme 1. Here, the molar content

COVALENT-IONICALLY CROSSLINKED SPAESS E279

Journal of Applied Polymer Science DOI 10.1002/app



of DAB was set as 30 mol % based on DFB for all
the crosslinked membranes, that is, w ¼ 0.3z. As an
example, the crosslinked polymer of BP-SDFDPS/
DFDPS/DFB/DAB(1/0.5/0.5/0.15), CS1 in Table I,
is described below.

A 7 wt % BP-SDFDPS/DFDPS/DFB(1/0.5/0.5) so-
lution in DMSO was prepared and filtrated. A given
amount of DAB was added into the filtrate and the
mixture was stirred at 140�C for 4 h and then 160�C
for 4–5 h (the gelation took place if the reaction was
continued for a longer time) under nitrogen protec-
tion. Then, the crosslinked polymer solution was
obtained and cooled to 80�C for the following mem-
brane casting.

In our experiment, the solution was directly casted
onto glass plates to prepare the crosslinked mem-
brane without separation and process of the cross-
linked polymer.

Membrane formation and proton exchange

Uncrosslinked SPAES membrane

A 7 wt % SPAES solution in DMSO was prepared
and filtrated. The filtrate was cast onto glass plates
at 80�C, and dried at 100�C for 12 h. The as-cast
membranes were soaked in water at 40�C for 48 h,
and proton-exchanged with 1M hydrochloric acid at
50�C for 48 h. The proton-exchanged membranes
were thoroughly washed with deionized water till
the rinsed water became neutral, followed by drying
in vacuum at 120�C for 15 h. The membranes
obtained were 40–60 lm in thickness.

Crosslinked SPAES membrane

The 7 wt % crosslinked polymer solution obtained
as aforementioned was cooled and cast onto glass

Scheme 1 Preparation of crosslinkable SPAESs and corresponding crosslinked membranes. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]
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plates at 80�C, and dried at 100�C for 4 h, 120�C for
2 h, and then cured at 180�C in vacuum for 5 h to
promote the crosslinking reaction. The as-cast mem-
branes were post-treated as mentioned above.

Characterization and measurements

FT-IR spectra were recorded on a Bruker Equinox 55
spectrometer. NMR spectra were recorded on a
Bruker AV 300 (300 MHz) instrument. Thermogravi-
metric analysis (TGA) was carried out with a TA
600SDT in helium (flow rate: 100 cm3 min�1) at a
heating rate of 10�C min�1, standing at 150�C for 0.5
h. Mechanical tensile tests were performed on a uni-
versal testing machine (CTM6001) at 25�C and about
30% relative humidity at a crosshead speed of 5 mm
min�1. Solubility tests were carried out in DMAc,
DMF, NMP, and DMSO with a concentration of 5%
(w/v) at room temperature. The reduced viscosity
(gr) was measured with an Ubbelohde viscometer
using 0.5 g dL�1 DMSO solution of SPAES in so-
dium salt form at 35�C. Molecular weight measure-
ment was performed via gel permeation chromatog-
raphy (GPC) with Waters-Breeze 1515. DMF was

used as the eluant (0.1% LiCl was added to inhibit
aggregation) and the l-Styragel column was cali-
brated by polystyrene standards.
IEC was calculated from the molar ratio of sulfo-

nated difluoride monomer to nonsulfonated one in
feed, and also evaluated by a titration method. A
sample membrane in proton form was soaked in a
15 wt % NaCl solution at 40�C for 72 h and the
released proton was titrated with a 0.05M NaOH
solution, using phenolphthalein as an indicator. The
titration was carried out for the solutions containing
the sample membranes within a few minutes.
QC defined as the molar amount of quinoxaline

groups per unit weight (meq g�1) was calculated
from the molar ratio of crosslinking reagent DAB to
nonsulfonated difluoride monomer DFB in feed.
WU of membrane was obtained by calculating the

weight difference between the dry and wet mem-
branes. The completely dried membrane samples
were weighed and then soaked into deionized water
until the weight remained constant. Then the sam-
ples were taken out, wiped with tissue paper, and
quickly weighted on a microbalance. The WU was
calculated, using the following equation:

TABLE I
Basic Properties of SPAES Membranesa

Code Membranes

IECb QC MUc SUc

WU (%) kd Size changee

Dt/l
e(meq g�1) (meq g�1) (%) (%) 25�C 80�C 25�C 80�C Dtc Dlc

S1 BP-SDFDPS/DFDPS/
DFB(1/0.5/0.5)

2.00 (1.97) – D 215 56 139 16 39 0.34 0.32 1.06

CS1 BP-SDFDPS/DFDPS/DFB/
DAB(1/0.5/0.5/0.15)

1.96 (1.78) 0.30 118 111 43 81 13 25 0.22 0.21 1.05

S2 BP-SDFDPS/DFDPS/
DFB(1/0.5/0.7)

1.85 (1.84) – 359 181 48 105 14 32 0.27 0.27 1.00

CS2 BP-SDFDPS/DFDPS/DFB/
DAB(1/0.5/0.7/0.21)

1.80 (1.55) 0.39 53 59 30 54 11 19 0.14 0.15 0.93

S3 BP-SDFDPS/DFDPS/
DFB(1/0.7/0.5)

1.85 (1.84) – 397 170 47 108 14 33 0.28 0.27 1.04

CS3 BP-SDFDPS/DFDPS/DFB/
DAB(1/0.7/0.5/0.15)

1.81 (1.62) 0.28 53 76 34 59 12 20 0.16 0.16 1.00

S4 BP-SDFDPS/DFDPS/
DFB(1/0.7/0.8)

1.67 (1.63) – 60 60 37 60 13 20 0.16 0.17 0.94

CS4 BP-SDFDPS/DFDPS/DFB/
DAB (1/0.7/0.8/0.24)

1.62 (1.34) 0.40 37 36 26 37 11 15 0.11 0.11 1.00

S5 BP-SDFDPS/DFDPS/
DFB(1/1/0.5)

1.66 (1.65) – 57 66 40 65 12 22 0.18 0.17 1.06

CS5 BP-SDFDPS/DFDPS/DFB/
DAB (1/1/0.5/0.15)

1.64 (1.47) 0.25 39 47 29 42 11 16 0.12 0.12 1.00

CS2–2 BP-SDFDPS/DFDPS/DFB/
DAB(1/0.5/0.7/0.30)

1.78 (1.37) 0.53 37 41 27 39 11 16 0.11 0.11 1.00

CS4–2 BP-SDFDPS/DFDPS/DFB/
DAB (1/0.7/0.8/0.32)

1.61 (1.23) 0.51 30 31 22 31 10 14 0.091 0.094 0.97

R1 BP-SDFDPS/DFDPS(1/1) 1.99 (1.97) – D 110 90 184 25 51 0.40 0.41 0.98
R2 BP-SDFDPS/DFB(1/1) 2.01 (1.96) – S þ D 70 62 99 17 27 0.31 0.29 1.07

a The experimental errors for IEC, MU, SU, WU, and size change were 61, 62, 62, 62, and 63%, respectively.
b Calculated value; the data in parentheses are obtained by a titration method.
c At 25�C; S and D represent swollen and dissolved, respectively.
d Based on measured IEC, k ¼ WU � 10/(18 � IEC).
e At 80�C.
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WU ¼ ½ðWs �WdÞ=Wd� � 100% (1)

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

Methanol uptake (MU) and solvent uptake (SU)
were measured by the following procedure: sample
membranes were dried at 120�C under vacuum for
8 h to get the dry weight (Wd). Then, the sample
membranes were immersed in methanol or 50%
methanol solution in a sealed bottle at 25�C until the
weight remained constant, and then taken out, wiped
with tissue paper, and quickly weighted on a micro-
balance to get the wet weight (Wm or Wmw for metha-
nol or 50% methanol solution, respectively). The MU
and SU were calculated from eq. (2):

MU ¼ ½ðWm �WdÞ=Wd� � 100%

SU ¼ ½ðWmw �WdÞ=Wd� � 100%
(2)

Dimensional change of membrane was measured by
soaking more than two sample sheets in water at dif-
ferent temperatures. The through-plane and in-plane
dimensional changes (Dtc and Dlc) and the membrane
swelling ratio (Dt/l) were calculated from eq. (3):

Dtc ¼ ½ðt� tdÞ=td� � 100%

Dlc ¼ ½ðl� ldÞ=ld� � 100%

Dt=l ¼ Dtc=Dlc

(3)

where td and ld are the thickness and length of the
dry membrane, respectively; t and l refer to those of
the membrane immersed in water.

Proton conductivity of membrane was determined
using an electrochemical impedance spectroscopy tech-
nique over the frequency from 100 Hz to 100 kHz
(Hioki 3532-80). A single cell with two platinum plate
electrodes was mounted on a Teflon plate at 0.5-cm
distance. A membrane swollen in water at 25�C was
set in the cell. The cell was placed in deionized water.
Proton conductivity was calculated from eq. (4):

r ¼ d=ðtswsRÞ (4)

where d is the distance (or membrane length)
between the two electrodes, ts and ws are the thick-
ness and width of the membrane in deionized water,
respectively, and R is the measured resistance value.
The d, ts, and ws values at different temperatures
were evaluated from the temperature dependence of
dimensional change of membrane.

Oxidative stability was determined using Fenton’s
reagent (3 wt % H2O2 þ 2 ppm FeSO4) at 80

�C. The
membranes (50–60 lm in thickness) were immersed
in Erlenmeyer flasks containing Fenton’s reagent.
The flasks were shaken vigorously once every 10
min until the membranes begin to break.

Methanol permeability (PM) measurement was car-
ried out using a liquid permeation cell composed of
two compartments, which were separated by a verti-
cal membrane. The membrane was first immersed in
water for 2 h to get the water-swollen sample and
then set into the measurement cell (effective area:
16 cm2). One compartment of the cell (Va ¼ 400 mL)
was filled with 32 wt % methanol feed solution, and
the other compartment (Vb ¼ 90 mL) was filled with
deionized water. The compartments were stirred
continuously during the permeability measurement.
The methanol concentrations of the two compart-
ments were analyzed with a Shimadzu GC2014C gas
chromatography apparatus. Methanol permeability,
PM, was calculated from eq. (5):

PM ¼ kVbL=ðACaÞ (5)

where k is the slope of the straight-line plot of meth-
anol concentration in permeate versus permeation
time, Ca refers to the methanol concentration in feed,
Vb is the solution volume of the permeate. L and A
refer to the thickness and effective area of the swol-
len membrane, respectively.

RESULTS AND DISCUSSION

Characterization of crosslinkable SPAES

Table I lists crosslinkable SPAES copolymers pre-
pared in this study (S1–S5) and their fundamental
properties. The molar ratio of sulfonated monomer
to nonsulfonated one was set in the range of 1/1-1/
1.5 to ensure the copolymers with calculated IECs of
1.66–2.00 meq g�1. The IEC values determined by
the titration method were as large as 98% of the cor-
responding theoretical values, which indicates that
the proton exchange was almost complete for SPA-
ESs. The polymerization results and molecular
weights are listed in Table II. The copolymers were
prepared with high yields of 90–95% and had high
reduced viscosities ranged from 1.0 to 1.2 dL g�1,
which was in accordance with their high molecular
weights. Molecular weight distributions (Mw/Mn),
measured by GPC in DMF, were in the range of 1.5–
1.6, indicating a typical polycondensation procedure.
The chemical structure was identified by NMR

and IR spectra. Figure 1(a) shows the 1H NMR spec-
tra of S2 and S4. The signals at 8.3 and 7.96 ppm
were assigned to the aromatic hydrogen atoms H9
and H8 at the ortho and para positions to the elec-
tron-withdrawing ASO3H group, respectively, indi-
cating incorporation of sulfonated difluoro monomer
SDFDPS into polymer. Comparing the 1H NMR
spectra of the copolymers with that of DFDPS, the
peak at 7.93 ppm was assigned to the proton H17
that lied on the ortho position to the sulfone group
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of DFDPS, where the peaks of H17 and H8 were close
to each other because H17 was located in a similar
local chemical environment to H8. The proton peak at
6.84 ppm was assigned to the aromatic hydrogen
atom H24 at the ortho position to ether bonding in
polymer main chain and at meta position to 1,2-dione
group of DFB, according to the spectra of DFB and
DFB-based polymer, R2 in Table I. The other over-
lapped peaks were also assigned according to the
spectra of SDFDPS, DFDPS, DFB, and BP, as shown in
Figure 1(a). Figure 1(b) shows the 13C NMR spectrum
of S2. Carbon atoms linked to oxygen or sulfur atoms
(C¼¼O, CAO, CAS) were discerned by their well-
known and expected chemical shifts, where the peaks
at 190.7, 191.2, and 139.4 ppm were assigned to the
C¼¼O carbon atoms and the carbon atom linked to the
ASO3H group, respectively. Other carbon signals were
assigned by using one bond 1H-13C correlation, as
shown in Figure 1. The above data provided the evi-
dence that three difluoro monomers, SDFDPS, DFDPS,
and DFB, were incorporated in the obtained SPAESs.

Integration of 1H NMR signals was used to calcu-
late the sulfonation content that represents the actual
mole percentage of sulfonated unit per average
repeat unit in the obtained copolymers. As shown in
Figure 1(a), only two characteristic peaks with single
signal each other, proton H9 in SDFDPS and proton
H24 in DFB, were possible to obtain accurate inte-
gration values. Then, the integrated intensity ratio of
DFB proton H24 to SDFDPS proton H9 (H24/H9)
was used for the calculation, as shown in Table II.
The ratios of H24/H9 were found to be 0.50, 0.71,
0.51, 0.79, and 0.49 for S1, S2, S3, S4, and S5, respec-
tively, which agreed with the theoretical ratios (0.50,
0.70, 0.50, 0.80, and 0.50, respectively). The results
showed that the sulfonation content determined by
the 1H NMR method was in good agreement with
the one calculated from the feed molar ratio within
the difference of 62 mol %, which implied that the
polymerization was performed completely.

Figure 2 shows the IR spectrum of S2. The absorp-
tion bands at 1660 and 1740 cm�1 were assigned to

symmetric and asymmetric stretching vibrations of
C¼¼O. The symmetric and asymmetric vibration of
O¼¼S¼¼O bond of sulfonic acid group and sulfone
group appeared at 1029, 1089, and 1166 cm�1. The
1242 cm�1 peak was attributed to the vibrations of
CAOAC group in aryl ether backbone.

Crosslinked SPAES

Table I also lists crosslinked SPAES membranes
(CS1–CS5) and their fundamental properties. The for-
mation of crosslinking was confirmed by IR measure-
ment and also judged by the reduced solubility of the
crosslinked membranes in common aprotic solvents in
which the corresponding uncrosslinked membranes
were well soluble. Figure 2 shows the IR spectra of the
uncrosslinked and crosslinked membranes (S2 and
CS2, respectively). Although the two spectra were sim-
ilar, the following differences were observed for CS2.
The strong peak appeared at 1203 cm�1 was assigned
to the characteristic stretching vibration of CAN.
Although overlapping with that of phenyl ring (1471
cm�1), the characteristic absorption bands of quinoxa-
line ring resulted in a strong shoulder peak at 1493
cm�1. In addition, compared to S2, the shoulder peak
at 1680 cm�1 for CS2 was attributed to the vibration of
C¼¼N of quinoxaline ring. These indicated the forma-
tion of quinoxaline ring. The characteristic absorption
bands of amino group at 3000–3400 cm�1 was not
detected for CS2 in sodium salt form as well as in pro-
ton form, indicating the absence of the unreacted dia-
mino-phenyl end-groups. It was confirmed that the
crosslinking of SPAES was performed well with the
formation of the quinoxaline crosslinkage.
As listed in Table I, the IEC values determined by

titration method were very close to the calculated IEC
values for the uncrosslinked SPAES membranes
(S1-S5, R1, and R2), whereas they were 9–17% smaller
than the calculated ones for the crosslinked mem-
branes (CS1–CS5). This was due to the formation
of acid-base complex between sulfonic acid groups
and quinoxaline moieties. For example, CS2, with

TABLE II
Polymerization Results and Molecular Weight

Code Yield (%)

H9/H5a

gr
b (dL g�1) Mn

c (g mol�1) Mw
c (g mol�1) Mw/MnTheoretical 1H NMR

S1 95 0.50 0.50 1.2 194,428 298,577 1.5
S2 90 0.70 0.71 1.0 198,042 306,361 1.5
S3 93 0.50 0.51 1.1 185,044 288,241 1.6
S4 91 0.80 0.79 1.0 198,435 301,073 1.5
S5 93 0.50 0.49 1.1 202,425 320,976 1.6
R2 94 1.00 1.01 1.2 192,041 296,258 1.5

a The mole ratio of nonsulfonated monomer DFB to sulfonated monomer SDFDPS.
b Reduced viscosity measured at 0.5 g dL�1 in DMSO in sodium salt form at 35�C.
c Determined by GPC in DMF (0.1% LiCl).
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calculated IEC of 1.80 meq g�1 and QC of
0.39 meq g�1, exhibited a titrated IEC value of
1.55 meq g�1. If sulfonic acid groups form the acid-
base complex with all the quinoxaline groups to
become unexchangeable with Naþ ions, the titrated
IEC value will be close to the value subtracted QC
from the calculated IEC. In the case of CS2, this
value was 1.41 meq g�1, which was slightly smaller

than the titrated IEC value. Therefore, the titrated
IEC value is considered as the effective IEC value.

Solubility, mechanical properties, thermal
and oxidative stability

The solubility properties of SPAESs are listed in Ta-
ble III. The uncrosslinked SPAESs generally showed

Figure 1 NMR spectra of SPAES membranes in proton form in DMSO-d6.
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good solubility to the polar aprotic solvents such as
DMSO, NMP, and DMF, both in sodium salt and in
proton form. Generally, crosslinking reduces the solu-
bility. The crosslinked SPAESs in sodium salt form
revealed reduced solubility in polar aprotic solvents,
indicating the construction of the covalent crosslink-
ing. After the proton exchange treatment, the cross-
linked SPAES membranes became partially soluble
only at elevated temperature in all the tested polar
aprotic solvents. This suggests that the crosslinking
network of the crosslinked SPAES membranes was
further improved by the ionic acid-base crosslinkage
between sulfonic acid groups and quinoxaline groups.
However, the crosslinked SPAES membranes were
partially soluble in solvents in proton form, even solu-
ble in sodium salt form. This indicated that, for qui-
noxaline-based crosslinking method, the present cross-
linking degree was not enough to ensure the
formation of perfect network in the membranes,
although crosslinking reaction was well-performed. In
our previous report,41 crosslinked SPAEKs composed
of side-chain type of nonsulfonated monomer (DFB)
were partially soluble in most of tested solvents in so-
dium salt form with QCs of 0.36–0.40 meq g�1. The
high solubility for present crosslinked membranes
may be attributed to the introduction of flexible main-
chain type of nonsulfonated monomer (DFDPS) and
the slightly low QC values. To investigate the effect of
QC on solubility, crosslinked SPAES membranes CS2-
2 and CS4-2 with high QCs (above 0.50 meq g�1)
were prepared. CS2-2 and CS4-2 were partially solu-
ble in sodium salt form and insoluble in proton form.
This indicated that QC value above 0.50 meq g�1 was
required for the formation of perfect network in qui-

noxaline-based crosslinked SPAES membranes. The
present uncrosslinked membranes (S1–S5) containing
nonsulfonated side-chain and main-chain difluoride
monomers showed good solubility to the polar
aprotic solvents, as similarly observed for R2 contain-
ing nonsulfonated side-chain difluoride monomer,
and also for a representative SPAES membrane R1,
BP-SDFDPS/DFDPS(1/1). However, the correspond-
ing crosslinked membranes revealed reduced solubil-
ity in tested polar aprotic solvents due to covalent
crosslinking and the ionic acid-base interactions.
The mechanical properties of SPAES membranes

are listed in Table IV, which are characterized by

Figure 2 IR spectra of SPAES membranes and crosslinking agent DAB. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

TABLE III
Solubility Properties of SPAES Membranesa

Code DMSO NMP DMAc DMF

S1 þþ(þþ) þþ(þþ) þþ(þþ) þþ(þþ)
CS1 þ�(þþ) þ�(þþ) þ�(þ) þ�(þ)
S2 þþ(þþ) þ(þþ) þ(þþ) þ(þþ)
CS2 þ�(þþ) þ�(þ) þ�(þ) þ�(þ)
S3 þþ(þþ) þ(þþ) þ(þþ) þ(þþ)
CS3 þ�(þþ) þ�(þþ) þ�(þ) þ�(þ)
S4 þ(þþ) þ(þþ) þ(þþ) þ(þþ)
CS4 þ�(þþ) þ�(þþ) þ�(þ) þ�(þ)
S5 þ(þþ) þ(þþ) þ(þþ) þ(þþ)
CS5 þ�(þþ) þ�(þ) þ�(þ) þ�(þ)
CS2–2 �(þ�) �(þ�) �(þ�) �(þ�)
CS4–2 �(þ�) �(þ�) �(þ�) �(þ�)
R1 þþ(þþ) þþ(þþ) þþ(þþ) þþ(þþ)
R2 þþ(þþ) þþ(þþ) þþ(þþ) þþ(þþ)

a ‘‘þþ,’’ soluble at room temperature; ‘‘þ,’’ soluble at
elevated temperature; ‘‘þ�,’’ partially soluble at elevated
temperature; ‘‘�,’’ insoluble. The data in parentheses
refer to sodium salt form and others refer to proton form.
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Young’s modulus (M), maximum stress (S), and
elongation at break (E). All the present SPAES mem-
branes had much higher Young’s modulus and max-
imum stress than Nafion 112 (M of 0.24 GPa, S of
40 MPa, and E of 380%), and showed comparable or
slightly higher maximum stress and elongation at
break point than R1 and R2, indicating their excel-
lent mechanical properties. The results revealed that
the incorporation of flexible main-chain difluoro
monomer DFDPS was helpful to increase the
mechanical properties of SPAEs. Compared to the
uncrosslinked membranes (S1–S5), the crosslinked
ones (CS1–CS5) showed the higher Young’s modu-
lus and maximum stress, but the smaller elongation
at break. This indicates that the crosslinked SPAES
membranes were slightly stiffer than the uncros-
slinked ones. All the SPAES membranes were tough
even in the dry state.

The thermal stability of SPAESs in proton form
was examined by TGA and the results are given in
Figure 3. The first weight loss observed in the range
of 50–150�C was due to the loss of sorbed water.
Above 150�C, the two-step degradation profile was
observed for all of the membranes, as shown in Figure
3. The weight loss below 400�C was attributed to the
cleavage of sulfonic acid groups, whereas the weight
loss above 500�C was attributed to the decomposition
of polymer backbone. The first decomposition (desulfo-
nation) temperature (Tds) was 235�C for the uncros-
slinked membrane (S1) and 263�C for the crosslinked
membrane CS1. The higher Tds for the crosslinked
membranes was caused by the acid-base interaction
between sulfonic acid groups and quinoxaline groups.
Although S1 showed the slightly lower thermal stabil-
ity than R1, the corresponding crosslinked membrane
displayed the higher thermal stability than R1 and R2
due to the acid-base interactions.

The oxidative stability for peroxide radical attack
was investigated by measuring the elapsed time that

a membrane became broken after immersing the
membrane sample into Fenton’s reagent (3 wt %
H2O2 þ 2 ppm FeSO4) at 80

�C. The results are listed
in Table V. The crosslinked SPAES membranes
exhibited the higher oxidative stability than those of
the corresponding uncrosslinked ones. This is attrib-
uted to their lower WU as well as the covalent and
ionic cross-linking. Although S1 showed the slightly
lower oxidative stability than R1, the corresponding
crosslinked membrane displayed the higher oxida-
tive stability than R1 and R2.

Water uptake, methanol uptake, solvent uptake,
and dimensional change

The WU of sulfonated polymers mainly depends on
the IEC,42 and has a profound influence on the pro-
ton conductivity because sulfonic acid groups need
to dissociate for protons to become mobile and
transportable in membrane. So, the higher WU leads
to the higher proton conductivity. However, exces-
sive WU will result in unacceptable dimensional
change or loss of dimensional shape and the dilution
of the proton concentration in the membrane, which
will cause a dimensional mismatch and a decrease
in the proton conductivity. Therefore, a proper level
of WU should be maintained in sulfonated polymer
membranes in order to guarantee both the dimen-
sional stability and the high proton conductivity.
The WU data of the uncrosslinked and crosslinked

SPAES membranes at different temperatures are
summarized in Table I and Figure 4. With increasing
temperature from 25 to 100�C, the WU increased
largely especially for the membrane with the higher
IEC. It is noted that S1 displayed slightly higher
WUs than R2 (62 and 99% at 25 and 80�C,

TABLE IV
Mechanical Properties of SPAES Membranesa

Code M (GPa) S (MPa) E (%)

S1 1.13 44 90
CS1 1.54 54 69
S2 1.07 43 59
CS2 1.26 50 33
S3 0.91 43 79
CS3 1.21 52 36
S4 0.98 48 65
CS4 1.34 61 43
S5 1.11 45 87
CS5 1.53 54 65
R1 0.89 44 42
R2 1.12 53 29

a M: Young’s modulus; S: maximum stress; E: elonga-
tion at break.

Figure 3 TGA curves of SPAES membranes. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com]
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respectively) and much lower WUs than R1 (90 and
184% at 25 and 80�C, respectively) in spite of almost
the same IEC values, indicating that the nonsulfo-
nated monomer with benzil moiety was useful to
reduce the WU. Although the crosslinked mem-
branes had the slightly lower calculated IECs than
the corresponding uncrosslinked ones, the former
displayed the much lower WUs than the latter, espe-
cially at elevated temperatures. For example, CS2
showed reasonably low WUs of 30 and 54% at 25
and 80�C, respectively, whereas S2 showed fairly
high values of 48 and 105%, respectively. It is noted
that the covalent and ionic crosslinking suppressed
the polymer chain relaxation in water, resulting in the
reduced WU. As the WU significantly depends on the
IEC, the comparison of WU among membranes with
different IECs is often performed in terms of the num-
ber of sorbed water molecules per sulfonic acid group
(k). The k values were calculated using the IEC values
measured by the titration method as the effective
ones, and are listed in Table I. The crosslinked SPAESs
showed the k values of 11–13 at 25�C and 15–25 at
80�C, which were smaller than those (12–16 and 20–
39, respectively) of the uncrosslinked ones. The k val-
ues of the present crosslinked SPAESs with measured
IEC of 1.47–1.78 meq g�1 were slightly higher than
those (10–21) of the reported crosslinked SPAESs at
80�C with the similar IEC of 1.32–1.62 meq g�1,32,40

and also slightly higher than those (12–15) of the
reported crosslinked SPAEKs at 80�C with the high
IEC of 1.68–2.19 meq g�1.30,31,41

The SU and MU are also listed in Table I. As simi-
larly observed for the WU, the crosslinked SPAES
membranes displayed the much lower SUs and MUs
than the uncrosslinked ones, indicating the lower
methanol permeation rate when exposed to metha-
nol solution in DMFC.

Through-plane and in-plane membrane dimensional
changes at different temperatures were measured
and the results are summarized in Table I and Fig-
ure 5. The uncrosslinked and crosslinked SPAES
membranes showed the isotropic membrane swel-
ling with Dt/l values close to unity. This is similar to
the case of Nafion and SPAEs,13,17 but different from
the case of sulfonated polyimides with the larger
through-plane dimensional change than the in-plane
one.10,23 The dimensional change increased with an
increase in temperature and also with an increase in
IEC, as similarly observed for the WU. It is noted
that S1 displayed the much lower dimensional
change than R1, and slightly higher dimensional
change than R2. Compared to the uncrosslinked
SPAES membranes, the crosslinked ones had the

Figure 4 Temperature dependence of water uptake of
SPAES membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

TABLE V
Proton Conductivity, Oxidative Stability, Methanol Permeability, and the Selectivity of SPAES Membranes

Code

ra (mS cm�1)
DEa s1

b PM
c uc

25�C 80�C (kJ mol�1) (min) (10�7 cm2 s�1) (104 S cm�3 s)

S1 96 212 11 160 10.2 9.4
CS1 62 158 15 240 5.1 12.2
S2 80 179 12 230 5.5 14.5
CS2 45 129 17 285 2.8 16.1
S3 78 192 13 250 5.4 14.4
CS3 48 147 17 330 2.9 16.6
S4 58 150 14 360 4.1 14.1
CS4 35 107 17 415 2.1 16.7
S5 60 154 14 340 4.2 14.3
CS5 38 112 17 405 2.1 18.1
R1 94 – – 225 15.2 6.2
R2 98 197 11 125 11.6 8.4

a In water.
b s1: oxidative stability, refers to the elapsed time that the membranes became broken.
c At 32 wt % methanol solution and 25�C.
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much lower dimensional change. The crosslinked
membranes such as CS4 and CS5 showed the low
in-plane dimensional changes less than 0.12 at 80�C,
which are reasonably low for fuel cell applications.

Proton conductivity

The proton conductivity (r) data are summarized in
Table V and Figure 6. The conductivity significantly
depended on IEC, WU, and temperature. The appa-
rent activation energy (DEa) of proton conductivity
was evaluated in the temperature range of 25�C up to
100�C. The DEa values of the crosslinked membranes
were larger than those of the corresponding uncros-
slinked ones. The DEa values (11–17 kJ mol�1) for the
present SPAES membranes were comparable to those
reported for SPAEs (13–25 kJ mol�1).21,22,41,43

The SPAES membrane with the higher IEC
showed the higher proton conductivity. S1 had the
highest proton conductivity of 212 mS cm�1 at 80�C
because of the highest IEC and WU. With increasing
measured IEC from 1.47 to 1.97 meq g�1, the proton
conductivity increased largely especially at low tem-
perature. It is noted that S1 displayed slightly higher
proton conductivity at 25�C than R1 in spite of the
much lower WU and almost the same IEC value,
indicating that the nonsulfonated monomer with ben-
zil moiety was useful to achieve the better balance of
WU and conductivity. The crosslinked membranes
displayed the lower proton conductivity than the cor-
responding uncrosslinked ones, especially at low tem-
perature, due to the lower measured IEC. For exam-
ple, CS5 showed low proton conductivities of 38 and

112 mS cm�1 at 25 and 80�C, respectively, whereas
S5 showed high values of 65 and 154 mS cm�1,
respectively.
The reported values of size change Dlc and proton

conductivity in water at 80�C for Nafion 117 and
1135 membranes were in the range of 0.20–0.24 and
83–125 mS cm�1, respectively.18,19,44 The correspond-
ing values for the present crosslinked membrane
(CS5) were 0.12 and 112 mS cm�1, respectively. It is
noted that CS5 showed the much smaller size change
and the comparable proton conductivity compared to
Nafion membranes. On the other hand, a few cross-
linked SPAES membranes have been reported to
have the much larger conductivities (245 mS cm�1)
with the much lower WUs (23%), compared to CS5.32

Methanol permeability

The methanol permeability (PM) and the ratio of pro-
ton conductivity to methanol permeability (selectiv-
ity, u), which is an effective parameter to evaluate
the performance of membrane in a DMFC system,
are summarized in Table V. S1 with the highest IEC
(1.97 meq g�1) showed the highest PM of 10.2 � 10�7

cm2 s�1 and the lowest u of 9.4 � 104 S cm�3 s. For
the crosslinked SPAES membranes, with decreasing
measured IEC, the methanol permeability decreased
much largely than the proton conductivity, and as a
result the selectivity u increased largely. CS4 showed
PM of 2.1 � 10�7 cm2 s�1 and u of 16.7 � 104 S cm�3

s and CS5 showed PM of 2.1 � 10�7 cm2 s�1 and the
largest u of 18.1 � 104 S cm�3 s among the present
SPAES membranes. This performance was fairly high,

Figure 6 Temperature dependence of proton conductivity
of SPAES membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

Figure 5 Temperature dependence of in-plane dimen-
sional change of SPAES membranes. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com]
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taking the high feed methanol concentration (32 wt %)
into account. Some comparisons are made between the
present crosslinked membranes and the representative
SPAEs reported in literatures15,16,18,19,32 in terms of PM

and u values. As the feed concentration of methanol
was different from literature to literature, the rough
comparison among the PEMs is preferable. The present
crosslinked membranes exhibited low PM and high u in
the range of 2.1–5.1 � 10�7 cm2 s�1 and 12.2–18.1 � 104

S cm�3 s, respectively, which were comparable to those
of the reported membranes. They have potential for
DMFC application.

CONCLUSIONS

A series of crosslinked SPAES membranes were suc-
cessfully synthesized by the cyclocondensation reac-
tion of the benzil moieties in polymer chain with
DAB to form quinoxaline groups acting as covalent
and acid-base ionic crosslinking. The crosslinked
SPAES membranes showed the high mechanical
properties and the isotropic membrane swelling.
They showed the lower WU, lower dimensional
change, lower methanol permeability, and higher
oxidative stability than the corresponding uncros-
slinked membranes, with keeping the reasonably
high proton conductivity. CS5 showed a reasonably
high proton conductivity of 112 mS cm�1, a low WU
of 42 wt % at 80�C, a low PM of 2.1 � 10�7 cm2 s�1

and a large u of 18.1 � 104 S cm�3 s for 32 wt %
methanol solution at 25�C, suggesting the potential
application as PEMs in DMFC and PEFC. Whereas
quinoxaline crosslinkages formed in the membranes
sacrifice the proton conductivity to some extent due
to ionic crosslinking between quinoxaline groups
and sulfonic acid moieties. To improve the proper-
ties of the membranes, further investigation on the
QC, nonsulfonated monomer composition, and the
polymerization method is ongoing.
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