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ABSTRACT: Novel multiblock poly(arylene ether sul-
fone)s were prepared by a two-pot method from a phen-
oxide-end-capped fully disulfonated poly(arylene ether
sulfone) oligomer and a fluoride-end-capped nonsulfo-
nated poly(arylene ether sulfone) oligomer with block
length of 10 as the hydrophilic and hydrophobic moieties,
respectively, and were subsequently used as starting
materials to be treated with phosphorous pentoxide
(P2O5) to get crosslinked membranes. The crosslinking
reaction occurred between the sulfonic acid groups and
activated ortho-hydrogen atoms to the ether linkage of
the hydrophobic units in the presence of P2O5 during
solution casting. The crosslinking ratio was simply con-
trolled by the amount of P2O5, and the fundamental
properties of the resulting crosslinked multiblock mem-
branes were investigated in detail. The water uptake and

solution uptake in methanol solutions decreased with
increasing crosslinking ratio, but a comparable high pro-
ton conductivity was maintained in the uncrosslinked
membranes. They exhibited isotropic swelling behavior
and largely enhanced dimensional stability in water and
methanol solutions, whereas the uncrosslinked one
showed anisotropic swelling behavior. The oxidative sta-
bility of the crosslinked membranes was significantly
enhanced by the formation of sulfonyl linkages. The high
proton conductivities at 120�C and 50% relative humidity
suggested promising applications in elevated tempera-
tures. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 121: 1707–
1716, 2011
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INTRODUCTION

Currently, much effort has been devoted to the
development of nonfluorinated polymer electrolyte
membranes (PEMs) with high performance and sus-
tainability to replace perfluorosulfonic acid mem-
branes (e.g., Nafion, DuPont), which serve as proton
conductors and fuel separators between anodes and
cathodes in the applications of polymer electrolyte
membrane fuel cells (PEMFCs) or direct methanol
fuel cells (DMFCs).1,2 Generally, an ideal PEM
should meet the requirements of good proton con-

duction and mechanical properties, high chemical
and thermal stability, and long-term durability.3,4

Sulfonated aromatic hydrocarbon membranes are
considered to be quite attractive PEM candidates for
extensive temperature options as they exhibit glass
temperatures well above the supposed operation
temperatures and excellent mechanical toughness,
low fuel permeability, and environmental friendli-
ness. In contrast, expensive perfluorinated PEMs
exhibit restricted operation temperatures (<110�C)
and quite poor tolerance toward methanol solutions.5,6

To date, many kinds of sulfonated nonfluorinated
polymers, such as sulfonated poly(ether ketone)s,7–9

sulfonated polyimides,10–12 sulfonated polybenzimida-
zoles,13–15 sulfonated polyphenylenes,16–18 and sulfo-
nated poly(arylene ether sulfone)s (SPAES),19 have
been developed successfully. Among them, SPAESs
have been considered promising candidates because
of their excellent thermal and oxidative stability, good
mechanical properties, and processability, and their
properties and performances for PEM applications
have been explored extensively.20

More recently, the experimental results and con-
clusions of several research groups have suggested
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that block ionomers are better candidates for PEM
applications than random ones, with inspiring
results, including the formation of a hydrophilic–
hydrophobic phase-separation morphology and
enhanced proton conductivity at lower relative
humidities (RHs).21–25 For example, Ghassemi and
McGrath23 prepared the multiblock SPAES polymers
derived from phenoxide-terminated fully disulfo-
nated poly(arylene ether sulfone) (BPSH) and decaf-
luorobiphenyl or hexafluorobenzene end-capped
unsulfonated poly(arylene ether sulfone) (BPS); the
resulting membranes exhibited a well-defined
hydrophilic–hydrophobic phase-separation morpho-
logy and a high proton conductivity of 15 mS/cm at
30�C under 30% RH, which was almost two times
larger than that of Nafion 112. Watanabe et al.24 also
reported block SPAES containing fluorenyl groups
with improved proton conduction properties. How-
ever, these multiblock membranes also exhibited an
increase in the water uptake (WU) and physical
swelling compared with the corresponding random
ones at the similar ion exchange capacity (IEC) lev-
els. For the BPSH–BPS PEMs with block lengths of
10–15 and an IEC of about 1.60 mequiv/g, the WUs
and dimensional change in the thickness direction
(Dtc) increased to 60–74% and 70–80%, respectively,
whereas they changed by only 35 and 15%, respec-
tively, for the random one with an IEC of 1.53
mequiv/g.25 This caused a large increase in mem-
brane swelling and undesirable mechanical deterio-
ration for the block membranes and was unfavorable
for further PEMFC and DMFC applications.

Crosslinking is an effective method for enhancing
the mechanical properties and suppressing mem-
brane swelling so to improve membrane durability.
There are lots of successful reports of crosslinking
treatment, including (1) direct crosslinking by the
introduction of a multifunctional crosslinking rea-
gent during the polymerization stage26–30 and (2) the
postcrosslinking of a polymer or prepared mem-
branes with specialized functionalized groups or
sulfonic acid groups.31,32 In the case of the direct
crosslinking method, IEC and crosslinking degree
could be controlled simply by the adjustment of the
amount of crosslinking reagent, but gel formation
phenomenon could occur during polymerization.
Although in the case of the postcrosslinking method,
the use of the sulfonic acid group itself seemed to be
a smart choice because it was difficult to find other
activated crosslinking positions in the hydrocarbon
polymer system. Recently, Fang and coworkers28–30

reported a facile approach for the preparation of
crosslinked sulfonated hydrocarbon polymers based
on the reaction between the sulfonic acid groups
and activated hydrogen atoms in the presence of
phosphorous pentoxide (P2O5). The resulting mem-
branes exhibited a fairly enhanced stability toward

water and better oxidative stability in Fenton’s
reagent due to the emergence of a quantity of oxida-
tive stable sulfonyl groups and maintained satisfac-
tory proton conduction properties, although IEC was
sacrificed to an extent, up to 10%.
In our previous study, we applied this method for

a random SPAES system and got satisfactory results.
However, those crosslinked membranes showed
some lower proton conductivity at higher crosslink-
ing degrees. In this study, we conducted the post-
crosslinking treatment for a multiblock SPAES mem-
brane with a block length of 10. We investigated the
postcrosslinking effect on the membrane proton con-
ductivity, swelling behavior in water, and/or metha-
nol solutions, and we report their properties, includ-
ing WU, solution uptake (SU), dimensional changes
in water and/or methanol solutions, hydrolytic and
oxidative stability, and proton conductivity.

EXPERIMENTAL

Materials

4,40-Difluorodiphenyl sulfone (DFDPS; Shou & Fu
Chemical Co., Ltd., Zhejiang, China) and biphenol
(BP; Yanhua Chemical Co., Ltd., Henan, China) were
purified by sublimation before use. 3,30-Disulfo-4,40-
difluorodiphenyl sulfone sodium salt (SDFDPS) was
synthesized from DFDPS and purified according to
the literature.33 P2O5 (Kelong Chemical Reagent Fac-
tory, Chengdu, China) and fuming sulfuric acid
(50%) (Zhenxin Chemical Reagent Factory, Shanghai,
China) were used as received. Toluene was dried
over P2O5, distilled at 140�C, and stored over 4-Å
molecular sieves before use. Dimethyl sulfoxide
(DMSO) was purified by stirring overnight over cal-
cium hydride, distilled in vacuo at 120�C, and stored
over 4-Å molecular sieves before use. Potassium car-
bonate was dried in vacuo at 120�C before use. Other
reagents were used as received.

Synthesis of the multiblock copolymers

The multiblock copolymers were synthesized by
nucleophilic polymerization via a two-pot method,
as described in Scheme 1. Scheme 1 shows a typical
procedure of BP–SDFDPS/DFDPS (10/10), where
the figures in the parentheses refer to the lengths of
the hydrophilic/hydrophobic blocks.

Phenoxide-end-capped hydrophilic oligomer

To a completely dried three-necked flask equipped
with a mechanical stirrer, a Dean–Stark trap, a
condenser, and a nitrogen inlet/outlet, 2.240 g
(4.87 mmol) of SDFDPS, 0.819 g (4.40 mmol) of BP,
0.699 g (5.06 mmol) of potassium carbonate, 12.2 mL
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of DMSO, and 12.0 mL of toluene were charged. The
mixture was allowed to reflux at 140�C for 4 h, and
the produced water was removed with toluene as an
azeotrope. Then, the reaction mixture was increased
to 170�C for 2 h. The resulting product solution was
cooled to room temperature for the next step.

Fluoride-end-capped hydrophobic oligomer

To another completely dried three-necked flask,
which was equipped with a mechanical stirrer, a
Dean–Stark trap, a condenser, and a nitrogen inlet/
outlet, 1.243 g (4.87 mmol) of DFDPS, 1.001 g (5.34
mmol) of BP, 0.855 g (6.18 mmol) of potassium car-
bonate, 9.0 mL of DMSO, and 9.0 mL of toluene
were charged. The mixture was allowed to reflux at
140�C for 2 h. Then, the resulting mixture was
cooled to room temperature for the next step.

The hydrophobic oligomer solution was added
carefully to the hydrophilic oligomer solution, and
another 5.5 mL of toluene was added. The reaction
mixture was increased to 140�C for 2 h to remove
the produced water by toluene as an azeotrope.
Then, the reaction mixture was slowly increased to
165�C, and the reaction proceeded for another 7 h.
After it was cooled to room temperature, the result-
ing viscous solution was poured into water. The

resulting fiberlike precipitate was collected by filtra-
tion, acidified with 2M hydrochloric acid at 50�C for
72 h, then washed with water until it was neutral,
and dried in vacuo at 80�C for 24 h. SPAES (4.810 g)
in proton form was obtained, with a yield of 98%.

Crosslinking treatment

The crosslinking treatment was carried out by a
dehydration reagent during a solution casting pro-
cess. As an example, the experimental details for the
crosslinking procedure are described as follows. A
given amount of dry SPAES fiber (in proton form)
and P2O5 were dissolved in DMSO at 30�C. The
weight ratio of P2O5 to SPAES was controlled in the
range 5–40%. The solution mixture was filtered, cast
onto a glass plate, and dried at 80�C for 10 h at
atmosphere. The glass plate was then moved to a
vacuum oven and dried at 80�C for 1 h, 120�C for
2 h, and 170�C for 10 h successively. The resulting
membrane was thoroughly rinsed with deionized
water until it was neutral and then dried in vacuo at
120�C for 2 h and 150�C for 2 h.

Characterization

Fourier transform infrared (FTIR) spectra were recorded
on a FTIR spectrometer (MB1545, Bomem, Canada) by

Scheme 1 Synthesis of the block SPAES. (S1 and S2 refer to the hydrophilic and hydrophobic oligomers, respectively.)
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the attenuated total reflection (ATR) technique. The
mechanical properties of the crosslinked membranes
were analyzed by tensile measurement, which was per-
formed with a universal testing instrument (AGS-X 349-
05489A, Shimadzu, Japan) at 20�C and around 50% RH
at a crosshead speed of 2 mm/min.

WU was measured according to a method
described elsewhere.34 The membranes were dried
at 120�C in vacuo for 2 h to get the dry weight (Wd)
and were then immersed in deionized water at given
temperatures (30, 80, and 100�C) for 5 h. The swollen
membrane was taken out, wiped with tissue paper
quickly and weighed on a microbalance to obtain
the wet weight (Ww). The WU of the membranes
was calculated from eq. (1):

WU %ð Þ ¼ ðWw �WdÞ=Wd � 100% (1)

SU in methanol solutions was measured similarly
to WU, where Ww

0 refers to the wet weight after
immersion in the methanol solution. SU was calcu-
lated from eq. (2):

SU %ð Þ ¼ Ww0 �Wdð Þ=Wd � 100% (2)

IECs of the membranes were determined by a titra-
tion method. The proton-exchanged samples were
first immersed in a 15 wt % NaCl solution for at least
72 h at 30�C, and then, the solutions were titrated
with a 0.02M NaOH solution with phenolphthalein
as the indicator. IEC was calculated from eq. (3):

IEC ¼ CNaOH � VNaOH=Wd (3)

where CNaOH and VNaOH are the concentration and
volume of the NaOH solution, respectively.

We measured Dtc and the dimensional change in
the plane direction (Dlc) by soaking two circular sam-
ple sheets in water or methanol solution at a given
temperature for 5 h and calculated them from eq. (4):

Dtc ¼ t� tsð Þ=ts
Dlc ¼ l� lsð Þ=ls (4)

where ts and ls are the thickness and diameter,
respectively, of the membrane equilibrated at 70%
RH and t and l refer to the thickness and diameter,
respectively, of the membrane immersed in water or
a methanol solution.

The proton conductivity in the plane direction (r)
was determined with an electrochemical impedance
spectroscopy technique over the frequency from 10
Hz to 100 KHz (Hioki 3532-50, Japan). A single cell
with two platinum plate electrodes was mounted on
a Teflon plate at a distance of 1.5 cm. The cells were
placed in a thermocontrolled humidic vessel or in
liquid water. r was calculated from eq. (5):

r ¼ d= xstsRð Þ (5)

where d is the distance between the two electrodes;
ts and xs are the thickness and width, respectively,
of the membrane; and R is the resistance value
measured. As for the measurements in liquid water,
the swollen membrane thickness in water was used
in the calculation of r.
Water stability testing was carried out in water at

130�C for 24 h. The membrane toughness level was
set as depicted elsewhere.35 In level III, the mem-
brane sheet breaks along a fold when it is folded to
zero degree. In level IV, the membrane sheet breaks
when it is folded back. In level V, the membrane
sheet does not break after it is folded back.
We conducted oxidative stability testing by soak-

ing a membrane sample (10 � 10 mm2) in 50 mL of
Fenton’s reagent (30% H2O2 containing 30 ppm
FeSO4) at 30�C. We determined the stability by
recording the time at which the film started to break
into pieces and the time at which it eventually dis-
solved completely.

RESULTS AND DISCUSSION

In this study, the molar ratio of SDFDPS to DFDPS
for both random (R-x membrane) and multiblock (B-
x membrane) SPAES was 1 : 1, and in the multiblock
polymer, the repeat units of the hydrophilic and
hydrophobic blocks were 10, where x refers to the
weight percentage ratio of P2O5 to SPAES.

Polymer synthesis, crosslinking, and
characterization

The multiblock copolymer was synthesized by a
two-pot method, as described in Scheme 1, which
was similar to that reported by Watanabe et al.36

In the first step, phenoxide-end-capped fully disul-
fonated hydrophilic oligomers and fluoride-end-
capped unsulfonated hydrophobic oligomers were
synthesized separately in the presence of potassium
carbonate. In the second step, the oligomer solutions
were mixed carefully and reacted at 165�C for 7 h to
react adequately and to gain a high molecular
weight. The instinct viscosity values of the resulting
multiblock copolymer was 1.40 dL/g for a 0.5 wt %
solution in DMSO at 35�C and 0.73 and 0.22 dL/g
for the hydrophilic and hydrophobic oligomers,
respectively. The high viscosity indicated a high
molecular weight in the multiblock polymers.
As reported by Fang et al.,29 a crosslinking reac-

tion could be performed simply via the condensation
between the sulfonic acid groups and the activated
phenyl hydrogen atoms in the presence of the dehy-
dration agent P2O5 and could result in very stable
sulfonyl linkages. For the SPAES copolymers in this
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study, the ortho-hydrogen to the ether linkage in the
BP moieties was available for the crosslinking reac-
tion. In addition, they displayed good solubility in
DMSO, meeting the condition proposed by Fang
et al. By adjusting the weight ratio of P2O5 to dry
polymer, we could easily control the crosslinking
degree. For example, both the multiblock and ran-
dom SPAES membranes exhibited similar IEC values
by titration with the same crosslinking ratio (B-20
and R-20, as shown in Table I). During the solution
casting process, a crosslinking reaction occurred
between the sulfonic acid groups of the SDFDPS
moieties and the activated hydrogen atoms of the BP
moieties (Scheme 2). Figure 1 shows the possible
configuration of the crosslinked membranes. We
observed that all of the membranes became insoluble
in organic solvents, including DMSO, after the cross-
linking treatment, even at elevated temperatures,
except those with a crosslinking ratio lower than
10%, as listed in Table I.

Figure 2 shows the FTIR-ATR spectra of the mem-
branes before and after the crosslinking treatment.
The intensity ratio calculated from the peak height
ratio of the O¼¼S¼¼O stretching vibrations of sulfonic
acid groups at 1195 cm�1 (where no absorption band
of sulfone group existed) to the peak at 1582 cm�1

assigned to aromatic C¼¼C stretching vibrations

decreased with increasing crosslinking ratio; that is, it
was about 17% for the membrane of B-40 and 6% for
B-10, which indicated that the crosslinking reaction
was performed at the site of the sulfonic acid group.

Mechanical properties

Good physical strength and ductility are required in
PEM fabrications for them to survive the stress of
electrode attachment. Figure 3 shows the tensile
stress–strain curves of the postcrosslinked mem-
branes. The mechanical properties characterized
were Young’s modulus (M), maximum stress (S),
and elongation at break (Eb). The data are listed in
Table II. All of the crosslinked membranes displayed
higher M, stress values, and lower elongation than
the corresponding uncrosslinked one, with values of
1.65 GPa, 37.6 MPa, and 97.7%, respectively. This
indicated that the crosslinked membranes obtained a
much more compact structure because of the cross-
linking method.

IEC, WU, and solvent uptake

Table III lists the IEC values by titration, WUs at 30–
100�C, and corresponding hydration numbers (ks;
the number of water molecules absorbed per sul-
fonic acid group) of the SPAES membranes. As
shown in Table III, the titrated IEC values decreased
from 2.04 to 1.43 as the crosslinking ratio increased
from 0 to 40% due to the consumption of sulfonic
acid groups.
In general, the crosslinked membranes displayed

fairly lower WUs compared with the uncrosslinked
ones because of their compact structure, as supposed
previously. The WUs decreased with increasing
crosslinking ratio, in accordance with their IECs. For
example, at 30�C, the uncrosslinked membrane, B-0,
showed a WU of 91%, whereas 70, 60, 52, and 35%
WUs were observed for the B-5, B-10, B-20, and B-40
membranes, respectively. However, they still pos-
sessed better water-keeping capacities than their ran-
dom references, such as the pair of B-20 and R-20,
for the nature of block structure.
The influence of crosslinking on the methanol

affinity was studied by evaluation of the membrane

TABLE I
Solubility of the Membranes Before and After the

Crosslinking Treatment

Codea

Solubilityb

DMSO
Dimethyl
acetamide

N-methyl
pyrrolidone MeOH EtOH

B-0 þ þ þ þ� �
B-5 þ þ þ� þ� �
B-10 � � � � �
B-20 � � � � �
B-40 � � � � �
R-0 þ þ þ þ� �
R-20 � � � � �
a B refers multiblock SPAES of BP–SDFDPS/DFDPS(10/10),

and R refers random SPAES of BP–SDFDPS/DFDPS.
b þ, soluble; �, insoluble on heating; þ�, soluble on

heating.

Scheme 2 Crosslinking reaction of SPAES in the presence of P2O5.
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SU and swelling degree upon immersion in methanol
solutions.37 Generally, SU mainly depended on IEC,
which was reported by the expanded framework of
membranes opened by the absorbed water molecules,
into which the methanol molecules could easily dif-
fuse because of the hydrophilic properties of the sul-
fonate groups.38 In this study, 30, 50, and 70% metha-
nol solutions were chosen as the solutions. As shown
in Figure 4, B-5 showed high SUs of 119, 195, and
250, which decreased to 75, 100, and 115 for B-20 in
30, 50, and 70% methanol solutions at 30�C, respec-
tively. The SU values were much lower than those
for the uncrosslinked one of 154, 287, and 438. They
also exhibited rather lower SUs than Nafion 112; for
example, B-40 exhibited an SU of 97 with 70% metha-
nol solution at 60�C, which was almost half of that of
Nafion 112; this suggested a lower methanol perme-
ability in the crosslinked membranes.

Dimensional changes

Figure 5 shows the dimensional changes of the
membranes in water. After the crosslinking treat-
ment, all of the membranes displayed rather smaller

Dtc and Dlc. For example, B-40 exhibited Dtc and Dlc
values of 0.09 and 0.07, respectively, at 30�C and val-
ues of 0.12 in both the plane and thickness direction
at 100�C; the values were 0.34 (Dtc) and 0.21 (Dlc)
and 0.74 (Dtc) and 0.50 (Dlc) for the uncrosslinked B-
0 at 30 and 100�C, respectively. The difference
tended to be larger with increasing crosslinking ra-
tio. For example, the dimensional changes of B-0 in
both directions were four to five times that of B-40,
about two times larger than those of B-20 at 30–
100�C. At similar crosslinking ratios, such as B-20
and R-20, the multiblock membranes displayed
slightly larger dimensional changes than the random
ones; this might have been due to the more ordered
hydrophilic clusters of the former from its block
structure. The crosslinked membranes, especially at
high crosslinking ratios, showed a larger Dtc than
Dlc; this resulted in the conversion of distinct aniso-
tropic dimensional changes of B-0 to the isotropic
dimensional changes of the crosslinked membranes.
The formation of rather stable sulfonyl linkages by
crosslinking between the hydrophilic and hydropho-
bic segments of the polymer backbones enhanced
the intermolecular interaction profoundly and, con-
sequently, led to quite suppressed membrane swel-
ling. It might be plausible that the sulfonyl groups
produced during the crosslinking treatment acted as

Figure 1 Schematic diagram of the formation of cross-
linked SPAES.

Figure 2 FTIR spectra of multiblock SPAES before and
after the crosslinking treatment.

Figure 3 Tensile stress–strain curves of the crosslinked
membranes.

TABLE II
Mechanical Properties of the Membranes

Code

Stress–strain

M (GPa) Eb (%) S (MPa)

B-0 1.65 97.7 37.6
B-10 1.70 88.3 40.3
B-20 1.81 73.2 47.2
R-20 1.89 63.0 56.2
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bridges between the polymer chains and enhanced
their interactions and made the intermolecular struc-
ture more compact; this led to the reduction of Dtc.
The isotropic membrane swelling behavior might have
been evidence of the formation of a reticular structure
inside the crosslinked multiblock membranes.

Table IV shows the dimensional changes of the
crosslinked membranes in methanol solutions. As
noted, the uncrosslinked B-0 exhibited rather poor
dimensional stability. In 70% methanol solution, its
Dtc and Dlc values were 0.88 and 1.02, respectively,
at 30�C, and it was dramatically swollen and even
lost mechanical properties when the temperature
was increased to 60�C. On the other hand, the cross-
linked membranes showed a highly enhanced
dimensional stability in all of the methanol solutions.
For example, B-20 showed Dlc and Dtc values of 0.28
and 0.33, respectively, in the 70% methanol solution
at 30�C. B-40 displayed a Dtc value of 0.15 and a Dlc
value of 0.10 in the 70% methanol solution at 30�C;
these values just slightly increased to 0.20 and 0.11,
respectively, at 60�C. This would be quite favorable

for DMFC performance because of the lower metha-
nol permeation, as suggested by the reduced SU and
swelling degree in methanol solutions.37

Water and oxidative stability

The water stability of the SPAES membranes was
evaluated by accelerated aging tests at 130�C in
water; this was followed by the investigation of the
membrane toughness and weight loss. As shown in
Table V, all of the crosslinked membranes displayed
a toughness level of V after aging for 24 h and were
tough enough to be bent or folded back without
fracture. B-0 almost lost its mechanical properties
and showed a weight loss over 8%, but B-20 and B-
40 showed weight losses of only 2.7 and 0.5%,
respectively. From the aspects of chemical structure,
for the uncrosslinked multiblock membrane, its lin-
ear structure and enhanced hydrophilicity of the
hydrophilic segment might have made it more sus-
ceptible to hydrolytic degradation than the cross-
linked ones. This was reflected by the results of
membrane toughness and weight loss.

TABLE III
Physical Properties of the Membranes

Code IECa

WU (%) k Proton conductivity (mS/cm)

30�C 80�C 100�C 30�C 80�C 100�C 50% RHb 70% RHb In waterb 50% RHc

B-0 2.04 91 157 293 25 43 80 18.6 57.8 322 211
B-5 1.95 70 98 196 20 28 56 16.9 51.1 287 187
B-10 1.86 60 86 170 18 26 51 14.4 46.4 251 162
B-20 1.80 52 67 137 16 21 42 13.1 41.3 220 142
B-40 1.43 35 43 55 14 17 21 8.3 23.4 97 90
R-0 1.95 86 116 212 25 33 60 13.8 39.0 179 146
R-20 1.77 46 61 108 14 19 34 10.6 26.2 99 96

a By titration.
b At 60�C.
c At 120�C.

Figure 4 SU of membranes at different mass fractions of
MeOH solution and temperatures (the closed and open
symbols refer to membranes at 30 and 60�C, respectively).

Figure 5 Dimensional changes of the membranes in
water as a function of the temperature.
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Figure 6 shows the weight residue of the mem-
branes as a function of the soaking time in Fenton’s
reagent at 30�C. The uncrosslinked membrane B-0
almost started to lose weight at the beginning, and
the membrane R-0 displayed a similar curve as B-0.
Both of them were totally dissolved after 10 h. For
the crosslinked membrane B-20, it had a weight resi-
due of about 94%, and the mechanical strength was
still maintained (not broken) after 11 h; this indi-
cated a much enhanced oxidative stability.

It is well-known that the strong electron-with-
drawing nature of sulfone (O¼¼S¼¼O) and pendent
sulfonic acid groups will decrease the electron den-
sities of nearby aromatic rings; thus, they could bet-
ter tolerate electrophilic attack by hydroxyl radicals.
Moreover, it could also be explained from the ab ini-
tio calculation proposed by Schuster et al.;39 that is,
electron-donating groups (AOA) in the ortho and
para positions to the sulfonic acid group may have
led to less hydrolytic stability. In this study, some
sulfonic acid groups were converted to sulfone
groups via crosslinking treatment, which lowered

the electron density of the polymer matrix and,
hence, increased the oxidative stability.

Proton conductivity

Figure 7 shows r as a function of RH at 60�C with
those of Nafion 112 for comparison. Table II also
lists the conductivity of the membranes at 50 and
70% RH in water at 60�C and at 50% RH at 120�C.
All of the membranes exhibited comparable or even
higher proton conductivities than Nafion 112 in
water at 60�C; however, they showed a larger RH
dependence than Nafion 112. With increasing cross-
linking ratio, the proton conductivity decreased
accordingly; this agreed with the general rule stat-
ing that the ionic conductivity of ion-exchange
membranes is strongly related to their WU and
IEC. For example, B-10, B-20, and B-40 showed r
values of 14.4, 13.1, and 8.3 mS/cm at 50% RH,

TABLE V
Water Stability of the SPAES Membranes

Code

Water stabilitya

Toughness Weight loss (%)

B-0 III 8.4
B-5 V 7.8
B-10 V 5.5
B-20 V 2.7
B-40 V 0.5
R-0 V 8.0
R-20 V 2.3

a In water at 130�C for 24 h.

TABLE IV
Dimensional Changes of Membranes in Aqueous MeOH at Controlled Temperatures

Code

Dimensional change

30�C 60�C

0% 30% 50% 70% 30% 50% 70%

Dlc Dtc DVc Dlc Dtc DV Dlc Dtc DV Dlc Dtc DV Dlc Dtc DV Dlc Dtc DV Dlc Dtc DV

B-0 0.21 0.34 0.96 0.33 0.32 1.33 0.54 0.49 2.53 0.88 1.02 6.14 0.49 0.43 2.17 1.16 0.90 7.86 Sa S –
B-5 0.19 0.16 0.64 0.28 0.32 1.16 0.41 0.44 1.86 0.60 0.65 3.22 0.39 0.44 1.78 0.58 0.68 3.19 0.81 0.88 5.16
B-10 0.17 0.15 0.57 0.22 0.26 0.88 0.29 0.28 1.13 0.37 0.38 1.59 0.26 0.28 1.03 0.35 0.39 1.53 0.45 0.46 2.07
B-20 0.16 0.13 0.52 0.20 0.16 0.67 0.25 0.28 1.00 0.28 0.33 1.18 0.23 0.25 0.89 0.28 0.31 1.15 0.31 0.36 1.33
B-40 0.09 0.07 0.27 0.04 0.09 0.18 0.08 0.11 0.29 0.10 0.15 0.39 0.08 0.12 0.31 0.09 0.14 0.35 0.11 0.20 0.48
R-0 0.13 0.23 0.57 0.30 0.29 1.18 –b – – – – – 0.43 0.37 1.80 – – – – – –
R-20 0.11 0.13 0.39 0.13 0.21 0.55 0.20 0.25 0.80 0.25 0.31 1.05 0.17 0.22 0.67 0.23 0.30 0.97 0.28 0.35 1.21

a Swollen.
b Not measured.
c Swelling rate in volume.

Figure 6 Oxidative aging of the membranes.
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respectively, and B-0 showed a r value of 18.6 mS/
cm. With a similar crosslinking ratio, the B-20 mem-
brane exhibited r values almost 1.5 to 2 times as
large as that of R-20 in the whole range. A possible
explanation could be that although the crosslinking
treatment might have disordered the cocontinuous
hydrophilic domains in the multiblock membranes,
most of them could still remain well enough
to supply better proton transferring channels
than those in the random ones. For the proton con-
ductivity at 50% RH and 120�C, all of the mem-
branes showed comparable or much higher values
than the requirement (>0.1 S/cm) by the U.S.
Department of Energy.40

Figure 8 shows the temperature dependence of the
proton conductivity of the SPAES membranes and
Nafion 112 in water. All of the r values of the mem-
branes were higher than that of Nafion 112 except

for that of B-40. The activation energy of the SPAES
membranes was in the range 13–20 kJ/mol; this was
a little larger than that of Nafion 112 (12 kJ/mol)
and indicated their slightly weaker proton conduc-
tive capacity compared to Nafion 112.

CONCLUSIONS

A series of crosslinkedmultiblock SPAESs (block length
¼ 10) was successfully prepared through dehydration
reaction by the addition of P2O5, which converted
sulfonic acid groups into stable sulfonyl linkages.
Transparent and ductile membranes were obtained by
solution casting. Their IEC, WU, and SU values
decreased with increasing crosslinking ratio. The cross-
linked multiblock membranes exhibited highly
improved dimensional stability in water and methanol
solutions, much enhanced stability toward water, and
oxidative stability. They displayed a reasonably high
proton conductivity; this indicated better comprehen-
sive performance by the crosslinkingmethod.
The authors thank Hongyu Zhang for FTIR testing

and analysis.
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