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A series of crosslinkable sulfonated poly(arylene ether ketone)s (SPAEKs) were synthesized by copoly-
merization of 4,4′-biphenol with 2,6-difluorobenzil and 5,5′-carbonyl-bis(2-fluorobenzene-sulfonate).
A facile crosslinking method was successfully developed, based on the cyclocondensation reaction of
benzil moieties in polymer chain with 3,3′-diaminobenzidine to form quinoxaline groups acting as cova-
lent and acid–base ionic crosslinking. The uncrosslinked and crosslinked SPAEK membranes showed
high mechanical properties and the isotropic membrane swelling, while the later became insoluble
rosslinked sulfonated poly(arylene ether
etone)
roton exchange membrane
rosslinking
ethanol permeability

roton conductivity

in tested polar aprotic solvents. The crosslinking significantly improved the membrane performance,
i.e., the crosslinked membranes had the lower membrane dimensional change, lower methanol perme-
ability and higher oxidative stability than the corresponding precursor membranes, with keeping the
reasonably high proton conductivity. The crosslinked membrane (C-B4) with an ion exchange capacity of
2.02 mequiv. g−1 showed a reasonably high proton conductivity of 111 mS cm−1 with a low water uptake
of 42 wt% at 80 ◦C. C-B4 exhibited a low methanol permeability of 0.55 × 10−6 cm2 s−1 for 32 wt% methanol
solution at 25 ◦C. The crosslinked SPAEK membranes have potential for PEFC and DMFC applications.
. Introduction

In the past decades, as one of the most promising clean energy
ources for transportation, stationary and portable power applica-
ions, polymer electrolyte membrane (PEM) fuel cells (PEFCs) and
irect methanol fuel cells (DMFCs) have attracted considerable
ttentions due to their high efficiency and low pollution to environ-
ent. PEM is one of the key components in PEFC and DMFC systems,

nd serves as a proton conductor and a fuel separator between
node and cathode. Perfluorosulfonate polymer membranes such
s DuPont’s Nafion membranes are the state-of-art PEMs com-
ercially available with features of high proton conductivity and

xcellent chemical stability [1,2]. However, large fuel crossover,
ower operating temperature below 80 ◦C and high cost critically
imit their widespread application [3]. Therefore, sulfonated aro-
atic polymers have been extensively studied as alternative PEMs
4–25].

Among alternative PEM materials, sulfonated poly(arylene
ther)s (SPAEs) such as sulfonated poly(arylene ether sulfone)s
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∗∗ Corresponding author. Tel.: +81 836 85 9660; fax: +81 836 85 9601.
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(SPAESs) [13–19] and sulfonated poly(arylene ether ketone)s
(SPAEKs) [20–22] are one of the promising candidates for fuel cell
applications due to their good thermal and chemical stability. Pro-
ton conductivity and membrane stability are the most important
properties determining the fuel cell applications. Generally, the
proton conductivity significantly depends on the sulfonation level
(or ion exchange capacity, IEC) and the water content sorbed in
membrane. High proton conductivity can be achieved by control-
ling a relatively high sulfonation level (e.g. IEC > 2.0 mequiv. g−1).
Unfortunately, for SPAEs, such a high IEC makes them excessively
swell and even soluble in water. Crosslinking is a common and pow-
erful method to suppress membrane swelling and to improve the
membrane durability. Kerres et al. reported ionically crosslinked
acid/base blend membranes of SPAEK and polybenzimidazole
(PBI) [26], and covalently crosslinked membranes via esterifica-
tion reaction [27]. Kaliaguine and co-workers [28] and He and
co-workers [29] developed a covalent crosslinking method based
on a thermally activated reaction between poly(vinyl alcohol) and
sulfonic acid groups in SPAEKs or sulfonated poly(phthalazinone
ether sulfone ketone)s. Fang and co-workers [23(a),30] devel-

oped a facile crosslinking method with forming a stable sulfonyl
group between sulfonic acid and electron-rich aromatic hydrogen.
Another covalent crosslinking method via thermally or photochem-
ically activated radical crosslinking reaction for SPAE membranes
has been studied [31–33]. The covalent crosslinking methods are

dx.doi.org/10.1016/j.jpowsour.2010.10.039
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenxinbing@snnu.edu.cn
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Scheme 1. Structure of crosslinkable su

onsidered to be the most effective due to the formation of strong
nd stable crosslinking bonds.

In this paper, we have designed crosslinkable SPAEK copoly-
ers bearing benzil moieties (Scheme 1), and developed a facile

rosslinking method based on the cyclocondensation reaction of
enzil moieties in polymer chains with 3,3′-diaminobenzidine to
orm quinoxaline groups, which act as covalent and acid–base ionic
rosslinking. The properties including membrane swelling, proton
onductivity, oxidative stability and methanol permeability for the
rosslinked membranes have been investigated, compared with the
orresponding precursor membranes.

. Experimental

.1. Materials

4,4′-Biphenol (BP) and 3,3′-diaminobenzidine (DAB) were pur-
hased from Aladdin-reagent Co. and BP was purified by vacuum
ublimation prior to use. 2,6-Difluorobenzonitrile and 4,4′-
ifluorobenzophenone were purchased from Aldrich and used as
eceived. Dimethyl sulfoxide (DMSO), N,N-dimethylacetamide
DMAc), N,N-dimethylformamide (DMF) and 1-methyl-2-
yrrolidone (NMP) were purchased from Sinopharm Chemical
eagent Co. and dehydrated with molecular sieve 4A. Magnesium,
bsolute diethyl ether, benzyl chloride, copper (II) bromide, fuming
ulfuric acid (20% SO3), calcium hydride and other materials were
urchased from Sinopharm Chemical Reagent Co. and used as
eceived. NMP was dehydrated by calcium hydride, distilled under
educed pressure and then dried with molecular sieve 4A prior
o use. 5,5′-Carbonyl-bis(2-fluorobenzene sulfonate) (CBFBS) was
repared by sulfonation of 4,4′-difluorobenzophenone at 120 ◦C
sing fuming sulfuric acid.

.2. Synthesis

2,6-Difluorobenzil (DFB), nonsulfonated difluoride monomer,
as prepared through two-step reactions, namely the nucleophilic

ddition of Grignard reagent to 2,6-difluorobenzonitrile followed

y the oxidation, as shown in Scheme 2.

.2.1. Synthesis of 1-(2,6-difluorophenyl)-2-phenyl-ethanone
The Grignard reagent of benzylmagnesium chloride was pre-

ared by refluxing 0.14 mol of magnesium in 100 mL of absolute

CH2Cl

Mg / Et2O

CH2MgCl

F F
CN

H3O+

O

F

F

CuBr2

O

F

F

O

Scheme 2. Synthesis of 2,6-difluorobenzil (DFB).
ed poly(arylene ether ketone) (SPAEK).

diethyl ether and 0.14 mol of benzyl chloride under N2 atmosphere.
To the solution of benzylmagnesium chloride in absolute diethyl
ether, 0.14 mol of 2,6-difluorobenzonitrile in 100 mL of absolute
diethyl ether was added slowly with stirring and refluxing under
N2 atmosphere. The reaction mixture was stirred under reflux
for 6 h. The progress of the reaction was monitored by TLC. Then
the reaction was quenched with 80 mL of 0.1 M hydrochloric acid,
keeping the temperature below 25 ◦C. The ether layer was sepa-
rated, and hydrolyzed in 200 mL of 1 M hydrochloric acid under
reflux for 6 h. After hydrolysis, the ether layer was separated,
washed with water to neutral, and dried over anhydrous sodium
sulfate and concentrated under reduced pressure to yield oil. The
oily product was distilled under reduced pressure, and the frac-
tion of 1-(2,6-difluorophenyl)-2-phenyl-ethanone was collected at
100–105 ◦C/20 Pa with yield of 71%.

1H NMR (300 MHz, CDCl3, see Fig. 1(a)) ı(ppm): 4.16 (s, 2H, H6);
6.89 (t, J = 8.1 Hz, 2H, H2); 7.27 (m, 6H, H1 + H3 + H4 + H5). FT-IR
(KBr, cm−1): 3066, 3032, 2947, 2862 (CH2), 1709, 1624 (C O), 1596,
1466, 793, 702. MS m/z (rel. int.): 232 (M+, <0.5%), 182 (25%), 104
(4%), 92 (11%), 91 (100%), 77 (4%), 65 (19%), 51 (4%).

2.2.2. Synthesis of DFB
To a 500 mL, three-neck, round-bottom flask equipped with an

overhead stirrer and condenser, 16 g of 1-(2,6-difluorophenyl)-2-
phenyl-ethanone (68.9 mmol), 32 g of CuBr2 (143.3 mmol), 80 mL
of DMSO, and 80 mL of ethyl acetate were added. The mixture was
stirred under reflux overnight. After the mixture was cooled to
room temperature, it was transferred to a separatory funnel with
150 mL of CH2Cl2. The organic layer was washed several times with
water. The organic phase was filtered through Celite to remove
insoluble copper salts. The filtrate was evaporated under reduced
pressure to yield a yellow-green solid. The solid residue was recrys-
tallized from ethanol. Yield 11.9 g (70%) of crystal (melting point:
104–105 ◦C). 1H NMR (300 MHz, CDCl3, see Fig. 1(b)) ı(ppm): 7.01
(t, J = 8.4 Hz, 2H, H2); 7.55 (m, 3H, H4 + H5); 7.69 (m, 1H, H1); 8.04
(d, J = 7.2 Hz, 2H, H3). FT-IR (KBr, cm−1): 3103, 3070, 1693, 1626
(C O), 1596, 1471, 694, 721. MS m/z (rel. int.): 246 (M+, 1%), 141
(13%), 105 (100%), 77 (55%), 51 (17%).

2.2.3. Polymerization
SPAEK copolymer BP-CBFBS/DFB (x/y), where the data in paren-

thesis refer to the molar ratio of sulfonated difluoride monomer
(CBFBS) to nonsulfonated one (DFB), was prepared by a one-pot
high temperature polymerization method, as shown in Scheme 3.
As an example, the preparation procedure of BP-CBFBS/DFB (1/1),
B4 in Table 1, is described below, To a 100 mL dry three-neck
flask equipped with a Dean-Stark trap and a condenser, 2.111 g
(5.0 mmol) of CBFBS, 1.230 g (5.0 mmol) of DFB, 1.862 g (10.0 mmol)
of BP, 1.588 g (11.5 mmol) of anhydrous potassium carbonate,
26 mL of NMP and 15 mL of toluene were added under nitrogen flow

with stirring. The reaction 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 temper-
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ture for 10 h. The resulting highly viscous solution was slowly
oured into water. The resulting fiber-like precipitate was thor-
ughly washed in water with stirring at 80 ◦C overnight, and then
ashed with methanol, and dried at 120 ◦C in vacuum.

.3. Membrane formation and proton exchange
.3.1. Uncrosslinked SPAEK membrane
A 7 wt% SPAEK solution in DMSO was prepared and filtrated. The

ltrate was cast onto glass plates at 80 ◦C, and dried at 100 ◦C for
2 h. The as-cast membranes were soaked in water at 40 ◦C for 48 h,

able 1
asic properties of SPAEK membranesa

Code SPAEK membrane �int
b (dL g−1) IECc (mequiv. g−1)

B1 BP-CBFBS/DFB (4/1) 1.8 3.00(2.74)
C-B1 BP-CBFBS/DFB/DAB (4/1/0.5) – 2.92(2.41)
B2 BP-CBFBS/DFB (2/1) 1.6 2.61(2.35)
C-B2 BP-CBFBS/DFB/DAB (2/1/0.3) – 2.54(2.05)
B3 BP-CBFBS/DFB (3/2) 1.5 2.41(2.17)
C-B3 BP-CBFBS/DFB/DAB (3/2/0.5) – 2.34(1.92)
B4 BP-CBFBS/DFB (1/1) 1.5 2.08(1.89)
C-B4 BP-CBFBS/DFB/DAB (1/1/0.2) – 2.02(1.65)

a The experimental errors for IEC, WU and size change were ±1%, ±2% and ±3%, respec
b In DMSO solution at 35 ◦C.
c Calculated value; the data in parentheses are obtained by a titration method.
d At 80 ◦C.
osslinkable SPAEK.

and proton-exchanged with 1 M 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 �m in thickness.
2.3.2. Crosslinked SPAEK membrane
Crosslinked SPAEK membrane, BP-CBFBS/DFB/DAB (x/y/z),

where the data in parenthesis (x/y/z) refer to the molar ratio of
CBFBS:DFB:DAB, was prepared using the cyclocondensation reac-
tion of benzil groups in DFB moieties and 3,3′-diaminobenzidine

WU (%) � Size changed �t/l
d

25 ◦C 80 ◦C 25 ◦C 80 ◦C �tc �lc

175 260 32 48 0.60 0.63 0.95
114 185 22 35 0.41 0.43 0.96

90 158 19 34 0.46 0.44 1.03
60 92 13 20 0.29 0.30 0.95
75 131 17 30 0.35 0.34 1.05
52 77 12 18 0.21 0.22 0.96
42 63 11 17 0.21 0.21 1.00
31 42 9 12 0.11 0.11 0.98

tively.



X. Chen et al. / Journal of Power Sources 196 (2011) 1694–1703 1697

OO
O

SO3Na

OO
x y

O
O

k

H2N

H2N

NH2

NH2

N

N

N

N

OO

O

N

N

N

N

NaO3S

cross

(
c
m
m
d

fi
m
(
t
a
i
m

2

e
i
I
r
a
M
m
a
r
o
w
t
3

o
a
p
a
u
f
m

i
T

Scheme 4. Preparation of

DAB) to form quinoxaline, as shown in Scheme 4. Here, the molar
ontent of DAB was set as 10 mol% based on BP for all the crosslinked
embranes, that is, z = 0.1(x + y). As an example, the crosslinked
embrane of BP-CBFBS/DFB/DAB (1/1/0.2), C-B4 in Table 1, is

escribed below.
A 7 wt% BP-CBFBS/DFB (1/1) solution in DMSO was prepared and

ltrated. A given amount of DAB was added into the filtrate and the
ixture was stirred at 140 ◦C for 4 h and then 160 ◦C for 3–3.5 h

the gelation took place if the reaction was continued for a longer
ime). The mixture was cooled and cast onto glass plates at 80 ◦C,
nd dried at 100 ◦C for 4 h, 120 ◦C for 2 h and then cured at 180 ◦C
n vacuum for 5 h to promote the crosslinking reaction. The as-cast

embranes were post-treated as mentioned above.

.4. Characterization and measurements

FT-IR spectra were recorded on a Bruker Equinox 55 spectrom-
ter. 1H NMR spectra were recorded on a Bruker AV 300 (300 MHz)
nstrument. The mass spectra were obtained by GC/MS Thermo DSQ
I with m/z 50–650. Thermogravimetric analysis (TGA) was car-
ied out with a TA 600SDT in helium (flow rate: 100 cm3 min−1)
t a heating rate of 10 ◦C min−1, standing at 150 ◦C for 0.5 h.
echanical tensile tests were performed on a universal testing
achine (Orientic, Tensilon TRC-1150A) at 25 ◦C and about 70%RH

t a crosshead speed of 5 mm min−1. Solubility tests were car-
ied out in DMAc, DMF, NMP, and DMSO with a concentration
f 5% (w/v) at room temperature. The intrinsic viscosity (�int)
as measured with an Ubbelohde viscometer using DMSO solu-

ions of SPAEK (concentrations of 0.55, 0.35 and 0.25 g dL−1) at
5 ◦C.

Ion exchange capacity (IEC) was calculated from the molar ratio
f sulfonated difluoride monomer to nonsulfonated one in feed,
nd also evaluated by a titration method. A sample membrane in
roton form was soaked in a 15 wt% NaCl solution at 40 ◦C for 72 h
nd the released proton was titrated with a 0.05 M NaOH solution,
sing phenolphthalein as an indicator. The titration was carried out

or the solutions containing the sample membranes within a few

inutes.
Water uptake (WU) of membrane was obtained by calculat-

ng the weight difference between the dry and wet membranes.
he completely dried membrane samples were weighed and then
O

linked SPAEK membrane.

soaked into deionized water until the weight remained constant.
Then the samples were taken out, wiped with tissue paper, and
quickly weighted on a microbalance. The WU was calculated, using
the following equation:

WU = Ws − Wd

Wd
× 100% (1)

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

Dimensional change of membrane was measured by soaking
more than two sample sheets in water at different temperatures.
The through-plane and in-plane dimensional changes (�tc and �lc)
and the membrane swelling ratio (�t/l) were calculated from Eq.
(2):

�tc = t − td

td
× 100%

�lc = l − ld
ld

× 100%

�t/1 = �tc

�lc

(2)

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 technique over the fre-
quency 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. (3):

� = d

tswsR
(3)

where d is the distance (or membrane length) between the two
electrodes, ts and ws are the thickness and width of the membrane
in deionized water, respectively. 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 + 2 ppm FeSO4) at 80 ◦C. The membranes (50–60 �m
in thickness) were immersed in Erlenmeyer flasks containing Fen-



1698 X. Chen et al. / Journal of Power Sources 196 (2011) 1694–1703

ppm (t1) 6.757.007.257.507.758.008.25

7.50

B3

B1

2

10

7

1

4, 5

8

6, 9

3

OO

O

HO3S

SO3H

OO
x y

O

O

k

7 610 9

8

1
2

3

4
5

(B1 an

t
u

a
w
i
t
c
m
w
c
c
S
m

P

w
p
p
s

3

3

(
t
w
p
f
I

ortho position to the electron-withdrawing –SO3H group. Compar-
ing the 1H NMR spectra of the copolymers with that of DFB shown
in Fig. 1(b), four new peaks at 6.83, 7.32, 7.55, and 7.90 ppm, were
assigned to the aromatic hydrogen atoms H2, H1, H4 + H5, and H3
at benzil groups, respectively.

11321470, 14541646B4

C-B4
ppm (t1) 7.758.008.25

Fig. 2. 1H NMR spectra of SPAEKs

on’s reagent. The flasks were shaken vigorously once every 10 min
ntil the membranes begin to break.

Methanol permeability (PM) measurement was carried out using
liquid permeation cell composed of two compartments, which
ere separated by a vertical membrane. The membrane was first

mmersed in water for 2 h to get the water-swollen sample and
hen set into the measurement cell (effective area: 16 cm2). One
ompartment of the cell (Va = 400 mL) was filled with 32 wt%
ethanol feed solution, and the other compartment (Vb = 90 mL)
as filled with deionized water. The compartments were stirred

ontinuously during the permeability measurement. The methanol
oncentrations of the two compartments were analyzed with a
himadzu GC2014C gas chromatography apparatus. Methanol per-
eability, PM, was calculated from Eq. (4):

M = CbVbL

ACat
(4)

here Ca and Cb refer to the methanol concentration in feed and
ermeate at time t, respectively. Vb is the solution volume of the
ermeate. L and A refer to the thickness and effective area of the
wollen membrane, respectively.

. Results and discussion

.1. Characterization of crosslinkable SPAEKs

Table 1 lists a series of SPAEK copolymers prepared in this study
B1–B4) and their fundamental properties. The molar ratio of CBFBS

o DFB was set in the range of 1/1–4/1 to achieve the copolymers
ith high IEC (>2.0 mequiv. g−1). All the copolymers were pre-
ared with high yields and had high intrinsic viscosities ranged
rom 1.5 to 1.8 dL g−1, indicating the high molecular weights. The
EC values determined by the titration method were about 10%
6.757.007.25

d B3) in proton form in DMSO-d6 .

smaller than those of the calculated ones, as often reported in lit-
erature.

The chemical structure was identified by 1H NMR and IR spec-
tra. Fig. 2 shows the 1H NMR spectra of B1 and B3. The signal at
8.25 ppm was assigned to the aromatic hydrogen atom H8 at the
700110015001900

Wavenumber (cm
-1

)

Fig. 3. IR spectra of SPAEK membranes.
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Table 2
Solubility properties of SPAEK membranesa.

Code DMSO NMP DMAc DMF

B1 ++(++) +(+−) +(+−) ++(++)
C-B1 +−(+−) −(+−) −(+−) +−(+−)
B2 +(++) +(++) ++(++) +(++)
C-B2 +−(+−) −(+−) −(+−) +−(+−)
B3 ++(++) −(+) +(+) +(+)
C-B3 −(+−) −(+−) −(+−) −(−)
B4 ++(++) +(++) ++(++) ++(++)
C-B4 −(+−) −(−) −(−) +−(+)
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modulus (M), maximum stress (S) and elongation at break (E).
The data are also listed in Fig. 5. All the SPAEK membranes had
much higher Young’s modulus, yield point and maximum stress
than Nafion 112 (M of 0.24 GPa, S of 40 MPa and E of 380%),
and reasonably large elongation at break point, indicating their

10

20

30

40

50

S
tr

es
s 

(M
P

a
)

B2              0.88              41             157

C-B2           1.1               38             124

B4               1.2               41              90

C-B4           1.5               43              45

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

C-B4

B4
C-B2

B2
a ++, soluble at room temperature; +, soluble at elevated temperature; +−, par-
ially soluble; −, insoluble. The data in parentheses refer to sodium salt form and
thers refer to proton form.

Integration of 1H NMR signals was used to calculate the sulfona-
ion content (SC) which represents the actual mole percentage of
ulfonated unit per average repeat unit in the obtained copolymers.
he ratio of the integration value of proton H3–H8 was used for the
alculation. The SC determined by the 1H NMR method was in good
greement with the one calculated from the molar feed ratio within
he difference of ±1 mol%, which implied that the polymerization
as performed completely.

Fig. 3 shows the IR spectrum of B4. The absorption bands
t 1646 cm−1 and 1739 cm−1 were assigned to symmetric and
symmetric stretching vibrations of C O. The symmetric and asym-
etric vibration of O S O bond of sulfonic acid group appeared at

010, 1070 and 1150 cm−1. The 1230 cm−1 peak was attributed to
he vibrations of C–O–C group in aryl ether backbone.

.2. Crosslinking of SPAEK

Table 1 also lists crosslinked SPAEK membranes (C-B1–C-B4)
nd their fundamental properties. The formation of crosslinking
as confirmed by IR measurement and also judged by the insol-
bility of the crosslinked membranes in common aprotic solvents

n which the corresponding uncrosslinked membranes were well
oluble. Fig. 3 shows the IR spectra of the uncrosslinked and
rosslinked membranes (B4 and C-B4, respectively) in proton form.
lthough the two spectra were similar, the following differences
ere observed for C-B4. The peak appeared at 1182 cm−1 was

ssigned to the characteristic stretching vibration of C–N. Although
verlapping with that of phenyl ring (1470 cm−1), the character-
stic absorption bands of quinoxaline ring resulted in a strong
houlder peak at 1454 cm−1. In addition, the slightly wider peak at
646 cm−1 for C-B4 than for B4 was attributed to the vibration of

N of quinoxaline ring. These indicated the formation of quinox-
line ring. The characteristic absorption bands of amino group at
000–3400 cm−1 was not detected for C-B4 in sodium salt form
s well as in proton form, indicating the absence of the unreacted
iamino-phenyl end-groups. It was confirmed that the crosslinking
f SPAEK was performed well with the formation of the quinoxaline
ross-linkage.

As listed in Table 1, the titrated IEC values of the crosslinked
embranes were about 20% smaller than the calculated ones,
hereas those of the uncrosslinked ones were about 10% smaller.

his was due to the formation of acid–base complex between sul-
onic acid groups and quinoxaline moieties.

.3. Solubility, thermal and mechanical properties
The solubility properties of SPAEKs are listed in Table 2. The
ncrosslinked SPAEKs generally showed good solubility to the polar
protic solvents such as DMSO, NMP and DMF, both in sodium salt
nd in proton form. Generally, crosslinking reduces the solubility.
he crosslinked SPAEKs in sodium salt form were only partially
Temperature (ºC)

Fig. 4. TGA curves of SPAEK membranes.

soluble in polar aprotic solvents even at elevated temperature, indi-
cating the construction of the covalent crosslinking network. After
the proton exchange treatment, the crosslinked SPAEK membranes
became insoluble in most of the tested polar aprotic solvents. This
suggests that the crosslinking network of the crosslinked SPAEK
membranes was further improved by the ionic acid–base cross-
linkage between sulfonic acid groups and quinoxaline groups.

The thermal stability of SPAEKs in proton form was exam-
ined by TGA. Above 150 ◦C, the two step degradation profile was
observed for all of the membranes, as shown in Fig. 4. 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
(desulfonation) temperature (Tds) was 284 ◦C for the uncrosslinked
membranes and 295 ◦C for the crosslinked membranes. The slightly
higher Tds for the latter was caused by the acid–base interaction
between sulfonic acid groups and quinoxaline groups.

Fig. 5 shows the tensile stress–strain curves of SPAEK mem-
branes. The mechanical property was characterized by Young’s
0
16012080400

Strain (%)

Fig. 5. Tensile stress–strain curves of SPAEK membranes.
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Fig. 6. Temperature dependence of water uptake of SPAEK membranes.

xcellent mechanical properties. Compared to the uncrosslinked
embranes (B2, B4), the corresponding crosslinked ones (C-B2, C-

4) showed the higher Young’s modulus and yield point, but the
maller elongation after the yield point to the break point and
he similar maximum stress. This indicates that the crosslinked
PAEK membranes were slightly stiffer than the uncrosslinked
nes. All the SPAEK membranes were tough even in the dry
tate.

.4. Water uptake and dimensional change

The water uptake of sulfonated polymers mainly depends on
he IEC, and has a profound influence on the proton conductiv-
ty because sulfonic acid groups need to dissociate for the proton
o become mobile and transportable in membrane. So the higher
ater uptake leads to the higher proton conductivity. However,

he excessive water uptake in membrane will result in both the
oss of dimensional stability and the dilution of the proton concen-
ration in membrane, which will cause a dimensional mismatch of

embrane–electrode assembly and a decrease in the proton con-
uctivity. Therefore, a proper water content level in membrane
hould be maintained in order to guarantee the dimensional sta-
ility and high proton conductivity.

The water uptake data of the uncrosslinked and crosslinked
PAEK membranes at different temperatures are summarized in
able 1 and Fig. 6. With increasing temperature from 25 to
00 ◦C, the water uptake increased largely especially for the mem-
rane with the higher IEC. Although the crosslinked membranes
ad the slightly lower calculated IECs than the corresponding
ncrosslinked ones, the former displayed the much lower water
ptakes than the latter, especially at elevated temperatures. For
xample, C-B3 showed reasonably low water uptakes of 52% and
7% at 25 ◦C and 80 ◦C, respectively, whereas B3 showed high val-
es of 75% and 131%, respectively. It is noted that the covalent
nd ionic crosslinking suppressed the polymer chain relaxation in
ater, resulting in the reduced water uptake. As the WU signifi-

antly depends on the IEC, the comparison of water uptake among
embranes with different IECs is often performed in terms of the
umber of sorbed water molecules per sulfonic acid group (�). The
values were calculated using the calculated IEC values, and are

isted in Table 1. The � still increased fairly largely with an increase
n IEC. The crosslinked SPAEKs with IEC of 2.02–2.54 mequiv. g−1
Fig. 7. Temperature dependence of in-plane dimensional change of SPAEK mem-
branes.

(C-B2–C-B4) showed the � values of 12–20 at 80 ◦C, which were
smaller than those (17–34) of the uncrosslinked SPAEKs with the
similar IEC of 2.08–2.61 mequiv. g−1.

Through-plane and in-plane membrane dimensional changes at
different temperatures were measured and the results are sum-
marized in Table 1 and Fig. 7. The uncrosslinked and crosslinked
SPAEK membranes showed the isotropic membrane swelling with
�t/l values close to unity. This is similar to the case of Nafion and
SPAEs [13(c),17], but different from the case of sulfonated poly-
imides (SPIs) 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 water uptake. Compared to the
uncrosslinked membranes, the crosslinked membranes had the
much lower dimensional changes. The dimensional changes of C-B4
were 0.088 and 0.11 at 25 and 80 ◦C, respectively, which are reason-
ably low for fuel cell applications. C-B3 and B4 showed fairly large
dimensional changes of 0.15 and 0.21 at 25 and 80 ◦C, respectively,
whereas the dimensional changes of the other membranes are too
large.

The reported values of water uptake, � and dimensional change
�lc for Nafion 117 and 1135 membranes were in the range
of 19–22 wt%, 12–13 and 0.11–0.12, respectively, at 25 ◦C and
29–38 wt%, 18–23 and 0.20 0.24 at 80 ◦C. [18–20,34] The water
uptakes based on the volume were 37–43 vol% and 57–75 vol % at
25 and 80 ◦C, respectively, for Nafion, whereas they were 41 vol %
and 55 vol % at 25 and 80 ◦C, respectively, for CB-4. It is noted that
the dimensional changes at 80 ◦C for Nafion membranes were two
times larger than that for C-B4 and comparable to that for C-B3 and
B4.

3.5. Oxidative stability

The oxidative stability for peroxide radical attack was inves-
tigated by measuring the elapsed time that a membrane became
broken after immersing the membrane sample into Fenton’s
reagent (3 wt% H2O2 + 2 ppm FeSO4) at 80 ◦C. The results are listed

in Table 3. The crosslinked SPAEK membranes exhibited more
oxidative stability than those of the corresponding uncrosslinked
ones. This is attributed to their lower water uptake as well as the
covalent and ionic cross-linking.
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Table 3
Proton conductivity, oxidative stability and methanol permeability of SPAEK membranes.

Code �a (mS cm−1) �Ea (kJ mol−1) Oxidative stability �1
b (min) PM

c (10−6 cm2 s−1) ϕc (104 S cm−3 s)

25 ◦C 80 ◦C

B1 125 242 11 110 6.1 2.0
C-B1 107 258 14 150 3.0 3.6
B2 98 191 11 130 3.9 2.5
C-B2 81 194 14 205 1.92 4.3
B3 80 165 12 134 2.5 3.2
C-B3 69 170 15 218 1.21 5.8
B4 60 152 15 143 1.32 4.6

95

3

F
a
c
1
F
d
A
w
T
e
(

h
m
s

T
C

C-B4 39 111 18 2

a In water.
b �1 refers to the elapsed time that the membranes became broken.
c At 32 wt% methanol solution and 25 ◦C.

.6. Proton conductivity

The proton conductivity (�) data are summarized in Table 3 and
ig. 8. The conductivity significantly depended on IEC, water uptake
nd temperature. The apparent activation energy (�Ea) of proton
onductivity was evaluated in the temperature range of 25 ◦C up to
00 ◦C for B4 and C-B4 and up to 80 ◦C for the other membranes.
or the membrane with the higher water uptake, the proton con-
uctivity at 100 ◦C was more largely deviated downwards from the
rrhenius plot-line. The �Ea values of the crosslinked membranes
ere larger than those of the corresponding uncrosslinked ones.

he �Ea values (14–18 kJ mol−1) for the present SPAEK membranes
xcept for B1–B3 were comparable to those reported for SPAEs
13–25 kJ mol−1) [18–22,33,34].
At 25 ◦C, the SPAEK membrane with the higher IEC showed the
igher proton conductivity. The conductivities of the crosslinked
embranes were about 15% (for C-B1–C-B3) or 35% (for C-B4)

maller than those of the corresponding uncrosslinked ones. At

able 4
omparison of water uptake, �, PM and ϕ among PEMs.

Code Membrane IEC (mequiv. g−1) WUa (%) �b (mS cm

25 ◦C

B4 SPAEK (B4) 2.08 63 60
C-B4 Cross-SPAEK (C-B4) 2.02 42 39
R1 SPAEK-6F-50 1.64 68
R2 SPAEK-6F-60 1.93 157
R3 COOH-SPAEK-3 1.13 62 36
R4 COOH-SPAEK-4 1.35 169 73
R5 Cross-SPAEK6d 1.68 39 (23)
R6 Cross-SPAEK6e 2.19 50 (32)
R7 Cross-SPEEK-55-10 min 1.70 47 22
R8 Me-6F-SPEEK-80 1.71 76 32
R9 Ph-6FA-SPEEK-80 1.75 81 27
R11 SPEEKK-3 1.69 24 32
R12 SPEEKK-4 1.98 30 40
R13 Me-SPEEKK 1.78 49 (33)
R14 Ph-SPEEKK 1.82 51 (38)
R21 SPAES(BPSH-40) 1.72 100
R22 SPAES(6FCN-35) 1.32 80
R23 SPAES(BPSH40-0) 1.59 43 (102)
R24 Cross-SPAES(BPSH40-10) 1.63 23 (93)
R25 Cross-SPAES(BPSH40-30) 1.61 21 (92)
R26 SC-SPAE80 1.52 23 10
R27 S2-PAES-50 1.80 37 (29)
R28 SPAE-0.64 1.14 26 (52)
R29 Cross-SPSSF-50 1.34 80 (65)
R31 SPI(NTDA/2,2′-BSPB) 2.02 (52)
R32 SPI(NTDA/BAPBDS) 1.89 (72)

Nafion 112 0.91 (100)
Nafion 117 0.91 29 57

a Water uptake at 80 ◦C.
b In water at 25 (or 30) and 80 ◦C.
c At the conditions of methanol concentration (wt%) and temperature (◦C) given in par
0.55 7.1

80 ◦C, the uncrosslinked membranes with the higher water uptakes
(B1–B3) showed the smaller proton conductivities than the corre-
sponding crosslinked ones. This was apparently due to the smaller
�Ea (11–12 kJ mol−1) for B1–B3. The increased water uptake at the
higher temperature causes the dual effects on the proton conduc-
tivity, namely the positive effect of promotion of proton migration
and the negative effect of dilution of sulfonic acid concentration.
For the membrane with an extremely high water uptake, the lat-
ter negative effect may not be negligible compared to the former
positive one.

For comparison, the water uptakes and proton conductivities
in water at 80 ◦C for representative SPAEs reported in literature
are listed in Table 4. In general, SPAEs are copolymers composed
of sulfonated hydrophilic units and nonsulfonated hydropho-

bic units, and the latter units are required to control the IEC
and water uptake to suitable levels. The present uncrosslinked
membrane (B4) showed the larger (or similar) proton conduc-
tivity with the lower water uptake at 80 ◦C, compared to the

−1) PM
c (conc./temp.) (10−6 cm2 s−1) 10−4 ϕ (S cm−3 s) Refs.

80 ◦C

152 1.32 (32/25) 4.6 This work
111 0.55 (32/25) 7.1 This work

80 [20]
110 [20]
120 0.38 (3.2/25) 9.3 [34]
160 0.86 (3.2/25) 8.5 [34]

32 [32]
41 [32]
59 0.14 (3.2/25) 15.7 [31]

172 0.19 (8.0/30) 16.8 [22]
109 0.53 (8.0/30) 5.1 [22]

80 0.50 (100/25) 6.4 [21]
100 0.56 (100/25) 7.1 [21]
154 0.23 (8.0/30) 14.5 [22]
151 0.33 (8.0/30) 11.5 [22]

0.81 (6.5/25) 12.3 [13(a)]
0.87 (6.5/25) 9.2 [13(b)]

270 1.6 (32/30) 6.4 [33]
245 0.60 (32/30) 15.5 [33]
240 0.41 (32/30) 22 [33]

34 0.16 (48/25) 6.1 [18]
88 0.174(8.0/30) 16.7 [19(a)]

101 0.29 (8.0/30) 17.6 [19(b)]
0.43 (8.9/30) 15 [15]
0.34 (10/30) 15 [35]
0.75(10/30) 9.6 [35]
2.4 (10/30) 4.2 [35]

125 1.6(8.0/30) 3.7 [19(b)]

entheses.
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ig. 8. Temperature dependence of proton conductivity of SPAEK membranes.

ther uncrosslinked SPAEK membranes (R1–R4 and R8–R9), indi-
ating that the introduction of benzil groups in nonsulfonated
ydrophobic units was useful to achieve the better balance of
ater uptake and conductivity. The SPEEKK membranes (R11–R14)
ave been reported to have the reasonably high proton conduc-
ivities (80–154 mS cm−1) with the relatively low water uptakes
24–51%).

The reported values of water uptake, size change �lc and proton
onductivity in water at 80 ◦C for Nafion 117 and 1135 membranes
ere in the range of 57–75 vol%, 0.20–0.24 and 83–125 mS cm−1,

espectively. [18–20,34] The corresponding values for the present
rosslinked membrane (C-B4) were 55 vol%, 0.11 and 111 mS cm−1,
espectively. It is noted that C-B4 showed the much smaller size
hange and the comparable proton conductivity compared to
afion membranes. C-B4 showed the 2–3 times larger conduc-

ivity in spite of the comparable or lower water uptake than the
rosslinked SPAEK membranes (R5–R7). On the other hand, the
rosslinked SPAES membranes (R24–R25) have been reported to
ave the much larger conductivities (245 mS cm−1) with the much

ower water uptakes (23%).

.7. Methanol permeability

The methanol permeability (PM) and the ratio of proton
onductivity to methanol permeability (ϕ), which is an effec-
ive parameter to evaluate the performance of membrane in a
MFC system, are summarized in Table 3. For the uncrosslinked
AEK membranes, with decreasing IEC, the methanol perme-
bility decreased more largely than the proton conductivity. B4
ith the lowest IEC (2.08 mequiv. g−1) showed the lowest PM of

.32 × 10−6 cm2 s−1 and the largest ϕ of 4.6 × 104 S cm−3 s. The
rosslinked membranes showed the more than two times lower
ethanol permeabilities and the 55–80% larger ϕ values than the

orresponding uncrosslinked ones. C-B4 showed the lowest PM of
.55 × 10−6 cm2 s−1 and the largest ϕ of 7.1 × 104 S cm−3 s among
he present SPAEK membranes. This performance was fairly high,
aking the high feed methanol concentration (32 wt%) into account.
For comparison, the �, PM and ϕ values at 25 ◦C (or 30 ◦C) for
epresentative SPAEs reported in literature are listed in Table 4. As
he feed concentration of methanol was different from literature
o literature, the rough comparison among the PEMs is prefer-
ble. The ϕ value of the present crosslinked membrane (C-B4) was

[

rces 196 (2011) 1694–1703

comparable to those of some reported membranes, but many mem-
branes have been reported to have the high ϕ values of more than
10 × 104 S cm−3 s.

In order to clearly investigate the effects of the crosslinking via
formation of quinoxaline groups on the water uptake, membrane
swelling and proton conductivity, the IECs of the present SPAEK
membranes were limited to be higher than 2.0 mequiv. g−1. As can
be seen in Table 4 and also from our recent studies on DMFC [36],
the PEMs with lower IECs of less than 1.9 mequiv. g−1 seems to be
preferable to DMFC at mediate temperatures. The further study is
necessary to make both the composition of the crosslinkable SPAEK
and the crosslinking conditions most suitable to DMFC application.

4. Conclusions

Crosslinked SPAEK membranes were successfully synthesized
by the cyclocondensation reaction of the benzil moieties in
polymer chain with 3,3′-diaminobenzidine to form quinoxaline
groups acting as covalent and acid–base ionic crosslinking. The
crosslinked SPAEK membranes became insoluble in most of the
tested polar aprotic solvents, and showed the high mechanical
properties and the isotropic membrane swelling. They showed the
lower water uptake, lower dimensional change, lower methanol
permeability and higher oxidative stability than the correspond-
ing uncrosslinked membranes, with keeping the reasonably high
proton conductivity. C-B4 showed a reasonably high proton con-
ductivity of 111 mS cm−1 with a low water uptake of 42 wt% at
80 ◦C. C-B4 also showed the lowest PM of 0.55 × 10−6 cm2 s−1 and
the largest ϕ of 7.1 × 104 S cm−3 s for 32 wt% methanol solution at
25 ◦C among the present SPAEK membranes. The crosslinked SPAEK
membranes have the higher potential as PEMs by making both their
composition and the crosslinking conditions most suitable to PEFC
and DMFC applications.
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