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a b s t r a c t

A series of sulfonated poly(arylene ether phosphine oxide)s (sPAEPO) were prepared by direct poly-
condensation of sulfonated bis(4-fluorophenyl)phenyl phosphine oxide and bis(4-fluorophenyl)phenyl
phosphine oxide with various diphenol-type monomers. The resulting ionomers show high molecular
weight and excellent thermal stability. The bisphenol moieties of sPAEPO greatly affect the properties.
sPAEPO-NA, -Bis A, -BP, and -6F show excellent dimensional stability. However, sPAEPO-DB and -HQ
indicate abrupt swelling even at 80 and 90 ◦C, respectively, unsuitable for proton exchange membranes.
In contrast, sPAEPO-6F with the lowest swelling exhibits the highest conductivity of 7.68 × 10−2 S cm−1

among all the sPAEPO, close to that of Nafion 117. Besides, sPAEPO-NA and -Bis A show a worse oxida-
roton exchange membrane
ulfonate

tive stability than other sPAEPO (sPAEPO-Bis A, -BP, -HQ, and -6F) due to the naphthalene ring and the
isopropylidene unit in the backbone, respectively. Contrary to sPAEPO-Bis A and -BP, sPAEPO-NA and -6F
exhibit well connective ionic domains owing to the high hydrophobic nature of the naphthalene ring
and hexafluoroisopropylidene moieties. The connected ionic domains provide sPAEPO-NA and -6F with
higher proton conductivity in comparison with sPAEPO-Bis A and -BP. In conclusion, sPAEPO-6F has the
best comprehensive properties among all the sPAEPO, indicating a promising prospect in proton exchange

membrane applications.

. Introduction

Proton exchange membrane fuel cells (PEMFC) have attracted
ore and more attention as green power sources due to the low

mission, low noise, and high efficiency. Proton exchange mem-
rane (PEM) is one of key components of PEMFC, which serves as
he conducting medium of the proton, the separator of the reactant
as, and the carrier of the catalyst [1]. Nafion is the state-of-the-
rt membrane used as PEM for its overall properties. However,
afion suffers from some technical limitations such as a remarkable

oss of proton conductivity at low humidity or high temperature,
igh methanol crossover, and expensive cost [2,3]. Therefore, this
rges the necessity to explore alternative non-fluorinated proton
xchange membranes for fuel cell applications [3].

Great efforts have been made to develop non-fluorinated pro-
on exchange membranes [1,3–7]. A series of high performance

olymers were utilized as the matrix to prepare the correspond-

ng PEM one after the other, including sulfonated poly(arylene
ther ketone)s [8,9], sulfonated poly(arylene ether sulfone)s
10,11], sulfonated poly(arylene thioether)s [12,13], sulfonated

∗ Corresponding authors. Fax: +86 21 54741297.
E-mail addresses: gyxiao@sjtu.edu.cn (G. Xiao), dyyan@sjtu.edu.cn (D. Yan).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.11.090
© 2008 Elsevier B.V. All rights reserved.

poly(p-phenylene)s [14], sulfonated polyimides [15–18], sulfonated
polyphosphazenes [19], sulfonated poly(phthalazinone ether)s
[20–23], sulfonated polybenzimidazoles [24–27], sulfonated poly-
oxadiazoles [28], sulfonated polybenzoxazoles [29,30] and so on.

As a kind of high performance polymer, poly(arylene ether
phosphine oxide)s possess high mechanical properties, high
thermal stability, and chemical stability [31]. Moreover, the phos-
phine oxide group is favorable to enhance the water retention
of materials and adhesive ability with inorganic compounds
[32]. Therefore, they show great interest as the matrix of
PEM. Up to now, there are few reports on PEM derived from
poly(arylene ether phosphine oxide)s. McGrath and co-workers
[33] firstly reported sulfonated poly(arylene ether phosphine
oxide)s (sPAEPO) in a conference proceeding, the properties
related to PEM are very limited. Subsequently, our group prepared
sulfonated poly(phthalazinone ether phosphine oxide)s and sul-
fonated poly(arylene thioether phosphine oxide)s, which showed
excellent properties [34,35]. This paper synthesized a series of
sulfonated poly(arylene ether phosphine oxide)s by polyconden-

sation of sulfonated bis(4-fluorophenyl)phenyl phosphine oxide
(sBFPPO) and bis(4-fluorophenyl)phenyl phosphine oxide (BFPPO)
with various diphenol-type monomers, respectively, including
bisphenol A (Bis A), 4,4’-dihydroxybiphenyl (DB), hydroquinone
(HQ), 4,4’-biphenol (BP), 1,5-dihydroxynaphthalene (NA), and 4,4’-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gyxiao@sjtu.edu.cn
mailto:dyyan@sjtu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.11.090


5 wer S

(
d
t

2

2

u
f
d
d
r
w
d
B
c
p
p

2

w
w
a
v
p
s
s
t
D
w
s
K
a
l
a
fl
a
c
a
p
t
T

(
(

2

(
p
i
t
m
1
a

2

M
d

8 X. Ma et al. / Journal of Po

hexafluoroisopropylidene)diphenol (6F). They are characterized in
etail so as to evaluate whether they are suitable for PEM applica-
ions or not.

. Experimental

.1. Materials

Phenylphosphonic dichloride was purchased from Aldrich and
sed as received. Bis A, DB, HQ, BP, NA, and 6F were purchased
rom commercial sources and purified by recrystallization and
ried in vacuo before use. N-Methyl-2-pyrrolidone (NMP) was dehy-
rated by azeotropic distillation with benzene and distilled under
educed pressure and stored over 4 Å molecular sieves. Toluene
as distilled before use. Anhydrous potassium carbonate was
ried at 150 ◦C for 24 h under reduced pressure prior to use. 4-
romofluorobenzene, magnesium, fuming sulfonic acid, and other
hemicals were obtained commercially and used without further
urification. BFPPO and sBFPPO were prepared according to our
revious report [34,35].

.2. Synthesis of polymers

A series of sulfonated poly(arylene ether phosphine oxide)s
ere synthesized by direct polycondensation of sBFPPO and BFPPO
ith the diphenol-type monomers like Bis A, DB, HQ, BP, NA,

nd 6F, respectively. sPAEPO-xx represents sPAEPO derived from
arious bisphenol monomers, for example, sPAEPO-Bis A was pre-
ared from Bis A. Although the reactivity of the bisphenols was
omewhat different, the polymerization procedure was similar. The
ynthesis of sPAEPO-HQ was selected as a typical example. To a
hree-necked round flask equipped with a mechanical stirrer, a
ean–Stark trap with a condenser, and a nitrogen gas inlet/outlet
ere charged 0.4404 g (0.004 mol) of HQ, 0.9992 g (0.0024 mol) of

BFPPO, 0.5028 g (0.0016 mol) of BFPPO, 0.6081 g (0.0044 mol) of
2CO3, 8 ml NMP, and 8 ml toluene. The reaction mixture was stirred
t refluxing temperature for 4 h to dehydrate by azeotropic distil-
ation with toluene, then the temperature was increased to 175 ◦C
nd toluene was removed from the reaction mixture by a nitrogen
ow. The temperature was kept at 175 ◦C for 4 h, 190 ◦C for 12 h,
nd 200 ◦C for 48 h to obtain a very viscous solution. After being
ooled to 110 ◦C, the viscous solution was diluted with 2 ml of NMP
nd poured into 300 ml of de-ionized water with vigorous stirring,
roducing the fibrous polymer. The inorganic salt within the resul-
ants was removed by soaking them in hot water for several days.
he product was dried under vacuum at 100 ◦C for 48 h.

Yield: 97%. FT-IR (film, cm−1): 1175 (Ar3P O), 1105, 1033, 617
Ar SO3Na). 1H NMR (DMSO-d6, ppm): 7.95–7.88 (0.6 H), 7.85–7.78
0.6 H), 7.64–7.45 (7.2 H), 7.25–7.15 (4 H), 7.15–7.05 (4 H).

.3. Preparation of membranes

sPAEPO in the salt form were dissolved in dimethyl sulfoxide
DMSO). The polymers solution were cast onto a dust-free glass
late and dried at 65 ◦C for 3 days. Thereafter, the glass plate was

mmersed in de-ionized water for several minutes, the transparent,
ough, and flexible membranes peeled off from the glass plate. The

embranes in the acid form were obtained by soaking them in a
M HCl for 24 h, followed by submersing in de-ionized water for
nother 24 h. The thickness of the membranes was about 40 �m.
.4. Instruments

NMR spectra were recorded on a Varian MERCURY plus 400
Hz spectrometer using deuterated dimethyl sulfoxide (DMSO-

6) as solvent and tetramethylsilane as internal standard sample.
ources 188 (2009) 57–63

FT-IR spectra were performed on a Bruker Equinox-55 Fourier
transform spectrometer and the polymers thin films were uti-
lized as testing samples. The molecular weight of products was
determined by a PE Series 200 gel permeation chromatography
(GPC) equipped a refractive index detector. All samples were run
in N,N-dimethylformamide (DMF) containing 0.05 M LiBr at room
temperature with a flow rate of 1.0 ml min−1. Polystyrene standards
were used for calibration. The thermal stability was conducted on a
PE TGA-7 thermogravimetric analyzer (TGA). The acid form sam-
ples for TGA analysis were heated at 150 ◦C for 30 min under a
nitrogen flow to remove moisture and then cooled to 90 ◦C. The
measurement was carried out from 90 to 800 ◦C at a heating rate of
20 ◦C min−1. The glass transition temperature (Tg) of the polymers
were determined on a PE Pyris-1 differential scanning calorimeter
(DSC). The samples in the acid form for DSC analysis were preheated
under nitrogen protection at 150 ◦C for 30 min to dehydrate and
then cooled to 80 ◦C. The DSC curves were recorded from 80 to
400 ◦C at a heating rate of 10 ◦C min−1. Atomic force microscopy
(AFM) measurement was carried out on a Digital Instrument (DI)
NanoScopeIII under tapping mode.

2.5. Ion exchange capacity

The ion exchange capacity (IEC) of sulfonated polymers was
determined by titration. Before testing, the acid form membranes
were soaked in the saturated NaCl solution for 48 h so as to librate
the H+ to the solution by ion exchange with the Na+. Then the
released H+ was titrated with the NaOH solution using phenolph-
thalein as an indicator. The value of IEC was obtained by the
following equation:

IEC = NNaOH × VNaOH

Wdry
× 100%

where NNaOH, VNaOH, and Wdry were the concentration, the con-
sumed volume of NaOH solution, and the weight of the dry
membrane, respectively.

2.6. Water uptake and swelling

The water uptake and swelling were determined by measuring
the change of weight and size between the wet and dry membrane.
The acid form membrane was dried at 120 ◦C under vacuum for
24 h until the weight is constant. The weight and size of the dry
membrane were recorded as a benchmark. The dry membrane was
immersed in de-ionized water at the given temperatures for the
same interval (24 h) and then taken out and wiped off water on
the surface quickly. After the weight and size of the wet membrane
were measured, the water uptake and swelling could be obtained
by the following equations:

water uptake = Wwet − Wdry

Wdry
× 100%

swelling = (Lwet − Ldry

Ldry
× 100%

where Wwet and Wdry were the mass of the wet and dry mem-
brane, Lwet and Ldry were the length of the wet and dry membrane,
respectively.

2.7. Oxidative stability
The oxidative stability of the resulting membranes in the acid
form was examined by Fenton’s test (3% H2O2 containing 2 ppm
FeSO4) at 70 ◦C. The size of the samples is 15 mm × 15 mm and the
thickness is about 6 �m. The oxidative stability of the membranes
was determined by the dissolving behavior in Fenton’s reagent.
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peaks at 1105 and 1032 cm−1, which are attributed to the asym-
metric and symmetric stretching vibration of the sulfone group of
–SO3Na, respectively. The absorption band centred at 617 cm−1 is
ascribed to the S–O of the sulfonate group. These indicate that the
Scheme 1. Pre

.8. Proton conductivity

The proton conductivity of membranes was evaluated by a sola-
ron 1260 gain phase analyzer over a frequency range from 107 to
Hz like a previous procedure [34]. The samples (20 mm × 8 mm)
ere clamped between two electrodes and rinsed several times
ith ultrapure water, then soaked in ultrapure water for 48 h.

he measurement of proton conductivity was carried out after the
embrane was soaked in ultrapure water for 0.5 h at a given tem-

erature. The proton conductivity (�) of samples in the longitudinal
irection was calculated by the formula � = L/(RA), where L and A
re the distance between two electrodes and cross-sectional area
f the membrane, respectively. R is the resistance of the membrane.

. Results and discussion

.1. Synthesis and characterization of polymers

Sulfonated poly(arylene ether phosphine oxide)s were prepared
ia the aromatic nucleophilic substitution polycondensation of sBF-
PO and BFPPO with the diphenol-type monomers (Bis A, DB, HQ,
P, NA, and 6F) in a NMP/toluene solvent system, respectively, using
2CO3 as weak base (Scheme 1). The diphenol-type monomers
n the reaction mixture were converted into the corresponding
isphenol anions by K2CO3, which attacked the activated carbon
toms (connected with F) of sBFPPO and BFPPO to produce the
esulting polymers. The results of polycondensation are tabulated
n Table 1. sPAEPO-Bis A, -DB, -NA, and -6F show the molecular

able 1
he results of polycondensation.

onomers sBFPPO/BFPPO
(molar ratio)

GPC Yield (%)

Mn × 10−4 Mw × 10−4 PDI

PAEP0-Bis A 80/20 4.44 8.21 1.85 97
PAEPO-DB 80/20 3.85 9.09 2.36 96
PAEPO-HQ 60/40 –a –a –a 97
PAEPO-BP 70/30 –a –a –a 98
PAEPO-NA 70/30 2.62 4.34 1.66 97
PAEPO-6F 90/10 2.90 9.63 3.32 96

a Poor solubility in DMF.
on of sPAEPO.

weight higher than 2.6 × 104 g mol−1 and the polydispersity index
(PDI) of 1.66–3.32. However, the molecular weight of sPAEPO-HQ
and -BP could not be obtained by gel permeation chromatogram due
to the poor solubility in DMF. But both of them could be cast into
transparent, tough, and flexible membranes, indicating that they
have high molecular weight. The structure of bisphenol monomers
greatly affected the polymerization reaction. For example, the high-
est reaction temperature and longest reaction time were needed for
sPAEPO-6F to obtain high molecular weight among all the sPAEPO.
This is due to the low nucleophilicity of the 6F anions, resulting
from the strong electron-withdrawing hexafluoroisopropylidene
group at the para-position of the phenolic OH group. In contrast,
sPAEPO-Bis A with a high molecular weight can be obtained under
the mild polymerization conditions, which is attributed to the high
nucleophilicity and flexible isopropylidene group of the bisphenol
A anions.

FT-IR spectra of all the sPAEPO are displayed in Fig. 1. The absorp-
tion band at 1175 cm−1 is assigned to the stretching vibration of
phosphine oxide groups. All the samples exhibit the characteristic
Fig. 1. FT-IR spectra of sPAEPO.
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Fig. 2. TGA curves of sPAEPO.

Table 2
The properties of sPAEPO.

Ionomers Tg (◦C) Td5 (◦C) IEC (meq. g−1)

The calculated The measured

sPAEPO-Bis A 257 395 1.41 1.32
sPAEPO-DB 330 398 1.44 1.31
sPAEPO-HQ 353 418 1.39 1.38
s
s
s

s
t
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d
l
t
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a
T
s

PAEPO-BP 354 420 1.36 1.28
PAEPO-NA 360 430 1.43 1.33
PAEPO-6F 380 440 1.32 1.24

ulfonate groups were successfully attached onto the backbone of
he products.

.2. Thermal properties of sulfonated polymers

The TGA curves of sPAEPO are displayed in Fig. 2. For sPAEPO-
is A, -DB, -BP, and -6F, the TGA curves show a distinct two-step
egradation pattern, whereas those of sPAEPO-HQ and -NA almost

ook like a one-step degradation profile though they are really a
wo-step degradation pattern if they are observed carefully. The
rst weight loss temperature is at about 380 ◦C, which is assigned
o desulfonation, and the second weight loss step is in the range
f 450–510 ◦C, due to the polymer main chain degradation. This is
imilar to the previous reports [9]. The 5% mass loss temperature
Td5) of the ionomers is summarized in Table 2. As seen from Table 2,

◦
he Td5 of the sulfonated polymers is higher than 390 C, showing
igh thermal stability. Moreover, the bisphenol moieties of sPAEPO
ffect the thermal stability. For example, sPAEPO-DB indicates the
d5 of 398 ◦C, while sPAEPO-6F with an equal ion exchange capacity
hows the Td5 of 440 ◦C.

Fig. 3. (a) Water uptake and (b) swelling of sPA
ources 188 (2009) 57–63

The glass transition of the sulfonated polymers in the acid form
is determined by DSC. No endothermic peak and exothermic peak
are found in the DSC curves. The glass transition temperature (Tg)
of them is listed in Table 2. As can be seen from Table 2, the bisphe-
nol structure has a great effect on the Tg. sPAEPO-Bis A and -DB,
with the flexible groups in the backbones, show a low Tg, while
other sPAEPO denote a Tg higher than 350 ◦C. It is worthwhile men-
tioning that sPAEPO-Bis A and -6F exhibit the lowest Tg of 257 ◦C
and the highest Tg of 380 ◦C among all the sPAEPO, respectively.
Comparing the chemical structure of sPAEPO-Bis A with that of
sPAEPO-6F, the difference between them is that the flexible groups
(except the ether bonds) of the former in the backbone are the
isopropylidene moieties whereas those of the latter are the hexaflu-
oroisopropylidene moieties, so it can be concluded that the lowest
Tg of sPAEPO-Bis A is attributed to the high flexible group of the iso-
propylidene unit while the highest Tg of sPAEPO-6F is related to the
increased stiffness arising from the hexafluoroisopropylidene unit.
The similar phenomenon was also found in the studies of Guiver
and co-workers [36].

3.3. Ion exchange capacity

The IEC of the sulfonated polymers are evaluated by titration and
summarized in Table 2. The IEC values of sPAEPO, determined by the
feed ratios, are adjusted to a narrow range of 1.32–1.44 meq. g−1

so as to evaluate the effect of diphenol moieties on the proper-
ties of resulting products. It can be seen from Table 2 that all the
experimental values of IEC coincide well with the calculated one,
suggesting that all of the sulfonated monomers were incorporated
into the backbone by direct polycondensation without side reac-
tions, which were often observed in the post-sulfonation procedure.

3.4. Water uptake and swelling

It is well known that many properties of proton exchange mem-
branes are closely related to their water content. In the vehicle
mechanism, the water within the membrane is necessary for PEM
to conduct protons since it is the carrier of the proton conduction.
However, excessive water content may lead to the undesirable large
swelling and a dramatic loss of the mechanical strength. Therefore,
the absorbed water in PEM is very important for PEM [5]. Compared
with the post-sulfonation method, the direct polycondensation has
the advantage of adjusting the IEC of resultants by changing the feed

ratios of the sulfonated monomer to the un-sulfonated monomer.
Because both the bisphenol moiety and the IEC of sPAEPO affect the
water content of PEM, the IEC of various sPAEPO was adjusted to the
comparable range of 1.32–1.44 meq. g−1 in order to investigate the
effect of bisphenol moieties on the water uptake and swelling of the

EPO membranes at various temperatures.
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Table 3
The oxidative stability of sPAEPO membranes.

Ionomers sPAEPO-Bis A sPAEPO-DB sPAEPO-HQ sPAEPO-BP sPAEPO-NA sPAEPO-6F
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500 nm × 500 nm size scale. Similar to the study of proton conduc-
tivity, the investigation of microscopic morphology was performed
only for sPAEPO-NA, -Bis A, -BP, and -6F since sPAEPO-HQ and
-DB show excessive swelling and are unsuitable for fuel cell appli-
cations. The AFM phase images are shown in Fig. 5. As can be
1 (min) 30 45 4
2 (min) 420 443 44

1: the time when the membrane started to break into pieces.
2: the time when the membrane dissolved completely.

esulting membranes. The water uptake and swelling of membrane
amples with various bisphenol units as a function of tempera-
ures are plotted in Fig. 3(a and b), respectively. It can be seen from
ig. 3(a) that the water uptake of all the membranes increases with
ncreasing temperatures. At the same time, the bisphenol units of
PAEPO also have a great effect on water uptake. For sPAEPO-NA,
Bis A, -BP, and -6F, the water uptake enhances slowly at the entire
emperature range studied. The water uptake of them at 80 ◦C are
9.9%, 27.8%, 24.3%, and 24.0%, respectively, slightly less than that
30%) of Nafion 117. sPAEPO-6F exhibits the lowest water uptake
mong them because of the hydrophobic nature of the hexaflu-
roisopropylidene units in the backbone, similar to the previous
eport [36]. On the other hand, the water uptake of sPAEPO-DB and
HQ shows an abrupt increase at 80 and 90 ◦C, respectively.

As can be seen from Fig. 3(b), the profile of swelling curves of
PAEPO is very like that of water uptake curves. In the case of sul-
onated poly(arylene ether)s, this phenomenon is also found [11].
PAEPO-NA, -Bis A, -BP, and -6F show a slow increasing swelling
ith the increase of temperatures. The swelling of them at 80 ◦C

re only 11.5%, 9.2%, 5.9%, and 3.6%, respectively, much lower than
hat (20%) of Nafion 117. This demonstrates that they exhibit excel-
ent dimensional stability. Similar to the profile of water uptake
urves, the swelling curves of sPAEPO-DB and -HQ denote a sud-
enly enhancement at 80 and 90 ◦C, respectively. In general, this
ind of membranes loses most of the mechanical strength due to
xcessive swelling, unsuitable for PEM applications [5].

.5. Oxidative stability

The perfluorinated proton exchange membranes possess excel-
ent oxidative stability. Up to now, the oxidative stability of the
ydrocarbon PEM is still a key issue for fuel cell applications [7,37].
enerally, the oxidative stability is evaluated by comparing the

ime when membrane samples started to break into pieces (�1)
nd dissolved completely (�2) in Fenton’s reagent (3% H2O2 con-
aining 2 ppm FeSO4). The value of �1 and �2 is shown in Table 3.
s can be seen from Table 3, sPAEPO-NA and -Bis A show a worse
tability to oxidation than other sPAEPO. sPAEPO-NA contains the
aphthalene units, which exhibit lower aromatic properties than
he benzene units. On the other hand, sPAEPO-Bis A has aliphatic
onnecting units (isopropylidene groups) in the backbone, easily
ttacked by peroxide free radicals. Consequently, the naphthalene
nd isopropylidene units provide sPAEPO-NA and -Bis A with a low
esistance to oxidation, respectively. In addition, sPAEPO-HQ, -DB,
BP, and -6F did not dissolve in Fenton’s reagent for 440 min, indi-
ating that they show a comparable oxidative stability to other
romatic PEM [7,38].

To our interest, the previous sulfonated poly(arylene thioether
hosphine oxide)s (sPATPO), with an equal sulfonation degree,
hows much better oxidative stability than sPAEPO-DB. The rea-
on is briefly explained in the Supplementary materials [39]. The
nvestigation relevant to the oxidative stability of sPATPO would be
urther carried out in our future work.
.6. Proton conductivity

PEM combines the hydrophobic backbone with the hydrophilic
endant groups, as lead to the hydrophilic/hydrophobic nanophase
50 23 47
510 261 470

separation morphology. The hydrophobic backbone provides the
mechanical strength while the hydrated hydrophilic domain is
responsible for the proton conduction [5]. The water within the PEM
is the carrier of the proton conduction, but excessive water content
make PEM lose the mechanical strength or even dissolvable [5]. As
mentioned above, sPAEPO-DB and -HQ is not suitable for PEM due
to excessive swelling at elevated temperatures, so the measurement
of proton conductivity was carried out only for sPAEPO-NA, -Bis A, -
BP, and -6F. The proton conductivity of the membranes as a function
of temperatures is shown in Fig. 4. As expected, the proton conduc-
tivity of all the samples increases with increasing temperatures. It is
worthwhile noting that the proton conductivity of sPAEPO-NA, -Bis
A, and -BP increases in turn at a given temperature. This increas-
ing sequence of proton conductivity is exactly that of the water
uptake at a given temperature, which is shown in Fig. 3(a). This is
attributed to the fact that the conductivity of PEM enhances with
increasing water uptake in a definite range of water content. The
similar phenomenon was reported in the literature [35]. The pro-
ton conductivities of them at 80 ◦C are 2.32 × 10−2, 3.53 × 10−2, and
4.88 × 10−2 S cm−1, respectively. In contrast, in the case of sPAEPO-
6F, the water uptake is lowest, but the proton conductivity is highest
among all the sPAEPO in the entire temperature range studied. The
proton conductivity of sPAEPO-6F at 80 ◦C is 7.68 × 10−2 S cm−1,
which is close to that of Nafion 117. Probably, the reason arises from
the microscopic structure of sPAEPO-6F. In general, the hydrocar-
bon based PEM with high proton conductivity suffer from excessive
swelling. However, the membrane from sPAEPO-6F shows high pro-
ton conductivity as well as dimensional stability, which is attractive
for fuel cell applications.

3.7. Microstructure of membranes

The microstructure of membranes heavily affects their macro-
scopic properties such as the water uptake, swelling, and
proton conductivity [11,35,38]. The tapping mode AFM phase
images of sPAEPO under ambient conditions were recorded on a
Fig. 4. Proton conductivity of sPAEPO membranes at various temperatures.



62 X. Ma et al. / Journal of Power Sources 188 (2009) 57–63

Bis A,

s
o
a
f
t
c
-
h
h
c
s
N
t
p
c
v

4

w
p

Fig. 5. The AFM phase images of: (a) sPAEPO-

een from Fig. 5, all samples show nanophase separated morphol-
gy as indicated by the dark and bright regions. The dark regions
re attributed to the hydrophilic sulfonic acid groups, responsible
or proton conduction, whereas the bright regions are related to
he hydrophobic units, endowing the membrane with mechani-
al strength [5,11]. The AFM phase images of sPAEPO-Bis A and
BP exhibit many segregated ionic domains in the continuous
ydrophobic matrix, the proton conducts difficultly through the
ydrated ionic domains. On the contrary, sPAEPO-NA shows well
onnective ionic domains. In the case of sPAEPO-6F, the nanophase
eparation becomes more obvious in comparison with sPAEPO-
A. These are probably due to the higher hydrophobic nature of

he naphthalene ring and hexafluoroisopropylidene moieties com-
ared with other diphenol moieties and favorable to form the
onnective ion channel, resulting in high conductivity like the pre-
ious report [36].
. Conclusions

A series of sulfonated poly(arylene ether phosphine oxide)s
ere synthesized via polycondensation of sulfonated bis(4-fluoro-
henyl)phenyl phosphine oxide and bis(4-fluorophenyl)phenyl
(b) sPAEPO-BP, (c) sPAEPO-NA, (d) sPAEPO-6F.

phosphine oxide with various diphenol-type monomers. The
resulting sulfonated polymers exhibit excellent thermal stabil-
ity. The bisphenol moieties of sPAEPO have a great effect on the
water uptake, swelling, oxidative stability, proton conductivity, and
microstructure. For sPAEPO-NA, -Bis A, -BP, and -6F, the water
uptakes and swelling at 80 ◦C are less than 30% and 12%, respec-
tively. However, sPAEPO-DB and -HQ show excessive swelling even
at 80 and 90 ◦C, respectively, unsuitable for fuel cell applications. In
contrast, sPAEPO-6F with the lowest swelling showed the highest
conductivity of 7.68 × 10−2 S cm−1 among all the sPAEPO, close to
that of Nafion 117. sPAEPO-NA and -Bis A show a worse oxidative
stability than other sPAEPO due to the naphthalene ring and the
isopropylidene unit in the backbone, respectively. It is noteworthy
that sulfonated poly(arylene thioether phosphine oxide)s (sPATPO-
80) indicate much better resistance to oxidation than sPAEPO-DB
with a similar chemical structure. The AFM phase images illustrated
that sPAEPO-Bis A and -BP exhibit many dispersive ionic domains

and that sPAEPO-NA and -6F possess well connected ionic domains
owing to the high hydrophobic nature of the naphthalene ring and
hexafluoroisopropylidene moieties. The connected ionic domains
endow sPAEPO-NA and -6F with higher proton conductivity com-
pared with sPAEPO-Bis A and -BP. In conclusion, sPAEPO-6F has the
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