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ABSTRACT: End-group cross-linkable sulfonated poly(arylene ether) polymer (E-SFQK) was synthesized via
direct polymerization of potassium 2,5-dihydroxybenzenesulfonate (SHQ) and decafluorobiphenyl (DFBP), followed
by a reaction with ethynylphenol (EP). The cross-linking reaction of the ethynyl end group of E-SFQK was
performed at 250 °C. After cross-linking, proton conductivity, water uptake, and swelling ratio of cross-linked
membrane decreased from 0.16 (noncross-linked membrane) to 0.13 S/cm, from 86% to 42%, and from 31% to
13%, respectively. The effect of cross-linking time on proton conductivity, water uptake, and swelling ratio were
also investigated. Methanol permeability of cross-linked membrane was compared with Nafion 117 due to solubility
of noncross-linked membranes in methanol. The cross-linked membrane performed better, with a methanol
permeability of 88 × 10-8 cm2/s, as compared with 154 × 10-8 cm2/s for Nafion 117. The cross-linked membrane
also exhibited improved chemical resistance and oxidative stability from solubility and Fenton‘s tests. In order
to study morphological changes of cross-linked and noncross-linked membranes, hydrophilic domain sizes from
an AFM phase image were evaluated. These results showed that the sizes of hydrophilic domains of the cross-
linked membrane (5-20 nm) are much smaller than those of noncross-linked membrane (20-50 nm).

Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have
attracted a great deal of attention as alternative and environ-
mentally friendly energy sources for transportation, portable
devices, and stationary power.1 Polymer electrolyte membranes
require high proton conductivity, sufficient thermal stability, low
permeability to fuel and oxidant, and long-term stability and
durability.2 Perfluorinated sulfonic acids (PFSAs) such as
Nafion, which have excellent proton conductivity, good me-
chanical and chemical properties, and long-term durability, are
commonly used as polymer electrolytes for PEMFCs. However,
the membranes are not appropriate for high temperature use
due to their low glass transition temperature (ca. 110 °C), which
induces decreased proton conductivity and mechanical proper-
ties. Moreover, their cost and complicated synthesis procedure
are critical drawbacks.2,3

As an effective alternative, sulfonated aromatic poly-
mers,1a,2,3c such as poly(arylene ether)s,4 poly(arylene ether ether
ketone)s,5 polyimides,6 poly(phenylene sulfide)s,7 poly(p-phe-
nylene)s,8 and polybenzimidazoles9 have been investigated as
PEM materials. Although these polymers have their own
advantages, such as good proton conductivity, thermal stability,
and low cost, most of them have a crucial problem of deficient
long-term durability under high operating temperatures of fuel
cells. General problems of long-term durability are diffusion
of oxygen molecules through the membrane and incomplete
reduction, generating active radicals on the platinum catalyst,
which can attack the membrane material.10 The dominating
reaction of degradation processes is the addition reaction of HO•

to the aromatic rings of phenyl containing polymers, especially
in the ortho position to alkyl and ether linkage (-O-).11 This
demonstrates the combined ortho activation by these substituents
and the meta-directing effect of the SO3 group in electrophilic
addition reactions. Consequently, there has been extensive
interest in the development of ionomer membrane materials that
retain long-term durability from the radical attack while
possessing reasonable transport properties.

Many researchers have studied fluorinated aromatic polymers
containing sulfonic acid groups12 to improve long-term durabil-
ity of membranes with high proton conductivity. C-F bonds
are stronger than C-H bonds, which can prevent degradation
by HO• and HO2

• radicals, and which causes unique properties
of fluorine-containing polymers such as excellent thermal and
oxidative stability, chemical inertness, good surface properties,
low moisture absorption, good film-forming property, and easy
processability compared with nonfluorinated hydrocarbon aro-
matic polymers.10,11,13 Watanabe group has observed the
membrane containing trifluoromethyl group undergo radical
attack using Fenton’s test under very harsh conditions (3% H2O2

aqueous solution containing 2 ppm FeSO4 at 80 °C).12a In the
study, the effect of hydrophobic groups on prolonging the
dissolution time was investigated with a branched polymer
membrane. It was seen that hydrophobic domains consisting of
fluorine groups not only contribute to increasing the hydrophilic-
hydrophobic phase separation of the ionomer, but also easily
stabilize the sulfonate groups (SO3

-) when they dissociate
because fluorine groups have a high electronegativity, increasing
the electron withdrawing effect. In order to increase hydropho-
bicity and thermal, mechanical, and chemical stabilities, flu-
orinated components such as decafluorobiphenyl and trifluoro-* Corresponding author. E-mail: jslee@gist.ac.kr.
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methyl moieties have been introduced into the polymer main
chain and side chain, respectively.12a-d More recently, McGrath
and co-workers have reported hydrophilic-hydrophobic multi-
block copolymers for PEMs with a highly phase-separated
morphology.12e

Cross-linking of polymer membrane was also deemed to be
an important prerequisite to alleviate and to overcome the long-
term durability problem. In a recent review, Kerres has
introduced two types of cross-linked membranes, summarizing
with detailed property comparisons.14 However, these reviews
posited that ionic acid-base ionomer membranes and covalently
cross-linked membranes suffer from deteriorating dimensional
and mechanical properties in 70 °C water15 and reduction of
the IEC of the membranes after elimination of sulfonic acid
groups, which were involved in the cross-linking reaction, thus
giving decreasing the proton conductivity of the membrane.16

respectively. Very few reports have presented covalently cross-
linking ionomer membranes without elimination of sulfonic acid
groups. Watanabe group introduced a trifunctional monomer
for branching or cross-linking into the polymer main chain.12a,17

Zhong and Heo prepared photochemically cross-linkable aro-
matic membranes containing a double bond (CdC) for photo-
cross-linking into the side chain and main chain of the
polymers.18 In our work, to achieve high proton conductivity
without elimination of the sulfonic acid group (which would
induce low IEC values) during cross-linking and without
addition of chemical additives and impurities for the cross-link
reaction, a covalently thermal-cross-linkable end group system
was proposed.

Several important factors, such as membrane treatment
method, morphology, molecular composition of the membrane,
degree of sulfonation, and polarity of the membrane, influence
the transport properties of the polymer electrolyte membrane.
The McGrath group has studied the effect of acidification on
morphology, which affects water uptake, conductivity, methanol
permeability, and stability of the sulfonated poly(arylene ether
sulfone) copolymer.4c,d The morphological effects on transport
properties of PEM were further investigated by alternating
chemical composition4e and copolymer architecture.4f Cross-
linking the polymer also affects the polymer structure. In an
earlier study, the McGrath group also reported the structural
change of the cross-linkable polymer after cross-linking, with
high thermal stability.19 However, there has been little study
into the field of polymer electrolytes for fuel cells, especially
sulfonated polymers without elimination of the sulfonic acid
group for cross-linking with morphological study.

In this study, we present the synthesis of a new ethynyl-
terminated sulfonated-fluorinated poly(arylene ether) ionomer
with the aim of achieving three main attributes: sufficient
oxidative stability to withstand typical degradation from attack-

ing HO• and HO2
• radicals that originate from oxygen diffusion

through the membrane and incomplete reduction at the fuel cell
anode;10 low water uptake and swelling of the membrane, which
cause the loss of dimensional stability and mechanical strength;
and low fuel crossover with excellent proton conductivity. For
the ionomer to meet the above demands, a high fluorinated
monomer (decafluorobiphenyl) was used to prepare the ionomer.
Furthermore, an ethynyl moiety at the end of the polymer as
the thermal-cross-linkable group was introduced not only to
increase thermo-oxidative stability, chemical resistance, and
dimensional stability, but also to achieve reasonable proton
conductivity without decreasing the IEC value of membrane.

Experimental Section

Materials. Potassium 2,5-dihydroxybenzenesulfonate (SHQ) and
potassium carbonate were purchased from Aldrich Chemical Co.
and used after vacuum drying at 100 °C for 2 days. Benzene and
N,N-dimethylacetamide (DMAc) were purchased from Aldrich
Chemical Co. and used without further purification. Decafluoro-
biphenyl (DFBP) was purchased from Fluorochem Ltd. and used
without purification. 3-Ethynylphenol was prepared according to
the literature.13c

Synthesis of SFQK and E-SFQK. Sulfonated-fluorinated poly-
(arylene ether) (SFQK) was synthesized via step growth polymer-
ization of SHQ with DFBP as shown in Scheme 1. SHQ (4.57 g,
20.0 mmol) and DFBP (6.70 g, 1.002 equiv) with K2CO3 (3.40 g,
1.15 equiv) were dissolved in a DMAc (60 mL) and benzene (20
mL) mixture and placed in a 250 mL, 2-neck flask equipped with
a magnetic stirrer, a nitrogen inlet, and a Dean-Stark trap. The
reaction mixture was heated to 140 °C, and this temperature was
maintained for 12 h to ensure complete dehydration. Benzene was
refluxed into the Dean-Stark trap, following which the reaction
mixture was stirred at this temperature for a further period of 2 h.
After removing benzene, the reaction mixture was stirred at this
temperature for a further period of 2 h. To synthesize E-SFQK,
the end of the SFQK was capped by an ethynyl group. In a typical
procedure for attaching the ethynyl group at the end of polymer,
3-ethynylphenol (0.40 g, 0.17 eq.), DMAc (20 mL), and benzene
(10 mL) were added to the reaction mixture, and the reaction was
continued for another 3 h. The reaction mixture was cooled
and precipitated into 1 L of ethanol/water (9.8:0.2 solution).
The precipitated polymer was filtered and washed with ethanol.
The brown solid was dried under vacuum (60 °C) for 3 days. The
combined yield of SFQK and E-SFQK was above 90%.

E-SFQK. 1H NMR (DMSO-d6): δ ) 7.53 (1H, s, SHQ moiety),
7.31 (1H, s, SHQ moiety), 7.28 (1H, s, SHQ moiety), 7.15-6.99
(br, phenyl ring at polymer end group), 4.17 (s, ethynyl moiety at
polymer end group). 19F-NMR (DMSO-d6): δ ) -136.12 (4F, dd),
-151.58 (4F, dd). IR (KBr, cm-1): 1019 (sym, -SO3-), 1227
(asym, -SO3-), 1264 (wagging, -SO3-). Anal. Calcd for
(C18H3F8KO5S)n: C, 41.39; H, 0.58; S, 3.73. Found: C, 41.47; H,
0.57; S, 3.70.

Scheme 1. Synthesis of SFQK and E-SFQK
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Characterization and Measurements. Nuclear Magnetic Reso-
nance (NMR) Spectroscopy. 1H and 19F NMR spectra were
measured on a JEOL JNM-LA 300 WB FT-NMR in deuterated
DMSO (DMSO-d6). Chemical shifts of 1H and 19F NMR spectra
were referenced to tetramethylsilane (TMS) at 0 ppm as an internal
reference and fluorinated trichlorofluoromethane at 0 ppm as an
external reference, respectively.

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR spec-
troscopy was utilized to confirm the functional groups of the
synthesized polymer. Measurements were conducted on a Perkin-
Elmer IR 2000 series.

Thermal Analysis. The thermal properties of resulting mem-
branes were determined with a TA Instrument 2100 series,
covering the thermal degradation temperature range of 40-800
°C at a heating rate of 10 °C/min. Glass transition temperatures
(Tg) of membranes were measured in the range of 40-350 °C
at a heating rate of 5 °C/min using the differential scanning
calorimeter (DSC) measurement.

Inherent Viscosity Determinations. The measurements of inherent
viscosities (ηinh) of sulfonated polymers were performed using an
Ubbelohde viscometer, thermostatically controlled in a water bath.
Inherent viscosities (ηinh) were measured at 25 °C in DMAc.
Inherent viscosities provide information on the size of a polymer
molecule in solution. Typically, the inherent viscosity provides a
qualitative inference of molecular weight. Inherent viscosities were
very important in this dissertation because GPC could not be
effectively used for sulfonated copolymers.

Low Temperature Stability Test. Hydrated and dried membranes
were allowed to equilibrate by exposure to 100% relative humidity
at room temperature for at least 10 days and by vacuum at 80 °C
for 3 days, respectively. The low temperature tests at -30 °C were
performed after storage in a refrigerator at -30 °C for 2 days. The
membranes were then bent immediately at ambient conditions.

Chemical Resistance (Solubility Test) and OxidatiVe Stability.
Chemical resistance was measured by using a solubility test of the
membranes in various common organic solvents. All membranes
were immersed in various common organic solvents for 24 h at
room temperature. Oxidative stability was examined by immersing
the membrane samples in Fenton‘s reagent (3% H2O2 aqueous
solution containing 2 ppm FeSO4) at 80 °C.12a

Atomic Force Microscope (AFM). AFM images were acquired
with a Nanoscope IIIa (Digital Instruments Inc., Santa Barbara,

CA). Super Sharp Silicon tapping mode with a cantilever resonance
frequency of ca. 330 kHz was used (NanoSensors, Wetzlar-
Blankenfeld, Germany). The tip of the cantilever had a nominal
radius of curvature of ca. 2 nm. Scan rates of 0.5 Hz were used.
All treated samples were allowed to equilibrate by exposure to 100%
relative humidity at room temperature for at least for 24 h before
testing. The samples were then imaged immediately at ambient
condition.

Ion-Exchange Capacity. Ion-exchange capacity (IEC) was de-
termined using the classical titration method. After acidifying and
washing the membranes, they were immersed into 0.1 M NaCl
solution for 24 h to replace H+ with Na+. The remaining liquid
was titrated with 0.1 M NaOH solution using phenolphthalein as
an indicator. The IEC values were expressed as mequiv of
(-SO3H)/g of dry polymer and were obtained by the following
equation:

IEC (mequiv/g)) consumed NaOH × molarity NaOH
weight of dried membrane

Water Uptake and Swelling Ratio. Water uptake and swelling
ratio were determined for all membranes in their acid forms. The
acid-form membranes were dried at 80 °C under vacuum until a
constant weight was recorded. They were then immersed in
deionized water at 25 °C and periodically weighed on an analytical
balance until constant water uptake weights were obtained. Typi-
cally, the equilibrium water sorption occurred within 72 h. The
water uptake was calculated from a percentage of weight difference
between wet membrane (Wwet) and dried membrane (Wdry) and
dividing by the dry membrane (Wdry) weight. The swelling ratio
was calculated from a percentage of length difference between wet
membrane (lwet) and dried membrane (ldry) and dividing by the dry
membrane (ldry) length. The equations of water uptake (%) and
swelling ratio (%) are given below:

water uptake)
Wwet -Wdry

Wdry
× 100,

swelling ratio)
lwet - ldry

ldry
× 100

Proton ConductiVity. A four-point probe method was used to
measure the proton conductivity of the membranes. Before the
measurement of proton conductivity, the prepared membranes were
equilibrated with deionized water. Proton conductivity was per-
formed by an impedance analyzer (AutoLab, PGSTAT 30, Neth-
erlands) over the frequency range from 1 Hz to 1 MHz at 30 and
90 °C with a four-point probe method. Each membrane sample was
cut in 4 × 1 cm2 prior to mounting on the cell, and was equilibrated
with deionized water for 24 h. The proton conductivity was
calculated by the equation below:

σ) L
R · S

where σ (S/cm or Ω-1cm-1) is proton conductivity, L (cm) is the
distance between two electrodes used, R (Ω) is the resistance of
the membrane, and S (cm2) is the surface area for ions to penetrate
the membrane. The impedance of each sample was measured at
least five times to ensure data reproducibility.

Methanol Permeability. The methanol permeability of the mem-
branes was determined using a diffusion cell. This cell consisted of
two reservoirs, each with a capacity of approximately 150 mL,
separated by a vertical membrane. Prior to the test, the membranes

Figure 1. Effect of reaction time on the inherent viscosities (ηinh) and
molecular weight (Mn) of E-SFQK.

Table 1. Solubility of E-SFQK, NSFQH, and CSFQH in Various Common Organic Solventsa

sampleb NMPc DMAcd DMSOe DMFf THFg acetone CHCl3 MeOHh water

E-SFQK S S S S I I I P I
NSFQH S S S S P P Sw S I
CSFQH I I I I I I I I I

a S ) soluble at room temperature, P ) partially soluble at room temperature, I ) insoluble at room temperature, Sw ) swelling at room temperature. b E-SFQK: just
dried polymer after polymerization (K+ form), CSFQH: cross-linked membrane (H+ form), NSFQH: noncross-linked membrane (H+ form). c NMP: N-methylpyr-
rolidone. d DMAc: N,N-dimethylacetamide. e DMSO: dimethylsulfoxide. f DMF: dimethylformamide. g THF: tetrahydrofuran. h MeOH: methanol.
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were equilibrated in deionized water for at least 24 h. The membrane
was placed between two compartments: one filled with deionized water
and the other filled with a 2 M methanol/water solution. The
temperature of the diffusion cell was maintained at 25 °C with a water
bath, and both compartments were stirred continuously during the
experiments. The methanol concentration in the deionized water
compartment was monitored with time using a refractive index detector
(RI750F, Younglin Instrument Co., Korea) through a 1 mm diameter
silicon tube with 1.0 mL/min constant speed driven by a Masterflex
pump. The output signal was converted by a data module (Autochro,
Younglin Instrument Co., Korea) and recorded by a personal computer.
The equation is given below:

CB(t)) A
VB

DH
L

CA(t- t0)

where D (cm2/s) is the diffusivity, H is the partition coefficient, L
(cm) is the film thickness, A(cm2) is the surface area, V (ml) is the
cell volume, C (wt%) is the methanol concentration, subscript “A”
denotes the cell containing the water/methanol mixture, and
subscript “B” the water cell. The product DH was obtained by
extrapolating the experimentally measured data, and that value was
considered to be the methanol permeability.

Membrane Preparation. Membranes were prepared by casting
solutions of E-SFQK ionomer dissolved in DMAc on clean glass
substrate. The concentration of the polymer solution was 30% (w/
v), which allowed some control over the thickness of the membrane.
The polymer solutions were filtered to remove particulates using a
disposable syringe and disk filters (1 µm) prior to casting. Removal
of DMAc was accomplished in an oven at 50 °C in an inert (N2)
environment over 3 h. The cross-linked membrane (CSFQK;
potassium salt form of CSFQH) was placed on a hotplate with
gradually increasing temperature from 50 to 200 °C over 1 h and
at 250 °C for 100 min, while the noncross-linked membrane
(NSFQK; potassium salt form of NSFQH) did not have any thermal
treatment.

Membrane Acidification and Washing Conditions. Membranes
were immersed in 1 M sulfuric acid (H2SO4) solution at room
temperature for 24 h, followed by immersion in deionized water at
room temperature for 24 h. All acidified membranes were stored
at room temperature in deionized water for at least 5 days before
testing.

Results and Discussion

Synthesis of SFQK and E-SFQK. The effect of reaction
temperature on the inherent viscosities (ηinh) of E-SFQK was
examined by 16 h of polymerization at 140, 145, and 155 °C.
At a reaction temperature of 155 °C, the reacting solution formed
a gel after benzene was removed as an azeotropic solvent. From
19F NMR spectra of E-SFQK, it can be seen that side reactions
of E-SFQK occurred at the ortho position of decafluorobiphenyl
(DFBP) at a reaction temperature of 155 °C, while there is no
side reaction of DFBP at reaction temperatures of 140 and 145
°C. The effect of reaction time on the inherent viscosities (ηinh)
of E-SFQK has been studied by varying reaction time from 1
to 20 h, keeping the reaction conditions such as monomer molar
ratio, activation time of the hydroxy group of the SHQ
monomer, and reaction temperature constant, with the latter at
140 °C (Figure 1). The reaction time of end capping of
3-ethynylphenol was also kept at 3 h. As shown in Figure 1,
the polymerization is very fast and essentially complete after
7 h. This result indicated that the fluorine in the para position
in DFBP is very reactive with activated SHQ. The inherent
viscosities (ηinh) of E-SFQK were almost unchanged after 7 h
of the polymerization reaction. The molecular weight (Mn) of
E-SFQK was also measured from the relative 1H NMR integrals
of the proton in the ethynyl end group and the aromatic
resonances. The molecular weights of E-SFQKs were over 15
kg mol-1 after 7 h of polymerization (Table 2). Inherent viscosity

measurement also supported a similar tendency with the end
group analysis of NMR characterization.

The molecular structure of E-SFQK was characterized by 1H
NMR, 19F NMR, and FT-IR spectrum. All peaks shifted
downfield in 1H NMR spectra following polymerization due to
replacement of hydrogen atoms by the perfluorophenylene
group. Furthermore, all the peaks in the polymer spectra are
broader than those of the monomers. 1H NMR spectra of
E-SFQK showed big three aromatic peaks at 7.53 (s), 7.31 (s),
and 7.28 (s) ppm due to the SHQ moiety (Figure 2a). Subpeaks
at 7.15 to 6.99 and 4.17 ppm were due to the ethynyl moiety.
The 19F NMR spectrum of E-SFQK is dominated by peaks
centered at -136.12 (dd) and -151.58 (dd) ppm, corresponding
to ortho and meta fluorine atoms, respectively (Figure 2b). The
fluorine peak related to the para position disappeared com-
pletely. The complete nucleophilic aromatic substitution was
confirmed by the removal of para positioned fluorine atom in
the 19F NMR spectra. E-SFQK was soluble in aprotic polar
solvents such as DMSO, DMF, DMAc, and NMP (Table 1).
This indicates that the E-SFQK was synthesized without side
reaction. The FT-IR spectrum of E-SFQK shows sulfonate (SO3)
moiety peaks at 1019, 1189, and 1264 cm-1, corresponding to
the symmetric, asymmetric, and wagging peaks, respectively
(Figure 3).

TG analysis of CSFQH and NSFQH membranes showed glass
transitions at 307 and 303 °C, respectively, due mainly to a
weight loss of sulfonic acid group (Figure 4). DSC analysis
was performed to study the effect of cross-linking time on the
glass transition temperature (Tg) of the membrane and to observe
the exact time to cross-link the membrane. DSC curves showed
that the glass transition temperature increased with increasing
cross-linking time of the membrane (Figure 5). Additionally,
an intense exothermic peak was seen as the reaction peak of
ethynyl moiety.13b,c This indicates that cross-linkable ethynyl
groups of polymer chain ends react with each other around 250
°C, thus increasing cross-linking time of the membrane. After
cross-linking the membrane for 100 min, this intense exothermic
peak disappeared completely. The observed results were sup-
ported by the previously reported papers, which represented the
changes for cross-linking of ethynyl moieties using the exo-
thermic peaks and the glass transition temperature (Tg) observed
by DSC analysis and using the ethynyl (acetylenic) C-H peak
assignment around 3310 cm-1 from FT-IR measurement during
the curing process.13b,c,20 The Tg of CSFQH was observed at
247 °C, making it a possible candidate for a high temperature
polymer electrolyte fuel cell. Low temperature stability was
performed for liquid fuel cell application in the extremely low
temperature region. In the test, dried and hydrated CSFQH
membranes were very stable and flexible at -30 °C.

Table 2. Effect of Reaction Time on the Inherent Viscosities
(ηinh) of E-SFQK

polymerization
time (h) ηa ηrel

a
ηinh

(dL/g)a Mn
b

yield
(%)

1 2.675 1.367 0.626 11 800 91
3 2.844 1.454 0.749 13 900 93
5 2.882 1.473 0.775 14 700 92
7 2.880 1.473 0.774 15 200 93
10 2.899 1.482 0.787 15 700 94
15 2.889 1.477 0.780 15 200 93
20 2.894 1.480 0.784 15 300 94

a η, ηrel, and ηInh were measured at a concentration of 0.5 g/dL in DMAc
for potassium form of E-SFQKs at 25 °C by using these equations. {ηInh )
(ln ηrel)/C and ηrel ) η/ηo ) t/to, where ηo and C are the viscosity of DMAc
(ηo ) 1.956) and the concentration of sulfonated polymer (0.5 g/dL),
respectively.} b The molecular weights (Mn) of sulfonated polymers were
calculated from the relative 1H NMR integrals of the proton in the ethynyl
end groups and the aromatic resonances.
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Effect of Cross-Linking Time on the Transport Properties.
The effect of cross-linking time on the transport properties was
investigated. Membranes were prepared, varying thermal-cross-
link time from 0 to 100 min at 250 °C. During this thermal
curing processing of the membrane, the ethynyl group of the
polymer chain end acts as a thermally cross-linkable moiety.13b,c

Proton conductivity, water uptake and swelling ratio of the
membranes showed a similar tendency to decrease with increas-

ing cross-linking time (Figure 6) and were in the range from
0.16 to 0.13 S/cm, 86% to 42%, and 31% to 13%, respectively,
with increasing the cross-linking time. Proton conductivity of
cross-linked membrane was 0.21 S/cm at 90 °C, while that of
noncross-linked membrane could not be measured because of
the membrane cracking at 70 °C. Critical changes in the
transport properties occurred at 30 min of cross-linking time,
and transport properties remained constant from 60 min onward.
The main reason for these changes of transport properties is

Figure 2. 1H NMR (a) and 19F NMR (b) spectra of E-SFQK.

Figure 3. FT-IR spectrum of E-SFQK.

Figure 4. TG analysis of noncross-linked (NSFQH) and cross-linked
(CSFQH) membranes.

Figure 5. DSC curves of the effect of the degree of cross-linking on
the glass transition temperature of membrane.

Figure 6. Effect of cross-linking time on proton conductivity (square),
water uptake (triangle), and swelling ratio (circle) of membranes.
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related to the change of polymer structure during cross-linking
reaction (Scheme 2). An earlier study of the McGrath group
represented functionalized end-capped polyimide with ethynyl
group at the end of the polymer. In the report, during thermal
cross-linking of the ethynyl end-group, polymer structure
gradually changed into a dense network structure.19 In this work,
this result indicated that free volume of the polymer membrane
decreased, and the size of the hydrophilic domain, which can
contain water, was much affected from cross-linking. This
structural change will be discussed with morphology study of
AFM phase images of cross-linked and noncross-linked mem-
brane in a later part of this paper.

Methanol Permeability and Selectivity. As can be seen in
Table 3, the methanol permeability of NSFQH (noncross-linked
membrane) could not be measured due to the solubility problem
(Table 1). In this part of the study, our group therefore compared
CSFQH (cross-linked membrane) to a state of the art Nafion
membrane. CSFQH exhibited proton conductivity that was
almost 1.4 times that of Nafion 117 (0.13 S/cm vs 0.09 S/cm).
In addition, CSFQH also exhibited lower methanol permeability
(88 × 10-8 cm2/s) than that of Nafion 117 (154 × 10-8 cm2/s).
The high proton conductivity and low methanol permeability
of CSFQH resulted in good selectivity as a polymer electrolyte
membrane for direct methanol fuel cell. Selectivity was more
than 2.5 times that of Nafion 117. However, water uptake was
higher than that of Nafion 117. Although CSFQH had a high
water uptake compared to Nafion, other properties such as
proton conductivity and fuel cell selectivity exhibited good
results (Table 3).

Chemical Resistance and Oxidative Stability. Chemical
resistance of CSFQH and NSFQH membranes were measured

by testing membrane solubility in various common organic
solvents. CSFQH was found to be insoluble in any organic
solvent and to have very good chemical resistance, while
NSFQH is very soluble in aprotic polar solvents such as DMAc,
DMSO, NMP, and DMF. Additionally, in Fenton’s test (3%
H2O2 aqueous solution containing 2 ppm FeSO4) at 80 °C,
oxidative stability showed that the CSFQH membrane endured
for 4 h before beginning to dissolve. Complete dissolution
occurred only after more than 7 h. The NSFQH membrane only
endured for 1 h 20 min before it started to dissolve. After over
2 h, the membrane had completely dissolved. These results
indicated that the cross-linked membrane (CSFQH) had much
better oxidative stability than the noncross-linked membrane
(NSFQH). Additionally, CSFQH membrane exhibited relatively
good oxidative stability compared to other membranes in
previous reports.12a,21 Previously reported papers represented
that fluorine containing groups are highly effective in improving
oxidative stability of the sulfonated polymer membrane, and
that a branched polymer membrane showed even better oxidative
stability than the corresponding unbranched one with similar
fluorine contents due to lower water uptake of branched polymer
membrane.21 The branched polymer membrane endured for 4 h
before beginning to dissolve (the dissolving time). In our work,
introduction of the fluorine atoms of DFBP moieties as
hydrophobic groups in the polymer main chain, along with the
cross-linking system at the end of the polymer, prolonged the
dissolving time and the dissolved time.

Morphological Study. As shown in the AFM phase images
in Figure 7, the dark softer region indicate the hydrophilic
sulfonic acid groups containing a large fraction of water, and
the bright harder region indicate the hydrophobic fluorinated
aromatic groups.4c,d,12e In the aspect of two-dimensional surface
morphology, dark regions in NSFQH membranes made channels
of hydrophilic sulfonic acid groups containing water. The
hydrophilic domain sizes of NSFQH were in the range of 20-50
nm, while dark regions of CSFQH membrane made clusters of
hydrophilic domains whose sizes were in the range of 5-20
nm. These observations suggest that the free volume of the
sulfonic acid groups, which is able to contain water, decreased
after cross-linking. This effect demonstrated that the cross-
linking between the polymer chains was well formed.

Scheme 2. Thermal Cross-Linking Mechanism

Table 3. Effect of Thermal Cross-Linking on the Proton Conductivity, Water Uptake, and Methanol Permeability of the Membrane

IEC (mequiv/g) conductivity (S/cm)
polymer

membrane calcd obsd
water uptake

(%) 30 °C 90 °C
methanol permeability

(10-8 cm2/s) Φ (103 s Ω-1cm-3)a

CSFQH 2.07 2.04 42 0.13 0.21 88 148
NSFQH 2.07 2.06 86 0.16 b b b
Nafion 117 0.91 0.91 21 0.09 0.18 154 58
a Φ(membrane selectivity): Proton conductivity to methanol permeability. b Can not detected or be measured.

Figure 7. AFM tapping phase images of noncross-linked membrane
(NSFQH) (z-scale 30) (a) and cross-linked membrane (CSFQH) (z-
scale 7) (b). (Size is 500 nm × 500 nm.)
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Conclusions

Ethynyl-terminated sulfonated-fluorinated poly(arylene ether)
was prepared for fuel cell applications. The cross-linkable end-
group of the polymer acted not only to improve the thermal
stability and dimensional stability of the membrane, but also to
prolong the degradation time from radical attack. This cross-
linked membrane structure, suggested as a network structure
by a previous report,19 had low water uptake and swelling ratio
with reasonable proton conductivity. Although CSFQH has
lower proton conductivity than NSFQH, other properties of
CSFQH, such as oxidative stability, chemical resistance, water
uptake, and swelling ratio, were better than those of NSFQH.
High proton conductivity and low methanol permeability of
CSFQH resulted in better selectivity (88 × 10-8 cm2/s) than
that of Nafion 117 (154 × 10-8 cm2/s). After cross-linking, the
hydrophilic domain size decreased from the range of 20-50
nm to the range of 5-20 nm. These results indicate that CSFQH
is a promising candidate for a polymer electrolyte for direct
methanol fuel cells (DMFC) and high temperature polymer
electrolyte fuel cells.
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