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’ INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have re-
ceived considerable attention as clean, efficient energy devices.
Their applications range from mobile electrical power to trans-
portation.1,2 The proton exchange membrane is one of the key
materials of the PEMFC in term of performance and production
cost. Perfluorosulfonic acid (PFSA) ionomer membranes such as
Nafion have been most used as a standard PEMFC membrane;
however, the high cost, low glass transition temperature, and
environmental incompatibility of the PFSA membranes have
impeded the widespread commercialization of PEMFCs. A
number of alternative membranes have been proposed for PEMs.
Hydrocarbon-based polymer electrolyte membranes are attrac-
tive candidates due to their flexibility in molecular design and
synthesis. Aromatic polymers such as poly(arylene ether
sulfone)s,3�6 poly(arylene ether ketone)s,7�9 polyimides,10�13

and others14�24 have been investigated as a base skeleton for sul-
fonation. Some of these sulfonated membranes have been re-
ported to exhibit improved fuel cell performance.25�28 For the
practical PEMFC application, the conductivity and durability
under high temperature, low relative humidity (RH) conditions
need further improvement.

Block copolymerization of sulfonated aromatic polymers has
been suggested as one of the successful strategies for this pur-
pose.29�32 The sequential block structure can enhance the phase
separation between hydrophilic and hydrophobic moiety, and
therefore much higher proton conductivity has been achieved
without sacrificing other favorable properties such as mechanical
and thermal stability. McGrath and co-workers reported that
partially fluorinated multiblock sulfonated poly(arylene ether

sulfone)s have comparable proton conductivity to that of Nafion
112 at 80 �C and 30% RH.33 Recently, introduction of sulfonic
acid clusters has been proved to be effective in increasing proton
conductivity under low RH conditions.34

In addition to the chemical and physical properties, the
synthetic route for the sulfonated block copolymers is another
important issue. There are typically two synthetic methods:
copolymerization of presulfonated monomers and postsulfona-
tion of block copolymers. In the former, available presulfonated
monomers are few and limit the flexibility in the design of
hydrophilic blocks. In the latter, more choices are available as
reactive monomers for providing high molecular weight precur-
sor block copolymers. However, the sulfonation of block copo-
lymers is sometimes accompanied by the production of structural
defects, which can be difficult to remove from the final products.

Recently, we have reported a series of sulfonated block copoly-
mers by the postsulfonation method.35,36 The block copolymer
(SPESK, sulfonated block poly(arylene ether sulfone ketone))
membranes contained a high density of sulfonic acid groups in
the hydrophilic component and showed a unique phase-sepa-
rated morphology, with well-interconnected proton transport
pathways. The SPESK membranes were highly proton conduc-
tive at high temperature (110 �C) and low relative humidity
(40% RH) and showed fuel cell performance comparable to that
obtained with a Nafion membrane.37 While the SPESK mem-
branes already appear to be promising as alternative PEMs, our

Received: January 6, 2011
Revised: March 12, 2011

ABSTRACT: Poly(arylene ether sulfone) multiblock copoly.
were synthesized via oligomeric sulfonation. The successful
oligomeric sulfonation enabled multiblock copolymer mem-
branes with different hydrophobic block moiety (biphenyl and
naphthalene units). High local concentration of sulfonic acid
groups within the hydrophilic blocks enhanced the phase
separation between hydrophilic and hydrophobic moiety. Rigid,
nonpolar, and planar hydrophobic moiety such as naphthalene
groups were effective in increasing proton conductivity and decreasing gas permeability. The multiblock copolymers with
naphthalene hydrophobic units with IEC = 2.01 mequiv/g showed comparable proton conductivity to Nafion NRE 212 membrane
(0.91 mequiv/g) at >40% RH. The longer blocks were found to increase a characteristic factor (ratio of the proton conductivity to
the water volume fraction) as well as phase separation. The membrane showed relatively low oxidative stability under Fenton’s test
conditions due to higher water uptake and swelling. However, low gas permeability could compensate this drawback for fuel cell
applications.
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interest has focused on further improvements of the synthetic
method that could afford more freedom in the molecular struc-
tures, more choices in the monomer compounds, higher reactiv-
ity to obtain high molecular weight, soluble polymers, and fewer
structural defects.

In this report, we present a novel method to synthesize sulfo-
nated block copolymers via sufonation of oligomers. The sulfo-
nation of oligomers represented in Figure 1a enables various
monomers to be used for the hydrophobic block moiety. Mono-
mers that are susceptible to sulfonation can be used. With this
method, we synthesized two types of hydrophobic oligomers
(biphenyl, 3, and naphthalene unit, 4) and incorporated them
into block copolymers, as shown in Figure 1e. The membrane
properties were investigated and compared with those of our
previous version of the sulfonated block copolymer SPESK
membrane.

’EXPERIMENTAL SECTION

Materials. Bis(4-fluorophenyl)sulfone (FPS), 9,9-bis(4-hydroxy-
phenyl)fluorene (BHF), 2,7-dihydroxynaphthalene (DHNT), 4,40-bi-
phenol (BP), and decafluorobiphenyl (DFB) were purchased from TCI,
Inc., and crystallized from toluene or toluene/ethanol depending on its
purity. Potassium carbonate, calcium carbonate, cyclohexane, toluene,
chlorosulfonic acid, and 1,2-dichloromethane were purchased from Kanto
Chemical Co. and used as received. N,N-Dimethylacetamide (DMAc,
organic synthesis grade, 99%) and N-methyl-2-pyrrolidone (NMP,
organic synthesis grade, 99%) were purchased from Kanto Chemical
Co. and dried over 3 Å molecular sieves prior to use. Nafion NRE212
membrane was purchased from Du Pont and treated with hot 5 wt %
H2O2 aqueous solution for 1 h and boiling 1MH2SO4 aqueous solution
for 1 h and washed several times with deionized water.

Synthesis of Decafluorobiphenyl (DFB)-Terminated Tele-
chelic Oligomers (1). A typical synthetic procedure is as follows
(Y = 4). A 200 mL round-bottom flask was charged with FPS (5.8 g,
22.8 mmol), BHF (10.0 g, 28.5 mmol), potassium carbonate (7.9 g,
57.1 mmol), 50 mL of DMAc, and 25 mL of toluene. The reaction was
carried out at 140 �C for 3 h with a Dean�Stark trap. Then, the
temperature was elevated to 165 �C, and the reaction was continued for
another 3 h to obtain a slightly viscous mixture. After the reaction, the
temperature was decreased to room temperature and end-capping
reagent, DFB (6.3 g, 18.8 mmol), was added to the reaction mixture.
Further reaction at 100 �C for 12 h gave DFB-terminated telechelic
oligomer (1). The reaction mixture was poured dropwise into a large
excess of water. The crude product was washed with hot deionized water
and hot methanol several times. Drying in vacuum oven overnight gave a
DFB-terminated telechelic oligomer 1.
Sulfonation of Oligomers 1. 300 mL of dichloromethane con-

taining 14 g of chlorosulfonic acid was charged in a round-bottom flask.
4.1 g of DFB-terminated telechelic oligomer (1, Y = 4) was dissolved in
150 mL of dichloromethane. The solution of 1 was added dropwise into
the chlorosulfonic acid in dichloromethane solution with stirring. The
amount of chlorosulfonic acid was adjusted to be 5 excess equimolar to
fluorenylide diphenylene unit of the oligomers 1. The sulfonation
reaction was carried out for 24 h until all of the sulfonated oligomers
precipitated from the reaction mixture. The product was poured into
500 mL of cold water, and the mixture was evaporated under reduced
pressure to remove most of dichloromethane. Addition of NaCl into the
mixture gave a precipitation of target oligomer (2). The crude product
was filtered, dissolved in water, and basified with 1 M NaOH to trans-
form sulfonic acid groups in sodium salt form. The product was repreci-
pitated by addition of NaCl. The precipitate was filtered, redissolved in
water, and dialyzed to give a pure oligomer 2 in ca. 70% yield. The
product was well-dried under vacuum at 120 �C overnight prior to block
copolymerization.

Figure 1. (a) Conceptual preparation scheme of sulfonated block copolymers; (b) structure of sulfonated hydrophilic oligomers 2; (c) structure of
hydrophobic oligomers 3 and 4; (d) photo of 5a membrane; (e) structure of sulfonated block copolymers 5a and 5b.
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Synthesis of Hydroxy-Terminated Telechelic Oligomers 3
and 4. A typical synthetic procedure for oligomers 3 is as follows
(X = 15). A 100 mL round-bottom flask was charged with FPS (4.00 g,
15.7 mmol), BP (3.12 g, 16.7 mmol), potassium carbonate (4.62 g,
33.4 mmol), 32 mL of DMAc, and 16 mL of toluene. The reaction was
carried out at 140 �C for 3 h with a Dean�Stark trap. Then, the
temperature was elevated to 165 �C, and the reaction was continued for
another 12 h to obtain a slightly viscous mixture. The mixture was
diluted with 30 mL of additional DMAc and poured dropwise into 1 L of
water. The crude product was washed with hot deionized water and hot
methanol several times. Drying in vacuum oven overnight gave the
hydroxy-terminated telechelic oligomers (3).
Block Copolymerization and Membrane Preparation. The

mixture containing sulfonated DFB-terminated hydrophilic (2) and
hydroxy-terminated hydrophobic oligomers (3 or 4) was copolymerized
at 100 �C for 24�48 h in the presence of potassium carbonate and
calcium carbonate (Scheme S1). DMAc or NMP was used as polymer-
ization solvent and cyclohexane as azeotropic solvent. After the polym-
erization, additional DMAc was added in order to lower the viscosity.
The mixture was poured into a large excess of dilute hydrochloric acid
(10 mL of concentrated HCl in 1 L of water) to precipitate the product.
The crude product was washed with dilute hydrochloric acid and hot
methanol several times. Finally, the product was changed to sodium
form by washing with 3MNaCl aqueous solution and filterated. A white
fiber of the product (5) was dried at 80 �C in vacuum oven overnight.
The block copolymer 5 (1 g) in 10 mL of DMAc or NMP solution was

cast onto a flat glass plate. Drying the solution at 60 �C for overnight
gave a 50( 5 μm thick, transparent, and tough film. The filmwas further
dried in vacuum oven at 80 �C for at least 6 h. Themembrane was treated
with 1 M H2SO4 aqueous solution for 4 h, washed with water several
times, and dried at room temperature.
Measurements. 1H and 19F NMR spectra were obtained on a

JEOL JNM-ECA 500 using deuterated dimethyl sulfoxide (DMSO-d6)
or chloroform (CDCl3) as a solvent and tetramethylsilane (TMS) as an
internal reference. Ion exchange capacities (IEC) of the membranes
were measured by back-titration. A piece of the membrane (ca. 80 mg)
was equilibrated in a large excess of 5 M NaCl aqueous solution for
3 days. The released HCl by the ion exchange was titrated with standard
0.01 N NaOH aqueous solution. Apparent molecular weight was mea-
sured with gel permeation chromatography (GPC) with a Jasco 805 UV
detector. DMF containing 0.01 M LiBr was used as eluent. Two Shodex
KF-805 columns were used for polymers and a Shodex SB-803HQ
column was used for oligomers, respectively. Molecular weight was
calibrated with standard polystyrene samples.

For scanning transmission electron microscopy (STEM) observa-
tions, the membranes were stained with lead ions by ion exchange of the
sulfonic acid groups in 0.5 M lead acetate aqueous solution, rinsed with
deionized water, and dried in vacuum oven for 12 h. The stained
membranes were embedded in epoxy resin, sectioned to 90 nm thick-
ness with Leica microtome Ultracut UCT, and placed on copper
grids. Images were taken on a Hitachi HD-2300C STEM with an
accelerating voltage of 200 kV.

Figure 2. 1H NMR spectra of (a) 3 (X = 15), (b) 4 (X = 15), (c) 1 (Y = 4), and (d) 2 (Y = 4). 19F NMR spectra of (e) 1 (Y = 4) and (f) 2 (Y = 4).
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Water uptake and proton conductivity were measured with a solid
electrolyte analyzer system (MSBAD-V-FC, Bel Japan Co.) equipped
with a temperature and humidity controllable chamber. Weight of the
membranes was measured by magnetic suspension balance at given
humidity, and then water uptake ((weight of hydrated membrane �
weight of dry membrane)/weight of dry membrane � 100) was
calculated. Vacuum drying for 3 h at 80 �C gave the weight of dry
membranes and exposure to a given humidity for at least 2 h gave the
weight of hydrated membranes. Proton conductivity was measured
using four-probe conductivity cell attached with impedance spectrosco-
py (Solartron 1255B and 1287, Solartron Inc.) simultaneously in the
same chamber. Ion conducting resistances (R) were determined from
the impedance plot obtained in the frequency range from 1 to 105 Hz.
The proton conductivity (σ) was calculated from the equation σ = l/
(A � R), where A and l are the conducting area and the membrane
thickness, respectively.

Oxidative stability of membranes was tested by immersing membrane
samples in Fenton’s reagent (3% H2O2 containing 2 ppm FeSO4) at
80 �C for 1 h. Hydrolytic stability test was conducted under long-term
conditions (hot water of 100 �C for 1000 h). Loss of weight and
molecular weight and changes in IEC were checked for the samples after
the stability test.

Tensile strength was measured by universal test machine (AGS-J
500N, Shimadzu) attached with a temperature and humidity control-
lable chamber (Bethel-3A, Toshin Kogyo). Stress vs strain curves were
obtained for samples cut into a dumbbell shape (DIN-53504-S3, 35 mm�
6 mm (total) and 12 mm � 2 mm (test area)). The measurement was
conducted at 60% RH and 80 �C at a stretching speed of 10 mm/min.

Hydrogen and oxygen permeability was measured with a gas permea-
tion measurement apparatus (20XFYC, GTR-Tech Inc.) and concen-
tration of the permeated gases was quantified with a gas chromatography
(GC, G2700T, Yanaco) with thermal conductivity detector. Argon and
helium were used as a carrier for the measurement of hydrogen and
oxygen, respectively. Membranes were placed in the center of the
permeation cell, and the test gas was introduced onto one side of the
membrane at a flow rate of 20 mL/min. Carrier gas was introduced onto
the other side of themembrane at the same flow rate andwas analyzed by
the GC. The same humidity conditions were applied to both test and
carrier gases to ensure homogeneous wetting of the membrane samples.
The membrane was equilibrated until stable permeation data were
obtained. The gas permeability coefficient, Q (barrer = 1 � 10�10 cm3

(STP) cm cm�2 cm�1 mmHg�1), was calculated by eq 1

Q ¼ 273
T

� 1
A
� B� 1

t
� l� 1

76� Pwater
ð1Þ

whereT (K) is the absolute temperature,A (cm2) is the permeation area,
B (cm3) is the volume of the test gas permeated through the membrane,
t (s) is the sampling time, l (cm) is the thickness of the membrane, and
Pwater (cmHg) is the water vapor pressure.

’RESULTS AND DISCUSSION

Synthesis and Characterization of Telechelic and Sulfo-
nated Oligomers. Oligomers for hydrophilic precursor (1) and
two hydrophobic blocks (3, 4) were successfully synthesized by
polycondensation of hydroxy- and fluorine-terminated mono-
mers. The prepared DFB-terminated precursor (1), sulfonated
DFB-terminated (2), and OH-terminated (3, 4) oligomers were
analyzed by GPC and NMR as shown in Figures 2 and S1 and
Table 1.
Figures 2c and S1 show the 1H NMR spectrum in DMSO and

GPC curve of 1 (Y = 4), respectively. Five distinct fluorine peaks
assigned to the end groups were observed in the 19F NMR

spectrum (Figure 2e). The experimental Y value calculated from
the GPC data was close to the expected value. The average Y
values were 5.9 for Y = 4 and 9.8 for Y = 8, which were slightly
higher than the values expected from the feed monomer com-
positions. Polydispersity was narrow as shown in Figure S1,
implying no side reactions such as cross-linking by DFB.
On the basis of the experimental Y value of oligomeric pre-

cursor 1, 5 excess equimolar chlorosulfonic acid was used for the
sulfonation reaction. Sulfonation reaction of 1 with chlorosulfo-
nic acid was conducted in dichloromethane solution. Excellent
solubility of oligomers 1 compared to the corresponding block
copolymers assured facile, complete sulfonation. Figure 2d shows
1H NMR spectrum of the sulfonated oligomer 2 (Y = 4). All of
the proton peaks of unsulfonated fluorenylidene biphenylene
units (3�8 in 1) disappeared, which confirmed complete sulfo-
nation or 100% degree of the sulfonation. The other aromatic
rings were intact and a set of five distinct peaks in the 19F NMR
spectrum (Figure 2f) was assigned to the perfluorinated biphe-
nylene end-capped groups, supporting no degradation of the end
groups during the sulfonation. Unlike the sulfonation of block
copolymers, the oligomeric sulfonation was not interfered by the
solubility of precursors due to good solubility of the oligomeric
precursors in halogenated hydrocarbon solvents.
For the successful block copolymerzation, purification of the

sulfonated oligomers was crucial. A combination of precipitation
from aqueous solution with sodium chloride and subsequent
dialysis was found to be effective in isolating pure sulfonated
oligomers in high yield. High purity of the oligomers was
confirmed by 1H and 1H�1H gradient COSY 2D NMR spectra
(Figures 2d and S2, respectively), in which degradation and/or
side reactions were not detected.
OH-terminated hydrophobic oligomers 3 and 4 were also

characterized by 1H NMR and GPC as shown in Figure 2a,b,
Figure S1, and Table 1. Protons attached to OH-terminated
phenylene rings (7 and 8) of oligomer 3 appeared at higher
magnetic field than those attached to the repeating unit (1 and 2)
due to the electron donating property of hydroxy groups. The
similar trend was also observed for the oligomer 4. The experi-
mental X value calculated from the GPC data for the oligomer 3
was slightly higher than the expected one, whereas the oligomer 4
showed lower experimental value. The differences might be due
to different reactivity of hydroxy phenyl group.
Synthesis and Characterization of Sulfonated Block Co-

polymers. Block copolymerization of hydrophobic and hydro-
philic oligomers was successfully conducted by a nucleophilic
aromatic substitution reaction, as shown in Scheme S1. Apparent
molecular weight measured by GPC was higher than 200 kDa
(Mw) to form tough and flexible membranes. High apparent
molecular weight as shown in Table 2 indicates that the obtained
copolymers are of multiblock structure. The polydispersity index
(PDI, Mw/Mn) values were relatively higher than those of our

Table 1. Expected and Experimental Degree of Polymeriza-
tion and Molecular Weight of Oligomers

1 3 4

Ya Yb Mn
b Mw/Mn Xa Xb Mn

b Mw/Mn Xa Xb Mn
b Mw/Mn

4 5.9 4.3 1.8 15 28.1 11.4 2.2 15 11.5 4.6 2.6

8 9.8 6.5 2.2 30 34.4 13.9 2.5 30 23.2 8.9 2.7
aCalculated value from the feed monomer ratio. bDetermined by GPC
(calibrated by polystyrene standards).
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postsulfonated block copolymers.35 A small amount of cross-
linking via DFB terminal groups in 2, which could not be
detected in the NMR spectra, might have occurred during the
block copolymerization reaction.

1H NMR spectra (Figure 3) confirmed the existence and
composition of both hydrophobic and hydrophilic blocks,
supporting the block copolymer structure. The apparent mo-
lecular weight of the resulting block copolymers was dependent
on the polymerization solvent. We have previously reported
that DMAc was the best solvent for the block polymerization of
poly(arylene ether sulfone)s. However, block copolymer 5b
with X30 hydrophobic block showed rather lower solubility in
DMAc than 5a. Therefore, NMP was used as polymerization

solvent for 5b X30Y4 and X30Y8 in order to increase apparent
molecular weight. The planar structure of the naphthalene
moiety seems to increase physical interaction between poly-
mer chains to cause lower solubility. During the membrane
casting, DMAc had to be replaced with NMP to dissolve
longer block copolymers 5b. Solution casting of both copo-
lymers gave tough, flexible membranes (Figure 1d), whose
experimental IECs (measured by titration) were fairly con-
sistent with the targeted IEC values (calculated from the
copolymer composition).
Morphologies of 5 Membranes. One of the unique proper-

ties of sequential block copolymers is the microphase-separated
morphology. Figure 4 shows STEM images of some selected 5a

Table 2. Properties of Block Copolymers 5a and 5b

molecular weight (kDa)b

block copolymer

targeted IEC

(mequiv/g)

experimental IEC

(mequiv/g)a Mn Mw Mw/Mn casting solvent

5a X15Y4 1.8 1.78 48 240 5.0 DMAc

X30Y4 1.2 1.29 48 507 10.6 DMAc

X30Y8 1.7 1.71 27 689 25.5 DMAc

5b X15Y4 1.9 2.01 36 332 9.2 DMAc

X30Y4d 1.2 1.26 29 374 12.9 NMPc

X30Y8d 1.8 1.85 37 626 16.9 NMPc

aBy titration. bBy GPC (calibrated by polystyrene standards). c Insoluble in DMAc. d Synthesized in NMP solution.

Figure 3. 1H NMR spectra of X15Y4 SPE block copolymers (a) 5a and (b) 5b.
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and 5b membranes at the 100 nm scale (lower magnification
images are available in Figure S3). Black areas represent hydro-
philic domains originating from lead ion-exchanged sulfonic acid
groups, whereas light areas are hydrophobic domains. The block
copolymer membranes showed distinct phase separation be-
tween hydrophilic and hydrophobic blocks. This well-defined
phase separation originates from the sequential structure of the
block copolymers, especially the highly sulfonated hydrophilic
block. Similar phase-separated morphology was observed in our
previous version of the sulfonated block copolymer (SPESK)
membranes prepared by the postsulfonation method36 and other
block copolymers.32

The dependence of the morphology on the block length is
meaningful. The hydrophilic domains became larger with in-
creasing block length. Size of the black areas was associated not
only with the hydrophilic block but also with the hydrophobic
one but was less dependent on IEC. For instance, 5a X30Y4
(IEC = 1.29 mequiv/g) showed larger hydrophilic domains
than 5a X15Y4 (IEC = 1.78 mequiv/g) in spite of the former’s
lower IEC (Figure S3). The trend was similar for both 5a and
5b. We also noticed some differences in the morphology be-
tween 5a and 5b. The phase separation was more distinct in
5b. The results are well in accordance with the results of our
previous random copolymers, in which a compact naphthalene

hydrophobic moiety induced more developed phase separation
than bulky ones.38

It is considered that degree of phase separation in diblock or
triblock copolymer system is associated with χN and f, where χ
is the Flory�Huggins interaction parameter,N is the degree of
polymerization, and f is volume fraction of one block compo-
nent.39 Recent researches on sulfonated block copolymers
have revealed that higher value of χN induced more phase
segregation in given block copolymers.40�42 Although the
present multiblock copolymers have high PDI values, the
phase separation seems yet to be related with χN value.
The longer length of hydrophobic block and naphthalene
moiety would contribute to increasing χN and accordingly
facilitating phase segregation.
Water Uptake and Proton Conductivity of 5 Membranes.

Figure 5 shows humidity dependence of the proton conductiv-
ities of the 5a and 5b membranes at 80 �C. The 5a and 5b
membranes showed higher water uptake than that of Nafion due
to their higher IEC values. Water uptake of the membranes was
highly dependent on IEC. Longer block length resulted in higher
proton conductivity when IEC was similar (compare X15Y4 and
X30Y8 in 5a). 5b with IEC = 2.01 mequiv/g showed comparable
proton conductivity to Nafion NRE 212 membrane at >40% RH
and 0.17 S/cm at 90% RH. Compared to the other block

Figure 4. STEM images of lead ion-stained (a) 5a X15Y4, (b) 5a X30Y8, (c) 5b X15Y4, and (d) 5b X30Y8. All images were taken in the direction
normal to the plane of the membrane, with a magnification of 300K.
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copolymers such as partially fluorinated poly(arylene ether
sulfone)31 and polyimide,30 this is one of the highest value
under these conditions.
In order to facilitate a more exact, precise discussion, we

propose a new parameter, a characteristic factor (Φ), which we
define as the ratio of the proton conductivity to the water
volume fraction. The Φ factor is a measure for evaluating
membranes with similar volumetric IEC values in terms of the
practical fuel cell application. Figure 6 shows the humidity
dependence of Φ for Nafion NRE212, SPESK (our previous
sulfonated block poly(arylene ether sulfone ketone) mem-
brane prepared by the postsulfonation method),43 and the 5a
and 5b membranes. The Φ values of X30Y4 5a and 5b can be
compared with that of NRE212, since these membranes share
similar volumetric IEC over whole RH range (e.g., ca. 1.44�
1.49 mequiv/cm3 at 80 �C and 90% RH).43 The Φ values of
X30Y4 5a and 5b were similar or slightly lower than that of
NRE212 at 90% RH. The results indicate that the 5a and 5b
membranes utilized water effectively for proton conduction, as
effectively as Nafion at high humidity. However, there was still
a gap at low and medium RH between 5 and Nafion NRE
membranes. Nevertheless, it is noteworthy that 5a and 5b
revealed a higher Φ value than that of SPESK X30Y8 with
the same block length and similar volumetric IEC (e.g., ca.
2.02 mequiv/cm3 at 80 �C and 90% RH). This effect was more
pronounced under lower RH conditions. The Φ value of
5a X30Y8 was 0.027 at 20% RH, which was ca. 50% higher
than that of SPESK X30Y8 at the same humidity. The differ-
ences in compactness and hydrophobicity of the hydrophobic
block should be responsible. Compact, rigid biphenyl and
naphthalenic groups were found to be effective as the hyd-
rophobic component in improving the proton conducting
behavior, which was realized by the new oligomeric sulfona-
tion method.
Stability, Gas Permeability, and Mechanical Properties of

5 Membranes. The oxidative and hydrolytic stabilities of the 5
membranes were investigated, as summarized in Table 3. Fenton’s

reagent at 80 �C was used for the oxidative stability test. The 5
membranes degraded to some extent with losses in weight and
apparent molecular weight. Such oxidative instability was similar
to that of the SPESK membrane and was due mainly to the
hydrophilic component. However, the lower gas permeability
(see below) could compensate for this drawback in the practical
fuel cell operation. The 5 membranes were hydrolytically more
stable. Although 5b, with a high IEC (2.01 mequiv/g), dissolved
during a 1000 h hydrolytic stability test, the other 5 membranes
showed minor losses in weight and apparent molecular weight.
Since there are no standard methods for evaluating oxidative and
hydrolytic stability of ionomer membranes, comparison with the
other sulfonated aromatic membranes is unavailable. However,
the stability of 5 membranes needs further improvement for
practical applications.
Gas permeability is another important parameter for fuel cell

membranes. The hydrogen and oxygen permeabilities of the 5
membranes were investigated under both dry and humidified
conditions, as shown in Figures 7 and S4. The gas permeabilities
of 5a and 5b were much lower than that of Nafion NRE 212
under all investigated conditions, despite the former’s higher
water absorbing capability (swellability). The 5b membrane
showed lower gas permeability than that of 5a. The results seem
reasonable taking their morphology into account. Planar, com-
pact naphthalene groups are more likely to aggregate by them-
selves to form closely packed (or dense) hydrophobic domains,
which is the major permeation pathway of the gases. Similar
results were obtained for our previous random copolymers
containing naphthalene groups.38

The physical properties of the water-swollen membranes
were investigated by use of an elongation test at 80 �C and
60% RH (Figure 8 and Table S1). All of the test membranes
showed high mechanical strength with Young’s moduli greater
than 0.6 GPa, which was much higher than that of Nafion
NRE212. Maximum stress was dependent on IEC of mem-
branes due to the change in water uptake. A general trend was
that the lower IEC resulted in higher maximum stress. 5b
showed a higher Young’s modulus than that of 5a. Similar to
the gas permeability, the naphthalene groups can engender

Figure 5. (a) Water uptake and (b) in-plane proton conductivity of
NRE 212 and 5a and 5b membranes as a function of RH at 80 �C.

Figure 6. Characteristic factor Φ (proton conductivity/water volume
fraction) of Nafion and 5a and 5bmembranes as a function of RH at 80 �C.
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strong hydrophobic interactions and thus increase the mecha-
nical strength of the 5 membranes.

’CONCLUSIONS

We successfully synthesized a series of novel multiblock
poly(arylene ether sulfone) membranes having highly sulfonated
hydrophilic block via oligomeric sulfonation. The resulting
copolymers, 5a and 5b, revealed improved membrane perfor-
mances (50% improvement inΦ at 20% RH) than our previous
SPESK block membrane prepared by the postsulfonationmethod.
The rigid and compact naphthalene unit was effective in improv-
ing nanophase separation and proton conductivity. This new
synthetic route enables us not only to incorporate sulfonic acid
groups into various hydrophilic blocks but also to design aro-
matic ionomers with multiblock architectures for finely tuning
their properties.

’ASSOCIATED CONTENT

bS Supporting Information. Detailed preparation scheme
and GPC profiles of oligomers and polymers, 2D 1H COSY
NMR of sulfonated hydrophilic oligomers, STEM images with
low magnification, temperature dependence of gas permeability
under dry condition, and result of elongation test of 5a and 5b
polymers. This material is available free of charge via the Internet
at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*Tel:þ81 55 220 8707. E-mail: miyatake@yamanashi.ac.jp (K.M.);
Tel: þ81 55 254 7091. E-mail: m-watanabe@yamanashi.ac.jp
(M.W.).

’ACKNOWLEDGMENT

This work was partly supported by the New Energy and
Industrial Technology Development Organization (NEDO)
through the Research onNanotechnology for High Performance
Fuel Cells (HiPer-FC) Project and the Ministry of Education,
Culture, Sports, Science and Technology (MEXT) Japan through
a Grant-in-Aid for Scientific Research (20350086).

’REFERENCES

(1) Larminie, J.; Dicks, A. Fuel Cell Systems Explained; John Wiley &
Sons: London, 2000.

(2) Carrette, L.; Friedrich, K. A.; Stimming, U. Fuel Cells 2001,
1, 5–39.

Figure 8. Stress vs strain curves of Nafion NRE212, 5a, and 5b at 80 �C
and 60% RH.

Table 3. Results of Oxidative and Hydrolytic Stability Tests

after oxidative stability testb after hydrolytic stability testc

block copolymer IECa residual weight (%) residual molecular weight (%) IECa residual weight (%) residual molecular weight (%)

5a X15Y4 1.78 0d N/A 1.78 96 96

X30Y4 1.29 59 13 1.31 100 92

X30Y8 1.71 45 9 1.70 94 78

5b X15Y4 2.01 0d N/A N/A 0d N/A

X30Y4 1.26 58 13 1.25 93 95

X30Y8 1.85 29 9 1.57 92 88

SPESK X30Y8 1.86 33 26 1.58 99 100
a In mequiv/g. b In Fenton’s reagent (3% H2O2 containing 2 ppm FeSO4) at 80 �C for 1 h. cHydrolytic test in water at 100 �C for 1000 h. dDissolved
after the test.

Figure 7. Humidity dependence of hydrogen and oxygen permeability
coefficients of Nafion NRE212, 5a X30Y4, 5a X30Y8, 5b X30Y4, and 5b
X30Y8 membranes at 80 �C.



3892 dx.doi.org/10.1021/ma2000306 |Macromolecules 2011, 44, 3884–3892

Macromolecules ARTICLE

(3) Kerres, J.; Cui, W.; Reichle, S. J. Polym. Sci., Part A: Polym. Chem.
1996, 34, 2421–2438.
(4) Wang, F.; Hickner, M.; Kim, Y. S.; Zawodzinski, T. A.; McGrath,

J. E. J. Membr. Sci. 2002, 197, 231–242.
(5) Miyatake, K.; Chikashige, Y.; Watanabe, M. Macromolecules

2003, 36, 9691–9693.
(6) Karlsson, L. E.; Jannasch, P. J. Membr. Sci. 2004, 230, 61–70.
(7) Xing, P.; Robertson, G. P.; Guiver, M. D.; Mikhailenko, S. D.;

Kaliaguine, S. J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 2866–2876.
(8) Gil, M.; Ji, X.; Li, X.; Na, H.; Hampsey, J. E.; Lu, Y. J. Membr. Sci.

2004, 234, 75–81.
(9) Tian, S. H.; Shu, D.; Wang, S. J.; Xiao, M.; Meng, Y. Z. Fuel Cells

2007, 7, 232–237.
(10) Genies, C.; Mercier, R.; Sillion, B.; Cornet, N.; Gebel, G.;

Pin�eri, M. Polymer 2001, 42, 359–373.
(11) Fang, J.; Guo, X.; Harada, S.; Watari, T.; Tanaka, K.; Kita, H.;

Okamoto, K.-i. Macromolecules 2002, 35, 9022–9028.
(12) Einsla, B. R.; Hong, Y.-T.; Kim, Y. S.; Wang, F.; Gunduz, N.;

McGrath, J. E. J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 862–874.
(13) Yasuda, T.; Li, Y.; Miyatake, K.; Hirai, M.; Nanasawa, M.;

Watanabe, M. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 3995–4005.
(14) Samms, S. R.; Wasmus, S.; Savinell, R. F. J. Electrochem. Soc.

1996, 143, 1225–1232.
(15) Glipa, X.; El Haddad, M.; Jones, D. J.; Rozi�ere, J. Solid State

Ionics 1997, 97, 323–331.
(16) Kobayashi, T.; Rikukawa, M.; Sanui, K.; Ogata, N. Solid State

Ionics 1998, 106, 219–225.
(17) Miyatake, K.; Oyaizu, K.; Tsuchida, E.; Hay, A. S. Macromole-

cules 2001, 34, 2065–2071.
(18) Bae, J.-M.; Honma, I.; Murata, M.; Yamamoto, T.; Rikukawa,

M.; Ogata, N. Solid State Ionics 2002, 147, 189–194.
(19) Asensio, J. A.; Borr�os, S.; Gomez-Romero, P. J. Polym. Sci., Part

A: Polym. Chem. 2002, 40, 3703–3710.
(20) Fujimoto, C. H.; Hickner, M. A.; Cornelius, C. J.; Loy, D. A.

Macromolecules 2005, 38, 5010–5016.
(21) Kim, D. S.; Robertson, G. P.; Guiver, M. D.; Lee, Y. M.

J. Membr. Sci. 2006, 281, 111–120.
(22) Schuster, M.; Kreuer, K.-D.; Andersen, H. T.; Maier, J. Macro-

molecules 2007, 40, 598–607.
(23) Seesukphronrarak, S.; Ohira, A. Chem. Commun. 2009, 4744.
(24) Lee, K.-S.; Jeong, M.-H.; Lee, J.-P.; Lee, J.-S. Macromolecules

2009, 42, 584–590.
(25) Kerres, J.; Ullrich, A.; Meier, F.; H€aring, T. Solid State Ionics

1999, 125, 243–249.
(26) Kim, Y. S.; Sumner,M. J.; Harrison,W. L.; Riffle, J. S.; McGrath,

J. E.; Pivovar, B. S. J. Electrochem. Soc. 2004, 151, A2150–A2156.
(27) Asano, N.; Aoki, M.; Suzuki, S.; Miyatake, K.; Uchida, H.;

Watanabe, M. J. Am. Chem. Soc. 2006, 128, 1762–1769.
(28) Miyatake, K.; Chikashige, Y.; Higuchi, E.; Watanabe, M. J. Am.

Chem. Soc. 2007, 129, 3879–3887.
(29) Taeger, A.; Vogel, C.; Lehmann, D.; Lenk, W.; Schlenstedt, K.;

Meier-Haack, J. Macromol. Symp. 2004, 210, 175–184.
(30) Nakano, T.; Nagaoka, S.; Kawakami, H. Polym. Adv. Technol.

2005, 16, 753–757.
(31) Yu, X.; Roy, A.; Dunn, S.; Yang, J.; McGrath, J. E. Macromol.

Symp. 2006, 245�246, 439–449.
(32) Einsla, M. L.; Kim, Y. S.; Hawley, M.; Lee, H.-S.; McGrath, J. E.;

Liu, B.; Guiver, M. D.; Pivovar, B. S. Chem. Mater. 2008, 20, 5636–5642.
(33) Roy, A.; Yu, X.; Dunn, S.; McGrath, J. E. J. Membr. Sci. 2009,

327, 118–124.
(34) Matsumura, S.; Hlil, A. R.; Lepiller, C.; Gaudet, J.; Guay, D.; Shi,

Z.; Holdcroft, S.; Hay, A. S. Macromolecules 2008, 41, 281–284.
(35) Bae, B.; Miyatake, K.; Watanabe, M. ACS Appl. Mater. Interfaces

2009, 1, 1279–1286.
(36) Bae, B.; Yoda, T.; Miyatake, K.; Uchida, H.; Watanabe, M.

Angew. Chem., Int. Ed. 2010, 49, 317–320.
(37) Bae, B.; Yoda, T.; Miyatake, K.; Uchida, M.; Uchida, H.;

Watanabe, M. J. Phys. Chem. B 2010, 114, 10481–10487.

(38) Bae, B.; Miyatake, K.; Watanabe, M. Macromolecules 2009,
42, 1873–1880.

(39) Khandpur, A. K.; Foerster, S.; Bates, F. S.; Hamley, I. W.; Ryan,
A. J.; Bras, W.; Almdal, K.; Mortensen, K. Macromolecules 1995,
28, 8796–8806.

(40) Elabd, Y. A.; Hickner, M. A.Macromolecules 2010, 41, 3678–3687.
(41) Park, M. J.; Balsara, N. P.Macromolecules 2008, 41, 3678–3687.
(42) Lee, M.; Park, J. K.; Lee, H.-S.; Lane, O.; Moore, R. B.;

McGrath, J. E.; Baird, D. G. Polymer 2009, 50, 6129–6138.
(43) Bae, B.; Miyatake, K.; Watanabe, M. Macromolecules 2010,

43, 2684–2691.


