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INTRODUCTION

Owing to their high energy and low-
environmental load, polymer electrolyte fuel
cells (PEFCs) have received considerable
attention as an alternative energy source.
Moreover, because these cells possess a thin
electrolyte layer, they can be miniaturized for
automotive, domestic and mobile devices and
are expected to become the main energy
source of these devices.1 In PEFCs, proton
transport from anode to cathode occurs
through proton exchange membranes
(PEMs). Sulfonated aromatic copolymers,
such as polyphenylenes,2,3 polyimide,4 [poly
(arylene–ether–ether–ketone)s]5,6 and [poly
(arylene–ether–sulfone)] (SPES),7,8 are novel
PEMs that offer lower cost and better thermal
stability than conventional PEMs (for exam-
ple, Nafion).9 The hydrophobic components
in a polymer affect the properties and mor-
phology of its corresponding SPES
membrane.10 In addition, the effects of dif-
ferent chemical compositions of aromatic
copolymers on the performance of PEMs have
been investigated.11,12 For example, coplanar
units (such as naphthalene) of aromatic
copolymers modulate the swelling behavior
and membrane morphology.11 These investi-
gations indicate that the physical properties of
a membrane are influenced by the introduc-
tion of a specific hydrophobic moiety in
aromatic copolymers. Furthermore, we have
recently reported a novel design concept for
PEMs based on benzothiadiazole (BT) units,13

which exhibit strong intermolecular interac-
tions and form planar structures.14,15 The BT-
based membranes exhibit lower water content
and more effective proton conductivity com-
pared with those of the parent SPES mem-
branes, which indicates that the introduction
of unique units, such as BT molecules,
promotes effective proton transfer in PEMs.

This study focused on thiazolothiazole
(TT) units, which exhibit strong interactions
and a rigid conformation. Previous studies
based on a single-crystal structure analysis
have shown that monomers based on TT
units adopt a planar conformation.16 In
addition, the intermolecular distance of the
monomers is short compared to its van der
Waals radius.16 Specifically, the actual (dactual)
and van der Waals values (dv.d.W.) of TT are
3.25 and 3.60 Å, respectively. In the BT unit,
the dactual and dv.d.W. are 3.19 and 3.35 Å,
respectively.15 The ratio (dactual/dv.d.W.) of the
TT unit is smaller than that of the BT unit,
which indicates that the interaction between
TT units is effective compared with that
between the BT units. This closed structure
is caused not only by the planar conforma-
tion, but also by intermolecular interactions
(heteroatom interactions) between the atoms
owing to their electrostatic bias. Therefore,
TT units may be useful for tailoring the
morphology and physical properties of mole-
cular functional materials, such as organic
semiconductors, in a similar manner to
BT.17,18 These results encouraged us to inves-
tigate the effect of introducing TT units into a
polymeric membrane on its morphology
and physical properties, which include its
water content and proton conductivity.
Consequently, we designed a new aromatic
copolymer based on the TT unit (Figure 1).
The introduction of TT units to aromatic
copolymers is expected to realize
polymers with unique morphologies and high
proton conductivities. This communication
describes the simple synthesis of TT-based
copolymers and the preparation of mem-
branes from these copolymers. We also
evaluated the physical properties and proton
conductivity of the synthesized TT-based
membranes.

EXPERIMENTAL PROCEDURES

Materials
Dithiooxamide (DOA), p-fluorobenzaldehyde
(p-FBA), N,N-dimethylformamide (DMF)
and potassium carbonate (K2CO3) were pur-
chased from Wako Pure Chemical Industries.
4,4′-Biphenol (BP) and 4,4′-dichlorodipheyl
sulfone (DCDPS) were purchased from
Tokyo Chemical Industry Co. 3,3′-Disulfo-
nated-4,4′-dichlorodiphenyl sulfone sodium
salt (SDCDPS) was purchased from NARD
Institute Ltd, Osaka, Japan. Both DCDPS and
SDCDPS were dried in a vacuum oven for
24 h at 80 °C before use.

General
1H and 13C NMR spectra were recorded on a
Bruker model AVANCE-500 spectrometer
that operated at 500 MHz for 1H and
125 Hz for 13C. The chemical shifts (δ in p.
p.m.) were determined with respect to non-
deuterated solvent residues as internal refer-
ences. The sulfonation degree and ion
exchange capacity (IEC) of the products were
calculated via 1H NMR integration.19 The
weight-average and number-average molecu-
lar weights (Mw and Mn, respectively) of the
product were determined using permeation
chromatography (GPC, L-7100 Hitachi Co.,
Ltd, Tokyo, Japan; Shodex Oven A0-30,
Showa Denko KK, Tokyo, Japan; Shodex
RI-71, Showa Denko KK; UV L-7400, Hitachi
Co., Ltd.; Shodex Asahipak GF-7MHQ
columns, Showa Denko KK). The standard
curve in the molecular weight determination
was created from a polystyrene standard
solution (TSK, Tosoh Corp., Tokyo, Japan).
Ultraviolet (UV) spectroscopy (U-3310,
Hitachi Co. Ltd.) was used to estimate the
mole fraction of TT units in the copolymers
based on the molar attenuation coefficient (ε)
of its monomer. Thermogravimetric analyses
(TGA) were performed on a Perkin Elmer
model Pyris 1 Thermogravimetric analyses,
and the heating profile was recorded and
analyzed using a Perkin-Elmer Pyris software
system.
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Structural analysis
The membrane surface morphology was
investigated using tapping-mode atomic force
microscopy (AFM, Cypher S, Oxford
Instruments, Oxfordshire, UK). The AFM
was performed using microfabricated cantile-
vers. Before the measurements, all samples
were vacuum-dried at 50 °C for 12 h.

Water content measurements
The water content at different RHs (30–95%)
was measured as the amount of water
adsorbed at
80 °C. The membranes were dried at 60 °C
in a vacuum oven for 15 min to obtain the
dry weight (Wdry). Next, each membrane was
suspended under atmospheric and relative
humidity conditions at 80 °C until swollen,
and its wet weight (Wwet) was recorded. The
water content of the membranes was calcu-
lated using equation 1.

Watercontent
¼ ðWwet �WdryÞ=Wwet ´ 100%:

ð1Þ

Proton conductivity measurements
The proton conductivity σ (S cm− 1) of the
membranes was measured by an AC impe-
dance method using a Solatron 1260 impe-
dance analyzer, as reported in a previous
study.19 Four platinum electrodes were placed
on a membrane on a glass plate. The plati-
num electrodes and membrane were secured
by another glass plate that was placed on the
electrodes. The measurement conditions were
controlled using a bench-top-type tempera-
ture and humidity chamber (SH-221,

ESPEC). The impedance spectra were then
measured using ZPlot/ZView software (Scrib-
ner Associates) under an AC perturbation
signal of 10 mV in the frequency range of
1 Hz to 10 000 KHz. The proton conductivity
σ (S/cm) was calculated using equation 2.

Protonconductivity
s ¼ D=ðR ´ L ´TÞ ´ 104S=cm ð2Þ

where R is the membrane resistance, D is the
distance between two platinum electrodes and
L and T are the membrane width and
thickness, respectively.

Synthesis of the hydrophobic monomer
based on a thiazolothiazole unit
p-FBA (15.0 g, 121 mmol), DOA (3.64 g,
30.3 mmol) and 335 ml of DMF were added
to a 500-ml round-bottom flask with a reflux
condenser and stirring bar. The reaction was
carried out for 6 h at 150 °C. After the
reaction, the flask was cooled to room
temperature and the reaction mixture was
poured into a large quantity of water. Metha-
nol was added to the crude product to
remove the unreacted feed materials. The
obtained solid was sublimated at 250 °C
overnight. Next, the product was dried in a
vacuum oven at 80 °C for 24 h to completely
remove the solvent (yield: 50%). The
obtained polymers were characterized using
1H NMR and 13C NMR (Supplementary
Figure S1). 1H NMR (500MHz, DMSO d6):
(p.p.m.) 8.13–8.09 (Ha), 7.45–7.40 (Hb).

13C
NMR (125MHz, DMSO d6): (p.p.m.) 168.00
(Ha), 163.19 (He), 150.78 (Hf), 130.20 (Hd),
129.1 (Hc), 117.2 (Hb).

Synthesis of the TT-based random polymer
Target polymers with different mol% of TT
units were prepared by changing the molar
ratio of the TT monomer. Herein, 0.1 and
1 mol% TT were used; high TT content
imparts low solubility that hinders high
molecular weight polymer synthesis. Poly-
mers with 0, 0.1 and 1 mol% TT units were
labeled as SPES, 0.1% TT and 1% TT,
respectively. A typical synthetic procedure
that is illustrated by the preparation of 0.1%
TT copolymer is described as follows (Sup-
plementary Figure S2). SDCDPS (5.1077 g,
10.4 mmol), BP (3.8727 g, 20.8 mmol),
DCDPS (2.9800 g, 10.4 mmol), TT
(0.0069 g, 0.021 mmol), K2CO3 (9.0018 g,
65.1 mmol) and 100 ml of NMP were added
to a three-necked 300-ml flask equipped with
a reflux condenser, a dean-stark trap, a
nitrogen inlet and a mechanical stirrer. The
solution was heated at 135 °C for 4 h to
dissolve the monomer in NMP. Next, 20 ml
of toluene was added to this solution and the
mixture was heated at 155 °C until the
toluene was completely removed. The result-
ing solution was maintained at 185 °C for
12 h. After cooling to room temperature, the
mixture was filtered to remove the K2CO3.
The filtered solution was placed on a mole-
cular porous membrane and dialyzed for
3 days while replacing the outside solvent.
The solution was poured into a large quantity
of 2-propanol. The crude product was
washed with hot methanol several times and
dried in a vacuum oven at 80 °C for 24 h
(yield: 68%). The obtained polymers were
characterized using 1H NMR (Supplementary
Figure S3) and 13C NMR (Supplementary
Figure S4). 1H NMR (500MHz, DMSO d6):
(p.p.m.) 8.34 (He), 7.98–7.96 (Hi, Hm), 7.88
(Hd), 7.77–7.71 (Hb, Hg, Hk), 7.20–7.12 (Ha,
Hf, Hh, Hj, Hl), 7.01 (Hc).

13C NMR
(125MHz, DMSO d6): (p.p.m.) 161.8 (Hj)
158.7–158.6 (He, Hs) 156.0–155.7 (Hk, Hu),
154.6–154.4 (Ha, Ho), 139.5 (Hy) 136.9–134.7
(Hd, Hh, Hn, Hr, Ha’, Hb’), 130.4 (Hg),
129.1–128.7 (Hc, Hi, Hm, Hq, Ht, Hw),
121.2–119.9 (Hb, Hf, Hl, Hp, Hz), 118.5 (Hz).

Membrane preparation
SPES and TT-based membranes were prepared
by casting the polymer solution (20 wt%) onto
glass plates and controlling the thickness with
an applicator. The membranes were dried on a
heater at 50 °C for 12 h. The prepared mem-
branes were suspended in a 1M H2SO4 solu-
tion at 90 °C for 1 h, which allowed sodium-ion
exchange with protons, and was then washed
with deionized hot (80 °C) water.

RESULTS AND DISCUSSION

The molecular weights of the polymers were
determined via GPC using polystyrene as the
standard. The number-averaged molecular
weight was at least 20 kDa for a polydispersity
(Mw/Mn) value of 3.0 (Table 1). The TT mole

a

b

Figure 1 (a) Schematic illustration and (b) molecular structure of the designed random polymer based
on thiazolothiazole (TT) units (x=0.1 and 1). A full colour version of this figure is available at the
Polymer Journal journal online.
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fraction in the copolymers was estimated by a
comparison with the UV spectra for
BT-based copolymers (Supplementary
Figure S5), whose BT mole fraction was
defined by 1H-NMR in a previous report13).
It is estimated via Beer–Lambert law using
attenuation coefficient (ε) of the monomer
(Supplementary Table S1). For the BT-based
copolymer, the BT mole fraction obtained
from 1H NMR (xBT 1

H NMR) is equal to charge
ratio of the unit. In addition, the BT mole
fraction in BT-based copolymers that was
obtained using UV spectroscopy (xBT UV) was
slightly larger compared with that of
xBT 1

H NMR, which was 1.6 times larger than
the charge ratio of the monomer (Supplemen-
tary Table S2). Furthermore, the TT mole
fraction in the TT-based copolymers that was
estimated using UV spectroscopy (xTT UV) was
1.7 times larger than the charge ratio of the
monomer, which was similar to that of the BT
unit (Supplementary Table S2). The deviation
in the mole fraction that was estimated from
1H NMR and UV spectroscopy may be derived
from the difference in ε between monomers
and copolymers due to changes in the con-
jugated structure for the units. The deviation
between the charge ratio and mole fractions

that were estimated from UV spectroscopy of
the BT and TT units are almost same. There-
fore, we confirmed that the charge ratio of the
TT unit is a proxy for polymer TT mole
fraction. The 1H NMR, GPC and UV spectro-
scopy measurements confirmed that the
obtained products were the target polymers
that were comprised of the TT unit. The IEC
of the membranes was nearly 2.0 meq g−1, as
calculated from the 1H NMR integration and
was attributable to sulfonic acid groups
(Table 1). The TT units provide excellent
flexibility to the membranes (Supplementary
Figure S6). In addition, large-area membrane
preparation is easy, which indicates that the
mechanical properties of the TT-based mem-
brane are sufficient for PEMs. Moreover, the
prepared membranes emitted clear blue fluor-
escence, which is derived from the TT unit
under ultraviolet (UV) light (wavelength=
365 nm; Supplementary Figure S7). This result
revealed that the prepared membranes com-
prised a newly synthesized TT-based copoly-
mer. The thermal stabilities of the TT-based
polymers were investigated using thermogravi-
metric analysis (Supplementary Figure S8).
Both TT-based polymers exhibited excellent
stability, which was similar to that of their

parent SPES. In addition, TT-based membranes
have nearly the same oxidative stability as the
corresponding SPES membranes, that is, a small
TT mol fraction is not deleterious to membrane
oxidative stability.
The surface morphologies of the prepared

membranes were characterized using tapping-
mode atomic force microscopy (TM-AFM).
Figures 2a–c shows the height images of the
membranes. These images confirmed that the
membranes are sufficiently smooth for inves-
tigation in the phase mode. The phase-mode
images are presented in Figures 2d–f. The
membranes possess hard hydrophobic regions
and soft hydrophilic regions that contain
sulfonic acid groups or small amounts of
water. The total areas and average sizes of
the strongly hydrophobic and hydrophilic
domains in the membrane surfaces were
estimated from their phase images. The TT-
based membranes exhibit more hydrophobic
surface domains than their parent SPES
membrane. The strongly hydrophobic parts
are composed of condensed hydrophobic
domains that contain TT units (attributable
to their intermolecular interaction and planar
conformation). The TT units also changed the
total area and average size of the hydrophilic
domains. We suggest that hydrophobic part of
polymer chains strongly interacts with the TT
unit and constructs hydrophobic domains,
which induces aggregated hydrophilic
domains in the polymer chain. Although the
sizes and areas of the hydrophilic regions were
similar in the BT-based and TT-based mem-
branes, the strongly hydrophobic area was
smaller in the TT-based membranes than in
the BT-based membranes (Supplementary
Table S3). These results suggest that the
hydrophobic domain condition of the mem-
branes depends on the property of the unit.
The water content of the TT-based mem-

branes was determined as a function of relative
humidity at 80 °C (Supplementary Figure S9).
The water content of the TT-based membranes
was nearly equal to that of the parent SPES
membranes. Therefore, unlike the BT unit, the
TT unit does not influence the swelling
behavior of the membrane. The TM-AFM
investigation suggests that different water

Table 1 Properties of TT-based polymers with various proportions of TT units

Samples Xa (%) IECdryb (meq g−1) IECcalc (meq g−1) Mn
d (kg mol−1) Mw

d (kg mol−1) Mw/Mn(−)

SPES 44.5 2.01 2.0 30.6 60.3 2.0

0.1% TT 44.3 2.00 2.0 22.0 63.1 2.9

1% TT 44.4 2.01 2.0 21.5 65.5 3.1

aSulfonation degree estimated from 1H NMR measurements.
bIEC in the dry condition calculated from the sulfonation degree.
cIEC calculated from molecular structure.
dNumber-averaged molecular weight and weight-averaged molecular weight calculated from the GPC measurements using polystyrene standard samples.

Figure 2 (a–c) Heights and (d–f) phases of tapping-mode microscopy (TM-AFM) images of a sulfonated
[poly(arylene–ether–sulfone)] (SPES) membrane (left), a 0.1 mol% TT membrane (center) and a 1 mol
% TT membrane (right). In the phase images, the hydrophobic and hydrophilic regions are in yellow
and blue, respectively (scan size: 500 nm). Conditions: 22 °C, 87% RH.
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content behaviors between BT-based and TT-
based membranes are caused by the changing
total area occupied by strongly hydrophobic
domains in the membrane surface.
The densities of the sulfonic acid groups in

the hydrophilic parts of SPES and TT-based
membranes were investigated using Fourier
transform infrared (FT-IR) measurements. In
the spectrum of the TT-based membrane, the
absorption peak that was related to the
O–S–O asymmetric stretching vibration
appeared at higher wavenumbers than in
the SPES membrane spectrum (Supplemen-
tary Figure S10). In previous research, this
peak shift was attributed to weaker H-bonds
in a membrane structure with highly inter-
acting sulfonic acid groups, which enhance
proton conduction through the sulfonic acid
groups.20 The investigation implies that the
introduced TT units create a structure that
favors proton transfer through the sulfonic
acid groups by increasing their density.
Finally, the proton conductivity of the TT-

based membranes was evaluated using impe-
dance measurements. The proton conductivities
of the TT-based and SPES-based membranes as
a function of relative humidity at 80 °C are
shown in Figure 3a. Clearly, the inclusion of TT
improves the proton conductivity of the mem-
brane. At 30% RH, the proton conductivity is
eight times higher in both TT-based membranes
than in the parent SPES membranes. The
proton conductivity of the TT-based mem-
branes is as high as that of the BT-based
membranes. The activation energy of proton
conductivity at 80% RH and 40% RH was
calculated from the Arrhenius plot (Figure 3b).
The activation energy was lower in the TT-based
membranes than in the parent SPES mem-
branes and almost matched that of BT-based
membranes over a wide range of RH. This

difference indicates that the TT unit (like its BT
counterpart) expresses a unique morphology,
which further encourages proton transfer in the
PEM. We speculate that effective proton transfer
was induced by the formation of a favorable
conformation for proton conduction in the TT-
based membranes.
In summary, we successfully synthesized TT-

containing polymers using a simple method.
Even a few TT units affected the hydrophobic
and hydrophilic domains on the membrane
surface by increasing the proton conductivity
and lowering its activation energy compared to
the parent SPES membranes. Moreover, the
hydrophobic domain property of the
membrane likely depends on the unit intro-
duced to the polymer. Therefore, we expect that
by introducing a unique unit with specific
interaction behavior (such as a BT or TT unit),
we can control the physical properties of
membranes.
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