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Sulfonated multiblock copolynaphthalimides (co-SPIs) with block length of 5–20 were prepared by
a two-pot polymerization method from 1,4,5,8-naphthalenetetracarboxylic dianhydride, sulfonated
diamines of 2,20-bis(4-sulfophenoxy)benzidine (BSPOB) and 4,40-bis(4-aminophenoxy)biphenyl-3,30-
disulfonic acid (BAPBDS) and nonsulfonated diamines. The scanning transmission electron microscopy
showed that the BSPOB-based multiblock co-SPI membranes had well-defined microphase-separated
structure where the hydrophilic and hydrophobic layer-like domains were oriented in the plane direction
of membrane. On the other hand, the BAPBDS-based multiblock co-SPIs and all the random co-SPIs
showed the homogeneous morphology. The water uptake, anisotropic membrane swelling, anisotropic
proton conductivity and polymer electrolyte fuel cell (PEFC) performance were investigated for the
multiblock and random co-SPIs. The results demonstrated strong effects of the membrane morphology
on these properties. The BSPOB-based multiblock co-SPI membranes exhibited the larger through-plane
swelling and the lower through-plane conductivity than the random ones, and as a result exhibited the
lower PEFC performances. This study gives good understanding of the morphology–property relationship
in novel block architectures’ design.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The research on polymer electrolyte fuel cells (PEFCs) has been
drawing great attention since the world-wide energy crisis in the last
century. Both the environmental friendship and the high efficiency
have been the outstanding merits of PEFCs [1,2]. Polymer electrolyte
membrane (PEM) is a key component playing a critical role on PEFC
performance, and requires high proton conductivity, long physical
and chemical stability and low cost. Recently, sulfonated aromatic
polymers have been recognized as alternative PEM materials to the
state-of-the-art perfluorosulfonic acid polymers such as Nafion [3–7].

Proton conductivity and membrane swelling behavior of PEMs
are two important factors in achieving high electrochemical
performance for PEFCs and are generally controlled not only by its
chemical structure but also by the morphology. It is widely accepted
that the hydrophilic–hydrophobic microphase-separated structure
is favorable for achieving better proton conductivity than the
homogeneous structure. For PEFC applications, the through-plane
proton conductivity (namely the conductivity in thickness direction
of membrane) is much more important than the in-plane conduc-
tivity (namely the conductivity in plane direction). However, so far,
: þ81 836 85 9601.
i. Okamoto).
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most reports have dealt with only the in-plane conductivity because
of the difficulty in measuring the through-plane conductivity. Only
a few reports have dealt with the through-plane conductivity [7–12].
As for the membrane swelling, the in-plane swelling is required to be
low to achieve the good adhesive and mechanical stability of
membrane electrode assembly (MEA). Therefore, it is important to
investigate the relationship among the chemical structure,
morphology and properties for PEMs.

Good proton conduction performance of Nafion membranes is
closely related to the special morphology of ion-cluster channel
structures [2,13]. They exhibit the isotropic proton conductivity and
isotropic membrane swelling [10].

Diblock, triblock and graft copolymers composed of sulfonated
polystyrene blocks and fluorinated or nonfluorinated polyalkylene
blocks, of which typical chemical structures are shown in Fig. 1, have
been intensively studied on the membrane morphology by means of
transmission electron microscopy (TEM), small-angle X-ray scat-
tering and tapping-mode atomic force microscopy (TM-AFM) in
connection with the proton conductivity. The cross-sectional TEM
images revealed that the dry membranes had hydrophilic–hydro-
phobic microphase-separated structures with spherical, lamellar or
wormlike morphology [11,12,14–18]. These block copolymers
exhibited much higher in-plane proton conductivity than the
randomly sulfonated polystyrene with the similar ion exchange
capacities (IECs) [15,17,18]. Elabd et al. measured the through-plane
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conductivity in the fully hydrated state for sulfonated poly(styrene-b-
isobutylene-b-styrene) triblock copolymers as a function of IEC
ranging from 0.5 to 2.0 meq g�1 [11]. They found a discontinuous
jump of the through-plane conductivity around an IEC of 1.0 meq g�1

due to a morphological transition. At lower IEC range of 0.5–
1.0 meq g�1, the membranes showed an anisotropic lamellar
morphology oriented in the plane direction of membrane and as
a result had the lower through-plane conductivity, whereas at higher
IEC range of 1.1–2.0 meq g�1 they showed an isotropic continuous
morphology and had the much higher through-plane conductivity.
Their through-plane conductivity at the higher IEC range was about
one order of magnitude higher than that of sulfonated polystyrenes.
Holdcroft et al. measured both the through-plane and in-plane proton
conductivity for graft and diblock copolymers composed of partially
sulfonated polystyrene block and poly(vinylidene difluoride-co-
chlorotrifluoroethylene) block [12]. The graft copolymers exhibited
the morphology characterized by an interconnected network of small
ionic clusters, resulting in the lower water uptake and the isotropic
proton conductivity with the similar through-plane and in-plane
conductivity. On the other hand, the diblock copolymers exhibited
well-segregated lamellar morphology, resulting in the lamellar-like
nature of membrane. They exhibited the higher water uptake espe-
cially for IEC> 1.0 meq g�1 and the anisotropic proton conductivity
with 2.4 times smaller through-plane conductivity than in-plane
conductivity. These research works point out that it is important to
consider the effect of morphology on through-plane conductivity in
the design of novel membranes based on block architectures.

Multiblock aromatic copolymers composed of sulfonated hydro-
philic and nonsulfonated hydrophobic blocks have been studied to
enhance the proton conductivity [19–27]. Compared with the poly-
mers mentioned above, sulfonated aromatic polymers have relatively
rigid polymer backbone. Therefore, it is not easy to observe clearly
phase-separated structure for the dry membranes by means of TEM.
In most studies, the surface morphology for the hydrated membranes
has been investigated by means of TM-AFM. McGrath et al. have
reported on multiblock sulfonated–fluorinated poly(arylene ether)s
(MBs) [21]. MB-150 having hydrophilic/hydrophobic block lengths of
about 8/8 and IEC of 1.5 meq g�1 showed a perfect phase-separated
surface morphology and very high in-plane conductivity under the
low relative humidity (RH), for example, 25 mS cm�1 at 30 �C and 50%
RH. This was much higher than the sulfonated poly(ether sulfone)
random copolymers. Recently, Ueda et al. developed multiblock
copoly(ether sulfone)s with high molecular weights using a chain
extender, which showed well phase-separated surface morphology
and higher in-plane conductivity than the random copolymers [27].
Their multiblock copolymers showed the mild anisotropic membrane
swelling with larger swelling in the thickness direction than in the
plane direction, whereas the random copolymers showed the
isotropic membrane swelling.

Sulfonated polynaphthalimides (SPIs) derived from 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTDA) and sulfonated and
nonsulfonated diamines have more rigid backbone than the
sulfonated poly(arylene ether)s mentioned above. Pineri et al.
studied on sequenced co-SPI membranes derived from NTDA, 4,40-
diaminobiphenyl-2,20-disulfonic acid (BDSA) and oxydianiline
(ODA) [8]. The through-plane conductivity depended on the hydro-
philic sequence length and a maximum was observed for a short
sequence length of 3. The SPI with a long sequence of 9 showed
a smaller through-plane conductivity. The co-SPI membranes showed
the anisotropic membrane swelling with 3.5–11 times larger
swelling in the thickness direction than in the plane direction. On the
other hand, other research groups investigated the effect of block
length on the in-plane conductivity for block co-SPIs [28–30].
Kawakami et al. prepared block co-SPIs derived from NTDA, BDSA
and 4,40-diaminophenyl hexafluoropropane (BAHF) with a high IEC
of 2.4 meq g�1 [28,29]. Their block co-SPI with long hydrophilic/
hydrophobic block lengths of 140/60 showed largely improved in-
plane conductivity, for example 20 mS cm�1 at 80 �C and 50% RH,
whereas the one with block lengths of 70/30 showed the low in-
plane conductivity similar to that of the random co-SPI. Watanabe
et al. reported that a block co-SPI derived from NTDA, 3,30-bis(sul-
fopropoxy)benzidine (BSPB) and 1,10-decamethylenediamine
having long block lengths of 150/150 and an IEC of 1.8 meq g�1

showed very high in-plane conductivity; for example 20 mS cm�1 at
80 �C and 50% RH, which was ten times higher than that of the
random co-SPI [30]. These results are different from the former
results. Furthermore, the latter groups did not deal with the through-
plane proton conductivity and the membrane swelling behavior.
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Judging from the results mentioned above, it is very important
for evaluation as PEMs to investigate the cross-sectional
morphology of membrane as well as the proton conductivity and
membrane swelling in both the thickness and plane directions for
multiblock aromatic copolymers. This is essentially required for
multiblock co-SPIs, because the random and sequenced co-SPIs
have been reported to show the strong anisotropic membrane
swelling behavior [7,8,31–36]. In this study, the physical properties
including proton conductivity, membrane swelling and their
anisotropy, the cross-sectional morphology and PEFC performance
are investigated for multiblock and random co-SPI membranes.
2. Experimental section

2.1. Materials

4,40-Bis(4-aminophenoxy)biphenyl-3,30-disulfonic acid (BAPBDS)
and 2,20-bis(4-sulfophenoxy)benzidine (BSPOB) were prepared
according to the methods previously reported [31–33]. NTDA was
purified by vacuum sublimation. 4,40-Bis(4-aminophenoxy)biphenyl
(BAPB), 1,3-bis(4-aminophenoxy)benzene (BAPBz), BAHF, 4,40-bis(4-
diaminophenoxy)diphenylsulfone (pBAPPS), 4,40-bis(3-diamino-
phenoxy)diphenylsulfone (mBAPPS) and 1,8-octamethylenediamine
(OMDA) were purchased from Tokyo Kasei Co. and recrystallized
from ethanol before use. Triethylamine (TEA) was purified by distil-
lation under reduced pressure and dehydrated with 4 Å molecular
sieves. Benzoic acid, isoquinoline, sulfuric acid (95%), fuming sulfuric
acid (60%), methanol, m-cresol and other reagents were used as
received. Ultra-pure water was obtained from a Millipore Milli-Q
purification system.
2.2. Synthesis of multiblock co-SPIs

Multiblock co-SPIs were synthesized by a two-pot method as
described in Scheme 1. As an example, the synthesis of NTDA–
BSPOB/BAHF (20/20), where the figures in the parentheses refer to
the hydrophilic/hydrophobic block lengths, is described below.

An anhydride-end-capped hydrophilic oligomer was synthesized
as follows. To a completely dried 200 mL four-necked flask equipped
with a mechanical stirrer, a condenser and nitrogen inlet/outlet were
charged 3.319 g (6.28 mmol) of BSPOB, 25 mL of m-cresol and 2.4 mL
of TEA. After BSPOB completely dissolved, 1.771 g (6.60 mmol) of
NTDA and 1.128 g of benzoic acid were added to the flask. With
mechanically stirring, the reaction solution was heated at 80 �C for
20 h and then at 180 �C for 5 h, and cooled to room temperature.

An amine-end-capped hydrophobic oligomer was synthesized
as follows. To a completely dried 100 mL three-necked flask
equipped with a condenser and nitrogen inlet/outlet were charged
2.099 g (6.28 mmol) of BAHF and 36 mL of m-cresol. After BAHF
completely dissolved, 1.598 g (5.96 mmol) of NTDA and 1.108 g of
benzoic acid were added to the flask. With magnetically stirring,
the reaction solution was heated at 80 �C for 24 h and then at 120–
150 �C for 5 h, and cooled to room temperature.

The hydrophobic block oligomer solution was very carefully
added to the 200 mL four-necked flask to mix with the hydrophilic
oligomer solution, and additional amount of m-cresol was added to
the flask to maintain solid content of the reaction system at 10–
15 wt%. With stirring, the reaction mixture was kept at 80 �C for
24–48 h and at 180 �C for 12 h, and 2.364 g of isoquinoline was
added and the reaction was continued for another 12 h, and then
cooled to 80 �C. After 20 mL of m-cresol was added to dilute the
viscous solution, the mixture was poured into a large amount of
acetone. The precipitated fiber-like polymer was filtrated, washed
with acetone several times and dried in vacuo at 80 �C for 10 h.

2.3. Membrane formation and characterization

SPI in TEA salt form was dissolved in m-cresol with a concen-
tration of 5–6 wt%. After filtration, the filtrate was cast onto glass
plates and the temperature was raised up to 120 �C and kept for
10 h. The as-cast membranes were soaked in methanol at 40 �C for



Fig. 2. Photographs of transparent and opaque multiblock co-SPI membranes. (a)
NTDA–BAPBDS/BAHF (20/10) (B5), (b) NTDA–BAPBDS/BAPB (10/5) (B1).

Fig. 3. SEM images of multiblock co-SPI membranes. (a) NTDA–BAPBDS/BAHF (20/10)
(B5), (b) NTDA–BAPBDS/BAPB (10/5) (B1).
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48 h and then proton-exchanged with 1.0 M hydrochloric acid at
50 �C for 72 h. The proton-exchanged membranes were thoroughly
washed with water and then cured using stainless steel frames in
vacuo at 150 �C for 1 h and then at 180 �C for 1 h. The SPI
membranes obtained were 40–70 mm in thickness.

FT-IR spectra were recorded on a Horiba FT-200 Spectrometer
by ATR (attenuated total reflection). Thermogravimetry (TG) anal-
ysis was performed on Rigaku TG-8120 in helium (flow rate:
100 cm3 min�1) at a heating rate of 10 �C min�1. The reduced
viscosity hr was measured with an Ostwald viscometer with
0.5 g dL�1 m-cresol solution at 35 �C. Mechanical tensile tests were
performed on a universal testing machine (Orientic, TENSILON TRC-
1150A) at 25 �C and around 60% RH. Scanning electron microscopy
(SEM) was performed using a JEOL JSM-6335F instrument. Scan-
ning transmission electron microscopy (STEM) was performed
using an HITACHI STEM (HD-2000) instrument. Membranes were
stained with cesium ions. Samples (cross-sectional slices 50–
100 nm thick) were prepared using a cryomicrotome.

Ion exchange capacities (IECs) were determined by the titration
method, which were compared with the theoretical values calcu-
lated from the feed molar ratio of sulfonated diamine to non-
sulfonated diamine. A sample membrane in proton form was soaked
in a 15 wt% NaCl solution for 48–72 h at 30 �C to exchange the Hþ ion
with Naþ ion. Then the Hþ ion released into the solution was titrated
with a 0.02 N NaOH solution using phenolphthalein as an indicator.

Water uptake (WU), and dimensional change in membrane
thickness (Dtc) and plane direction (Dlc) were measured according
to the method described elsewhere [31]. Water uptake was
measured by soaking a sample sheet into water at 30 �C for 5 h.
Then the membrane was taken out, wiped with tissue paper very
quickly, and weighed on a microbalance. Water uptake was calcu-
lated from Eq. (1):

WU ¼ ðWs �WdÞ=Wd � 100% (1)
where Wd and Ws are the weights of dry and corresponding water-
swollen membranes, respectively.

Dimensional change of SPI membrane was measured by soaking
more than two sample sheets in water at 30 �C for 5 h. The through-
plane and in-plane dimensional changes and the anisotropic
membrane swelling ratio (Dt/l) were calculated from Eq. (2):

Dtc ¼ ðt � tsÞ=ts

Dlc ¼ ðl� lsÞ=ls

Dt=l ¼ Dtc=Dlc (2)

where ts and ls are the thickness and length of the membrane
equilibrated at 70% RH, respectively; t and l refer to those of the
membrane immersed in water.

In-plane and through-plane proton conductivity (sk and st,
respectively) of SPI membrane was determined using an electro-
chemical impedance spectroscopy technique over the frequency
from 10 Hz to 100 kHz (Hioki 3532-80). For sk, a single cell with two



Table 1
Properties of multiblock and random co-SPIs.

Code NTDA-based co-SPIs IECa (meq g�1) hr
b (dL g�1) WUc (g 100 g�1) l Dimensional

changec
sk

d (mS cm�1)

Dtc Dlc 50% 70% RH In water

B1e BAPBDS/BAPB (10/5) 1.89 (1.66) 1.6 62 18 0.24 0.112 6.3 22 142
B2e BAPBDS/pBAPPS (10/5) 1.89 (1.61) 1.4 55 17 0.15 0.084 6.2 28 125
B3e BAPBDS/BAPBz (10/6.7) 1.80 2.2 62 19 0.18 0.077 4.9 20 121
B4e BAPBDS/OMDA (10/10) 1.76 2.1 55 17 0.15 0.100 5.3 18 104

B5 BAPBDS/BAHF (20/10) 1.92 (1.79) 2.7 79 23 0.34 0.102 11 36 179
B6 BAPBDS/BAHF (20/13.3) 1.76 1.6 65 21 0.24 0.066 7.3 22 139
B7 BAPBDS/BAHF (20/20) 1.51 (1.44) 2.2 56 21 0.25 0.069 6.9 25 123
B8 BSPOB/BAHF (20/20) 1.51 (1.42) 2.2 76 28 0.48 0.019 10 39 156
B9 BSPOB/mBAPPS (10/10) 1.40 4.1 60 24 0.31 0.013 8.0 31 120
B10 BSPOB/mBAPPS (20/20) 1.40 2.5 55 22 0.36 0.015 6.6 31 135

R1 BAPBDS/BAPB (2/1) 1.89 (1.86) 4.4 57 17 0.14 0.049 5.0 29 127
R2 BAPBDS/BAPBz (1/1) 1.56 4.0 44 16 0.09 0.034 3.8 16 78
R3 BSPOB/BAPBz (2/1) 1.96 (1.84) 9.9 76 22 0.40 0.036 8.6 33 178
R4 BSPOB/BAHF (1/1) 1.51 (1.42) 4.9 57 21 0.27 0.029 5.0 24 99
R5 BSPOB/mBAPPS (1/1) 1.40 (1.36) 3.0 45 18 0.16 0.027 3.4 16 80

Nafion 112 0.91 39 24 0.13 0.12 26 52 139

a Calculated data, data in the parentheses refer to titration method.
b At 35 �C with 0.5 wt% solution in m-cresol.
c At 30 �C.
d At 60 �C.
e Opaque membranes.
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platinum plate electrodes was mounted on a Teflon plate at 0.5 cm
distance. The cell was placed under either in a thermo-controlled
humidic chamber or in liquid water [34]. For st, a membrane
sample was set between two platinum plate electrodes of 1 cm2

area, and mounted on two Teflon blocks. The cell was placed in
liquid water. Proton conductivity (sk and st) and the anisotropic
proton conductivity ratio (st/k) were calculated from Eq. (3):

sk ¼ d=ðtswsRÞ

st ¼ ts=ðARÞ

st=k ¼ st=sk (3)

where d is the distance between the two electrodes, ts and ws are
the thickness and width of the membrane at a standard condition
of 70% RH, respectively, A is the electrode area, and R is the resis-
tance value measured. The thickness of a water-swollen membrane
was used in the calculation of both sk and st in the fully hydrated
state. The through-plane conductivity measurement was performed
only on the cell placed in water, because the contact resistance
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between electrodes and membrane could be neglected only in the
fully hydrated state. The similar st values were obtained for the
samples of single layer and double layers of membrane.

2.4. Fuel cell performance measurement

An MEA was fabricated from an SPI membrane (4.5 cm� 4.5 cm)
sample by hot-pressing an electrode/membrane/electrode sand-
wich at 150 �C for 5 min under 60 kg cm�2. The effective electrode
area was 5 cm2. Prior to the hot-pressing, both surfaces of the
membrane and catalyst electrodes (Johnson and Matthey) were
impregnated with 1.25 or 5 wt% Nafion solution as binder. The MEA
was set in a single-cell test fixture (NF Inc., active area: 5 cm2) and
mounted in an in-house fuel cell station (NF Inc., model As-510),
which was supplied with temperature-controlled humidified gases
(H2 and air). The PEFC performance was evaluated at a cell
temperature of 90 �C, a gas pressure of 0.3 MPa and gas humidifier
temperatures of 85, 72 and 59 �C, corresponding to 84, 50 and 30%
RH, respectively. The gas flow was controlled to keep constant
utilization of H2 at 70% and of air at 15% and 30% at a humidification
temperature of 85 �C and 72 �C, respectively, although the lowest
gas flow rate was limited at 30 N cm3 min�1. At a humidification
temperature of 59 �C, the utilization of H2 and air was kept at 80%
and 50%, respectively.

3. Results and discussion

3.1. Synthesis and characterization

A multiblock co-SPI was synthesized by a two-pot method as
described in Scheme 1. In the first stage, an anhydride-end-capped
hydrophilic oligomer and an amine-end-capped hydrophobic
oligomer were synthesized separately. Secondly, the oligomer
solutions were mixed very carefully and kept at 80 �C for 24–48 h
and then at 180 �C for 24 h to react adequately and to obtain high
molecular weight polymers. The block length (l) of the hydrophilic
and hydrophobic segments was set for 5, 10 or 20 by controlling the
feed ratio of NTDA to diamines, which was estimated according to
the following Eq. (4):



Table 2
Anisotropy of membrane swelling and proton conductivity for multiblock and random co-SPI membranes.

Code IECa (meq g�1) Thickness (mm) WUb (g 100 g�1) Size changeb Dt/l sc (mS cm�1) st/k

Dtc Dlc st sk

B1e 1.89 71 62 0.24 0.112 2.2 97 142 0.68
B5 1.92 64 79 0.34 0.102 3.4 97 179 0.54
B7 1.51 65 56 0.25 0.069 3.6 70 123 0.57
B8 1.51 58 76 0.48 0.019 25 33 156 0.21
B9 1.40 66 60 0.31 0.013 24 52 120 0.44
B10 1.40 60 55 0.36 0.015 24 15 135 0.11
R1 1.89 60 57 0.14 0.049 2.9 93 127 0.73
R2 1.56 45 44 0.09 0.034 2.6 60 78 0.77
R3 1.96 42 76 0.40 0.036 11 119 178 0.67
R4 1.51 33 57 0.27 0.029 9.3 60 99 0.61
R5 1.40 54 45 0.16 0.027 6.0 51 80 0.64
Nafion112 0.91 55 39 0.13 0.12 1.1 136 139 0.98

a Calculated data.
b At 30 �C.
c At 60 �C in water.
e Opaque membranes.
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l ¼ ðr þ 1Þ=2ðr � 1Þ (4)

where r (>1) refers to the molar ratio of NTDA to sulfonated
diamine for hydrophilic oligomer, or the molar ratio of non-
sulfonated diamine to NTDA for hydrophobic oligomer.

It should be pointed out that different behaviors were observed
for the synthesis of hydrophobic oligomers. The hydrophobic
oligomer derived from BAHF or mBAPPS was completely soluble in
m-cresol, resulting in a clear solution of block copolymer and
transparent cast membranes. On the other hand, the hydrophobic
oligomer derived from other diamine such as BAPB, BAPBz, pBAPPS
and OMDA did not completely dissolve in m-cresol irrespective of
the block length of 5–10, resulting in the opaque oligomer solution.
Using the opaque oligomer solution, the resulting block copolymer
solution was also opaque. Opaque membranes were obtained by
casting the opaque solution. Fig. 2 shows the difference in
appearance of these two types of membranes. In the SEM obser-
vation, as shown in Fig. 3, the transparent membrane of NTDA–
BAPBDS/BAHF (20/10) (B5) (code designated in Table 1) showed
a homogeneous structure, whereas the opaque membrane of
NTDA–BAPBDS/BAPB (10/5) (B1) showed a fibrous inhomogeneous
structure. Therefore, we discussed the properties of only the
transparent multiblock co-SPI membranes (B5–B10) in details in
the following sections.
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Fig. 4 shows the FT-IR spectra of multiblock co-SPI membranes.
Typical bands were found at 1709, 1662 and 1349 cm�1, referring to
the symmetric, asymmetric vibration of C]O groups and vibration
of C–N groups of the six-membered imide rings, respectively. The
strong and broad bands for asymmetric and symmetric vibration of
O]S]O groups in the sulfonic acid groups appeared at 1210 and
1175 cm�1, respectively. The complete imidization was supported
by the absence of absorbance peaks around 1780 and 1820 cm�1

assigned to carbonyl groups in anhydride rings, indicating the
successful preparation of the multiblock co-SPIs by the two-pot
polymerization method in this study.

Table 1 lists the physical properties of the multiblock co-SPIs
(B1–B10), together with random co-SPIs (R1–R5) cited for
comparison. The IEC values determined by titration method were
slightly lower than the theoretical ones. It is noted that the same
IEC value was obtained for NTDA–BSPOB/BAHF (1/1) (R4) and
NTDA–BSPOB/BAHF (20/20) (B8), a representative pair of random
and multiblock co-SPIs, indicating the quantitative reaction of the
reagents in block polymerization. It is difficult to measure the
molecular weights of the multiblock co-SPIs by the widely used gel
permeation chromatography (GPC) method because they were
soluble only in m-cresol in their TEA salt form. Instead, the reduced
viscosities were measured to evaluate the molecular weights of the
co-SPIs. The multiblock co-SPIs showed the high reduced viscosi-
ties more than 2.2 dL g�1, which were much larger than those of the
hydrophilic and hydrophobic oligomers, 0.5–0.6 dL g�1 and 0.2–
0.3 dL g�1, respectively. These results indicated that the multiblock
co-SPIs were successfully prepared. According to the TG analysis,
the multiblock and random co-SPI membranes exhibited excellent
thermal stability, with the desulfonation temperatures of 300–
310 �C.

Comparison of water uptake (or water vapor sorption) is often
performed in terms of the number of water molecules sorbed per
sulfonic acid group, l. In this study, the theoretical IEC values were
used to calculate l. Although the water vapor sorption isotherms
were not provided here, the l values were larger for the multiblock
co-SPIs than for the random ones. For example, the l values of B8
were 2.96, 4.71 and 6.94 at 30, 50 and 70% RH, respectively,
whereas those of R4 were 2.75, 4.25 and 5.91 respectively. The
difference in l increased from 8% to 18% with increasing RH from
30% RH to 70% RH. The l values in water were about 30% larger for
the multiblock co-SPIs from BSPOB than for the corresponding
random co-SPIs (B8 vs. R4; B9 and B10 vs. R5), as listed in Table 1. In
the case of BAPBDS-based SPIs, the transparent membranes of the
multiblock co-SPIs (B5–B7) showed about 30% larger l values than



Fig. 6. STEM images of multiblock and random co-SPI membranes stained with Csþ ions. (a) and (b) NTDA–BSPOB/BAHF (1/1) (R4); (c) and (d) NTDA–BSPOB/BAHF (20/20) (B8); (e)
and (f) NTDA–BSPOB/mBAPPS (10/10) (B9).
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the random co-SPIs (R1 and R2), but so large differences were not
observed for the opaque membranes (B1–B4). Kawakami et al.
reported 20–40% larger l values for the BDSA-based block co-SPIs
than for the random co-SPI [28,29].

The through-plane and in-plane dimensional change (Dtc and Dlc,
respectively) and the anisotropic membrane swelling ratio (Dt/l) are
summarized in Table 2. All the co-SPI membranes in this study
exhibited the anisotropic membrane swelling with larger through-
plane dimensional changes. The anisotropic membrane swelling is
considered due to the polymer chain alignment in plane direction
of membrane. The rigid imide backbone from NTDA and benzidine
with sulfonated pendants seems to cause the better alignment of
polymer chain in plane direction. This is a reason that the BSPOB-
based co-SPIs exhibited much larger anisotropic membrane
swelling ratio than the BAPBDS-based co-SPIs having two flexible
ether bonds in a repeat unit [33]. The evaluation of polymer chain
alignment by means of Raman spectroscopy is in progress and will
be reported elsewhere.
For the BSPOB-based SPIs, the multiblock co-SPIs showed 30%
larger water uptake than the random ones, as mentioned above.
This increase in water uptake was followed by an about 2-fold
increase in the Dtc and a slight decrease in Dlc. As a result, the
BSPOB-based multiblock co-SPI membranes showed much larger
Dt/l values (24–25) than the random ones (6–11). On the other hand,
in the case of the BAPBDS-based SPIs, the 30% larger water uptake
for the multiblock co-SPIs was followed by increases in both Dtc and
Dlc. As a result, the BAPBDS-based multiblock co-SPI membranes
showed slightly larger Dt/l values (around 3.5) than the random
ones (2.5–3). This membrane swelling behavior is discussed below
based on the membrane morphology.

Fig. 5 shows the stress–strain curves of two typical multiblock
co-SPI membranes together with two random ones. The two mul-
tiblock co-SPI membranes exhibited high mechanical strength
comparable to that of the corresponding random ones (B5 to R1; B9
to R5), for example, large Young’s modulus of 1.3 GPa, maximum
stress at break of 85 MPa and elongation at break of 120% for B5.
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3.2. Morphology

STEM observation was performed on the SPI membranes stained
with Csþ ions. Fig. 6 shows the STEM dark field images for the
BSPOB-based multiblock co-SPI membranes, B8 and B9, and the
random co-SPI membrane, R4. Simultaneously, spot energy
dispersive X-ray (EDX) analysis was performed. The STEM images of
R4 in Fig. 6(a) and (b) did not show any contrast, indicating its
homogeneous morphology. On the other hand, the STEM images in
Fig. 6(c) and (d) for NTDA–BSPOB/BAHF (20/20), B8, exhibited
a well-defined microphase-separated structure composed of bright
and dark domains. Furthermore, the domains were oriented in the
plane direction of membrane to form a layer-like structure.
According to the EDX analysis, the element contents of S and Cs
were 1.4 and 1.9%, respectively, for the bright parts and 0.2 and 0.3%
for the dark parts. The former was much higher than the latter.
0.001

0.01

0.1

1

2.7 2.9 3.1 3.3 3.5
1000/T (K

-1
)

C
o
n
d
u
c
t
i
v
i
t
y
 
(
S
/
c
m
)

: open key

: closed key

R4

B8

a

Fig. 8. Temperature dependence of in-plane and through-plane proton conducti
Therefore, the bright parts referred to the hydrophilic domains and
the dark parts referred to the hydrophobic domains. The hydro-
philic domains were 10–20 nm in width and interconnected to
form ionic channels. The hydrophobic domains were the similar
size in width and interconnected to form hydrophobic spaces.
These hydrophilic and hydrophobic domains oriented in the plane
direction and formed a layer-like structure. This is the first example
that the well-defined microphase-separated structure, where the
hydrophilic and hydrophobic layer-like domains were oriented in
the plane direction, was observed for the cross-section of aromatic
PEM. This layer-like structure predicts increases in both the inter-
action between the interconnected hydrophilic domains and the
interaction between the interconnected hydrophobic domains and
a decrease in the interaction between hydrophilic and hydrophobic
layer-like domains. As a result, it leads to an increase in the in-plane
proton conductivity and a decrease in the through-plane conduc-
tivity, whereas it leads to an increase in the through-plane
membrane swelling and a decrease in the in-plane swelling. These
predictions are in agreement with the experimental results about
the anisotropic membrane swelling and the anisotropic proton
conductivity for B8 and R4 as have been mentioned above.

The STEM images in Fig. 6(e) and (f) for NTDA–BSPOB/mBAPPS
(10/10), B9, exhibited an indistinct microphase-separated structure
where the hydrophilic and hydrophobic domains were less defined
and no clear difference in the element content was observed by
EDX analysis. The less-defined microphase separation of B9,
compared with B8, might be due to the shorter hydrophilic/
hydrophobic block length of 10/10 and less hydrophobic nature of
mBAPPS moieties than BAHF moieties.

The BAPBDS-based multiblock co-SPI membrane B7 exhibited
a homogeneous morphology from TEM observation. The formation
of microphase separation seemed very difficult for the rigid main-
chain-type multiblock co-SPIs as well as the random co-SPIs.

It is noted that not a few papers reported on the presence of
microphase-separated structure for sulfonated aromatic PEMs
based on only the TEM observation of cluster-like domains.
However, it is essential to confirm that the cluster-like domains are
really attributed to the hydrophilic domains by means of the EDX
analysis of not only stain-metal element content but also S content.
Without such an analysis and discussion about the formation of the
cluster-like hydrophilic domains from the rigid aromatic polymer
chains, the reports would mislead the readers.
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vity in water for BSPOB-based multiblock and random co-SPI membranes.
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3.3. Proton conductivity

The in-plane proton conductivity (sk) at 60 �C as a function of
relative humidity is summarized in Table 1 and Fig. 7. The BSPOB-
based multiblock co-SPIs (B8–B10) have 1.6–2.4 times larger sk
values than the random co-SPIs (R4, R5). Comparison between B9
and B10 with hydrophilic/hydrophobic block length of 10/10 and
20/20, respectively, shows the similar sk values, indicating no clear
effect of block length (>10) on the in-plane conductivity. This is
clearly different from the results reported by Kawakami et al. and
Watanabe et al. [28–30]. They reported high sk values of 20 and
25 mS cm�1 at 80 �C and 50% RH for the block co-SPIs with very
large block lengths of 140/60 and 150/150, respectively. The present
sk value of 10 mS cm�1 at 60 �C and 50% RH for B8 with block
lengths of 20/20 is considered to be comparable to their values,
taking high IECs of 2.4 and 1.8 meq g�1 and a high temperature into
account.

The through-plane and in-plane proton conductivity (st and sk,
respectively) and the anisotropic proton conductivity ratio (st/k) in
water at 60 �C are summarized in Table 2. All the SPI membranes
showed anisotropic proton conductivity with larger sk than st.
Fig. 8 shows the temperature dependence of sk and st in water. In
the case of BSPOB-based co-SPIs, the activation energies of st were
16–18 kJ mol�1 and slightly larger for those of sk (12 kJ mol�1). The
multiblock co-SPIs (B8 and B9-10) exhibited larger sk values and
smaller st values and as a result much smaller st/k values than the
corresponding random co-SPIs. For example, compared with R4,
Table 3
Through-plane proton conductivity (st) evaluated from cell resistance, cell voltage at cu
90 �C, 0.3 MPa and different humidifier temperatures.

PEM code d (mm) Humidifier temperature

85 �C 72 �C

st (mS cm�1) V1 (V) Wmax (W cm�2) st (mS cm�

B8 42 28 0.55 0.57 24
B9 42 41 0.63 0.79 32
B10 52 8 0.25a 0.17

R3 42 71 0.69 >0.95 63
R4 38 50 0.65 0.82 44

a Cell voltage at 0.5 A cm�2.
the sk value of B8 increased by 50%, but its st value decreased by
50% and its st/k value decreased down to a third of that of R4. As
mentioned above, R4 had the homogeneous morphology, whereas
B8 had the microphase-separated structure with layer-like domains
oriented in the plane direction. The difference in the morphology
provides a clear explanation on the more significant anisotropic
proton conductivity for B8, as mentioned above. Compared with B8
and B10, B9 exhibited a larger st/k value of 0.44 due to the less-
defined microphase separation.

In the case of BAPBDS-based co-SPIs, although not being clearly
compared because of the different hydrophobic diamine moieties,
the sk values were 1.4–1.7 times larger for the multiblock co-SPIs
than for the random ones with the similar IECs, whereas the st

values were comparable to or slightly larger for the former, and as
a result the st/k values were slightly smaller for the former.

The BSPOB-based and BAPBDS-based random co-SPIs showed
the homogeneous morphology, but showed the anisotropic proton
conductivity due to the polymer chain alignment in the plane
direction of membrane. The BSPOB-based co-SPIs showed the
slightly smaller st/k values (about 0.65) than the BAPBDS-based
ones (0.75) irrespective of the much larger Dt/l values of the former.

3.4. Fuel cell performance

Fig. 9 shows the PEFC performances of B8, B9, B10, R3 and R4 at
a cell temperature of 90 �C. Table 3 lists the through-plane
conductivity (st), cell voltage at current density of 1.0 A cm�2 (V1)
rrent density of 1.0 A cm�2 (V1) and maximum output (Wmax) of PEFCs operated at

59 �C

1) V1 (V) Wmax (W cm�2) st (mS cm�1) V1 (V) Wmax (W cm�2)

0.51 0.51 19 0.40 0.42
0.61 0.69 22 0.54 0.56

0.67 0.89 57 0.65 0.82
0.63 0.73 41 0.61 0.65
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and maximum output (Wmax) under the different humidification
conditions. The st values were evaluated by complex impedance
analysis under PEFC operation by assuming that the cell resistances
were mainly attributed to the membrane resistances. Open circuit
voltage (OCV) was in the range of 0.97–1.00 V for every SPI
membrane except for B10 (0.94 V). The other PEFC performances
including the cell voltage and power output at a given current
density and Wmax significantly depended on the SPI membranes.
The sk values of multiblock co-SPI membranes B8, B9 and B10 in the
humidity range above 50% RH were comparable to or slightly
smaller than those of the random one R3 and much larger than
those of R4, as listed in Table 1. However, the actually-observed
PEFC performances for these SPI membranes were quite different
from those expected from the sk values, that is, the PEFC perfor-
mances were in the order, R3> R4> B9> B8 [ B10. This was the
same as the order of st values as listed in Table 2.

At a high humidifier temperature of 85 �C (84% RH), R3 showed
the highest PEFC performance because of the highest IEC and
through-plane conductivity. R4 showed the second-highest perfor-
mance, which was much higher than that of B8. This clearly indi-
cates the much lower PEFC performance of the multiblock co-SPI
(B8) compared with the corresponding random one (R4). B9
showed the higher PEFC performance than B8 in spite of the
slightly lower IEC. B10 showed the very poor PEFC performance
with a very small Wmax of 0.17 W cm�2 at 0.29 A cm�2 because of
large IR drop.

With decreasing the humidifier temperature from 85 �C to 59 �C
(30% RH), the PEFC performance decreased more greatly for the
multiblock co-SPIs than for the random ones. The PEFC with B10
could not work at the humidifier temperatures of 72 �C and 59 �C,
whereas R3 maintained its PEFC performance at a fairly high level
even under a low humidification of 30% RH. Under the low
humidification conditions, the membrane still keeps a higher water
sorption content than the corresponding equilibrium state with
water vapor in the supplied gases, because the water formed at the
cathode back-diffuses into the membrane. Judging from the
membrane morphology, the through-plane water permeation is
considered to be lower for the multiblock co-SPIs than for the
random ones. The back diffusion of water from the cathode seems
less effective for the multiblock co-SPIs, resulting in a lower sorbed-
water content in membrane under PEFC operation. Therefore, the
much lower PEFC performances for the multiblock co-SPIs are
considered due to both the lower through-plane proton conduc-
tivity and the more dried state of membrane.

The lower PEFC performances of B8, B9 and B10 compared with
R3 and R4 were clearly attributed to the lower through-plane
conductivity under PEFC operation, as listed in Table 3. In the case
of the humidification temperature of 85 �C, the st values evaluated
reflect the through-plane conductivities at about 84% RH, because of
the back diffusion of water is less important. At the lower humid-
ification temperatures, the effect of back diffusion of water
becomes more important. With decreasing the humidification
temperature from 85 �C down to 59 �C, the st values decreased
more largely for the multiblock co-SPIs than for the random co-
SPIs. This is partly due to the lower water sorption content in
membrane as a result of the lower back diffusion of water.

4. Conclusions

Based on the cross-sectional membrane morphology, aniso-
tropic membrane swelling and anisotropic proton conductivity, the
co-SPIs studied in this paper are characterized as follows. The
BSPOB-based multiblock co-SPIs (B8–B10) exhibited the micro-
phase-separated morphology with hydrophilic and hydrophobic
layer-like domains oriented in the plane direction. The layer-like
domain structure caused an increase in water uptake, which was
followed by an increase in Dtc and a decrease in Dlc, whereas it
caused an increase in sk and a decrease in st. As a result, they
showed large Dt/l values of about 25 and very small st/k values of
0.10–0.44. These multiblock co-SPIs showed lower PEFC perfor-
mances than the random co-SPIs because of the lower through-
plane conductivity.

The BAPBDS-based multiblock co-SPIs (transparent membranes,
B5–B7) did not show the microphase-separated morphology from
TEM observation. They showed fairly low st/k values of about 0.55,
suggest the presence of some kind of aggregation of hydrophilic
blocks.

The BSPOB-based and BAPBDS-based random co-SPIs showed
the homogeneous morphology, but showed the anisotropic
membrane swelling and anisotropic proton conductivity due to the
polymer chain alignment in the plane direction of membrane. The
former showed the larger Dt/l values (6–11) and the slightly smaller
st/k values (about 0.65) than the latter (<3 and 0.75, respectively)
because the rigid imide backbone from NTDA and BSPOB seemed to
cause the better alignment of polymer chain in the plane direction
than the less rigid imide backbone from NTDA and BAPBDS.

In summary, multiblock copolymerization is a plausible method to
form hydrophilic–hydrophobic microphase-separated morphology
for rigid aromatic PEMs. However, the microstructures such as the
size, shape and orientation of domains should be controlled prefer-
ably to PEMs for PEFC applications. This study demonstrated that
such factors must be taken into consideration in the novel block
microstructures designs.
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