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ABSTRACT: Poly(arylene ether sulfone ketone) (SPESK) multiblock copolymer membranes having highly
sulfonated hydrophilic blocks were synthesized. The degree of polymerization of hydrophobic blocks (X) was
controlled to be 15, 30, and 60 and that of hydrophilic blocks (Y) to be 4, 8, 12, and 16. Morphological
observation by scanning transmission microscopy (STEM) and small-angle X-ray scattering (SAXS) showed
that high local concentration of sulfonic acid groups within the hydrophilic blocks enhanced phase separation
between the hydrophobic and hydrophilic blocks. Rodlike hydrophilic aggregates were found to be
interconnected very well, which resulted in high proton conductivity even at low relative humidity (RH).
The ionomer membrane with X30Y8 and 1.86 mequiv/g of ion exchange capacity (IEC) showed 0.03 S/cm at
80 °C and 40% RH, which was a comparable or higher proton conductivity than that of the state-of-the-art
perfluorinated ionomer (Nafion) membrane. The longer blocks induced higher proton conductivity;
however, excessively long block length offset mechanical properties. Low hydrogen and oxygen permeability

was also observed.

Introduction

There have been great demands for clean energy or renewable
energy sources in the past decade. The polymer electrolyte
membrane fuel cell (PEMFC) has received considerable attention
due to its high energy efficiency and lack of carbon dioxide
emission. Perfluorosulfonic acid (PFSA) polymers such as
Nafion (DuPont) are the most promising and state-of-the-art
as polymer electrolyte membranes for PEMFC. However, some
drawbacks such as high production cost, poor thermomechanical
properties above 80 °C, and environmental inadaptability have
been reported.'* Aromatic hydrocarbon ionomers have been
studied as alternative membranes, which include sulfonated
poly(arylene ether sulfone)s (SPES),** poly(arylene ether ether
ketone)s (SPEEK),°® poly(arylene sulfide sulfone)s (SPSS),”!°
polyimides (SPI),'"'? poly(arylene ether nitrile)s," polybenzimi-
dazoles,'*"> and polyphenylenes.'®!” High proton conductivities
were claimed for some of these polymers; however, proton
conductivity at low hydration level (or low relative humidity
(RH)) remains an issue. Performance of membranes at low RH
and high temperature is critical for the practical applications to
the PEMFC since it determines fuel cell performance and size of
BOP (balance of plant) within the system.'®

Proton conductivity of polymer electrolyte membranes is
closely related to several parameters such as acidity, number
and position of ionic groups, main chain and/or side chain
structures, composition and sequence of hydrophilic (ion-con-
taining) and hydrophobic components, and membrane mor-
phology."” "' Among them, acidity of ionic groups and mem-
brane morphologies seem crucial, and they are correlated to each
other.”> The high acidity gives not only high concentration of
mobile protons but also pronounced hydrophilic/hydrophobic
phase separation.”*** The membrane morphology with well-
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connected hydrophilic channels results in facile diffusion of
protons and water molecules, leading to high proton conducti-
vity. Recent researches have revealed that block copolymer
architecture® %’ and introducing highly sulfonated hydrophilic
moieties®®! are effective approaches for the purpose. The
resulting ionomer membranes showed improved proton conduc-
tivity; however, the conductivity was still insufficient under low
RH conditions.

Recently, we have synthesized a new series of multiblock
sulfonated poly(arylene ether sulfone)s (B-SPESs) containing
highly sulfonated hydrophilic component.** The postsulfonation
reaction of the precursor polymers afforded highly sulfonated
hydrophilic block. The B-SPES membranes showed more devel-
oped phase separation between hydrophobic and hydrophilic
blocks than that of the random copolymer equivalents. Similar
strategy was also reported for polyimide block copolymers by Li
et al.>* More recently, we have preliminarily reported advanced
version of B-SPESs, multiblock sulfonated poly(arylene ether
sulfone ketone)s (B-SPESKs), in which sulfone—ketone structure
of hydrophobic blocks enabled complete sulfonation reaction.**
The B-SPESK membranes with 1.62 mequiv/g of ion exchange
capacity (IEC) showed comparable proton conductivity to Na-
fion at 20—90% RH and 80 °C. A fuel cell was successfully
operated with the membrane at 30% and 53% RH, 100 °C. In this
paper, we report detailed investigation on synthesis and proper-
ties of the B-SPESK membranes.

Experimental Section

Bis(4-fluorophenyl)sulfone (FPS) and 4,4'-dihydroxybenzo-
phenone (DHBP) were purchased from TCI, Inc., and recrystal-
lized from toluene. 9,9-Bis(4-hydroxyphenyl)fluorene (BHF) was
purchased from TCI., Inc., and recrystallized from toluene/
ethanol. Potassium carbonate, calcium carbonate, and toluene
were purchased from Kanto Chemical Co. and used as received.
N,N-Dimethylacetamide (DMAc, organic synthesis grade, 99%)
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was purchased from Kanto Chemical Co. and dried over 4 A
molecular sieves prior to use. Nafion membranes were purchased
from DuPont and were treated with hot 5 wt % H,O, aqueous
solution for 1 h and boiling 1 M H,SO, aqueous solution for 1 h
and washed with deionized water several times.

Hydroxy-terminated telechelic oligomers (1a), fluorine-termi-
nated telechelic oligomers (1b), block copolymers (2), and sulfo-
nated block copolymers (3) were synthesized as previously
reported.> A 50 um membrane was prepared by casting from
DMACc solution. Characterizations of oligomers, polymers, and
their membranes such as 'H NMR, GPC, titration, scanning
transmission electron microscopy (STEM), small-angle X-ray
scattering (SAXS), water uptake, proton conductivity, and oxi-
dative and hydrolytic stability were carried out according to the
method previously reported.>* For STEM observations, the
membrane samples were stained with lead ions by ion exchange
of the sulfonic acid groups in 0.5 M lead acetate aqueous solu-
tion, rinsed with deionized water, and dried in vacuum oven for
12 h. SAXS was measured for fully hydrated samples of 3,
random sulfonated poly(arylene ether sulfone) (SPES), and
Nafion NRE membranes at room temperature. Density of dry
3 and Nafion membranes was measured by a pycnometer
(Ultrapycnometer1000, Quantachrome Inc.) using helium as test
gas at room temperature. Density at 80 °C was calibrated by use
of the volume expansion coefficient of perfluoroalkyl polymer
(PFA: 1.3 x 10~*K™!) and poly(ether sulfone) (PSF: 3.1 x 107*
K™Y, since the coefficients of the sulfonated polymers were not
available. The density of sulfonated block copolymer 3 mem-
branes was found to be between 1.36 and 1.67 g/em® depending
on the IEC.

From the water uptake and density data, volumetric IEC
(IEC,, mequiv/cm?) was calculated by the following equation

IEC,

IEC, = 1 water uptake (%)

(1)

ppolymer at 80 °C 100 x Pywater at 80 °C

where IEC,, is the gravimetric IEC (mequiv/g) and p (g/cm’) is the
density.

From the conductivity and density data, proton diffusion
coefficient (D,) was calculated using the Nernst—Einstein equa-
tion

RT o
J:Fm (2)

where R is gas constant, 7'is the absolute temperature (K), F'is the
Faraday constant, and ¢(H") is the concentration of proton
charge carrier (mol/L).

Tensile strength was measured by universal test machine
(AGS-J 500N, Shimadzu) attached with a temperature and
humidity controllable chamber (Bethel-3A, Toshin Kogyo).
Stress vs strain curves were obtained for samples cut into a
dumbbell shape (DIN-53504-S3, 35 mm x 6 mm (total) and
12 mm x 2 mm (test area)). The measurement was conducted at
93% RH and 85 °C at a stretching speed of 10 mm/min.

Hydrogen and oxygen permeability was measured with a gas
permeation measurement apparatus (20XFYC, GTR-Tech Inc.),
and concentration of the permeated gases was quantified with a
gas chromatograph (GC, G2700T, Yanaco) with thermal con-
ductivity detector. Argon and helium were used as carriers 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 the
membrane at the same flow rate and was 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

Macromolecules, Vol. 43, No. 6, 2010 2685

were obtained. The gas permeability coefficient, O (cm® (STD)
cmem 2s~ ' emHg ), was calculated by the equation

2731 1 1
=Bl 3
= 4B P ®

where T'(K) is the absolute temperature, 4 (cm?) is the permea-
tion area, B (cm?) is the volume of the test gas permeated through
the membrane,  (s) is the sampling time, / (cm) is the thickness of
the membrane, and Py, (cmHg) is the water vapor pressure.

Results and Discussion

Synthesis and Characterization of OH-Terminated Tele-
chelic Oligomers (1a). The synthetic procedure of the OH-
terminated telechelic oligomers is shown in Scheme 1. The
monomer composition was set so that the degree of polym-
erization (Y) would be 4, 8, 12, or 16. The oligomerization
reaction proceeded in DMAc under typical nucleophilic
substitution conditions using potassium carbonate as a base
to give 1a. The oligomers 1a were obtained as a white powder
and characterized by "H NMR spectra and GPC analyses.
Molecular weight distribution (M,,/M,) ranged from 1.9
to 2.5 and was typical for polycondensation reaction
(Supporting Information Figure S1). The experimental Y
values calculated from M, were 5.0, 8.6, 13.0, and 17.9 for
Y = 4,8, 12, and 16, respectively. These values were roughly
consistent with the ones expected from the feed ratio of the
comonomers. In the "H NMR spectrum of 1a, protons
attached to OH-terminated phenylene rings appeared at
higher magnetic field than those attached to oxyphenylene
rings due to the strong electron-donating nature of hydroxy
groups. The Y values calculated from the integral ratio of
these peaks were 5.9,9.8, 11.6,and 15.5for Y = 4,8, 12, and
16, respectively. These values were similar to the above Y
values obtained by the GPC data. For the succeeding block
copolymerization, Y values obtained by NMR spectra were
used to balance the stoichiometry.

Synthesis and Characterization of F-Terminated Telechelic
Oligomers (1b). The synthetic procedure of F-terminated
telechelic oligomers is also shown in Scheme 1. The monomer
composition was set so that the degree of polymerization (X)
would be 15, 30, or 60. The oligomerization conditions were
similar to those for 1a, except that excess calcium carbonate
was effectively added to complete the oligomerization reac-
tion without reverse polycondensation or main chain clea-
vages.’** In order to confirm the chemical structure and
degree of polymerization, controlled reaction was con-
ducted, in which the products were isolated and charac-
terized by "H NMR spectra. In the "H NMR spectra of 1b,
protons of F-terminated sulfonylphenylene rings appeared
at lower magnetic field than those attached to the sulfonyl-
phenyleneoxy rings due to the strong electron-withdrawing
nature of the fluorine groups. In the case of 1b (X = 15), for
example, the experimental X value calculated from the
integral ratio was 13.1 close to the targeted value. The
oligomers 1b were not isolated in the actual block copoly-
merization in order to simplify the synthetic procedure
(oligomers 1a were added to the reaction mixtures of 1b for
the block copolymerization).

Synthesis and Sulfonation of Multiblock Copolymers.
Block copolymerization of the oligomers 1a and 1b was also
carried out in the presence of excess calcium carbonate in
order to avoid reverse polymerization or main chain clea-
vage. Short polymerization time for 3 h was enough to give a
highly viscous mixture containing high molecular weight
products. The copolymers 2 were obtained as white fibers,
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Scheme 1. Synthesis of OH-Terminated Telechelic Oligomers (1a), F-Terminated Telechelic Oligomers (1b), Block Copolymers (2), and Sulfonated
Block Copolymers (3)
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which were soluble in many organic solvents such as chloro-
form, DMF, DMSO, and DMAc. Comparison of the NMR
spectra with those of the parent OH-terminated and F-
terminated oligomers 1a and 1b revealed that the protons
of OH- and F-substituted terminal phenylene groups dis-
appeared in the obtained block copolymers, and the other
peaks were consistent with those of the parent oligomers.
GPC analyses showed unimodal elution curves with M, >
57 kDa and M,, > 122 kDa (Figure S2). These results
indicate the formation of multiblock copolymers. The X
values in 2 were experimentally determined from the Y values
of 1a and M, values of 2 and are summarized in Table 1.
These experimental X values were nearly comparable to the
ones expected from the feed comonomer composition.
Based on the experimental X and Y values, 5 excess
equimolar chlorosulfonic acid was applied for the sulfona-
tion reaction of 2. The reaction proceeded well in dichlor-
omethane solution at room temperature, and most of the
product was precipitated out of the mixture within 1 h. The
reaction, however, was continued for 24 h to ensure the
complete sulfonation reaction. The sulfonated products 3
were isolated as white powders, which were solublein DM SO
and DMAc. In Figure S3a is shown the 'H NMR spectrum of

SOzH O HO3S

$ o} o)
o~ QL
HO4S Q.O SOaH|
n

SO3H

HO4S Q'D SOgH

3(X60Y8)in Na™ form. Comparison with those of the parent
copolymers 2 revealed that the proton peaks assigned to the
unsulfonated fluorenylidene biphenylene units (5—10) dis-
appeared and the other aromatic rings (1—4, 1’, and 2") were
intact through the sulfonation reaction. Instead, new peaks
assigned to the sulfonated fluorenylidene biphenylene
groups appeared at 11—16. Absence of peaks 5—10 is
indicative of complete sulfonation (100% of degree of
sulfonation) on each phenylene ring of fluorenylidene biphe-
nylene unit. GPC results did not show evidence of main chain
degradation during the sulfonation reaction (Figure S2).
Because of the electrostatic repulsion among sulfonic acid
groups, the apparent molecular weight of 3 was larger than
that of 2. In our previous series of sulfonated multiblock
poly(arylene ether sulfone)s, minor main chain degradation
occurred at isopropylidene biphenylene (bisphenol A) moi-
eties via the sulfonation reaction.”” The copolymers 2, in
which bisphenol A groups were replaced with more robust
benzophenone groups, were able to achieve completely
sulfonated ionomers 3 without losing high molecular weight.

The ionomers 3 gave transparent and flexible films by
solution casting. The gravimetric IEC (in mequiv/g) of the
membranes were measured by back-titration and are
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Table 1. Physical Properties of the Sulfonated Multiblock Copolymers 3 and Their Membranes

volumetric IEC”

molecular weight (kDa)*

before sulfonation after sulfonation

expected XY experimental XY experimental IEC* 0% RH 80% RH degree of sulfonation (%) M, M., M, M.,
X15Y4 X12Y5 2.04 3.22 2.31 100 57 122 69 335
X30Y4 X25Y5 1.34 1.90 1.54 100 78 164 81 204
X15Y8 X14Y9 2.45 4.09 2.76 100 78 190 28 561
X30Y8 X25Y9 1.86 2.86 2.12 100 86 145 68 352
X60Y8 X51Y9 1.07 1.46 1.23 100 79 150 81 192
X30Y12 X25Y13 2.12 3.39 2.42 100 88 206 90 400
X60Y12 X53Y13 1.41 2.03 1.60 100 75 170 75 350
X30Y16 X23Y18 2.43 4.03 2.69 100 88 136 76 366
X60Y16 X56Y18 1.74 2.63 1.98 100 93 178 75 224
Nafion N/A 0.91 1.83 1.48 N/A N/A N/A N/A N/A

“Obtained by back-titration (mequiv/g). ®In mmol of sulfonic acid per total volume of water and polymer (calculated by eq 1, mequiv/cm?).

¢ Determined by GPC.
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Figure 1. STEM images of lead ion-exchanged (a) Nafion NRE 212, (b) 3 (X15Y4; IEC = 2.04 mequiv/g), (¢) 3 (X30Y4; IEC = 1.34 mequiv/g), (d) 3
(X30Y8; IEC = 1.86 mequiv/g), (e) 3 (X60Y8; IEC = 1.07 mequiv/g), and (f) 3 (X60Y16; IEC = 1.74 mequiv/g) membranes. Magnification of inset
pictures is S00K (60 nm scale), and that of large pictures is 100K (300 nm scale).

included in Table 1. The IEC values ranged from 1.07 to 2.45
mequiv/g, depending on the number of repeating unit in
hydrophobic (X) and hydrophilic (Y) blocks.

Morphologies of 3 Membranes. Morphologies of 3 mem-
branes were investigated by STEM and SAXS analyses.
Figure 1 shows cross-sectional STEM images of lead-ion
exchanged samples. The images were taken at transmission
electron mode, in which black domain represents lead-ion
exchanged sulfonic acid groups (hydrophilic aggregates).
Nafion NRE 212 membrane showed distinct and well-devel-
oped hydrophilic aggregates with ca. 4—5 nm in diameter
(Figure la), which are recognized to account for its high
proton conductivity. In contrast, hydrophilic aggregates

were larger for 3 membranes and dependent on the block
length (Figure 1b—f). Membranes 3 showed more enhanced
phase seyaration than our previous random or block copo-
lymers,**® which was presumably due to higher concentra-
tion of sulfonic acid groups in the hydrophilic blocks. As
observed in the lower magnification view, the hydrophilic
domains were well-interconnected at least in micrometer
scale. Itis reasonable that the hydrophilic aggregates became
larger as increasing the IEC ((c) X30Y4, 1.34 mequiv/g— (d)
X30Y8, 1.86 mequiv/g and (e) X60Y8, 1.07 mequiv/g — (f)
X60Y16, 1.74 mequiv/g) due to increased concentration of
sulfonic acid groups. The effect of block length on the
morphology is noticeable. Comparison among the three
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Figure 2. Water uptake and proton conductivity of 3 membranes with
low IEC (<2.0 mequiv/g) 3 at 80 °C as a function of RH.

membranes with the same X/ Y ratio revealed that the clusters
became larger as increasing the block length ((b) X15Y4,2.04
mequiv/g — (d) X30Y8, 1.86 mequiv/g — (f) X60Y16, 1.74
mequiv/g) despite that the IEC values were slightly decreas-
ing. These results led to the conclusion that both IEC and
block length are crucial factors in determining the membrane
morphology while the latter is more influential.

Since STEM observation was carried out for dry samples
under vacuum, SAXS measurements were applied to analyze
hydroph1hc clusters (aggregates) in hydrated samples. As
reported in our previous communication,>* 3 (X30Y8) and
3 (X60Y8) showed ca. 11 nm of Bragg distance, which is
considered as the distance between ionic clusters and larger
than that (5 nm) of Nafion membrane. Additional data were
taken for 3 (X15Y4) and 3 (X30Y4) membranes under the
same conditions to obtain the similar results. The results
imply that, unlike the dry conditions, their IEC and block
length were not major factors in determining the morpho-
logy under fully hydrated conditions. These morphological
considerations will be further discussed below with water
uptake and proton conductivity properties.

Water Uptake and Proton Conductivity of 3 Membranes.
Figure 2 (IEC = 1.34—1.86 mequiv/g) and Figure 3 (IEC >
2.04 mequiv/g) show water uptake and proton conductivity
of 3 membranes as a function of RH at 80 °C. As a reference,
Nafion NRE212 showed 13% water uptake at 90% RH,
which was much lower than 50% water uptake in water at
100 °C as suggested by DuPont.?’” As expected, higher IEC
membranes absorbed more water due to the increased hy-
drophilicity. The highest water uptake was 36% at 92% RH
for the highest IEC membrane (2.43 mequiv/g), which was
~3 times hlgher than that of Nafion NRE membrane. Unlike
the prev1ous series of our block copolymers®® and other
reports,>’** in which the longer block length induced higher
water uptake, the block length was less likely to affect
the water uptake for 3 membranes; compare X30Y8 and
X60Y16 in Figure 2 or X15Y8 and X30Y16 in Figure 3. A
possible explanation for this behavior would be that 3
contains polar and rigid groups in the hydrophobic blocks;
however, further analyses with different block length and
different hydrophobic component would be needed to obtain
decisive ideas.

Bae et al.
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Figure 3. Water uptake and proton conductivity of 3 membranes with
high IEC (> 2.0 mequiv/g) at 80 °C as a function of RH.

Dimensional stability of selected membranes was also
tested at room temperature by use of water swelling ratio,
which was defined as increased length or thickness of mem-
branes at swelling divided by the dimension of dry samples.
SPESK membranes showed anisotropic swelling behavior
with larger dimensional change in through-plane direction
than in in-plane direction. For example, X60Y8 (IEC = 1.07
mequiv/g) showed 6 and 8% swelling in x- and y-direction,
whereas its z-direction swelling was 30%. Other samples
such as X30Y4 and X60Y16 showed a similar tendency,
which was in good accordance with the other report.”’

Similar to the water uptake, the higher IEC membranes
showed higher proton conductivity at all RHs investigated.
Compared to our previous random and block copolymers
with similar chemical structure and IEC values,***® 3 mem-
branes showed higher proton conductivity partlcularly at
low RH. For example, X30Y8 with IEC = 1.86 mequiv/g
showed 0.13 and 0.03 S/cm at 80% and 40% RH, whereas
NRE212 showed 0.10 and 0.03 S/cm at 80% and 40% RH,
respectively. The 3 membranes with IEC > 1.86 mequiv/g
showed comparable or higher proton conductivity than that
of Nafion NRE 212 membrane at >40% RH. The high
proton conductivity is attributable to the well-connected and
large ionic clusters as confirmed in STEM and SAXS
analyses. The effect of block length is consistent with the
morphology in the STEM images. The 3 (X60Y8, IEC =
1.07 mequiv/g) having longer blocks showed similar proton
conductivity to that of 3 (X30Y4, IEC = 1.34 mequiv/g) in
spite of the former’s lower IEC and water uptake. A similar
tendency was observed for higher IEC membranes; compare
3(X30Y8, IEC = 1.86 mequiv/g) and 3 (X15Y4, IEC = 2.04
mequiv/g). For the practical fuel cell applications, we have
concluded that the best balanced membrane would be 3
(X30Y8, IEC = 1.86 mequiv/g) showing high proton con-
ductivity at wide range of humidity for its relatively low IEC
and water uptake.

For the detailed comparison of the proton conductivity
among the membranes at different RH, volumetric IEC
(IEC,, mequiv/cm®)*® that is defined as molar concentration
of sulfonic acid groups per unit volume containing absorbed
water was calculated. The IEC, is plotted as a function of RH
in Figure S4. The 1EC, values became lower as increasing
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RH due to increased water volume within the polymer
matrix. Nafion NRE and 3 (X30Y4) membranes showed
approximately the same IEC, values at a wide range of
humidity, since the differences in their gravimetric IEC were
counterbalanced by the differences in their density (2.01 g/
cm® for Nafion and 1.42 g/em? for 3 (X30Y4)) and the two
membranes shared a similar dependency of the water uptake
upon humidity.

In Figure 4 is plotted proton diffusion coefficient (D,,) as a
function of IEC,. Compared to 3 membranes, Nafion NRE
showed higher D, for its lower IEC,. D, of Nafion ranged
from 2.99 x 10> to 1.57 x 10~ cm?/s, designated as Nafion
region in Figure 4, and the region is much narrower than that
of the 3 membranes. The results imply that D, of Nafion is
less dependent on the humidity. At 90% RH, which corre-
sponds to the uppermost plot for each membrane sample,
IEC, higher than 1.9 mequiv/cm® was needed for the 3
membranes in order to have comparable D, to that of
Nafion. At >40% RH, the lower D, of 3 membranes could
be compensated by the higher IEC, (or proton con-
centration). However, this was not the case at 20% RH since
the differences in D, was too large to be compensated by
1EC,.

A general trend of the dependency of D, on the block
length was obtained. At low IEC,, X60 Y8 showed higher D,
than that of X30Y4. X60Y16 also showed higher or similar
D, than that of X30Y8 and X15Y4 in spite of the former’s
lower IEC,. These results are consistent with the fact that 3
membranes having longer block length showed higher pro-
ton conductivity. In addition, the D, values obtained for 3
membranes were much higher than those of our previous
random copolymer membranes.?! The results are not contra-
dictory to the above-mentioned morphological data and
validate our strategy of multiblock copolymers with highly
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Figure 4. Proton diffusion coefficient of 3 and Nafion NRE212 mem-
branes as a function of volumetric IEC, at 80 °C.
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sulfonated hydrophilic block for highly proton conductive
ionomer membranes.

Oxidative and Hydrolytic Stability of 3 Membranes. Oxi-
dative and hydrolytic stability of 3 membranes was investi-
gated under accelerated testing conditions in Fenton’s
reagent and hot water, respectively. Weight residue and
molecular weight were analyzed before and after each stabi-
lity test and are summarized in Table 2.

The Fenton test at 80 °C for 1 h dissolved most of 3
membranes with IEC > 2.0 mequiv/g. The 3 membranes
with IEC < 2.0 mequiv/g showed residue and the residual
weight increased as decreasing IEC. The molecular weight of
the residues evaluated by GPC was lower than 30% of the
original molecular weight, indicating that the ionomers
dissolved with oxidative degradation. The slower degrada-
tion for lower IEC membranes is reasonable due to the lower
water uptake and accordingly lower diffusion of peroxide
and the derived radical species. Compared to our previous
random copolymers,’® 3 membranes were somewhat less
stable to oxidation. This is probably because water molecules
diffuse faster in 3 membranes as well as protons. It was
suggested in the sulfonated poly(arylene ether sulfone)s that
oxidative degradation is likely to occur at phenylene carbons
ortho to the ether bonds (1 and 3 in Figure S3a) by the attack
of hydroxyl radicals due to their high electron density.***
The ortho carbons in the ionomers 3 are deactivated to such
oxidative attack by strong electron-withdrawing sulfone and
ketone groups. However, our results suggest that the diffu-
sion of oxidative species is more crucial in the oxidative
stability. For the practical fuel cell applications, oxidative
stability of ionomer membranes is correlated with gas per-
meability, which will be discussed below.

The 3 membranes were stable to hydrolysis. The weight
losses were much less than the oxidative weight losses, and
the membranes with IEC < 2.0 mequiv/g did not show any
losses in weight and molecular weight after the hydrolytic
test. The higher IEC membranes dissolved into water to a
certain degree; however, the recovered samples by evapora-
tion of water retained their original molecular weight. The
results indicate that 3 membranes do not degrade under these
severe hydrolytic conditions, similar to our previous random
copolymers.® Long-term stability was also tested in boiling
water (100 °C) for 1000 h for two samples (X30Y8 and
X60Y8). Both membranes did not show detectable changes
in weight, molecular weight, IEC, and '"H NMR spectra
(Figure S3b).

Mechanical Properties of 3 Membranes. Elongation of 3
membranes was measured at 93% RH and 85 °C by a
universal testing instrument. The mechanical properties were
highly affected by IEC as appeared in stress vs strain curves
(Figure 5 and Table 3). The block length had also some
impact on the mechanical properties with the general trend

Table 2. Oxidative and Hydrolytic Stability of 3 Membranes

after oxidative stability test”

after hydrolytic stability test*

expected XY IEC weight (%)? residual molecular weight (%)° weight (%)? residual molecular weight (%)°
X15Y4 2.04 0 N/A 70 100
X30Y4 1.34 53 100 100
X15Y8 245 0 N/A 28 100
X30Y8 1.86 33 100 100
X60Y8 1.07 49 100 100
X30Y12 2.12 8 59 100
X60Y12 1.41 45 100 100
X30Y16 2.43 0 N/A 0 100
X60Y16 1.74 19 100 100

“In mequiv/g. * In Fenton’s reagent (3% H-0, containing 2 ppm FeSOy4) at 80 °C for 1 h. ¢ Accelerated hydrolytic test in 140 °C water for 24 h.
?Residual weight percent after the test.  Residual molecular weight percent by GPC.
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Figure 5. Stress vs strain curves of 3 membranes at 85 °C and 93% RH.

Table 3. Results of Elongation test of 3 Membranes at 85 °C and

93% RH
maximum stress at Young’s
expected XY strain (%) break point (MPa) modulus (MPa)
X15Y4 12 1.9 16
X30Y4 51 8.9 139
X30Y8 124 13.6 22
X30Y12 20 2.6 16
X30Y16 23 1.4 7
X60Y8 97 16.7 125
X60Y12 52 6.3 16
X60Y16 27 3.6 18
NRE212 350 15.0 31

of lower Young’s modulus for longer block length mem-
branes. For example, X60Y12 and X60Y16 membranes
showed lower stress at break point and lower Young’s
modulus than those of the shorter block length equivalents
with similar IEC, X30Y4, and X30Y8, respectively. Com-
pared to our previous random and block ionomer mem-
branes, Young’s moduli were lower for the 3 membranes.>'>?
The results would be reasonable taking higher water absorb-
ability of 3 membranes into account. The developed hydro-
philic aggregates in 3 membranes segregate hydrophobic
blocks and consequently cause weaker physical interactions
between hydrophobic blocks and lower mechanical strength
of the membranes. In addition, 3 membranes did not show
any peaks after initial elongation (stress relaxation), which
was often observed in the random or other block copolymer
membranes. Since this behavior is regarded as onset of
disentanglement of bundles in the hydrophobic components,
the results support the idea that the hydrophobic interaction
is weak in the 3 membranes. It should be noticed, how-
ever, that Young’s modulus of 3 membranes with IEC < 2.0
mequiv/g was still comparable to or higher than that of
Nafion membrane, which showed very large elongation
(350%) with 15 MPa of the stress at break point.

Hydrogen and Oxygen Permeability of 3 Membranes.
Hydrogen and oxygen permeability of 3 (X30Y4), (X30Y8),
(X60Y8), (X60Y16), and Nafion membranes were measured
under dry conditions. The permeability coefficient is plotted
as a function of temperature in Figure 6. The 3 membranes
showed much lower hydrogen and oxygen permeability as
well as lower activation energy than those of Nafion. The
apparent activation energy of the gas permeability of Nafion
was E,(H,) = 38 and E,(O,) = 52 kJ/mol, and that of 3 was
E.(Hy) = 15—17 and E,(O;) = 17—20 kJ/mol, which is
comparable to those of our previous random copolymers.*®
The differences in the gas permeability between 3 and
Nafion, therefore, were much more pronounced at higher
temperature. For example, O, permeability coefficient of
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Figure 6. Temperature dependence of hydrogen and oxygen perme-
ability coefficient of 3 (X30Y4), (X30Y8), (X60Y8), (X60Y16), and
Nafion NRE212 membranes under dry conditions.
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Figure 7. Humidity dependence of hydrogen and oxygen permeability
coefficient of 3 (X30Y4), (X30Y8), (X60Y8), (X60Y16), and Nafion
NRE212 membranes at 80 °C.

Nafion was 10 % cm?® (STD)ecmem ™ ?s ' emHg ™! while that
of 3 membranes was less than 2 x 107" cm® (STD) cm cm 2
s~ emHg™". The gas permeability of 3 membranes seemed
independent of their IEC and block length. The results are
rather surprising taking into account our previous results
that hydrophobic component had a significant impact on gas
permeability.>' Since gas permeability under dry conditions
is generally related to the free volume of membranes, such
independency of the gas permeability on the concentration of
sulfonic acid groups and block structure may imply that
there exists a trade-off relationship between IEC and block
structure to result in similar free volume in 3 membranes.
Figure 7 shows hydrogen and oxygen permeability under
humidified conditions at 80 °C. At any humidity, the 3
membranes showed much lower gas permeability than
Nafion while humidity dependence of the permeability was
different for hydrogen and oxygen. In the case of hydrogen,
the permeability of the 3 membranes decreased slightly with
humidification (up to 30% RH) and then increased with
further humidification. The behavior of hydrogen perme-
ability was previously reported in the literature, and it was
claimed that determining factor for the gas permeation
changed with the amount of absorbed water.*! When mem-
branes are contacted with water vapor, water molecules are
absorbed by sulfonic acid groups, which would decrease free
volume and gas permeation of membranes. The role of
hydrophilic component on gas permeation is not significant
at low RH since hydrophilic channel would be under deve-
lopment. With further humidification, the membranes
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absorb more water molecules and begin to develop hydro-
philic clusters and their connectivity. Then, the contribution
from the hydrophilic domains becomes significant to in-
crease the total gas permeability of membranes. At higher
RH, hydrophilic domains seem to dominate hydrogen per-
meation. It would be reasonable that higher IEC membrane,
3 (X60Y16) (1.74 mequiv/g), showed higher dependence of
the gas permeability on humidity than the lower IEC mem-
brane, 3 (X60Y8) (1.07 mequiv/g), due to the former’s higher
water absorbability. The inverted-volcano-type behavior of
the gas permeability on the humidity was not observed for
the Nafion membrane probably due to its highly developed
water channels even at low RH.

Contrary to hydrogen permeability, oxygen permeability
of 3 membranes increased from the initial stage of humidi-
fication, which was more similar to the behavior of Nafion
membrane. The behavior was peculiar to the block copoly-
mer membranes and was not observed for the random
copolymer membranes.® The results may imply that hydro-
philic domains are also influential in the oxygen permeation
at low RH. Differences in the solubility of each gas in water
containing hydrophilic clusters would be accountable, which
need further investigation.

Conclusions

A series of sulfonated poly(arylene ether sulfone ketone)
(SPESK) multiblock copolymers (3) having highly sulfonated
hydrophilic blocks were successfully synthesized, and the degree
of sulfonation reached nearly 100%. These novel block copoly-
mer membranes showed highly developed phase separation
under both dry and fully hydrated conditions. The 3 membranes
showed much higher proton conductivity than that of our
previous random and block copolymers at wide range of humi-
dity. Longer block length seems effective in increasing proton
diffusion coefficient, which coincide with the morphological
observations. High mechanical strength as well as hydrolytic
stability was maintained at high temperature. Very low hydrogen
and oxygen permeability was also confirmed. The best balanced
membrane was 3 (X30Y8) with high proton conductivity (0.13
and 0.03 S/cm at 80% and 40% RH, 80 °C) and mechanical
stability for its relatively low TEC (1.86 mequiv/g) and water
uptake. The 3 (X30Y8) membrane was hydrolytically stable in
boiling water for 1000 h. Oxidative stability was mediocre;
however, low gas permeability would compensate for the chemi-
cal stability. In a separate report, we will report detailed analyses
of fuel cell performance with this new ionomer material as
membranes and/or electrode binders.
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