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ABSTRACT: Anion conductive aromatic multiblock copolymers,
poly(arylene ether)s containing quaternized ammonio-substituted
fluorene groups, were synthesized via block copolycondensation of
fluorene-containing (later hydrophilic) oligomers and linear hydro-
phobic oligomers, chloromethylation, quaternization, and ion-ex-
change reactions. The ammonio groups were selectively introduced
onto the fluorene-containing units. The quaternized multiblock
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copolymers (QPEs) produced ductile, transparent membranes. A well-controlled multiblock structure was responsible for the
developed hydrophobic/hydrophilic phase separation and interconnected ion transporting pathway, as confirmed by scanning
transmission electron microscopic (STEM) observation. The ionomer membranes showed considerably higher hydroxide ion
conductivities, up to 144 mS/cm at 80 °C, than those of existing anion conductive ionomer membranes. The durabilities of the QPE
membranes were evaluated under severe, accelerated-aging conditions, and minor degradation was recognized by 'H NMR spectra.
The QPE membrane retained high conductivity in hot water at 80 °C for 5000 h. A noble metal-free direct hydrazine fuel cell was
operated with the QPE membrane at 80 °C. The maximum power density, 297 mW/cm?, was achieved at a current density of

826 mA/cm?>.

B INTRODUCTION

For the past decade, there have been great demands for clean
energy or renewable energy sources. Fuel cells are regarded as a
promising candidate for stationary, automotive, and mobile
applications because of their high energy density, high conver-
sion efficiency, and low pollution levels."* Among the several
kinds of fuel cells, most research efforts have been directed
toward the development of polymer electrolyte fuel cells
(PEFCs) using proton exchange membranes (PEMs) as the
electrolyte.® Perfluorosulfonic acid polymers such as Nafion
(DuPont) are state-of-the-art polymer electrolyte membranes
for PEFCs. While the perfluorinated PEMs are highly proton
conductive and are chemically, physically, and thermally stable,
some significant drawbacks remain for widespread commercia-
lization of PEFCs. These include environmental incompatibility
and high production and processing costs of the perfluorinated
materials. Besides, under strongly acidic conditions, precious
metal-based electrocatalysts such as Pt are essential.

Recently, there has been a growing interest in alkaline fuel cells
(AFCs) that utilize anion-exchange membranes (AEMs) as the
electrolyte.* ® The advantages of AFCs over PEFCs include
better kinetics of the oxygen reduction reaction and more
options for cathode catalysts based on abundant transition metals
such as nickel,”® resulting in higher performance and lower cost
fuel cells. Since the existing AEMs are not as ion conductive and
stable as the PEMs, efforts have been devoted to developing

v ACS Publications ©2011 American chemical Society

better AEM materials. A variety of AEMs, whose main pol?rmer
chain structures range from poly(olefin)s,” poly(styrene)s, *~'*
poly(phenylene oxide)s,"> poly(phenylene)s,"* poly(ether
imide)s,"? poly(arglene ether)s,'**' to organic—inorganic hy-
brid composites,”>** have been investigated. Poly(arylene ether)s
fall into a class of aromatic polymers that show good solubility in
many organic solvents and distinguished membrane characteristics,
and therefore have been widely used as the backbone of non-
fluorinated PEMs. In the recent literature, poly(arylene ether)s were
applied to AEMs by introducing quaternized ammonio,'®'”*?!
guanidinio,"® or phosphonio groups.”® These AEMs are typically
prepared by chloromethylation on aromatic rings or bromination on
the methyl groups of the poly(arylene ether)s, followed by the
Menshutkin reaction with tertiary amine, pentamethylguanidine, or
tertiary phosphine to form benzylammonio, benzylguanidinio, or
benzylphosphonio groups, respectively. We have synthesized poly-
(arylene ether)s containing ammonio group-substituted fluorene
moieties (rQPE in Chart 1) and demonstrated their high anion
conductivity and chemical and thermal stability.**** The hydroxide
ion conductivity reached S0 mS/cm at 30 °C and 78 mS/cm at
60 °C. The ionomer membranes owe such high ionic conductivity
to the fluorene groups, which can carry up to four ionic groups per
unit, to achieve high ion-exchange capacity (IEC).
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Chart 1. Chemical Structure of Random Copoly(arylene ether)s Containing Ammonio Group-Substituted Fluorene Moieties
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Scheme 1. Synthesis of Multiblock Copoly(arylene ether)s Containing Fluorene Groups (PEs)
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In the pursuit of alternative aromatic PEMs, we have proved
that multiblock copolymers containing highly localized and
dense sulfonic acid groups on fluorene groups in the hydrophilic
blocks showed unique phase-separated morphology with well-
interconnected proton transporting pathways. The sulfonated
multiblock copolymer membranes were highly proton conductive
at high temperature (110 °C) and showed fuel cell performance
comparable to that of Nafion under severe conditions.”® ' While
there have been a few reports on AEMs based on block aromatic
polymers,”' the strategy of utilizing a sequential hydrophilic/
hydrophobic structure with dense ionic groups in the hydrophilic
blocks is also expected to be useful in AEMs. The objective of this
research is to produce multiblock copoly(arylene ether)s contain-
ing quaternized ammonio groups and to evaluate their properties.
For the synthesis, we have given careful consideration to the
following points: to introduce ionic groups selectively at specific
positions and to have as high an ionic density as possible in the
hydrophilic segments. Both are crucial to make the most of
multiblock architecture. By optimizing our previous results on

2) 145°C 15h
the chloromethylation and quaternization reactions of poly-
(arylene ether) homopolymers and random copolymers,”**> the
title multiblock copolymers, with well-controlled structure and
composition, were successfully synthesized. Their water affinity,
ion conductivity, mechanical properties, long-term durability, and
alkaline fuel cell performance were investigated.

B RESULTS AND DISCUSSION

Synthesis of Precursor Multiblock Copoly(arylene ether)s
(PEs). A series of precursor multiblock copoly(arylene ether)s,
PE-X8Y8,-X16Y11,-X22Y11,and -X22Y23 (numbers after X and
Y represent the degrees of polymerization of the hydrophobic
and fluorene-containing [later hydrophilic] blocks, respectively),
were synthesized by nucleophilic substitution polycondensation
of separately synthesized oligomers (Scheme 1). The hydro-
phobic oligomers, oligo(arylene ether sulfone ketone)s, were
prepared by polycondensation of DHBP and FPS with a con-
trolled feed monomer ratio (e.g., DHBP/FPS = 8/9 molar ratio
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Table 1. Molecular weights of the multiblock PEs

for an X = 8 oligomer) in the presence of potassium carbonate in
dry N,N-dimethylacetamide (DMAc) solution. In the last stage
of the oligomerization reaction, a small amount of FPS was added
to ensure the end-capping of the oligomers with F-terminal
groups. The fluorene-containing oligomers with OH-terminal
groups were prepared similarly from FPS and a controlled excess
amount of BHF. The chemical structure and molecular weight
of the hydrophobic and fluorene-containing oligomers were
characterized by 'H NMR spectra and GPC measurements
(see Figure S1 and Table S1 in Supporting Information [SI]).

expected obtained
X/Y oligomer X/Y oligomer M, M,,
length length (kg/mol) (kg/mol) M,,/M,

PE-X8Y8 8/8 8/8 89 183 2.1
PE-X16Y11 16/16 16/11 54 93 1.7
PE-X22Y11 32/16 22/11 84 195 2.3
PE-X22Y23 32/32 22/23 90 159 1.8

(a) ab

( b) ab

(C) ab

a,c,h,i

op |pmso-sd

Acetone

: ! I
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Figure 1. 'H NMR spectra of (a) PE-X16Y11, (b) CMPE-X16Y11, and (c) QPE-X16Y11 (IEC = 1.52 meq/g).
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Scheme 2. Chloromethylation and Quaternization Reactions of PEs
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The oligomer lengths were determined from the integral ratio of
the protons at the terminal phenyl groups to those in the repeat
units in the "H NMR spectra. The oligomer lengths obtained
were shorter than the expected ones from the monomer feed
ratios when X and Y were large (>16). Since the oligomerization
reaction was terminated in a rather short time (4—5 h) in order
to avoid unfavorable side reactions, the resulting end-capped
oligomers were of lower molecular weight.

Block copolymerization was carried out with an equimolar
amount of hydrophobic and fluorene-containing oligomers in the
presence of potassium carbonate and calcium carbonate in dry
DMACc solution. A combination of oligomers with different block
lengths provided a series of multiblock PEs (PE-X8Y8, -X16Y8, -
X22Y11, and -X22Y23). The PEs obtained were soluble in some
organic solvents such as chloroform, dichloromethane, 1,1,2,2-
tetrachloroethane, N,N-dimethylformamide (DMF), DMAc,
and dimethylsulfoxide (DMSO). The molecular weights of the
PEs were measured by GPC, in which the elution curves were
unimodal. As summarized in Table 1, the PEs were of high
molecular weight (M,, > 93 kg/mol, M, > 54 kg/mol), providing
transparent, ductile membranes by solution casting. The molec-
ular weights of the PEs were several times higher than those of
the starting oligomers, indicating successful formation of multi-
block copolymers. The 'H NMR spectra of the multiblock
copolymers were well-assigned to the assumed chemical struc-
ture (Figure la as an example for PE-X16Y11) by referring to the
spectra of the starting oligomers (Figure S1, SI). The copolymer
composition was in good agreement with the oligomer feed ratio,
further supporting the multiblock structure.

Synthesis and Characterization of Chloromethylated Mul-
tiblock Copoly(arylene ether)s (CMPEs). The Friedel—Crafts
chloromethylation reaction of the PEs was carried out with
chloromethyl methyl ether (CMME) and a Lewis acid catalyst
in 1,1,2,2-tetrachloroethane solution (Scheme 2). Since the
chloromethylation reaction is often accompanied by a slight
but undesirable cross-linking reaction of the resulting chloro-
methyl groups and causes gelation of the mixture, the reaction
conditions had to be carefully controlled. In our previous study,
we searched the reaction conditions in detail with homopolymers
and random copoly(arylene ether)s in terms of temperature and
amount of CMME.” The optimized conditions were at 35 °C
and 40 equiv of CMME to achieve a high degree of chloro-
methylation (number of substituted chloromethyl groups per
repeat unit in the fluorene-containing block) without gelation.
The degree of chloromethylation was controllable by changing
the reaction time. The optimized reaction conditions were applied
to the multiblock PEs. In addition, because of the better solvent
solubilities of multiblock PEs than those of homopolymers and
random copolymers, somewhat wider reaction conditions were
available, with temperatures up to 45 °C and equivalents of CMME
up to 80.

The chemical structure and the degree of chloromethylatlon
of the chloromethylated PEs (CMPEs) were analyzed by 'H
NMR spectra. In the "H NMR spectrum of CMPE-X16Y11
(Figure 1b), a peak assignable to the methylene protons of the
chloromethyl groups was observed at 4.58 ppm, which was
absent in the "H NMR spectrum of the precursor PE-X16Y11
(Figure 1a). The substitution of the chloromethyl groups on PEs
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altered several peaks between 7.9 and 7.2 ppm, which were
derived from the fluorenyl biphenylene protons. The integral
value of the peaks at 7.30 ppm, assignable to the protons at the 2-
and 7-positions of the fluorene groups (denoted as j in Figure la
and b), was smaller for CMPE than that for PE. The integral value
of the newly appeared peak at 4.58 ppm was coincident with
that of the decreasing peaks at 7.30 ppm. An adjacent peak at
4.4S ppm was assigned to the methylene protons of the chloro-
methyl groups on the polymer main chain (denoted as g in
Figure 1b). The 'H NMR spectrum suggested that the chloro-
methyl groups were preferentially substituted at specific posi-
tions, i.e,, the 2- and 7-carbons of the fluorene groups (denoted as
j in Figure 1a) and the phenylene carbons ortho to the ether
bonds in the fluorenylidene biphenylene unit (denoted as g in
Figure 1a). There was no evidence for the chloromethylation of
the hydrophobic blocks. The results were reasonable, taking into
account the fact that all phenylene rings were bonded with
electron-withdrawing groups in the hydrophobic blocks. Similar
results were obtained for the electrophilic sulfonation reaction of
the same multiblock copoly(arylene ether)s.””*® The degree of
chloromethylation in CMPE was estimated from the integral
ratio of the methylene protons of the chloromethyl groups
(4.45—4.58 ppm) to the protons of the 4-positional protons at
the fluororene groups (denoted as | in Figure 1b) and the
phenylene protons meta to the ether bonds in the biphenyl
sulfone (denoted as b and f in Figure 1b) and ketone (denoted as
d in Figure 1b) at 7.7—8.0 ppm. These aromatic protons were
chosen due to their inactivity to the electrophilic chloromethyla-
tion reaction.

The degree of chloromethylation was controllable by changing
the reaction conditions. As shown in Figure 2a, the degree of
chloromethylation of CMPE-X16Y11 increased with the reaction
time, and the highest value (2.78) was achieved by an 144-h
reaction at 45 °C with 80 equiv of CMME. The degree of
chloromethylation was plotted as a function of time for four
different conditions. Both the reaction temperature and the
equivalents of CMME were influential parameters on the degree
of chloromethylation. It should be noted that a large excess
(80 equiv) of volatile CMME (bp = 59 °C) was needed for a high
degree of chloromethylation at 45 °C. In Figure 2b is plotted the
degree of chloromethylation in the CMPE-X16Y11 separately for
the main chains and the fluorene groups, in addition to the total
values. The fluorene groups were more reactive than the main
chains due to the lack of electron-withdrawing ketone and
sulfone groups. The fluorene groups were selectively and quan-
titatively chloromethylated at the 2 and 7 positions, while the
number of chloromethyl groups in the main chains did not
exceed one even after the 144-h reaction. Longer reaction times
and/or severer reaction conditions failed to achieve a higher
chloromethylation degree in the main chains but resulted in
gelation. Nevertheless, the total degree of chloromethylation was
much higher than that of our random copolymers.**** The
results of the chloromethylation reactions of the four multiblock
copolymers are summarized in Table 2.

Membrane Formation and Quaternization of CMPEs. The
CMPEs were cast from 1,1,2,2-tetrachloroethane solutions to
provide membranes. The membranes obtained were colorless,
transparent, tough, and ductile. The thickness was controlled to
be 50 4m. The CMPE membranes were converted to quaternized
ammonio forms by treating with trimethylamine aqueous solution
(Scheme 2). The subsequent immersion of the membranes in
sodium hydroxide aqueous solution provided quaternized multiblock
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Figure 2. Time dependence of the degree of chloromethylation in
CMPE-X16Y11 (a) under various conditions and (b) at 45 °C and 80 eq.
of CMME.

copoly(arylene ether) (QPE) membranes with hydroxide counter-
anions. The QPE membranes were pale yellow and transparent and
showed lower solubilities in organic solvents than those of the parent
CMPEs. The QPE membranes in the OH™ form were soluble in
DMSO, and those in the CI™ form were soluble in DMF and DMAc
when their IEC was lower than 1.5 meq/g. They were not soluble in
less polar solvents such as halogenated hydrocarbons. The multi-
block QPEs showed better solubilities than the rQPEs. The latter in
the CI~ form were not soluble in any solvents examined.®

The chemical structures of the QPEs were analyzed by 'H
NMR spectra. In Figure 1c is shown the "H NMR spectrum of
QPE-X16Y11 (IEC = 1.52 meq/g). A strong peak at 2.96 ppm
was assigned to the methyl groups on the quaternized ammonio
groups (denoted as o and p in Figure 1c). The sharp peaks of
methylene protons at 4.45 and 4.58 ppm in CMPE-X16Y11
(Figure 1b) shifted to lower magnetic field at 5.90 ppm as a single
peak in QPE-X16Y11 (Figure 1c). We found that another peak
appeared occasionally at 4.92 ppm even for the same samples.
These two peaks were both assigned to the ammonio-substituted
methylene protons, because the sum of the integral ratios of the
two peaks was constant. It is reasonably assumed that transfor-
mation of hydroxide ions to carbonate and/or bicarbonate ions
by contact with a trace amount of carbon dioxide in the air caused
the shift of the methylene protons to higher magnetic field.**
The integral ratio of the methyl proton peak at 2.96 ppm (or
methylene proton peaks at 5.90 and 4.92 ppm) to aromatic
proton peaks at 6.8—8.2 ppm indicated that the quaternization
reaction was quantitative. This was further supported by the
absence of chloromethylene proton peaks at 4.45 and 4.58 ppm.
The ion-exchange capacity (IEC) of the QPE-X16Y11 mem-
brane was calculated to be 1.54 meq/g from the integral ratio,
which was in good agreement with the calculated value (1.52 meq/g)
from the copolymer composition and the degree of chloromethy-
lation, assuming the complete quaternization of the chloromethyl
groups. The IEC values calculated from the NMR spectra and the
copolymer compositions of the other QPE membranes are
summarized in Table 2. The experimental IEC values (from NMR)
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Table 2. Degree of Chloromethylation in CMPEs, and IEC, Water Uptake, 4, and Hydroxide Ion Conductivity of QPE

Membranes
membrane

QPE-X8Y8 0.43 0.44 0.39
0.92 0.89 0.82
1.35 1.26 1.15
1.57 1.44 1.44
2.17 1.83 1.71

QPE-X16Y11 1.13 0.82 0.79
1.73 1.29 1.13
1.78 1.32 1.38
2.09 1.52 1.54
2.78 1.93 2.05

QPE-X22Y11 0.92 0.89 0.86
2.19 1.37 1.32
2.81 1.70 1.72

QPE-X22Y23 1.84 1.62 1.65

rQPE 0.39 0.68 —
0.75 1.23 -
1.24 1.88 -

degree of chloromethylation® IEC’ (meq/g) IEC®(meq/g) water uptake (%) A4 hydroxide ion conductivity at 60 °C (mS/cm) in water

26 32.8 2.4
58 36.2 14
70 30.8 42
95 36.6 56
92 279 90
19 129 8.8
29 12.5 47
29 122 52
NU 18.3 93
112 32.2 126
18 112 25
38 154 83
58 18.9 121
62 21.2 126
21 17.1 0.3
61 27.5 9.0
95 28.0 35

“ Number of substituted chloromethyl groups per repeat unit in the fluorene-containing block. ? Calculated from the copolymer composition and the
degree of chloromethylation. ¢ Estimated from the 'H NMR spectra. ¢ Number of absorbed water molecules per ammonium group: A = [water uptake

(g/g)/18.02 (g/mol)] x [1000/IEC (meq/g)]

Figure 3. STEM images of (a) rQPE (IEC = 1.88 meq/g) and (b) QPE-
X16Y11 (IEC = 1.52 meq/g) stained with tungstate ions.

were comparable to the calculated values within acceptable errors
in all QPE membranes.

Morphologies of QPE Membranes. In order to analyze the
hydrophilic/hydrophobic phase separation, STEM images were
taken for the multiblock QPE membranes and compared with
those of the rQPE membranes. In Figure 3 are shown STEM

images of the QPE-X16Y11 (IEC = 1.52 meq/g) and rQPE
(IEC = 1.88 meq/g) membranes stained with tungstate ions as
typical examples. The rQPE membrane showed a uniformly gray
image throughout the field of view, suggesting no distinct phase
separation. In contrast, the QPE-X16Y11 membrane showed
a phase-separated morphology. The dark ionic (ammonium-
containing) domains, with widths of ~S nm, were distributed in
the membrane. Similar images were obtained in the other QPE
membranes. Figure S2 in SI shows a TEM image of QPE-X22Y11
(IEC = 0.89 meq/g) membrane, in which spherical ionic domains
with 4—5 nm in diameter were observed in clear contrast. It is
considered that the developed hydrophilic/hydrophobic phase
separation is caused by the sequential block structure despite its
lower IEC value or ionic concentration than that of rQPE. A similar
effect was also observed in our PEMs containing sulfonated
fluorene groups.””** The size of ionic domains observed in the
QPE membranes was smaller compared with the length of
hydrophilic blocks. The polymer main chains could fold with
close packing due to strong intermolecular interactions of
aromatic groups. Since the QPE membranes were obtained by
the quaternization of precast CMPE membranes, the phase-
separated morphology would basically stem from the structural
differences between the blocks of phenylene sulfone and chloro-
methylated fluorene groups and those of the phenylene sulfone-
co-ketone units. It should be noted that the quaternization and
the ion-exchange procedures could affect the morphology to a
greater or lesser degree, since the hydrophilic QPE membranes
swell in water, as discussed below, and gain flexibility.

Water Uptake and Hydroxide lon Conductivity of QPE
Membranes. Water uptake (30 °C) and hydroxide ion con-
ductivities (40 °C) of the QPE membranes were measured in
water and plotted as a function of IEC in Figure 4. Water uptake
of the QPE membranes increased with increasing IEC. A compar-
ison of multiblock and random QPE membranes revealed that the
multiblock QPE membranes, except for the QPE-X8Y8 membranes,
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Figure 4. (a) Water uptake at 30 °C and (b) hydroxide ion conductivity
at 40 °C of QPE membranes as a function of ion-exchange capacity

(IEC).

absorbed less water. For a better comparison among the different
IEC membranes, the number of absorbed water molecules per
ammonium group (designated as A) was calculated (Table 2). The
approximate trend was that water uptake increased with IEC and
decreased with block length. Since the water uptake and A value of
rQPE (95% and 28.0, respectively, for IEC = 1.88 meq/g) were
comparable to those of the reported AEMs composed of aromat-
ic polymers bearing quaternized ammonio groups (e.g., ~95%
and 28.9 for [EC = 1.89 meq/g'® and ~115% and 29.0 for IEC =
2.2 meq/g'”), lower water uptake and 4 values of the multiblock
QPE membranes are considered to be related to the developed
hydrophilic/hydrophobic phase-separated morphology. The de-
veloped hydrophobic domains composed of longer sequences
could contribute to suppression of excessive water uptake and
swelling.

Similar to the water uptake, the hydroxide ion conductivity of
the multiblock QPE membranes increased with increasing IEC.
The three QPE membranes, X16Y11, X22Y11, and X22Y23
showed similar conductivity dependence on the IEC values.
The QPE-X16Y11 membrane with IEC = 1.93 meq/g showed
the highest conductivity (96 mS/cm). The temperature depen-
dence of the hydroxide ion conductivities of the QPE-X16Y11
and rQPE membranes in water is compared in Figure 5. Similar
to the results in Figure 4, the conductivities followed the order of
the IEC values for the same series of QPE and rQPE. The QPE-
X16Y11 membrane (IEC = 1.93 meq/g) showed the highest
conductivity (144 mS/cm) at 80 °C, which was ~3.2 times
higher than that of the rQPE membrane with IEC = 1.88 meq/g
under the same conditions.?® To the best of our knowledge, the
QPE-X16Y11 (IEC = 1.93 meq/g) membrane shows the highest
hydroxide conductivity reported thus far for anion conductive
membranes.'*">* The important point is that the multiblock
QPE membranes showed a lower water uptake but considerably
higher conductivity than those of the random QPE membranes.
These results suggest that our concept to apply the multi-
block structure with highly ionized hydrophilic blocks is effective
for the AEMs for improving the ionic conductivity, as already
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Figure 5. Temperature dependence of hydroxide ion conductivities of
QPE-X16Y11 and rQPE membranes.
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Figure 6. Stress versus strain curves of X16Y11 membranes (IEC = 1.29
and 1.93 meq/g) at 80 °C and 60% RH.

demonstrated for PEMs. Due to the well-developed phase-sepa-
rated morphology, multiblock QPE membranes can utilize water
molecules more efficiently for hydroxide ion transport.

The conductivities of the QPE membranes showed an approx-
imate Arrhenius-type temperature dependence. The apparent
activation energy estimated from the slopes was ~10 kJ/mol and
was similar among the tested membranes. The apparent activa-
tion energy of the QPEs was comparable or somewhat lower than
those of reported AEMs (9.92—23.03 kJ/mol),"**" implying
that these membranes share a similar hydroxide ion conduction
mechanism involving the hydrated ions.

Stability of QPE membranes. The mechanical stabilities of
the QPE-X16Y11 membranes (IEC = 1.29 and 1.93 meq/g) were
measured at 80 °C and 60% RH by use of a universal testing
instrument (Figure 6). The conditions were chosen so as to
simulate the below mentioned fuel cell operating conditions,
however, the humidity was lower to minimize experimental errors.
A low IEC membrane showed a higher mechanical strength
(4S5 MPa maximum strength, 59% strain at break, and 1.2 GPa
initial Young’s modulus) than that of a high IEC membrane
(13 MPa maximum strength, 41% strain at break, and 0.4 GPa
initial Young’s modulus). These results are reasonable taking into
account the higher water absorbability (higher swellability) of the
higher IEC membrane (Table 2). The mechanical properties of the
QPE membranes were similar to those of the rQPE membranes,*
and appeared to be dependent on the IEC rather than the
sequential main chain structure. In other words, the multiblock
QPE membranes were not as mechanically strong as expected from
their rather low water absorbability. Similar behavior has been
observed in our multiblock PEMs.”®
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A serious issue for the AEMs is their chemical instability
compared to that of the PEMs. Under heated or hydrothermal
conditions, possible degradation mechanisms for AEMs have been
discussed in the literature.>**> There are four major degradation
modes: (1) elimination of a tertiary amine to form benzyl alcohol,
(2) a Stevens rearrangement to form 2-(N,N-dimethylamino)ethyl-
benzene, (3) rearrangement of the methyl group to form 1-(IN,N-
dimethylamino)ethylbenzene, and (4) a Sommelet—Hauser
rearrangement to form 2-(N,N-dimethylamino)methyltoluene
(Figure S3 in SI). To evaluate the stability and degradation
mechanism of the multiblock QPE membranes, QPE-X16Y11
(IEC = 1.65 or 1.75 meq/g) membrane was treated in hot water
or hot air at 80 °C for 500 h, respectively. The membranes
maintained its toughness, flexibility, and appearance after both
stability tests. The chemical structures before and after the tests
were analyzed by use of 'H NMR spectra (Figures S4 and S5 in
SI). After the hydrothermal test in hot water, the peaks for the
methyl and methylene protons (denoted as o,p and m,n in Figure
S4, SI) became smaller, while the aromatic proton peaks between
8.2—6.8 ppm showed minor changes (Figure S4b, SI) when
compared with those of the pristine sample (Figure S4a, SI). The
IEC value estimated from the integral ratio of methyl groups after
the hydrothermal test was 1.44 meq/g, which was slightly smaller
than that of the initial QPE (IEC = 1.65 meq/g). In contrast, "H
NMR spectrum of QPE-X16Y11 after the thermal test in hot
air showed larger decrease in methyl and methylene protons
(Figure SSb). The IEC value after the test was estimated to be
1.09 meq/g, which was ~60% of the initial value. Since no other
peaks assignable to methyl, methylene, or methyne protons,*
which are assumed to appear in the degradation mechanisms
2—4 in Figure S3, SI, were observed in Figures S4b and SSb, SI,
major degradation mode of QPE membranes in the thermal and
hydrothermal tests is the most likely to involve the mechanism
1), that is the elimination of a tertiary amine to form benzyl
alcohol (Figure S3, SI). Benzyl alcohol could be further decom-
posed via dehydration as implied by TG/DTA-Ms analyses of
our rQPE.”® These results revealed that dry and hot conditions
negatively affected to some extent the QPE membranes to reduce
their IEC values by the elimination of the tertiary amine groups,
while the hydrothermal conditions were less harmful to the QPE
membranes.

The long-term durability of the QPE membranes in hot water
was further investigated in terms of the hydroxide ion conduc-
tivity. The hydroxide ion conductivities of the QPE-X8Y8 (IEC =
1.26 meq/g) membrane are plotted as a function of time in
Figure 7. After an initial period of transient behavior for several
tens of hours, the conductivity showed a constant but slow decline
starting from 36 mS/cm. The decay rate was as low as 1.9 #S/h on
average. The membrane retained its toughness and flexibility after
5000 h. The chemical structures before and after the tests were also
analyzed by "H NMR spectra (Figure S6, SI). Though the peaks
for the methyl and methylene protons became smaller after S000 h
in hot water, the IEC value estimated from the integral ratio was
1.03 meq/g, which was 82% of the initial IEC. This IEC drop was
consistent with the conductivity decline. Since the conductivity
became constant after several tens hours, the high durability of the
QPE membrane appears promising for application in alkaline
fuel cells.

Fuel Cell Performance. We have been working on noble
metal-free anion-exchange membrane fuel cells.**** They can be
operated with hydrazine (hydrate) as a fuel instead of hydrogen
gas for typical PEM fuel cells.*® Abundant transition metal-based
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Figure 7. Time course of hydroxide ion conductivity of the QPE-X8Y8
(IEC = 1.26 meq/g) membrane in pure water at 80 °C.
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Figure 8. Direct hydrazine fuel cell performance (cell voltage and
power density versus current density) of the QPE-X16Y11 (IEC =
1.93 meq/g) membrane with air or oxygen at 80 °C.

catalysts are suitable for both electrodes. In a typical case, Ni
powder and Co with poly(pyrrole) dispersed on carbon are used
for the anode and the cathode, respectively. These advantages are
attractive for automotive applications. The QPE-X16Y11 (IEC =
1.93 meq/g) membrane was used in a hydrazine fuel cell, in
which KOH was added in the fuel to prevent the formation of
hydrazinium ions (N,Hs") at the anode and to facilitate the
oxygen reduction reaction at the cathode.*® Hydroxide ion
conductivity of the membrane could also be improved to some
extent. The fuel cell performance is shown in Figure 8. The open
circuit voltage (OCV) was 0.71 V (with air) and 0.76 V (with
oxygen), which is lower than that of typical hydrogen-supplied
fuel cells (~1.0 V) because of the hydrazine hydrate crossing
over to the cathode through the membrane (the permeability of
hydrazine was measured ex situ to be 2.3 g mm/m” h at 30 °C).
Reasonably high fuel cell performance was obtained with the
maximum power density of 161 mW/cm? at a current density of
446 mA/cm” with air and 297 mW/cm” at 826 mA/cm” with
oxygen. The optimization of the catalysts and the MEA fabrica-
tion procedure is in our future agenda for further improving the
performance.

B CONCLUSIONS

A series of anion-conductive multiblock poly(arylene ether)s
containing ammonium-functionalized fluorene groups was de-
signed and synthesized. By carefully optimizing the reaction
conditions, precursor multiblock copolymers were chloromethy-
lated selectively at specific positions on the fluorene-containing
units. The chloromethylation of the fluorene groups was nearly
complete because of their high electron density, while that on the
main chains was up to half, which accounted for 2.78 chloro-
methyl groups per repeat unit. Quaternization and the subse-
quent ion-exchange reactions were quantitative, resulting in QPE
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membranes with IEC values up to 1.93 meq/g. The QPE mem-
brane showed distinct hydrophilic/hydrophobic phase separation,
as confirmed by STEM images. The QPE-X16Y11 membrane
with the highest IEC showed very high hydroxide ion conductivity
(144 mS/cm) at 80 °C. The QPE membranes were mechanically
and chemically stable, similar to the random QPE membranes
composed of the same repeat unit. Thus, it was confirmed that
the concept to utilize a multiblock copolymer structure with highly
ionized hydrophilic blocks is effective for improving the ionic
conductivity of AEMs without sacrificing other desirable properties
such as mechanical stability. The QPE membrane showed reason-
able performance in a noble metal-free fuel cell with hydrazine
hydrate. Selection of the electrocatalysts and electrode preparation
can be optimized to further improve the fuel cell performance.

Il ASSOCIATED CONTENT

© Supporting Information.  Experimental section, complete
ref 3, TEM image of QPE-X22Y11 (IEC = 0.89 meq/g), "H NMR
spectra of oligomers and polymers, GPC data of oligomers, and
possible degradation mechanisms of AEMs. This material is avail-
able free of charge via the Internet at http://pubs.acs.org,
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