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Renewed interest has grown in the development of alkaline
membrane fuel cells (AMFCs) in recent years, primarily

because the efficiency of the oxygen reduction reaction of electro-
catalysts in alkaline environment is likely greater than in acidic
conditions and therefore, expensive platinum-based catalysts can be
replaced with inexpensive ones such as nickel, silver and carbon.1�3

Quaternary ammonium-tethered anion exchange polymer electro-
lytes4�9 have been the most extensively studied; nevertheless degra-
dation of alkyl ammonium-based polymer electrolytes occurs under
high pH conditions via (i) Hoffmann elimination (E2), (ii) nucleo-
philic substitution (SN2),

10 or (iii) ylide formation.11Although the E2
reaction can be circumvented by avoiding a coplanar arrangement of
β-hydrogen and nitrogen or by synthesizing β-hydrogen-absent
quaternary ammoniums, most of the alkyl ammonium-functionalized
polymers still have not realized sufficient stability because of the SN2
reaction. In the SN2 reaction, hydroxide ions attack the R-carbon of
the ammonium cations. The extent of polymer degradation via the
SN2 reactionmaybe reducedby replacing alkyl ammoniumwithbulky
cations such as guanidinium or phosphonium, which stabilize the R-
carbon�nitrogen bond by charge delocalization of the cations.12

Degradation through the ylide pathway starts with hydroxide ion
attack on a CH3 proton and produces a water molecule along with an
ylide intermediate (N(CH3)3

+CH2
�).11

Most cation-functionalized polymer electrolytes have been
prepared via chloromethylation (or bromination of methyl
groups) and subsequent cationizationof the halomethyl group.7,8,13,14

However, benzyl guanidiniums were reported to undergo faster
degradation than phenyl guanidiniums due to the nucleophilic
attack by hydroxide ion at the benzylic cation.15 Furthermore, the
degradation of benzyl ammonium through ylide formation and
subsequent rearrangement reactions may limit the lifetime of the
polymers.16 We report herein a controlled and efficient method to
incorporate bulky guanidinium cations into polymers using acti-
vated aromatic fluorine atoms, followed by methylation, thereby
producing phenyl-guanidinium; this avoids the halomethylation
process that leads to benzyl-cation formation. The electrochemical
properties and stability of the phenyl-guanidinium are investigated
under ex situ and AMFC operating conditions.

Scheme 1 shows the synthetic procedure to prepare phenyl-
guanidinium functionalized poly(arylene ether sulfone). The 1,1-
bis(4-hydroxyphenyl)-1-(4-((4-fluorophenyl)-thio) phenyl-2,2,

2-trifluoroethane) (3FBPT) monomer was synthesized by the
nucleophilic displacement of activated fluorine on 4-fluoro-2,2,2-
trifluoroacetophenone (F3FAP) by 4-fluorothiophenol (FTP), fol-
lowed by a phenol condensation reaction.17,18 Poly(arylene ether
sulfone) containing pendant 4-fluorophenyl sulfide groups
(PAES-S) was synthesized by nucleophilic aromatic substitution
(SNAr) polycondensation using 3FBPT and 4,40-difluorodiphe-
nylsulfone (DFS). The pendant 4-fluorophenyl groups of the
polymer were activated by oxidizing sulfide to sulfone with hydrogen
peroxide in formic acid polymer suspension to give PAES-SO2.
The molecular weight of PAES-SO2 was 50.2 kg/mol (Mn) and
75.6 kg/mol (Mw) (PDI = 1.51).19 The excellent reactivity of the
fluorine atomon thependant groupwas demonstrated by the reaction
of PAES-SO2with 1,1,3,3-tetramethylguanidine (TMG) at 130 �C in
DMAc. In this PAES-TMG system, it is unnecessary to prepare a
pentamethyl guanidinium, since commercially available TMG reacts
directly with the activated fluorine of PAES-SO2. The PAES-TMG
polymer was converted to the methylated polymer (M-PAES-TMG)
by reaction with dimethyl sulfate (DMS) at 90 �C for 12 h.

The 1HNMR spectra of the PAES-S and PAES-SO2 polymers
show that the ortho sulfonyl protons (H-2 andH-3) appear at higher
frequencies than the respective thioether protons because of the
deshielding effect of the sulfone groups, whereas the electron-rich
ortho ether linkage protons appear at lower frequencies (see Figure
S1 in the Supporting Information). The 1H NMR spectra of both
PAES-TMG andM-PAES-TMG are shown in Figure 1. The�CH3

signal of PAES-TMG was observed at δ 2.5�2.7 ppm. The yield of
TMG attachment was calculated from 1H NMR. The integration
ratio of H (6.5�8.3 ppm, benzene ring, 24H) to H (2.5�2.7 ppm,
TMG, 12H) from Figure 1 is 2:0.99 (theoretical ratio is 2:1),
indicating that the yield of TMG attachment is nearly 100%. This
result is in good agreement with the yield calculated from 19F NMR
by the integration ratio of fluorine of polymer before and after
fluorophenyl-amine reaction (see Figure S2 in the Supporting
Information). After methylation, the �CH3 signal of PAES-TMG
was shifted to higher frequencies (δ 3.0�3.1) because of deshielding
from the quaternary nitrogen atom. An enhanced �CH3 signal of
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M-PAES-TMG was observed at δ 2.6�2.8 after methylation, which
includes the �CH3 groups of M-PAES-TMG as well as nonmethy-
lated PAES-TMG. The methylation degree was calculated from the
integration ratio of H (benzene ring, 24H) to H (methyl groups,
15H) of PAES-TMG. The theoretical integration ratio around δ
6.5�8.3 to δ 2.55�3.1 of M-PAES-TMG is 1.6:1 and the signal
integration ratio (Figure 1) was close to 1.6:0.85 (i.e., themethylation
degree: 85%). This gives a calculated ion exchange capacity (IEC) of
1.03 mequiv/g for M-PAES-TMG. Complete methylation of the
phenyl-TMG was probably inhibited by the high basicity of TMG.
The methylation using conventional CH3I was less effective and
produced <60% yield (see Figure S3 in the Supporting Information).
The conjugation of phenyl-pentamethyl guanidinium after methyla-
tion was confirmed by FT-IR: the CdN absorption at 1547 cm�1

decreased, while theCN3 conjugation absorption (1627, 1537 cm
�1)

emerged (see Figure S3 in the Supporting Information).
The anionic conductivity was measured in two different con-

ditions (hydroxide- and bicarbonate-rich environments). The
hydroxide-rich environment was achieved by immersion in 0.5M

sodium hydroxide aqueous solution for 48 h, subsequent boiling
deionized water and purging N2 gas in a temperature/humidity
control chamber while the bicarbonate-rich environment was ob-
tained after 24 h exposure of deionized water to ambient air. Figure 2
showed that the conductivity under a hydroxide-rich environment
was about 2-fold greater than the conductivity under a bicarbonate-
rich environment and the conductivities increased linearly with
temperature. Anion conductivity of M-PAES-TMG was also mea-
sured in NaOH and K2CO3 solution as a function of NaOH and
K2CO3 concentration (seeFigureS4 in the Supporting Information).
In the experimental concentration range (0.01�0.1 N), the con-
ductivity in NaOH solution is about 2-fold greater than the
conductivity in K2CO3 solution.

8 Considering the infinite diffusion
coefficient of hydroxide ion is 3.7 and 5.8 times higher than those of
carbonate and bicarbonate ions, respectively,8,20 this result suggests
other factors such as cation�anion interaction or insufficient equi-
librium time8may also impact the anion mobility. The water uptake
of M-PAES-TMG was only 10 wt % at 30 �C, which was notably
lower than that of benzyl-trialkyl ammonium functionalized poly-
mers. The reported water uptake of benzyl-trialkyl ammonium
functionalized polymers with similar conductivities (ca. 12 mS/cm)
was ∼60 wt % when measured under the same conditions.5,7

The stability ofM-PAES-TMGwas evaluatedby immersionof the
membrane into 0.5 M NaOH solution at 80 �C. The anionic con-
ductivity of M-PAES-TMG slightly decreased from 36 to 31 mS/cm
after 72 h (14%) and further decreased to 23 mS/cm after 382 h
(36%). The FT-IR results exhibited a gradual decrease in the CN3

conjugationband,while a newabsorption at 1673 cm�1 in FT-IR and
2.88 ppm in 1H NMR appeared during the stability test (see
Figure S5 in the Supporting Information). The IEC of M-PAES-
TMG calculated from 1H NMR also decreased from 1.03 to
0.77 mequiv/g after 382 h (25%). Since the strongly electron-
withdrawing sulfone group is connected to the phenyl-guanidinium,
the electron density of the central carbon of the guanidinium reduces
and its susceptibility to SN2 reaction increases (see Scheme S1 in the
Supporting Information).21 Nevertheless, there is no evident degra-
dation on the R-carbon�nitrogen bond found in other alkyl
ammonium functionalized polymers.

The AMFCs using M-PAES-TMG as electrode ionomers drew
significant currents with platinum catalysts under H2/O2 condi-
tions (ca. the peak power density at 80 �C is ∼200 mW/cm2, see
Figure S6 in the Supporting Information). More importantly, the
AMFC using the M-PAES-TMG ionomer exhibited good stability

Scheme 1. Synthesis of Phenyl-guanidinium-Functionalized
Poly(arylene ether sulfone)

Figure 1. 1H NMR spectra of (a) PAES-S and PAES-SO2, (b) PAES-
TMG and M-PAES-TMG.

Figure 2. Anion conductivity (σ) of M-PAES-TMG as a function of
temperature (a) before stability test, (b) after 72 h life test, (c) after
382 h life test under hydroxide-rich environment, and (d) before stability
test under bicarbonate-rich environment.
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as we compared the stability with benzyl-trimethyl ammonium
functionalized control (see Scheme S1 in the Supporting In-
formation). Figure 3 compares the Tafel-slope change at high
voltage during the test in order to quantify the ionomer stability,
with the assumption that the degradation of high-loading platinum
black catalyst is negligible. The Tafel-slope at 0.96 V ofMEA using
M-PAES-TMG as electrode ionomer increased only 0.7 mV/
decade after 300 h (2 μV/dec h), whereas the Tafel-slope of the
MEA using benzyl-trimethyl-ammonium-tethered poly(arylene
ether) ionomer increased 20.7 mV/decade (69 μV/dec h).
Relatively insignificant degradation for both ionomers in the fuel
cell lifetime test is possibly attributed to the absence of NaOH
solution and lower operating temperature.

In summary, we have demonstrated a new synthetic method
for the incorporation of bulky guanidinium functional groups
into a polymer using activated fluorophenyl-amine reaction. The
reaction produced a phenyl guanidinium cation functionalized
polymer which exhibited highly efficient anion conductivity and
promising stability in high pH conditions. The AMFC using the
polymer as electrode ionomer exhibited superior stability to
traditional benzyl-trimethyl functionalized polymer, indicating
that the new synthetic routes can be effectively used for preparing
new cation-containing polymer electrolytes.
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Figure 3. iR-free H2/O2 polarization curves of AMFCs using M-PAES-
TMG and benzyl-trimethyl ammonium functionalized poly(arylene
ether) in the catalyst layers before and after 300 h lifetime test.
Measurements were taken at Tcell = 60 �C under fully humidified
conditions (60 and 70 �C due point for anode and cathode, respectively,
reactant backpressure at 30 psi).


