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Proton conductive polymers have been attracting
more and more attention as an electrolyte material for
polymer electrolyte fuel cells (PEFCs)1 and direct metha-
nol fuel cells (DMFCs).2 For these applications, the
polymer membranes have to meet several demanding
requirements: proton conductivity higher than 0.01 S
cm-1, long-term stability under humidified and heated
conditions, impermeability to hydrogen, methanol, and
oxygen.3 Perfluorinated ionomers such as Nafion with
PTFE backbone, fluoroalkyl ether side chains, and
sulfonic acid end groups are the most commonly used
materials. Although the ionomers show excellent per-
formance under moderate conditions, considerable de-
terioration in the conductivity and the mechanical
strength takes place above the glass transition temper-
ature (ca. 110 °C), which makes them unavailable for
the use in high-temperature fuel cells. The high cost and
environmental inadaptability of the fluorinated poly-
mers also urge the necessity to develop alternative
proton conducting polymers.

One of the effective approaches is acid functionaliza-
tion of hydrocarbon polymers.4 Chemically and ther-
mally stable aromatic polymers should serve as a base
skeleton for electrolytes. Sulfonated poly(arylene ether)s,5
poly(arylene ether ether ketone)s,6 poly(phenylene sul-
fide)s,7 polyimides,8 and acid-doped polybenzimida-
zoles6a,9 have been proposed, for example. We have
recently found that the introduction of fluorenylbiphenyl
groups as a rather bulky hydrophobic component into
sulfonated polyimides improves the water affinity at
high temperature, resulting in the very high proton
conductivity of 1.67 S cm-1 at 120 °C.10 Another
important strategy has been proposed that the poly-
ethers with acidic groups on the pendant phenyl groups
are more stable to hydrolysis than those with acidic
groups directly attached to the main chain.11 These
results prompted us to combine both benefits. In this
Communication, we describe the synthesis and proper-
ties of novel poly(arylene ether) bearing sulfofluorenyl
moieties.

The parent polymer 1 was synthesized by the poly-
condensation of 9,9-bis(4-hydroxyphenyl)fluorene and
bis(4-fluorophenyl)sulfone under nucleophilic substitu-
tion conditions (K2CO3/DMAc).12 Polymer 1 is high
molecular weight (Mw ) 201 500, Mn ) 42 300 relative
to polystyrene standards measured by GPC) to give a
tough film by casting from CH2Cl2 solution. Polymer 1
was reacted with chlorosulfonic acid in CH2Cl2 to give
the title polymer 2 (Scheme 1). Since the product readily
precipitates out of the mixture, 2 could be isolated by

filtration followed by washing with water. Polymer 2 is
soluble in polar organic solvents such as DMSO, DMF,
and NMP and was characterized by 1H NMR spectros-
copy. The comparison of the spectra between 1 and 2
made it easy to assign the peaks (Figure 1). Although
there are some chemical shifts observed between them
due to the different solvent used (CDCl3 for 1 and
DMSO-d6 for 2), two sets of doublet-doublet peaks (1,
2, 3, and 4) ascribed to oxy-1,4-phenylenesulfone and
oxy-1,4-phenylenecarbon have the same integration
ratio for 1 and 2, suggesting that the polymer main
chain stayed intact throughout the sulfonation reac-
tion.13 There are remarkable changes in the peaks of
fluorenyl groups; peak 6 becomes weaker, and new
peaks 9, 10, and 11 well-assigned to 1-sulfo-3,4-disub-
stituted benzene group appear at 7.63 (s), 7.68 (d), and
7.94 ppm (d) in the spectrum of 2. The integration ratio
of these peaks indicates the introduction of one sulfonic
acid group on a fluorenyl group, which corresponds to
the ion-exchange capacity of 1.14 mequiv/g. The IR
spectrum of 2, in which a characteristic absorption band
of sulfonic acid groups is observed at 1031 cm-1 (νSO,asym),
also supports the proposed structure.

The degree of sulfonation (x in Scheme 1) could be
controlled by simply changing the amount of chlorosul-
fonic acid used in the reaction because the reaction is
so fast that the sulfonation proceeds before the product
precipitates out. When an equimolar amount of chloro-
sulfonic acid to the repeating unit was applied, polymer
2 (x ) 0.56, ion-exchange capacity of 0.92 mequiv/g) was
obtained. In our series of experiments, polymers 2 with
x up to 1.28 were prepared without substituting sulfonic
acid groups on the main chain.

Polymer 2 gives a transparent, tough, and flexible film
by casting from DMAc solution. The stability of the
polymer 2 (x ) 0.71, ion-exchange capacity of 1.14
mequiv/g) has been investigated under both dry and wet
conditions. TG/DTA analyses under a dry nitrogen
atmosphere showed two step weight losses: the first one
from 50 to 180 °C due to the desorption of water
molecules and the second one above 250 °C due to the
degradation (loss of sulfonic acid groups). The high
thermal stability is comparable to that of other sul-
fonated hydrocarbon polymers or perfluorinated iono-
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Scheme 1. Synthesis of Polymer 2
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mers.4 No thermal transition such as glass transition
or melting was observed below the decomposition tem-
perature.

The hydrolytic stability was evaluated by treating the
membrane sample at 140 °C and 100% RH for 24 h as
an accelerated testing. The membrane did not display
any changes in appearance (color, flexibility, and tough-
ness). Since there were not any changes observed in 1H
NMR and IR spectra, it is assumed that the sulfonic
acid groups are intact during the treatment. GPC
profiles measured with DMF containing 0.01 M LiBr
as the solvent also stay the same as that of the pristine
polymer, indicating that there is no practical hydrolytic
degradation occurred. The membrane was subjected to
stability test (oxidative stability) against Fenton’s re-
agent (3% H2O2 aqueous solution containing 2 ppm
FeSO4) at 80 °C. It took 40 min before the dissolution
of the membrane commenced. After 1 h treatment, the
membrane still retains its flexibility although the mo-
lecular weight is lowered to about one-third of the
original as indicated by GPC analyses.

Proton conductivity of the polymer 2 (x ) 0.71)
membrane was measured at 100% RH and compared
with Nafion 112 (ion-exchange capacity of 0.91 mequiv/
g) in Figure 2. At the temperatures below 100 °C, both
membranes show almost the same conductivity of 0.1-
0.2 S cm-1. The activation energy for the proton conduc-
tion estimated from the slope is to be 21 kJ mol-1,
implying that both share the similar conduction mech-
anism involving hydronium ions. While Nafion 112 loses
the conductivity at 140 °C down to 60% of the value at
100 °C, the conductivity keeps increasing even above
100 °C for polymer 2. This is the similar behavior
observed for the sulfonated polyimide with fluorenyl
moieties to have water confinement effect at high

temperatures.10 Polymer 2 (x ) 1.28, ion-exchange
capacity of 1.92 mequiv/g) with more sulfonic acid
groups shows higher proton conductivity at low tem-
peratures; however, the conductivity decreases at
100 °C. High concentration of sulfonic acid groups seems
to diminish the water confinement effect. It would be
because increasing sulfonic acid groups results in lower-
ing the π-π interaction among aromatic polymer chains
so that they lose structural stiffness and water holding
capability.

In conclusion, we have synthesized a poly(arylene
ether) containing sulfofluorenyl groups. The new poly-
mer electrolyte with acid function at the end of bulky
substituents affords a good film which endures severe
hydrolytic and oxidative treatments. Better proton con-
ducting properties than those of perfluorinated ionomer
membrane were confirmed at 100% RH. These prelimi-
nary results have proved its potential availability as an
electrolyte for high-temperature PEFCs.
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