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Fuel cells are efficient devices that produce electric
power via chemical reaction of fuels and oxygen and
therefore have been attracting more and more attention
as a clean electric source.’=3 Polymer electrolyte fuel
cells (PEFCs) using a proton-conductive ionomer as an
electrolyte membrane have been extensively studied for
application to electric vehicles, residential power sources,
and portable devices.*~® One of the challenges in the
current PEFC research is to develop novel proton-
conductive ionomer membranes useable at higher tem-
perature than 120 °C for improving the total perfor-
mance of PEFCs.”~13 Perfluorosulfonic acid ionomers
(such as Nafion) as the state-of-the-art material are not
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suitable for high-temperature use since the conductive
and mechanical properties are deteriorated above the
glass transition temperature (ca. 110 °C). High gas
crossover, high cost, and environmental inadaptability
are also serious drawbacks of the fluorinated materials.

Sulfonated polyimide ionomers have recently been
developed by several groups for the above purpose.14-16
We have found that the sulfonated polyimide copoly-
mers incorporated with bulky fluorenyl groups show the
highest ever proton conductivity (1.67 S cm™1) for a
polymer electrolyte at 120 °C and 100% RH.1” There is,
however, a major catastrophic obstacle that prevents the
aromatic polyimide ionomers from being utilized as an
electrolyte membrane for PEFCs, that is, the hydrolytic
instability. The aromatic imide linkage is susceptible
to the nucleophilic attack by water molecules, resulting
in the degradation of the polymer main chain through
reverse polymerization. Our idea is to lower the hydro-
lytic susceptibility by increasing the electron density of
imide nitrogen atoms. The semiempirical MO calcula-
tions (PM3) using model compounds (1, 2) revealed that
an imide nitrogen atom attached to an aliphatic group
possesses much higher electron density than that at-
tached to a phenyl group (Chart 1). In this communica-
tion, we report synthesis and electrolyte properties of
novel sulfonated polyimide ionomers containing ali-
phatic groups both in the main chain and in the side
chains.
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Chart 1. Net Atomic Charge and Atom Electron
Density (in Parentheses) of Nitrogen Atom for
N-Phenyl-1,8-naphthalimide (1) and
N-Ethyl-1,8-naphthalimide (2) Calculated by the
PM3 Method
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Scheme 1. Synthesis of Polyimide lonomer 3
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The title polyimide ionomer 3 was synthesized by the
polycondensation of 1,4,5,8-naphthalene tetracarboxylic
dianhydride, 3,3'-bis(sulfopropoxy)-4,4'-diaminobiphen-
yl, and decamethylenediamine (Scheme 1). The copoly-
mer composition was set at 50 mol % so that the
equivalent weight per sulfonic acid group was to be 549
g/equiv (IEC = 1.82 mequiv/g). The experimental IEC
of 3 was 1.84 mequiv/g estimated from the 1H NMR
spectrum. The polymerization proceeded well in m-
cresol solution to give a high-molecular-weight polyim-
ide ionomer 3. The detailed procedure for the polymer-
ization and the membrane preparation is given in the
Supporting Information, which also includes the 'H
NMR spectrum. The stability of 3 was investigated
under both dry and wet conditions. TG analysis under
a dry nitrogen atmosphere showed two step weight
losses: the first one from room temperature 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 sulfonated hydrocarbon polymers or
perfulorinated ionomers.8 In the DSC analyses, a very
small thermal transition was observed at ca. 150 °C,
which would be ascribed to the glass transition tem-
perature.

The hydrolytic stability was evaluated by treating the
membrane sample at 140 °C and 100% RH as an
accelerated testing. In our previous experiments, no
polyimide ionomers have endured the testing for 24 h
while Nafion 112 is intact.’® The membrane of 3 showed
much better hydrolytic stability without any changes
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Figure 1. Temperature dependence of the proton conductivity
of 3 (O) and Nafion 112 (a) at 100% RH.

in appearance, flexibility, and toughness after 1 week.
The 'H NMR analyses revealed that the membrane has
the IEC of 1.76 mequiv/g after the testing. The mem-
brane was also subjected to oxidative stability testing
in Fenton’s reagent (3% H,0, aqueous solution contain-
ing 2 ppm FeSO,4) at 80 °C. It took 55 min before the
dissolution of the membrane commenced. After 1 h, the
membrane still retained its shape and flexibility. This
dissolving behavior of 3 is comparable to that of the
whole aromatic polyimide ionomers,”1° indicating that
the introduction of aliphatic groups did not deteriorate
the oxidative stability.

Proton conductivity of the membrane of 3 (50 um in
thickness) was measured at 100% RH and compared
with that of Nafion 112 (Figure 1). It is noted that
although the conductivity of 3 was slightly lower than
that of Nafion 112 below 100 °C, it was comparable at
higher temperature. The highest conductivity of 0.18 S
cm~! was obtained for 3 at 140 °C, while the measure-
ment was not possible for Nafion 112 with the same
thickness of 50 um at such high temperature due to the
loss of mechanical strength. The proton conductivity of
3 showed Arrhenius-type temperature dependence even
above the boiling temperature of water, implying good
water-holding capability of the rigid polyimide archi-
tecture. The apparent activation energy (E,) for the
proton conduction of 3 was estimated to be 10.3 kJ mol—!
from the slope of the linear line in Figure 1. The E,
value is smaller than that of the whole aromatic
polyimide ionomer (21 kJ mol=1).17 It is generally
considered that both the migration of hydronium
ions (vehicle mechanism) and the structure diffusion
(Grotthus mechanism) are responsible for the proton
conduction in hydrated polymer membranes.?° The
difference in E; might result from the different contri-
butions of the two different mechanisms or from the
easier molecular motion of 3 than the whole aromatic
ionomers. Detailed mechanistic analyses are currently
under investigation and will be reported elsewhere. The
conductivity measurement was carried out at 120 °C
and 100% RH in a longer time scale (Figure 2). The
membrane of 3 showed the constant conductivity value
of 0.15 S cm~! within acceptable errors for 10 days to
confirm the excellent hydrolytic stability.

The humidity dependence of the proton conductivity
was also investigated at 80, 100, and 120 °C (Figure 3).
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Figure 2. Durability of the proton conductivity of 3 at
120 °C and 100% RH.
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Figure 3. Humidity dependence of the proton conductivity

of 3 (solid) and Nafion 112 (open). Circle, triangle, and square
symbols represent the data at 80, 100, and 120 °C, respectively.
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At higher RH than 70%, 3 showed comparable conduc-
tivity to that of Nafion 112. At low RH, however, the
conductivity decreased down to the order of <107 S
cm~1. This is the common behavior observed for hydro-
carbon-based ionomers, probably due to the lack of the
formation of properly ordered microphase separation for
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the proton conduction compared to the perfluorinated
ionomers.?! The lower acidity of Ar—SOzH than that of
—CF,—SO03H should also be responsible under the low-
humidity conditions. The conductivities for both 3 and
Nafion 112 are relatively independent of the tempera-
ture. It is assumed that the carrier concentration rather
than the mobility and/or the diffusibility would be more
important for the proton conduction when membranes
are not fully hydrated.

In conclusion, we have incorporated aliphatic groups
into a sulfonated polyimide ionomer both in the main
chain and in the side chains in order to improve the
hydrolytic stability. The new polyimide ionomer was
very stable to hydrolysis and oxidation. The proton
conductivity is comparable to or even better than that
of Nafion 112 at high temperature and at high RH
conditions. These preliminary results have proved its
potential availability as an electrolyte for high-temper-
ature PEFCs.
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