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Abstract

As a novel class of proton exchange membrane (PEM) materials for use in fuel cells, sulfonated poly(phthalazinones)
(SPPs), including sulfonated poly(phthalazinone ether sulfones) (SPPESs), sulfonated poly(phthalazinone ether ketones)
(SPPEKSs) and sulfonated poly(phthalazinone ether sulfone ketones) (SPPESKSs), were prepared by modification of corre-
sponding poly(phthalazinones) (PPs). Sulfonation reactions were conducted at room temperature using mixtures of 95-98%
concentrated sulfuric acid and 27-33% fuming sulfuric acid with different acid ratios in order to get SPPs with degree
of sulfonation (DS) in the desired range of 1.00-1.37. The presence of sulfonic acid groups in SPPs was confirmed by
FT-IR analysis, and the DS and structures were characterized by NMR. The introduction of sulfonic groups into the
polymer chains led to a decrease in the decomposition temperature. Membrane films were cast from SPPs solution in
N,N-dimethylacetamide (DMAc). Water uptakes and swelling ratios of SPPs membrane films increased with DS and tem-
perature. Proton conductivities of all SPPs increased with DS and temperature, reaching higher than 1072 S cm™! at around
DS 1.0.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction kinds of fuel cells, proton exchange membrane fuel

cells (PEMFCs) is one of most efficient portable

In recent years, stimulated by the legislative pol-
lution control in most industrialized countries, the
development of fuel cells has become the focus of
intense worldwide R&D activities. Among several

* NRCC No. 46454,
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fax: +1-613-993-2384.
E-mail address: michael.guiver@nrc.ca (M.D. Guiver).

power sources convenient for vehicles and mobile
electronic devices. As the central component of fuel
cells, the proton exchange membranes (PEMs) are si-
multaneously an electrolyte for transportation of pro-
tons produced at the anode to the cathode as well as
a separator between the fuel and oxygen, an insulator
between the electrodes and a binder for the catalyst.
In order to qualify for these applications, polymer
electrolytes must combine a number of properties

0376-7388/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
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such as excellent chemical stability especially against
attack of oxygen and strong acids and, high proton
conductivity, suitable water uptake, resistance to fuel
crossover and adequate mechanical properties. In or-
der to favor the reaction kinetics and reduce platinum
catalyst poisoning by residual CO in the fuel, the next
generation of these types of fuel cells are expected
to run at temperatures higher than the present oper-
ating temperatures (<80°C). Correspondingly, the
PEMs for use in fuel cells should also have sufficient
long-term thermal stability. Although the present
commercially used perfluorinated ionomer Nafion™
or Nafion™.-like membranes assure high proton con-
ductivity (¢ > 1072Scm™!) and excellent durability
under the fuel cell operating conditions, large-scale
application is limited by the high cost of the mem-
branes. Perfluorinated ionomer membranes also suf-
fer from other serious drawbacks of high methanol
permeation and dehydration at higher temperatures.

In order to develop cheaper alternatives to perfluo-
rinated ionomer membranes, which may also be free
from other disadvantages of these membranes, a num-
ber of routes have been described in literature [1-17].
The principal route is the introduction of sulfonic
acid groups into high performance polymers such
as poly(aryl ether ketones), poly(phenylene oxide),
poly(phenylene sulfide), poly(aryl ether sulfone), and
polybenzimidazole.

Poly(phthalazinones) (PPs) including poly(phthala-
zinone ether sulfone) (PPES), poly(phthalazinone
ether ketone) (PPEK) and poly(phthalazinone ether
sulfone ketone) (PPESK) are new high performance
polymers currently under consideration for commerci-
alization. Among other advantages this class of poly-
mers is distinguished for excellent chemical and ox-
idative resistance, mechanical strength, high thermal
stability and very high glass transition temperatures
(295, 263 and 278 °C, respectively). The sulfona-
tion reactions of PPESK, and the nanofiltration and
ultrafiltration membrane properties have been stud-
ied [18-23] before. Recently we reported both the
post-synthesis sulfonation of PPEK and the polymer-
ization reaction of sulfonated monomers as well as the
conductivity properties of polymer membrane films
[24,25]. In the present investigation, we extend this
work to include the preparation and comparative char-
acterization of different sulfonated PPs (SPPs) and the
preparation of PEMs from the sulfonated products.

2. Experimental
2.1. Materials

PPs were synthesized according to the procedure
reported previously [18-21]. All other chemicals were
obtained commercially from Aldrich as reagent grade
and used as received.

2.2. Sulfonation reaction

In a typical small-scale experiment, 2 g PPES pow-
der was added to a 40 ml mixture of 95-98% con-
centrated sulfuric acid and 27-33% fuming sulfuric
acid under an argon atmosphere and the mixture was
magnetically stirred at room temperature (23 °C) for
a certain reaction time. The reported reaction time is
the total time for polymer dissolution and reaction.
After a determined reaction time, the reaction medium
was poured onto crushed ice and the resulting pre-
cipitate was recovered by filtration, then washed with
deionized water until the pH ~6-7.

For scaled-up reactions of 30-35g polymers, an
ice bath was needed initially to eliminate the heat
released during dissolution. For example, an amount
of 35g PPES powder was added to a mixture of
200 m1 95-98% concentrated sulfuric acid and 180 ml
27-33% fuming sulfuric acid under an argon atmo-
sphere and the mixture was magnetically stirred in an
ice bath. About 0.5h later, the ice bath was removed
and the stirring was continued at room temperature
(23°C). 'H NMR was used to trace the DSs. After a
determined reaction time, the reaction medium was
poured onto crushed ice and the resulting precipitate
was recovered by filtration, washed with deionized
water until the pH ~5-6.

2.3. Polymer analysis and viscosity measurement

Proton and carbon NMR spectra were obtained on
a Varian Unity Inova NMR spectrometer operating at
a proton frequency of 399.951 MHz and a carbon fre-
quency of 100.578 MHz. Tetramethylsilane was used
as the internal standard chemical shift reference. IR
spectra were measured on a Nicolet 520 Fourier trans-
form spectrometer with film samples in air.

A TA Instruments thermogravimetric analyzer
(TGA) instrument model 2950 was used for



Y. Gao et al./Journal of Membrane Science 227 (2003) 39-50 41

measuring the degradation temperatures (7g). Poly-
mer samples for TGA analysis were preheated to
150°C at 10°Cmin~! under nitrogen atmosphere,
held isothermally for 60 min, equilibrated at 80°C,
then heated to 750 °C at 10°Cmin~! for Ty measure-
ment. Hence, the degradation data reported here were
assumed to be in the absence of moisture.

Inherent viscosities were determined using an
Ubbelohde viscometer for N,N-dimethylformamide
(DMF) solutions of polymer with a concentration of
0.5gdl~" at 30°C.

2.4. Preparation of membrane films

An amount of 0.7 g sample was dissolved in 12 ml
DMACc and filtered. The filtered solution was poured
onto a glass plate and dried at 40 °C for about 2 days.
Residual solvent was further evaporated at 120 °C un-
der vacuum for 48 h, resulting in yellow membrane
films.

2.5. Water uptake content measurement and
swelling ratio

All polymer membranes used were vacuum dried at
120 °C before testing. The sample films were soaked
in deionized water for different times at determined
temperatures. Weights of dry and wet membranes were
measured. The water uptake content was calculated by

Wwet — (g
uptake content (%) = e Ty
Wdry

x 100

where wdry and wyet are the masses of dried and wet
samples, respectively. The swelling ratio was calcu-
lated from films 7-10 cm long by

lwet — ldry

swelling ratio (%) = — x 100

ldry
where lgy and lyee are the lengths of dry and wet
samples, respectively.

2.6. Conductivity

The proton conductivity was measured by alterna-
ting-current (ac) impedance spectroscopy over a fre-
quency range of 1-10” Hz with oscillating voltage
50-500 mV, using a system based on a Solartron 1260

gain phase analyzer. A sample with diameter 13 mm
was placed in an open, temperature controlled cell,
where it was clamped between two blocking stainless
steel electrodes with a permanent pressure of about
3kgcem™2. Specimens were soaked in deionized wa-
ter prior to the test. The conductivity (o) of the sam-
ples in the transverse direction was calculated from
the impedance data, using the relationship o = d/RS,
where d and S are the thickness and face area of the
sample, respectively, and R was derived from the low
intersect of the high frequency semi-circle on a com-
plex impedance plane with the Re (Z) axis.

3. Results and discussion
3.1. Sulfonation reaction

Sulfonation reaction is a frequently used means
for polymer modification in order to improve their
expected membrane properties such as better hy-
drophilicity, higher water flux, improved permeability
and proton conductivity. In general, sulfonation of
polymers can be conducted with several sulfonating
agents, including concentrated sulfuric acid, fum-
ing sulfuric acid, sulfur trioxide complexes, chloro-
sulfonic acid and acetyl sulfate, depending on the
reactivity of the polymer. We initially attempted the
sulfonation of PPES and PPEK in 95-98% concen-
trated sulfuric acid. However, the results listed in
Table 1 show that only very low DSs were obtained
for both SPPES and SPPEK at 60°C, even after a
long reaction time. This was because of the low nu-
cleophilicity of PPs. It was demonstrated, in an article
published recently [24], that sulfonation occurred
only at the ortho-ether sites of PPEK. Replacing a ke-
tone with a more electron-withdrawing sulfone group
will not have an effect on sulfonation sites; therefore
it is expected that sulfonation of PPES occurs around
the electron-donating ether linkage. In PP repeat units
(as shown in Scheme 1), with the exception of ether
linkages, all other groups attached to the aromatic
rings contain more electron-withdrawing functional-
ity, which decreases the electrophilic reactivity of the
polymers. Since sulfonation reactions are also affected
by the electrophilicity of the sulfonating agent, fum-
ing sulfuric acid was chosen as a strong sulfonating
agent for the preparation of high DS derivatives. As
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Table 1
Dependence of DS on the reaction conditions
Polymer Polymer/oleum/concentrated Reaction temperature Reaction time DS [n? (dig™h)
sulfuric acid (g/ml/ml) [{©)] (h)
PPEK 0.5/0/10 RT 95 ~0
0.5/0/10 60 6 <0.10
0.5/5/5 RT 7 0.92
0.5/6/4 RT 4 1.04 1.83
0.5/7/3 RT 4 1.23 1.99
0.5/10/0 RT 1 1.30
0.5/10/0 40 1 1.60 1.88
PPES 0.5/0/10 60 63 <0.10
2/24/16 RT 1.7 1.02
1/5/5.7 RT 8 0.97 2.08
1/5/5 RT 7 1.21 1.76
1/7/5 RT 35 1.37 1.64
PPESK 2/24/16 RT 2.5 1.07 1.90
1/5/5 RT 7 1.20 2.00

4Determination conditions: SPPEK 0.5 gdl’1 in DMF, 30°C.

shown in Table 1, the sulfonation of PPEK in 27-33%
oleum at 40 °C for 1h resulted in SPPEK with a DS
of 1.60, which is soluble in water and is therefore not
suitable for use as a PEM in fuel cells. In order to
moderate and maintain control of the sulfonation reac-
tion and prepare SPPs with suitable DSs, the reactions
were conducted in fuming sulfuric acid diluted with
95-98% sulfuric acid at room temperature, initially
on the PPEK series. As seen in Table 1, by varying the
ratio of concentrated sulfuric acid to fuming sulfuric
acid and the reaction time, the sulfonation reaction
was more readily controlled to obtain DSs such as
1.0 and 1.2. The same reaction conditions were also
used to prepare SPPES and SPPESK with DS 1.0.

A/‘g\fo
0. )
‘ N/N\©\ /©/ e sulfonation
X

Comparing the reaction times, one can see that DS
1.0 was achieved in the shortest reaction time for
SPPES, followed by SPPESK. These results show that
PPES has higher sulfonation reactivity than PPEK,
which is surprising since sulfone groups have more
electron-withdrawing ability than ketones. A possible
explanation would be greater mobility at the sulfone
linkage resulting in accelerated reaction rate. On
the basis of higher reactivity of PPES, more diluted
mixtures of fuming sulfuric acid and higher polymer
concentrations were tried in preparing SPPES and
SPPESK of DS 1.2. The results listed in Table 1 show
that both SPPES 1.21 and SPPESK 1.20 were obtained
under more moderate reaction conditions than SPPEK

SO3H

Scheme 1. Synthetic pathway for SPPs.
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Table 2
Solubilities of PPs and SPPs

Polymer DMF

=}
=
>
1

DMSO

NMP CH,Cl, CHCI3 THF

PPES

SPPES 0.97
SPPES 1.21
SPPES 1.37
PPESK
SPPESK 1.07
SPPESK 1.20
PPEK
SPPEK 1.03
SPPEK 1.23

+
>

o T e e
o T T e
L

e o
I
|
I

Soluble (+); insoluble (—); soluble at high temperature (4+A); swelling or partially soluble at high temperature (+).

1.23. Furthermore, sulfonation reactions conducted at
much lower reaction temperatures or at much higher
concentration resulted in PPs solutions that were too
viscous to completely dissolve the polymer, which
could result in a heterogeneous sulfonation reaction.

3.2. Viscosity and solubility

Solubilities of PPs and SPPs were tested and the re-
sults are listed in Table 2. It shows that the solubilities
of polymers are different before and after modification.
PPs are soluble in some chlorinated solvents such as
CHCI3 and dichloromethane, but insoluble in some po-
lar aprotic solvents such as DMF. However, SPPs with
high DSs are soluble in the dipolar aprotic solvents,
listed in Table 2, but insoluble in the tested chlori-
nated solvents. The solubility differences arising from
the introduction of sulfonic acid groups can be ac-
counted for by changes in the polarity of the polymers
and intermolecular forces relating to hydrogen bond.
The introduction of sulfonic acid also has an effect on
the viscosities of polymers. DMF was chosen as the
solvent for determining the inherent viscosities [1] of
SPPs, which are listed in Table 1. The inherent viscosi-
ties of starting polymers PPES, PPEK and SPPESK
in CHCIl3 at 25°C are 0.59, 0.66 and 0.63 dlg_l, re-
spectively. Table 1 shows that the inherent viscosities
of SPPs are higher than those of PPs in chloroform
and result from increased hydrogen-bonding interac-
tions associated with the sulfonic acid groups. For
SPPEKs and SPPESKSs obtained using diluted mix-
tures of fuming sulfuric acid, the viscosities increase
with increasing DS suggesting that the polymer chain

is not degraded during sulfonation. However, SPPESs
show decreasing viscosities with increasing DS. This
may be caused by degradation of the less stable PPES
than other PPs in fuming sulfuric acid.

3.3. NMR

In order to determine the sulfonation sites and the
DS values, PPs and SPPs were characterized by g
NMR spectroscopy. The '"H NMR spectra of PPES
and SPPES (Figs. 1 and 2) resemble those of PPEK
and SPPEK published recently [24]. The similarity
between the sulfone linkage in PPES and the ketone
linkage in PPEK is such that there are no significant
chemical shift differences in the aromatic '"H NMR
region of the two polymers. The aromatic region of
PPES polymer in CD,Cl; is divided into three sec-
tions (Fig. 1): H-9 at low field (8.45-8.60 ppm), the
ortho-ether linkage 4H at high field (7.05-7.30 ppm)
and the remaining 11H aromatic hydrogen signals
(7.60-8.10 ppm). The resemblance between SPPEK
and SPPES spectra in DMSO-dg (Fig. 2) indicates that
the substitution similarly occurred at the ortho-ether
linkage sites of PPES. As reported in details before
[24], the DS was determined by presetting the inte-
gration value of the low-field hydrogen absorptions
to 12H (7.60-8.60 ppm). The DS was then directly
obtained by subtracting the intensity value of the
ortho-ether upfield signals to the 4H of unsubstituted
PPES. As just seen in I'H NMR, the similarities be-
tween PPES and PPEK are also reflected in carbon
NMR. The '*C NMR spectrum of PPES (Fig. 3) re-
sembles that of PPEK reported before [24]. The only
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Fig. 1. '"H NMR spectrum of PPES in CD,Cl,.

apparent differences between the two polymer spectra
were observed in the 125-141 ppm region where the
majority of aromatic carbon atom signals appeared,
including those nearest to the sulfone group. The
carbon atoms (C-1, C-4, C-11, C-21, C-27) directly
linked to heteroatoms (N and O) appeared at essen-
tially the same low-field chemical shift displacement
as seen in PPEK. Similarly, aryl carbon atoms at
the ortho-ether position (C-20, C-22, C-26, C-28)
appeared at high field as also seen in PPEK.

3.4. FT-IR

The sulfonation reactions of PPs were followed by
FT-IR spectroscopy. Fig. 4 shows the comparative
spectra of PPES and SPPESs with different DS. In the
spectra of SPPES, two new absorption peaks appear
at 1019 and 1082cm™!, which are absent in PPES.
These are characteristic of the aromatic SO3H sym-

metric and asymmetric stretching vibrations, respec-
tively, and increase with higher DS. The absorption
at 1507 cm™!, which can be observed in the spectrum
of PPES, related to the aromatic ring 1,4-substitution
is also affected by the further substitution of sulfonic
acid groups. In the spectra of SPPESs, this character-
istic band decreases with higher DS. Simultaneously,
two new absorption bands related to 1,2,4-substitution
appear at 1475 and 1478 cm™!, which increase with
higher DS, thus confirming the introduction of sul-
fonic acid groups. In addition, both PPES and SPPES
show characteristic sulfone asymmetric and symmet-
ric absorption bands at 1325 and 1155 cm~ !, C=N ab-
sorption at 1587 cm™!, amide absorption at 1670 cm™!
and aromatic C—O—C absorption at 1242cm™'. The
sulfonation reactions of PPEK and PPESK were also
followed by FT-IR spectroscopy. Similar results ob-
tained from the comparison of characteristic absorp-
tion bands between parent polymers and sulfonated
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Fig. 2. '"H NMR spectra of SPPES in DMSO-ds.

polymers confirm the successful introduction of sul-
fonic acid groups into the polymer chains [24].

3.5. Thermal properties

The thermal stabilities of the PPs and SPPs were
determined by TGA. All the samples were preheated
to remove moisture, then dynamic TGA experiments
were run from 80 to 750°C at a heating rate of
10°Cmin~! under nitrogen. Examples of TGA of
PPES and SPPESs are shown in Fig. 5. The parent
PPES is a thermostable polymer of which the 5 wt.%
loss temperature is nearly 500°C and there is only
one sharp weight loss that is ascribed to the decom-
position of polymer main chain. For the SPPESs,
two transitions of loss in weight in two separate
temperature ranges can be seen in TGA curves. Sim-

ilar observation was made for other sulfonated high
performance polymers [11]. The first one occurs at
around 300 °C and could be ascribed to the decompo-
sition of the SO3H groups, which has been confirmed
by comparing the actual weight loss from the initial
point to 460 °C with the theoretical value, calculated,
assuming the decomposition reaction produces SOs.
The results listed in Table 4 show that the observed
weight loss values are very close to the theoretical
ones. For SPPs with high DS, small differences be-
tween the determined values and theoretical ones were
observed. This suggests that when the polymer main
chain begins to degrade, not all sulfonic acid groups
have been released. The second thermal degradation
of SPPES at about 490 °C is assigned to the degrada-
tion of the main polymer chain. Fig. 5 also shows that
SPPESs with higher DS lose weight more quickly
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Fig. 3. 13C NMR spectrum (hydrogen decoupled) of PPES in CDCl;.

than those with lower DS in the temperature range
of 300460 °C. It also indicates that the weight loss
during this period is due to the elimination of residual
—SOsH groups. The thermal degradation curves of
PPEK and SPPEKs [24], PPESK and SPPESKs are
similar to those of PPES and SPPESs. The decom-
position temperatures of both parent PPs and SPPs
are listed in Table 3. Ty1s (Ty; is the extrapolated
onset temperature for first weight loss) of all SPPs
are close to 300°C and show that the SPPs appear

SPPES 1.37
SPPES 1.21

MM oo
i Wt PPES

Wavenumber (cm'l)

Fig. 4. FT-1IR spectra of PPES and SPPESs.

to have adequate thermostability for their intended
fuel cell application. Interestingly, when the TGA
curves of SPPs with DS 1.0 are plotted in the form
of first derivative of heat flow to temperature, three
weight loss changes can be seen (Fig. 6). The first
two changes are in the range of 230-460 °C, which

100 )ES
901

9 SPPES 0.97

— 80.

£ SPPES 1.21 s

2 SPPES 1.37

70/
100 200 300 400 500 600

Temperature ("C)

Fig. 5. TGA traces of PPES and SPPESs.
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Table 3
Decomposition temperatures of PPs and SPPs

Tq1 (°C) Weight change from 200 to 460 °C (%) T (°C) Weight change from 460 to 700°C (%)
Theoretical Determined
PPES - - - 466 -
SPPES 0.97 289 13.5 13.4 490 22.5
SPPES 1.21 325 16.3 15.4 491 229
SPPES 1.37 327 18.1 17.6 492 22.1
PPESK - - 465 -
SPPESK 1.07 288 15.8 14.4 486 25.5
SPPESK 1.20 330 17.9 14.9 489 21.6
PPEK - - - 464 -
SPPEK 1.03 299 16.5 15.3 489 24.9
SPPEK 1.23 306 19.1 17.1 489 22.5

is believed to be due to sulfonic acid group loss. The
sulfonic acid groups were released in two steps. How-
ever, two weight changes in the range of 230-460 °C
were not always found, particularly for SPPs with
high DS. The process of losing sulfonic acid groups
is not clear.

3.6. Water uptake and swelling ratio

Absorbed water in membrane films is important for
fuel cell applications since this affects their mechani-
cal properties and proton conductivity. Water absorbed
by the hydrophilic sulfonic acid groups in the mem-
brane films results in some swelling and assists proton
transport from the anode to the cathode. However, too
much water absorption results in excessive swelling,

100

90

80
SPPESK 1.02

SPPEK 1.03

First deriv. of heat flow

70

SPPES 0.97

100 200 300 400 500 600 700
Temperature ("C)

Fig. 6. First derivative TGA trace of SPPs.

mechanical fragility and morphological instability of
the membrane films. The water uptake and swelling
ratio of SPPs membrane films were determined by
measuring the changes in the mass and length, re-
spectively, before and after hydration. The results are
listed in Table 4, which shows that the water uptake
of SPPs increases with DS and temperature and all
three kinds of SPP films are soluble at DS > 1.2 in
80°C water. At room temperature, the water uptake
and swelling ratio of the three types of SPP films at
same DS did not show much variability. However, at
elevated temperature, SPPESs absorbed much more
water and showed marked swelling compared with
SPPESKs and SPPEKSs at the same DS.

3.7. Proton conductivity

The proton conductivities of SPPs with DS from
0.97 to 1.37 were measured at different temperatures.
Prior to measurements, all membrane samples were
soaked in water 1 or 2 days for hydration. The con-
ductivities of SPPESs, SPPESKs and SPPEKSs are
plotted in Figs. 7-9, respectively, which show that
the conductivities of tested SPPs are all higher than
1072 Scm™!. The values are close to that of Nafion™
117 under similar conditions, 3 x 10~2S cm™!. These
figures also show that the SPPs behave similarly. Their
conductivity increases with DS and temperature up
to some temperature, then decrease. The decrease is
probably caused by the dehydration of membrane films
at high temperatures. Generally, SPPs with higher DS
start to lose conductivity at higher temperature, ob-
viously due to better water retention. Figs. 7-9 show
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Table 4
Water uptake and swelling ratio of SPPs
Polymer Room temperature, 3 days 80°C, 1 day
Water uptake (%) Swelling ratio (%) Water uptake (%) Swelling ratio (%)
SPPES 0.97 21 5.1 152 43
SPPES 1.21 30 7.6 SOL -
SPPES 1.37 71 18 SOL -
SPPESK 1.07 18 44 86 27
SPPESK 1.20 34 8.3 SOL -
SPPEK 1.02 19 4.8 63 20
SPPEK 1.23 32 79 SOL -
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Fig. 7. Conductivities of SPPESs.
1.E-01
—— SPPESK 1.07
e —o— SPPESK 1.20
o
a
2
=
k3!
3
B
=
5]
Q
1.E-02 T T T T T
0 40 80 120

Temperature (°C)

Fig. 8. Conductivities of SPPESKs.



Y. Gao et al./Journal of Membrane Science 227 (2003) 39-50 49

0.1

—o— SPPEK 1.23

_ —— SPPEK 1.02
El
o
)
=
=
5
=
el
=]
o
@]

0.01 : :
0 40

80 120

Temperature (°C)

Fig. 9. Conductivities of SPPEKs.

that the conductivities of SPPESs with DS 0.97, 1.21
and 1.37 increase with increasing temperature reach-
ing 2.5 x 1072Scm™! at 76°C, 3.7 x 1072Scm™!
at 75.3°C and 5.5 x 10°2Scm™! at 90°C, respec-
tively, then begin to drop. For SPPESKs with DS 1.07
and 1.20, the conductivities increase with increasing
temperature reaching 3.2 x 1072Scm™! at 90°C
and 3.6 x 1072Scm™! at 82°C, respectively. The
conductivities of DS 1.03 and 1.23 SPPEKSs increase
with increasing temperature up to 95°C and reach
4% 1072 and 6 x 1072 S cm™!, respectively. The con-
ductivity of SPPEK with DS 1.03 drops sharply after
this temperature. Among the three types of SPPs,
SPPEKs show highest conductivities at comparably
similar DS values.

4. Conclusions

SPPs with different DS from 1 to 1.37 were prepared
from PPs with dilute fuming sulfuric acid as both the
solvent and sulfonating agent. The structures of SPPs
were confirmed by FT-IR and the DS of SPPEK was
determined by 'H NMR. Three weight loss steps were
found from the first derivative of heat to temperature
TGA plot and the process was assumed to be losing of
sulfonic acid groups in two steps followed by degra-
dation of polymer main chain. Membrane films were
prepared from SPP solutions in DMAc. Water uptake

and swelling ratio test showed that the membrane films
absorbed water and swollen with DS and tempera-
ture and were soluble at around DS 1.2 in 80°C wa-
ter. Membrane films obtained from highly sulfonated
PPs showed proton conductivity above 1072 Scm™!
at both room temperature and elevated temperature,
which is in the range needed for high performance fuel
cell PEM. A comparison of the three types of SPPs in-
dicated that SPPEKSs are the best PEM materials based
on the results of this comparative study.

Acknowledgements

This work was supported by the National Research
Council of Canada. Partial support was also provided
by the National Natural Science Foundation of China
(Contract grant number: 20104001).

References

[1] M. Ueda, H. Toyota, T. Ouchi, J. Sugiyama, K. Yonetake,
T. Masuko, T. Teramoto, Synthesis and characterization of
aromatic poly(ether sulfone)s containing pendant sodium
sulfonate groups, J. Appl. Polym. Sci. 31 (1993) 853-858.

[2] C. Genies, R. Mercier, B. Sillion, N. Cornet, G. Gebel,
M. Pineri, Soluble sulfonated naphthalenic polyimides as
materials for proton exchange membranes, Polymer 42 (2001)
359-373.



50 Y. Gao et al./Journal of Membrane Science 227 (2003) 39-50

[3] K. Miyatake, A.S. Hay, Synthesis and properties of
poly(arylene ether)s bearing sulfonic acid groups on pendant
phenyl rings, J. Polym. Sci. A: Polym. Chem. 39 (2001)
3211-3217.

[4] F. Wang, M. Hickner, Y.S. Kim, T.A. Zawodzinski, J.E.
McGrath, Direct polymerization of sulfonated poly(arylene
ether sulfone) random (statistical) copolymers: candidates for
new proton exchange membranes, J. Membr. Sci. 197 (2002)
231-242.

[5] S. Faure, N. Cornet, G. Gebel, R. Mercier, M. Pineri, B.
Sillion, in: O. Savadogo, P.R. Roberge (Eds.), Proceedings of
the Second International Symposium on New Materials for
Fuel Cell and Modern Battery Systems, Montreal, Canada,
6-10 July 1997, p. 818.

[6] R. Nolte, K. Ledjeff, M. Bauer, R. Miilhaupt, Partially
sulfonated poly(arylene ether sulfone)—a versatile proton
conducting membrane material for modern energy conversion
technologies, J. Membr. Sci. 83 (1993) 211-220.

[7] T. Kobayashi, M. Rikukawa, K. Sanui, N. Ogata, Proton-
conducting polymers derived from poly(ether-etherketone)
and poly(4-phenoxybenzoyl-1,4-phenylene), Solid State
ITonics 106 (1998) 219-225.

[8] X. Glipa, M.E. Haddad, D.J. Jones, J. Roziére, Synthesis and
characterisation of sulfonated polybenzimidazole: a highly
conducting proton exchange polymer, Solid State Ionics 97
(1997) 323-331.

[9] J. Kerres, W. Cui, S. Reichle, New sulfonated engineering
polymers via the metalation route. I. Sulfonated poly(ether-
sulfone) PSU Udel via metalation—sulfination—oxidation, J.
Polym. Sci. A: Polym. Chem. 34 (1996) 2421-2438.

[10] T. Soczka-Guth, J. Baurmeister, G. Frank, R. Knauf,
International Patent WO, 99/29763 (1999).

[11] S.M.J. Zaidi, S.D. Mikhailenko, G.P. Robertson, M.D. Guiver,
S. Kaliaguine, Proton conducting composite membranes from
polyether ether ketone and heteropolyacids for fuel cell
applications, J. Membr. Sci. 173 (2000) 17-34.

[12] D.J. Jones, J. Roziére, Recent advances in the functiona-
lisation of polybenzimidazole and polyetherketone for fuel
cell applications, J. Membr. Sci. 185 (2001) 41-58.

[13] S.P. Nunes, B. Ruffmann, E. Rikowski, S. Vetter, K.
Richau, Inorganic modification of proton conductive polymer
membranes for direct methanol fuel cells, J. Membr. Sci. 203
(2002) 215-225.

[14] EG. Wilhelm, I.G.M. Piint, N.FA. Van der Vegt, H.
Strathmann, M. Wessling, Cation permeable membranes from
blends of sulfonated poly(ether ether ketone) and poly(ether
sulfone), J. Membr. Sci. 199 (2002) 167-176.

[15] R.Y.M. Huang, P. Shao, C.M. Burns, X. Feng, Sulfonation
of poly(ether ether ketone) (PEEK): kinetic study and
characterization, J. Appl. Polym. Sci. 82 (2001) 2651-
2660.

[16] F. Helmer-Metzmann, F. Osan, A. Schneller, H. Ritter, K.
Ledjeft, R. Nolte, R. Thorwirth, US Patent 5,438,082 (1995).

[17] S.-P.S. Yen, S.R. Narayanan, G. Halpert, E. Graham, A.
Yavrouian, US Patent 5,769,496 (1998).

[18] X.G. Jian, Y.Z. Meng, H.B. Zheng, Chinese Patent
93109180.2 (1993).

[19] X.G. Jian, Y.Z. Meng, H.B. Zheng, Chinese Patent 9310-
9179.9 (1993).

[20] Y. Meng, A.R. HIil, A.S. Hay, Synthesis and thermal
properties of poly(arylene ether ketone)s containing
phthalazinone moieties, J. Polym. Sci. A: Polym. Chem. 37
(1999) 1781-1788.

[21] Y.Z. Meng, A.S. Hay, X.G. Jian, S.C. Tjong, Synthesis
and properties of poly(aryl ether sulfone)s containing the
phthalazinone moiety, J. Appl. Polym. Sci. 68 (1998) 137—
143.

[22] Y. Dai, X. Jian, X. Liu, M.D. Guiver, Synthesis and chara-
cterization of sulfonated poly(phthalazinone ether sulfone
ketone) for ultrafiltration and nanofiltration membranes, J.
Appl. Polym. Sci. 79 (2001) 1685-1692.

[23] Y. Dai, X. Jian, S. Zhang, M.D. Guiver, Thin film
composite (TFC) membranes with improved thermal stability
from sulfonated poly(phthalazinone ether sulfone ketone)
(SPPESK), J. Membr. Sci. 207 (2002) 189-197.

[24] Y. Gao, G.P. Robertson, M.D. Guiver, X. Jian, Synthesis
and characterization of sulfonated poly(phthalazinone ether
ketone) for proton exchange membrane materials, J. Polym.
Sci. A: Polym. Chem. 41 (2003) 497-507.

[251 Y. Gao, G.P. Robertson, M.D. Guiver, X. Jian, S.D.
Mikhailenko, K. Wang, S. Kaliaguine, Direct copolymeriza-
tion of sulfonated poly(phthalazinones) for proton exchange
membrane materials, J. Polym. Sci. A: Polym. Chem. 41
(2003) 2731-2742.



