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Abstract

Sulfonated poly(phthalazinone ether ketone nitrile) copolymers (SPPEKN) were prepared by copolymerization of disodium 3,3'-disulfonate-
4,4'-difluorobenzophenone (SDFB-Na), 2,6-difluorobenzonitrile (2,6-DFBN), and 4-(4-hydroxyphenyl)-1(2H)-phthalazinone (DHPZ) at 160 °C
in N-methyl-2-pyrrolidione containing anhydrous potassium carbonate. The polymerization reactions proceeded smoothly and in high yield giving
high molecular weight SPPEKN copolymers with different sulfonic acid content (SC) values. The polymer structures were defined by 'H NMR and
FT-IR. Membrane films of SPPEKN copolymers in both salt and acid forms, prepared at SDFB-Na to 2,6-DFBN feed ratios up to 60/40 mol/mol,
were cast from the N,N-dimethylacetamide (DMAc) polymer solutions. The presence of highly polar nitrile groups are expected to increase inter-
chain molecular forces, contributing to the observed reduction in water swelling over previously prepared sulfonated poly(phthalazinone ether
ketone) (SPPEK) copolymers. Membranes containing nitrile groups are expected to show improved adhesion between polymer and catalyst when
utilized in a fuel cell. All SPPEKN copolymers exhibited tensile strength higher than that of Nafion®117. The proton conductivities of acid form
SPPEKN copolymers (SPPEKNH)s, prepared at the sulfonated/unsulfonated monomer feed ratio above 0.35 mol/mol, were around 10~' S/cm at
80 °C, which is close to or higher than that of Nafion®117 under same measurement conditions.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Sulfonated poly(phthalazinone ether ketone nitrile); Copolymerization; Proton exchange membrane; Fuel cell; Ionomer; Poly(ether ketone); Poly(ether
nitrile)

1. Introduction properties, extremely high oxidative stability, high proton

conductivity and long-term durability under PEMFC operating

Proton exchange membrane fuel cells (PEMFCs) are promis-
ing clean power sources for vehicular transportation, residential
and institutional, and also for computers, mobile communica-
tion equipment, etc. [1]. Numerous investigations have been
performed to improve the PEMFCs cost efficiency and perfor-
mance [2,3]. One of the challenges of the current researches is
to develop alternatives to perfluorinated sulfonic acid polymer
materials, which are the state-of-the-art polymer electrolyte for
PEMFCs. Although perfluorinated sulfonic acid polymers, such
as Nafion® developed by DuPont, exhibit good mechanical
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conditions. However, they suffer from some drawbacks, such
as extremely high cost, dehydration at operating temperatures
>80°C causing the conductivity decline, high permeability
for liquid fuels and poor environmental safety. To achieve a
practical applicability in fuel cells, many new polymer elec-
trolytes have been prepared recently aiming to satisfy several
rigorous requirements: high proton conductivity >1072 S/cm,
an increased barrier to fuel cross-over compared with
Nafion, reasonable hydrophilicity and hydrothermal stability,
mechanical strength and low cost.

The well-known excellent thermal, mechanical, and dielec-
tric properties, oxidative resistance and other favorable prop-
erties of high performance thermoplastic polymers, such as
poly(aryl ether sulfone)s, and poly(aryl ether ketone)s are a
good basis for their development as proton conducting mate-
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rials by the introduction of sulfonic acid or other proto-
genic groups. Sulfonated poly(arylene ether ketone)s (SPAEK)s
and sulfonated poly(arylene ether sulfone)s (SPAES)s show
proton conductivities [4-23] that are adequate for applica-
tion in fuel cells. For example, biphenyl-based sulfonated
poly(arylene ether sulfone)s reported by Wang et al. [§]
obtained by direct polymerization reactions of disodium
3,3'-disulfonate-4,4’-dichlorodiphenylsulfone (SDCDPS), 4,4'-
dichlorodiphenylsulfone and 4,4'-biphenol, show longitudi-
nal proton conductivities of 0.11 and 0.17S/cm at 30°C
and 100% RH for the 40% and the 60% SDCDPS
copolymers, respectively. Wholly aromatic poly(ether ether
ketone ketone)s containing pendant sulfonic acid groups
(SPAEEKK) prepared by our group via nucleophilic poly-
condensation of commercially available monomers: 1,3-
bis(4-fluorobenzoyl)benzene (BFBB), sodium 6,7-dihydroxy-
2-naphthalenesulfonate (DHNS), and 4,4’-biphenol, had trans-
verse proton conductivity of 5.6 x 102 S/cm at 100 °C [23].

Poly(phthalazinone ether ketone) (PPEK), poly(phthalazi-
none ether sulfone) (PPES) and associated copolymers are
new engineering thermoplastics currently undergoing commer-
cialization. They have very high T,’s of 263 and 295°C,
respectively, excellent high-temperature stability, and many
other favorable properties. Their sulfonated derivatives: sul-
fonated poly(phthalazinone ether ketone) (SPPEK) and sul-
fonated poly(phthalazinone ether sulfone) (SPPES) have been
recently prepared by both post-sulfonation reactions and direct
polymerization reactions of phthalazinone monomer and sul-
fonated dihalo monomers [12—-15]. Both methods gave SPPEK
and SPPES copolymers with transverse proton conductivities
higher than 1072 S/cm at SC around 1.0. The high proton
conductivities indicated their potential as promising proton
exchange membranes (PEM)s for fuel cells applications. Com-
pared with post-sulfonation reactions, polymerization reactions
allows precise control of the sulfonate content in the polymers
and avoid crosslinking or other side reactions that could occur
under modification conditions. In addition, polymerized SPPEK
copolymers showed less temperature dependence of proton con-
ductivities than post-sulfonated SPPEK copolymers. However,
like most SPAEK and SPAES copolymers, they have a tendency
to swell in hot water, especially copolymers with high SC. This
usually involves a degradation of membrane strength and may
impair adhesion of catalyst in membrane electrode assembly
(MEA) used in PEMFC.

Recently, it was also reported [24,25] that polar nitrile groups
were introduced into sulfonated poly(aryl ether sulfone)s with
the aim of decreasing the membrane swelling via enhanced inter-
molecular interaction, which could potentially promote adhesion
of the polymers to heteropolyacid in the composite membrane
or MEA study. The introduction of highly polar nitrile groups
are expected to increase the inter-chain molecular dipole forces
and make the polymers less moisture absorbable than pre-
viously prepared sulfonated poly(phthalazinone ether ketone)
(SPPEK) copolymers and improve the combination of poly-
mer and catalyst in the possible future usage. We believe that
there is a potential for enhanced adhesive ability of SPAEK
and SPAES copolymers to inorganic compounds, which would

be beneficial for adhesion of catalyst and carbon black to the
membranes in MEA. The present work reports the synthesis of
poly(phthalazinone ether ketone nitrile) copolymers containing
sulfonic acid groups (SPPEKN) via nucleophilic polycondensa-
tion reactions. The properties of SPPEKN membranes, such as
thermal stability, tensile properties, water uptake and swelling
and proton conductivities are also examined.

2. Experimental
2.1. Materials

DHPZ was provided by Dalian Polymer New Material Co.
Ltd., PR China and the preparation procedure was reported
previously [26-29]. SDFB-Na was prepared according to the
procedures described in literature [10] and elsewhere [12]. N-
Methyl-2-pyrrolidone (NMP) was vacuum distilled before use.
All other chemicals (obtained from Aldrich) were reagent grade
and used as received.

MEMBRA-CEL™ dialysis tubing (MWCO 3500) was
obtained from Serva Electrophoresis (Germany).

2.2. Copolymerization reaction

As depicted in Scheme 1, the SPPEKN copolymers were
synthesized via nucleophilic polycondensation reaction. The
synthesis of SPPEKN-40 is used as a typical example, where n
(40) denotes the SDFB-Na monomer feed ratio to total amount of
difluoro monomers (mol/mol). Into a three-neck flask equipped
with a magnetic stirrer and furnished with a Dean-Stark trap,
condenser and an argon inlet, 0.8605 g 2,6-DFBN (4.04 mmol),
1.706 g SDFB-Na (6 mmol), 2.383 g DHPZ (10 mmol), and 1.8 g
potassium carbonate (13 mmol) were added. Then 12mL of
NMP and 20 mL chlorobenzene were charged into the reac-
tion flask under argon atmosphere. The reaction mixture was
heated to 140 °C. After dehydration and removal of chloroben-
zene (~3—4h), the reaction temperature was increased to about
165°C. After 5-7h, when the solution viscosity apparently
increased, several mL of NMP was added to dilute the solution
and the reaction was continued for a further 3—5h. Then, the
mixture was cooled to 100 °C and coagulated in a large excess
of ethanol under vigorous stirring. After recovering the prod-
uct, SPPEKN-40 was washed with deionized water to remove
residual solvent and salt.

2.3. Copolymer analysis and measurement

"H NMR spectra were obtained on a Varian Unity InovaNMR
spectrometer operating at a proton frequency of 399.95 MHz.
Deuterated dimethylsulfoxide (DMSO-dg) was the most conve-
nient NMR solvent for SPPEK; the TMS signal at O ppm was
used as the chemical shift reference. IR spectra were recorded on
a Nicolet 520 Fourier transform spectrometer on the membrane
film samples in air.

A TA Instruments thermogravimetric analyzer (TGA) instru-
ment model 2950 was used for measuring the degradation
(weight loss) temperatures (73) and a TA Instruments differen-
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Scheme 1. Synthesis of SPPEKN copolymers.

tial scanning calorimeter (DSC) model 2920 calibrated with tin
at 231.93 °C was used for measuring the glass transition tem-
peratures (7,’s). Copolymer samples for TGA analysis were
preheated to 120 °C at 10 °C/min in air and held isothermally for
60 min for moisture removal. Samples were then heated from 90
to 750 °C at 10 °C/min for Ty measurement. Samples in sodium
form for DSC analysis were initially heated rapidly at a rate of
20 °C/min under nitrogen atmosphere to 450 °C, followed by
quenching in liquid nitrogen. When the DSC cell had cooled to
around 50 °C, the samples were replaced in the cell and heated
at a rate of 10 °C/min to 400 °C. The procedure for the samples
in acid form was similar except that the initial heating rate was
10 °C/min and the end point was below the polymer T4 point.

Intrinsic viscosities were determined using an Ubbelohde
viscometer for N,N-dimethylacetamide (DMAc) solutions of
polymer at 25 °C.

2.4. Preparation of membrane films

An amount of 1g sulfonated polymer in sodium form
(SPPEKN) was dissolved in 20 mL of DMAc and filtered. The
filtered solution was poured onto a glass plate and dried at 40 °C
for about 2 days. The acid form (SPPEKNH) membrane films
were obtained by immersing sodium form films in 2N H,SOq4
for 24 h at room temperature, followed by deionized water for
24 h during which period deionized water was changed several
times in order to remove excess of acid, and dried in the air for
several hours.

2.5. Water uptake and swelling ratio measurement

The sample films were soaked in deionized water for 24 h.
The membrane films were then dried at 80 °C for 24 h. Weights of
dry and hydrated membranes were measured. The water uptake
was calculated by

Wwet — Wdry

Wdry

Water uptake (%) = x 100

where wgry and wwe; are the masses of dried and wet sam-
ples, respectively. The swelling ratio was calculated from films

(5-10 cm long) by

et — 1 dry

l
Swelling ratio (%) = — x 100

ldry
where lgry and Ly are the lengths of dry and wet samples, respec-
tively.

2.6. Tensile test

Tensile tests were performed on an Instron tensile tester
(model 1123) at a strain speed of 50 mm/min at room temper-
ature. Membrane films with a typical size of 40 mm x 4 mm x
0.05 mm were used for testing.

2.7. Proton conductivity

The proton conductivity measurements were performed on
SPPEKNH membrane films by AC impedance spectroscopy
over a frequency range of 1-107 Hz with oscillating volt-
age (50-500mV), using a system based on a Solatron 1260
gain phase analyzer. A 20 mm x 10 mm membrane sample was
clamped by the edges between stainless steel electrodes and
placed in a temperature controlled cell open to the air by a
pinhole where the sample was equilibrated at 100% RH at ambi-
ent atmospheric pressure. Specimens were soaked in deionized
water for 24—-48 h prior to the test. The conductivity (o) of the
samples in the longitudinal direction was calculated from the
impedance data, using the relationshipo = I/R x d x w, where
[ is a distance between the electrodes, d the thickness, w the
width of the sample and R was derived from the low intersect of
the high frequency semi-circle on a complex impedance plane
with the Re(Z) axis. The impedance data were corrected for the
contribution from empty and short circuited cell.

3. Results and discussion
3.1. Copolymerization

In order to obtain polymers with target proton conductivi-
ties of >1072 S/cm, a specific range of monomer compositions
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Table 1
Viscosity data for SPPEKN copolymers
Polymer SDFB-Na (mmol) 2,6-DFBN (mmol) DHPZ (mmol) [n]* (dL/g) EW (IEC) expected SC expected
(g/mol SO3 (milliequiv. g~'))
SPPEKN-30 3.0 7.07 10 2.32 702 (1.42) 0.6
SPPEKN-35 35 6.56 10 1.71 631 (1.58) 0.7
SPPEKN-40 4.0 6.06 10 1.39 562 (1.78) 0.8
SPPEKN-45 4.5 5.56 10 1.20 515 (1.94) 0.9
SPPEKN-50 5.0 5.05 10 1.45 478 (2.09) 1.0
SPPEKN-55 55 4.55 10 0.684 447 (2.24) 1.1
SPPEKN-60 6.0 4.04 10 1.02 422 (2.37) 1.2

8 Measured at 25 °C in DMAc.

was designed for SPPEKN copolymers. The series of SPPEKN
copolymers were prepared by nucleophilic substitution reactions
with DHPZ as the diphenol, SDFB-Na and 2,6-DFBN as acti-
vated dihalides and K, CO3 as a weak base. All SPPEKN copoly-
mers were obtained under the same polymerization conditions
previously used for the syntheses of SPPEK and SPPES copoly-
mers [12]: argon atmosphere, NMP used as solvent, chloroben-
zene used to remove the water generated by the reaction of
diphenol with K, CO3 at 130-140 °C. When an obvious increase
in the viscosity of reaction solution was observed at 170 °C, indi-
cating a high molecular weight of the product, it was precipitated
in ethanol or water. As shown in Scheme 1, the sulfonate content
and the nitrile group content in SPPEKN copolymers were bal-
anced by varying the feed ratio of SDFB-Na to 2,6-DFBN. The
sulfonate content (SC) is used to distinguish between different
SPPEKN copolymers in the series and is expressed as the molar
ratio of SDFB-Na units (bearing the —SO3Na group) to 1.0 mol
of DHPZ. For example, the average repeat unit of SPPEKN-30
copolymer is composed of 0.3 unit of SDFB-Na, 0.7 unit of
2,6-DFBN and 1.0 unit of DHPZ. Table 1 lists the polymeriza-
tion conditions and details of the resulting polymers. In order
to obtain the polymers with proton conductivities higher than
1072 S/cm, only SPPEKN copolymers with SC values ranged
from 0.3 to 0.6 were synthesized. All SPPEKN copolymers had
intrinsic viscosities higher than 0.6 in DMAc at 25 °C indicating
the polymerizations proceeded to high molecular weights. All
SPPEKN copolymers were cast into free-standing films, also
confirming the high molecular weight of the resulting copoly-
mers. Equivalent molecular weight (Meq) and ionic exchange
capability (IEC) were also calculated from the initial reagents
ratios and listed in Table 1 for comparison.

3.2. FTIR

FT-IR is a convenient method to confirm the sulfonate or
nitrile groups in new polymers. Fig. 1 illustrates the FT-IR
spectra of SPPEKN copolymers, along with a comparative
spectrum of SPPEK-50 (0.5 unit of SDFB-Na, 0.5 unit of 4,4-
difluorobenzophenone and 1.0 unit of DHPZ) for comparison.
In all the spectra of SPPEKN copolymers characteristic bands of
the aromatic sulfonate salt (symmetric and asymmetric stretch-
ing vibrations of S=0) were observed at 1027 and 1096 cm™!
and the characteristic symmetric stretching vibration of nitrile
groups at 2247 cm™ !was observed, only in SPPEKN spectra. It

is seen that the intensity of two characteristic sulfonate absorp-
tion bands increases with SC, while the intensity of the nitrile
absorption decrease with SC. This confirms that the number
of sulfonate and nitrile groups, introduced into the copoly-
mers, was the function of the monomer feed ratio. Some other
characteristic absorptions in SPPEKN copolymers were also
assigned. The absorption band at around 1600 cm™! is attributed
to C=C stretching vibration in phenyl rings. The absorption
bands around 1668 cm™! is attributed to carbonyl group. The
characteristic absorption band of 1,4-aromatic ring substitutions
at 1510cm™! also decrease with SC values. The absorption
bands at 1217 and 1260 cm™~! are assigned to phenoxy group
absorptions.

3.3. NMR

Fig. 2 displays the aromatic region of five polymers. The top
and bottom spectra represent the polymers poly(phthalazinone
ether nitrile) (PPEN) and SPPEK, respectively, whereas the
three other spectra are related to SPPEKN with various SC. The
assignment of the PPEN signals was done using 'H and 2D-
COSY and TOCSY NMR. The three different hydrogen spin
systems (H-6,7,8,9; H-25,26; H-31,32,33) were easily detected
and assigned using 2D spectroscopy. The analysis of SPPEK
'H spectrum was performed earlier [12] and is shown in Fig. 2.
These two fully-assigned spectra were incorporated into Fig. 2
in order to better visualize the signal changes taking place in the
three SPPEKN spectra. The copolymer spectra are very com-
plex as aresult of the asymmetry of the phthalazinone monomer.

1096 cm-!
11027 e

SPPEK-50

SPPEKN-6()

SPPEKN-50

SPPEKN-40

SPPEKN-30

2400 1800 1200 600

Wave number (cm-1)

Fig. 1. FT-IR spectra of SPPEKN copolymers in sodium form.
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Fig.2. "HNMR stacked spectra of PPEKN (top), SPPEK (bottom) and SPPEKN
with SC of 30, 45 and 60%.

As illustrated in Fig. 2, both R groups for the copolymers can
either be nitrile or sulfonated monomers. The different feed
ratios of sulfonated monomer also add complexity to the spectra.
Therefore, we did not attempt to assign all the signals from the
three SPPEKN copolymers. Nevertheless, Fig. 2 clearly shows
increasing downfield signals for the sulfonated monomer and
decreasing upfield growing for the nitrile monomer. Previous
experience [12] in measuring the SC by 'H NMR has shown that
the SC is usually consistent with the feed ratio of monomers.
One can observe in Fig. 2 that sulfonated repeat unit signals
increase with SC while nitrile signals decrease. The smaller sig-
nals at lower frequency may be attributed to chain end groups
or resulted from one of the possible RU configuration due to the
factors described above.

3.4. Thermal properties

The thermal properties of SPPEKN copolymers in both salt
and acid forms are listed in Table 2 and illustrated in Fig. 3.
There is only one weight loss step in the TGA curves of salt form
SPPEKN copolymers (Fig. 3), which is assigned to the degrada-
tion of polymer main chain. Compared with PPEK and SPPEKs
[12], no obvious difference in the thermal stability of salt form

Table 2
Thermal properties of SPPEKN copolymers
Polymer Ty (°C) Tyi59%) (°C) T4 (°C) extrapolated
onset for first weight
loss
Sodium  Acid Sodium  Acid Sodium = Acid
form form form form form form
PPEK 263 487 470
SPPEK-40'? 367 294 475 340 456 302
SPPEK-50'2 390 ND 482 322 458 294
SPPEK-60'> ND ND 484 339 461 307
SPPEKN-30 359 ND 475 327 463 278
SPPEKN-35 362 ND 480 348 473 293
SPPEKN-40 365 ND 483 342 479 298
SPPEKN-45 372 ND 483 342 476 303
SPPEKN-50 ND ND 479 317 475 282
SPPEKN-55 ND ND 479 310 474 337
SPPEKN-60 384 ND 466 327 476 296

ND: not detected.

SPPEKN copolymers was observed and all their 5% weight
loss temperatures and the extrapolated onset temperatures are
higher than 450 °C, indicating the high thermal stabilities of
sodium form SPPEKN copolymers. In similarity with observa-
tions made previously [11-13,23] there are two distinct weight
loss steps in the TGA curves of SPPEKNH copolymers. The
5% weight loss temperatures and the extrapolated onset tem-
peratures for the first weight loss of SPPEKNH (caused by the
loss of sulfonic acid groups) are all higher than 280 °C, and
decrease with increasing SC. The second thermal degradation
around 480 °C is assigned to the degradation of the polymer
main chain. In comparison with SPPEK, the introduction of
nitrile groups into the polymer chain did not have an obvious
effect on the thermal properties of SPPEKN either in salt or in
acid forms.

Table 2 also lists the T;;’s of SPPEKN copolymers. SPPEKNH
copolymers were not detectable as their weight loss started ear-
lier than glass transition (7’s>Tg4’s). SPPEKN copolymers in
sodium salt form showed 7 ’s increasing with SC from 359 to
384°C, which is higher than the T, of non-sulfonated PPEK.

SPPEKN-30

90 | SPPEK-30

SPPEKH-30 SPPEKN-50

SPPEKNH-30

Weight (%)

ol SPPEKNH-50

50 1 1 I
100 300 500 700

Temperature ("C)

Fig. 3. TGA traces of copolymers.
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The increase in the 7;;’s of SPPEKN copolymers are the result
of the introduction of sodium sulfonate or sulfonic acid groups,
which increases intermolecular interaction by pendant ions or
by hydrogen bonding and molecular bulkiness and hinder the
internal rotation of high molecular chain segments. The intro-
duction of nitrile groups, as follows from the comparison with
SPPEK data, did not reduce the T’s of copolymers.

3.5. Water uptake and swelling ratio

It was reported that some sulfonated polymers are nanophase
separated into hydrophilic and hydrophobic domains wherein
sulfonate or sulfonic acid groups and polymer backbones aggre-
gate separately [8,19,25,30]. The hydrophobic part provides
the hydrated sulfonated polymer membrane films with mor-
phological and mechanical stability, whereas the hydrophilic
domains imbibe water and ensure proton conductivity. Since
PEMs in fuel cells are generally operated at temperatures close
to 80 °C, water uptake and swelling ratio of SPPEKN copoly-
mers were measured at both room temperature and 80°C as
functions of the SC and of the counter ion nature. The results are
shown in Table 3. SPPEKN-55 in sodium form was brittle when
fully dehydrated, which made it difficult to measure its length
and weight. Therefore, no data on this sample were reported,
despite the fact that its sodium form maintained its shape when
hydrated at room temperature. In general, the water uptake and
swelling ratio of SPPEKN copolymers in both salt and acid
forms increase with SC (or IEC) and temperature. Membrane
films in acid form have higher water uptake and swelling values
than their salt form films because of the hydrogen bond inter-
actions between H>O and sulfonic acid groups. Compared with
Nafion®117 (IEC = 0.91mmol/g, water uptake 35% at room tem-
perature [31]) and previously SPPEK copolymers [12] (prepared
from DHPZ, 4,4-SDFB-Na and 4,4'-difluorobenzophenone),
SPPEKN copolymers with similar IEC have lower water uptake.
As a comparison, polymers with and without nitrile groups are
discussed. SPPEKH (no nitrile) and SPPEKNH (nitrile) have
different types of repeat units, so it is more meaningful to com-
pare derivatives with similar EW than those with similar SC
in order to get truly comparative ionic content. SPPEKH-50

has an EW of 568 that is similar to SPPEKNH-40, which has
a value of 562. At 80°C, SPPEKH-50 had a water uptake of
210 wt.% and a swelling ratio of 50%, whereas SPPEKNH-40
had a water uptake of 99 wt.% and a swelling ratio of 31%. In
other words, SPPEKNH copolymers imbibe less water and swell
less than similarly structured polymers that do not contain the
nitrile group under the same conditions. Since the aggregation of
hydrophilic sulfonic acid groups in SPPEKNH membrane films
appears to be similar to those in SPPEK, relative decrease in
the water uptake and swelling may be assigned to the greater
hydrophobic aggregation occurring in SPPEKNH. The use of
2,6-DFBN for the SPPEKN copolymerizations instead of 4,4'-
difluorobenzophenone employed in synthesis of SPPEK resulted
in the strongly polar nitrile groups, pendant on aromatic rings
of SPPEKN copolymers, instead of the more weakly-interactive
ketone groups in the polymer main chains of SPPEK copoly-
mers. The presence of strongly polar nitrile groups obviously
enhances the intra/intermolecular interaction in the polymer and
enhances the toughness of the hydrophobic network structure.
As aresult, free volume for water adsorption in SPPEKN mem-
brane films is restricted, thereby reducing the water uptake.
Consequently the dimensional stability of membrane films is
improved.

3.6. Tensile properties

Besides the thermal and dimensional stability, an important
requirement imposed on PEMs for fuel cells is adequate mechan-
ical strength. The tensile properties of SPPEKNH copolymers
were tested at room temperature in both the dry and fully
hydrated states and the results are presented in Table 4. It can
be seen that all SPPEKNH copolymers exhibited good ten-
sile strength ranging from 22 to 52MPa and an elongation
at break ranging from 3.7 to 5.8%. SPPEKNH-55 exhibited
lower tensile strength than other SPPEKNH copolymers, since
SPPEKNH-55 had lower molecular weight than other copoly-
mers. For comparison, Nafion®117 was also tested under the
same conditions and the results are also shown in Table 4.
Compared with Nafion®117, all SPPEKNH copolymers exhib-
ited much higher tensile strength values and less elongation at

Table 3
Water uptake and swelling ratio of SPPEKN copolymers
Polymer EW (IEC), calculated Room temperature 80°C
Eiﬁfiqsu?\j g_' » Water uptake (%) Swelling ratio (%) Water uptake (%) Swelling ratio (%)

Sodium form  Acid form  Sodium form  Acid form  Sodium form  Acid form  Sodium form  Acid form
SPPEK-40'2 698 (1.43) 21 24 6.0 9.5 26 28 7.5 11
SPPEK-50'2 568 (1.76) 33 42 11 15 101 210 29 50
SPPEK-60'2 482 (2.07) 47 60 14 20 410 2300 87 150
SPPEKN-30 702 (1.42) 14 16 4.5 7.4 18 32 52 10
SPPEKN-35 631 (1.58) 16 20 5.6 8.5 20 40 6.8 14
SPPEKN-40 562 (1.78) 26 29 74 13 44 99 16 31
SPPEKN-45 515 (1.94) 31 34 7.9 15 65 150 20 42
SPPEKN-50 478 (2.09) 36 51 8.3 18 92 1100 25 145
SPPEKN-55 447 (2.24) - 79 - 29 - Dissolved - Dissolved
SPPEKN-60 422 (2.37) 220 Swelled 52 Swelled Dissolved Dissolved  Dissolved Dissolved
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Table 4
Tensile properties of SPPEKNH copolymers

Polymer Dry membranes Hydrated membranes
Tensile Elongation Tensile Elongation
strength at break strength at at break
(MPa) (%) break (MPa) (%)

SPPEKNH-30 39 5.4 36 6.8

SPPEKNH-35 52 4.1 48 5.4

SPPEKNH-40 43 3.8 37 3.9

SPPEKNH-45 37 3.7 36 49

SPPEKNH-50 42 3.9 21 42

SPPEKNH-55 22 3.0 25 3.8

SPPEKNH-60 35 5.8 - -

Nafion®117 10 623 - -

break. After immersion in deionized water at room temperature
for 24 h, during which time the polymer membrane films are
normally fully hydrated [12,25], SPPEKNH copolymers exhib-
ited decreases in tensile strength and increase in elongations
at break except SPPEKNH-55, which maintained its tensile
strength. SPPEKNH-60 swelled excessively and lost its mechan-
ical strength in the fully hydrated state. The decreases in tensile
strengths were the result of water plasticization in membrane
films. In the dry state the sulfonic acid groups contribute to
the tensile strength of membrane films via ionic interaction.
However, in hydrated membranes the ionic interaction is partly
replaced by hydrogen-bonding between H>O and sulfonic acid
groups. The film is growing in size due to imbibed water and the
rigid network structure of the membrane is weakened, result-
ing in a decrease in its tensile strength. However, all hydrated
SPPEKNH membrane films still show higher tensile strength
than Nafion®117 and obviously suited to the tensile strength
requirements for PEM intended for fuel cells applications.

3.7. Proton conductivity

Proton conductivities of SPPEKNH copolymers as functions
of SC and temperature were measured in air at 100% rela-
tive humidity in the longitudinal direction by AC impedance
spectroscopy and shown in Fig. 4. For comparison, the proton
conductivity of Nafion®117 was also measured under the same
conditions.

The SPPEKNH membrane film series showed room tem-
perature proton conductivities in the range of around 1072 to
10~! S/cm depending on the SC values. SPPEKNH-60 swelled
excessively even at room temperature; thus its proton conductiv-
ity could not be measured. The other films of the series showed an
increase in proton conductivities with temperature and the values
from 8.3 x 1073 to 1.7 x 10~! S/cm were observed for differ-
ent SCs. This is close to the results, obtained for Nafion®117
which shown proton conductivities from 7.5 x 1072 at room
temperature to 1.6 x 10~! S/cm at 97°C. SPPEKNH-50 and
SPPEKNH-55 exhibited conductivities, higher than or close to
Nafion®117; they, however, suffer from excessive swelling at
elevated temperatures or even dissolves in hot water. This makes
them unsuitable for PEM applications at elevated temperatures,
although they may be used at room temperature. SPPEKNH-
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Fig. 4. Proton conductivities measured longitudinally of SPPEKNH copolymers
compared with Nafion®117.

35, SPPEKNH-40 and SPPEKNH-45 films showed high proton
conductivities from 102 to 10~ ! S/cm at different temperatures,
close to the values of Nafion®117. In addition, since they main-
tained reasonable dimensional stabilities and tensile strengths
in both the dry and hydrated states, they could be considered as
promising candidates for PEMs applications. Compared with
Nafion®117, SPPEKNH copolymers exhibited a more rapid
increase in proton conductivities with temperature, suggesting
that SPPEKNH copolymers have higher activation energy for
proton conductivity.

Since in our previous study the proton conductivities of
SPPEKH copolymers (Fig. 5) were measured in their transverse
direction (between film faces), those data are not directly com-
parable with the ones, obtained for SPPEKNH copolymers in the
longitudinal direction in this study. Previously it was observed
that proton conductivity values measured transversely are typi-
cally 3-5 times lower than those measured longitudinally [32].
The comparisons of each series were made against Nafion®117
which were measured either in the transverse and longitudinal
directions. It can be seen from Figs. 4 and 5, that SPPEKH
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Fig. 5. Proton conductivities measured transversely of SPPEKH copolymers
compared with Nafion®117.
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and SPPEKNH showed proton conductivities close to the val-
ues obtained for Nafion®117 with the similar dependence of the
conductivity on SC with respect to the reference (Nafion). The
introduction of nitrile groups did not provoke any significant
decrease in the proton conductivities of copolymers.

4. Conclusions

Sulfonated poly(phthalazinone ether ketone nitrile) copoly-
mers with high molecular weight were prepared by direct
copolymerization reaction of disodium 3,3’-disulfonate-4,4’-
difluorobenzophenone (SDFB-Na), 2,6-difluorobenzonitrile
(2,6-DFBN), and 4-(4-hydroxyphenyl)-1(2H)-phthalazinone
(DHPZ) under general polycondensation reaction conditions.
The sulfonic acid group content (SC) and nitrile content in
the copolymers were balanced by varying the feed ratio of
sulfonated monomer SDFB-Na to unsulfonated monomer 2,6-
DFBN and characterized by FT-IR and NMR spectroscopes.
All SPEEKNH copolymers exhibited thermal stabilities up to
270°C, but no Tg’s were observed up to their degradation
temperatures. The presence of highly polar nitrile groups in
SPPEKNH renders the copolymers less moisture absorbable
and swellable than the previously prepared SPPEKH copoly-
mers, when comparing polymers of similar EW. The SPPEKNH
copolymers exhibited tensile strength stronger than Nafion®117
and reasonable flexibility in both the dry and hydrated states.
The proton conductivities of SPPEKNH copolymers increase
with SC and temperature and were found in the range of 1072
to 10~1S/cm, which is not inferior to Nafion®117, measured
under the same conditions. Nitrile groups are also anticipated
to promote adhesion of the polymers to catalyst and carbon
black in membrane electrolyte assembly (MEA) or to solid inor-
ganic ionic compounds, such as heteropolyacids in composite
membranes [25]. Considering the advantages of the prepared
membranes, such as their thermal properties, tensile strength,
dimensional stability in the hydrated state and high proton con-
ductivity, it appears that SPPEKNH-35, -40 and -45 might be
potential proton exchange membrane materials for fuel cells
applications.
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