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Abstract A series of phthalonitrile end-capped sulfonated
polyarylene ether nitriles are synthesized via K,CO3 mediated
nucleophilic aromatic substitution reaction at various molar
ratios. The as-prepared polymer structures are confirmed by
"H NMR and FTIR spectroscopy. The properties of mem-
branes cast from the corresponding polymers are investigated
with respect to their structures. The membranes exhibit good
thermal and mechanical properties, low methanol permeabil-
ity (0.01 x 107°-0.58 x 10°® cm?s " at 20 °C), and high pro-
ton conductivity (0.021-0.088 S-cm ' at 20 °C). The intro-
duction of phthalonitrile is proved to increase intermolecular
interaction, mainly contributing to the reduction in water up-
take, swelling ratio, and methanol permeability. More impor-
tantly, its introduction does not decrease the proton conduc-
tivity, but there is a slight increase. Furthermore, the selectivity
of SPEN-CN-50 can reach 4.11 x 10° S-s-cm >, which is
about nine times higher than that of Nafion 117. All the data
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show that the as-prepared membranes may be potential proton
exchange membrane for DMFCs applications.
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Introduction

Polymer electrolyte fuel cells (PEFCs) as a source of renew-
able energy have attracted wide attention in many applica-
tions, such as portable devices, electric vehicles, and remote
locations [ 1—4]. Proton exchange membrane (PEM) is the key
component of PEFCs for transporting protons as well as pro-
viding a barrier between fuel gas and oxidants [5]. Nafion
which is a representative of perfluorosulfonic acid membranes
has been commercially available PEM due to high proton
conductivity, outstanding thermal, and mechanical properties.
However, high cost, low operation temperature, and high
methanol permeability limit its use [6—9]. Thus, numerous
efforts have focused on the development of new PEM mate-
rials with low cost and high performance.

As effective alternatives, a large number of sulfonated ar-
omatic polymer membranes have been investigated, such as
sulfonated polyimides [10-12], sulfonated poly (ether ether
ketone) [13—15], sulfonated poly (ether sulfone)s [16—19],
and sulfonated polybenzimidazole [20-22]. Among these
polymers, sulfonated polyarylene ether nitrile (SPEN) has
come into our vision owing to its excellent comprehensive
properties such as good mechanical properties, high chemical
and thermal resistance [23-28]. Besides, polar nitrile groups
in SPEN can decrease the swelling of membranes and pro-
mote the adhesion of the polymers to the catalyst which is
useful for membrane electrode assemblies to decrease
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electrochemical impedance of fuel cell [23]. However, for
poly (aryl ether nitrile)s with comparable conductivities to
Nafion, the water swelling is still higher than that of Nafion,
particularly in hot water.

As is known, polymer chemical structure has important
effect on polymer electrolytes properties. The design and syn-
thesis of new structures have become an active research area
[29-31]. In earlier studies, we have synthesized a series of
sulfonated polyarylene ether nitrile copolymers and found that
sulfonated polyarylene ether nitrile containing biphenyl struc-
tures has excellent comprehensive properties [32]. To further
understand the relationship between the chemical structure
and properties of the polymers, phthalonitrile end-capped
sulfonated polyarylene ether nitrile was designed and synthe-
sized. As mentioned above, the introduction of strongly polar
nitrile groups can increase the intermolecular interaction be-
tween polymer chains and make the polymers less water ab-
sorbable. In this work, phthalonitrile end-capped sulfonated
polyarylene ether nitrile is synthesized via nucleophilic aro-
matic substitution reaction and their properties are studied in
details, including thermal stability, mechanical properties, ion
exchange capacity, water uptake, swelling ratio, proton con-
ductivity, and methanol permeability.

Experimental
Materials

Potassium 2,5-dihydroxybenzenesulfonate (SHQ), 2,6-
difluorobenzonitrile (DFBN), 4,4’-biphenol (BP), and 4-
nitrophthalonitrile were purchased from Aldrich.
Concentrated sulfuric acid and ethanol were supplied by
Chengdu Haihong Chemical Co. Dimethyl acetamide
(DMAc), toluene, N-methyl pyrrolidone (NMP), and potassi-
um carbonate (K,CO3) were obtained by Tianjin BODI

Scheme 1 The schematic
diagram of synthesizing SPEN- HO
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chemicals. All the materials were used without further
purification.

Synthesis of sulfonated polyarylene ether nitriles
terminated with phthalonitrile (SPEN-CN)

SPEN-CN was synthesized via nucleophilic aromatic substi-
tution reaction (Scheme 1). A typical synthetic procedure to
prepare SPEN-CN-40 (where 40 is the molar percentage of
SHQ monomer in the total diphenol monomers) could be de-
scribed as follows. To a 250-mL three-necked round-bottom
flask, BP (11.35 g, 0.06 mol), SHQ (9.12 g, 0.04 mol), DFBN
(13.91 g, 0.1 mol), K,CO5 (30.4 g, 0.22 mol), NMP (65 mL),
and toluene (25 mL) were added successively with stirring at
140 °C for 3 h. After the water-toluene azeotrope distilled off,
the mixture slowly heat up to 190 °C for about 3 h. Then the
mixture was continued to be heated at 190 °C for 2 h. When
the mixture was cooled to 80 °C, 4-nitrophthalonitrile (2.6 g,
0.015 mol) and NMP (5 mL) were added into the three-necked
round-bottom flask and keep the reaction at 80 °C for 5 h.
After cooling to room temperature, the mixture was poured
into alcohol. The precipitate was collected by filtration and
washed with alcohol and deionized water. Finally, acid-form
polymers were obtained by soaking the precipitate in 100 mL
of 2 mol/L H,SO;, solution for 24 h and washed with water for
several times, then dried in vacuum oven at 100 °C overnight.

Preparation of membranes

The membranes were prepared by casting from the solution of
SPEN-CN (1 g) in DMAc (15 mL) on clean glass plates and
dried in an oven at the temperature of 80, 100, 120, 140, and
160 °C each for 2 h to evaporate the solvent completely. After
cooling to room temperature, the membranes were obtained
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Membrane characterizations
Instrumentation

The "H NMR spectra were measured on Bruker AV I1-400
spectrometer (400 MHz). FTIR spectra were recorded with
Shimadzu FTIR8400S Fourier Transform Infrared
spectrometer.

lon exchange capacity (IEC)

The IEC of the membranes was evaluated via acid—base titra-
tion method. The dried membrane was immersed in 1 M NaCl
solution for 48 h to liberate the H* ions to the solution. Then
the solution was titrated using 0.01 M NaOH solution with the
phenolphthalein as the indicator. The IEC (meq-g ') was cal-
culated by

VNaOH x CNaOH
Wdry

IEC =

where Vnaon 18 the titrant volume of NaOH, Cn,on is the
molar concentration of the titrant, and Wy, is the mass of dried
sample.

Water uptake and swelling ratio

Before the initial measurements, the membranes were dried in
oven at 80 °C overnight. After measuring the weights and
lengths of dry membranes, the membranes were soaked in
deionized water for 24 h at the desired temperatures. Then
the surface water was wiped with paper quickly to measure
weight and length measurements of hydrated membranes. The
water uptake and swelling ratio of the membrane were calcu-
lated by

Wwet—Wd
Water uptake(%) = %ryry x 100%
Lwet—Ld
Swelling ratio (%) = EWEEEEY s 100%
Ldry

Proton conductivity and methanol permeability

The proton conductivity of the membranes was carried out via
AC impedance spectroscopy using a Model 600E Series elec-
trochemical analyzer in potentiostat mode with 50 mV over
frequencies of 0.1 Hz to 100 kHz. The proton conductivity
was calculated by

where o, L, R, and A represent proton conductivity, thick-
ness, measured resistance, and membranes area,
respectively.

The methanol permeability of the membrane was conduct-
ed by a two-chamber liquid permeability cell. The two cells
were separated by a membrane. Then one compartment was
filled with 10 M methanol solution (A, 20 mL) and the other
was filled with deionized water (B, 20 mL). The concentration
of the methanol in cell B was measured by using SHIMADZU
GC-8A chromatograph. The methanol permeability is calcu-
lated by

A DK
CB(t) = ﬁTCA(t 10)

Where A is the effective area, L is the thickness of mem-
brane, and Vjy is the volume of receptor reservoir. C4 and Cy
are the methanol concentration in the donor and receptor res-
ervoirs, respectively.

Thermal properties

Thermogravimetric analysis (TGA) of the membranes was
performed by a TA Instruments TGA-Q50 module. The sam-
ples were measured in the range of 80-600 °C at 20 °C/min
under nitrogen atmosphere.

Mechanical property

Before testing, the samples have been prepared through im-
mersion in deionized water for 24 h at room temperature. The
mechanical properties of the membranes were investigated on
a SANS CMT6104 series desktop electromechanical univer-
sal testing machine at a strain rate of 5 mm/min.

Results and discussion
Synthesis of SPEN-CN

A series of SPEN-CN were synthesized via nucleophilic
aromatic substitution reaction, as shown in Scheme 1. The
structure of SPEN-CN is characterized by 'H NMR spec-
trum (Fig. S1). It is obviously seen that the end-capped
phenyl ring protons H;; are emerged at high frequency
(Hi;: 7.97-8.04 ppm) due to the electron-withdrawing ef-
fect of the cyano groups and other protons of the SPEN-
CN are well assigned, confirming successful preparation
of the end-capped polymer SPEN-CN. Meanwhile, the
FTIR spectra of copolymers (Fig. S2) also characterize
the formation of SPEN-CN.
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Fig. 1 TGA curves of SPEN-CN membranes under N, atmosphere

Thermal properties

The thermal stabilities of SPEN-CN membranes are investi-
gated by TGA under N, atmosphere in Fig. 1. There are three
degradation steps which can be observed from the curves of
SPEN-CN membranes. The TGA curves show a small weight
loss about 200 °C due to the solvent loss which may be caused
by the interaction between the polymer and the solvent. When
the temperature rises to around 320—400 °C, the sulfonic acid
groups begin to fall from the polymer chain. The last weight
loss step at 430-600 °C is ascribed to the degradation of poly-
mer main chain. The results show the SPEN-CN membranes
exhibit excellent thermal stability, which are good enough for
PEM application.

Mechanical properties

The mechanical properties of the SPEN-CN membranes are
evaluated in the full wet state at room temperature and the
results are listed in Table 1. It could be seen that the Young’s
modulus, tensile strengths, and elongation at break of the
SPEN-CN membranes are 1.31-2.15 GPa, 42.99-
72.63 MPa, and 11.45-18.64%, respectively. In addition, the
tensile strength decreases with the increasing sulfonic acid
groups. It is ascribed to water plasticization in membranes.
The hydrogen bonds between sulfonic acid groups and H,O
exist in wet membranes. With the increasing sulfonic acid

groups, the membranes are growing in size due to imbibing
more water, causing the rigid network structure of the mem-
branes to weaken, which results in a decrease in its tensile
strength [24]. Moreover, the tensile strength of SPEN-CN
membranes is higher than that of Nafion 117 (22 MPa) [33],
suggesting that the membranes have excellent mechanical

property.

IEC, water uptake, and swelling ratio

IEC plays an important role in determining the water uptake
and proton conductivity. With the increase of sulfonic acid
groups, IEC shows a significant increase. The IEC values of
SPEN-CN membranes are in the range of 1.16-2.2 mmol/g, as
shown in Table 2.

In general, water uptake is related to the number of sulfonic
acid groups and molecular structure, which can evaluate the
performance of polymer electrolytes fuel cells. The water up-
take of SPEN-CN as a function of temperature is illustrated in
Fig. 2 and the main data are shown in Table 3. All the SPEN-
CN membranes show the increase of water absorption with
the increase of temperatures. Among of them, water uptake of
SPEN-CN-70 shows larger variations than the others above
50 °C, which is attributed to the increase of sulfonic acid
group. In addition, the water uptake of SPEN-CN-70 mem-
brane reaches 34.58 and 173.99% of at 20 and 80 °C, respec-
tively. In the previous reports, the SPEN-70 without end caps
swollen excessively at 80 °C [25]. This change is explained by
the introduction of phthalonitrile. The strongly polar nitrile
groups of phthalonitrile may increase the intermolecular inter-
action of the polymer, making the polymers less water absorb-
able. Therefore, phthalonitrile as end-capped groups could
decrease the water uptake of membrane. Besides, the swelling
ratio is measured as a function of temperature in the range of
20-80 °C, as shown in Fig. 3. The swelling ratio exhibits
similar trends with water uptake. For example, the swelling
ratio of SPEN-CN-70 membrane increases from 3.4 to
37.57% as temperature increases from 20 to 80 °C.
Moreover, it is worth noting that the water uptake and swell-
ing ratio of all these membranes are far lower than that of the
previous reported SPEN membrane with the similar structure
(Table 3). In addition, their water uptake and swelling ratio are
also superior to Nafion 117, except SPEN-CN-70 (Table 3).

Table 1 The tensile strength,

Young’s modulus (GPa)

Tensile strength (MPa) Elongation at break (%)

tensile modulus, and elongation at Polymer

break of SPEN-CN membranes

measured in the full wet state at SPEN-CN-40 1.84

room temperature SPEN-CN-50 2.15
SPEN-CN-60 1.76
SPEN-CN-70 1.31
Nafion 117 [33] 0.16

72.63 18.64
69.37 12.12
56.34 11.45
42.99 13.44
22 301
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Table 2 The IEC, proton

conductivity, methanol Polymer IEC Proton Conductivity Methanol Permeation Selectivity
permeation, and selectivity of (mmol-g ") (Sem ™) (10°¢ em®s ™) (10° S:em *-s)
SPEN-CN membranes
20°C 80 °C
SPEN-70 [25] 1.59 0.078 - 0.67 1.19
SPEN-CN-40 1.16 0.021 0.040 0.01 2.1
SPEN-CN-50 1.53 0.058 0.072 0.14 4.14
SPEN-CN-60 1.71 0.065 0.089 0.33 1.97
SPEN-CN-70 22 0.088 0.24 0.58 1.52
Nafion117 - 0.064 - 1.41 0.45

All these show the introduction of phthalonitrile can effective-
ly enhance dimensional stability as expected.

Proton conductivity, methanol permeability, and relative
selectivity

Proton conductivity is an important factor for fuel cell appli-
cations. The proton conductivity of SPEN-CN membranes at
different temperatures in the full wet state is shown in Fig. 4
and the main data are shown in Table 2. The proton conduc-
tivity of SPEN-CN ranges from 0.021 to 0.088 S-cm ™' at
20 °C, whereas the values ranged from 0.040 to 0.24 S-cm !
at 80 °C. As expected, the proton conductivity of all mem-
branes increased with the increase of sulfonic acid groups. In
addition, for all SPEN-CN membranes, the proton conductiv-
ity increased as the elevation of temperature. The highest pro-
ton conductivity can reach 0.24 S-cm ! at 80 °C. Besides, it is
worth mentioning that the proton conductivity of SPEN-CN-
70 membrane has a slight increase compared to that of SPEN-
70. This may be caused by the introduction of phthalonitrile
groups. The introduction of phthalonitrile groups may affect
the aggregations of each domain and further affect the prop-
erties of the resulting membranes. Nitrile is one of the most

180 +
160
140-
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100 4
80-.

60 4

Water Uptake (wt%)

40+

20

0
SPEN-CN-40

SPEN-CN-60
Fig. 2 The water uptake of SPEN-CN membranes

SPEN-CN-50 SPEN-CN-70

polar functional groups which has a high dipole moment of
~3.9 D. Based on Kim’s model [34], strong polar nitrile-nitrile
interactions between polymer chains can lead to an ideal com-
bination of high proton conductivity and low water swelling.
Overall, the SPEN-CN membranes show good proton con-
ductivity, which is comparable to Nafion 117.

The methanol permeability and selectivity of SPEN-CN
membranes at 20 °C are shown in Table 2. The variation ten-
dency of methanol permeability is related to proton conductiv-
ity. It is clearly observed that the methanol permeability of
SPEN-CN-70 membrane becomes lower than that of SPEN-
70 membrane, which is due to the introduction of phthalonitrile
groups. It creates strong interactions or hydrogen bonds with
other polar groups that makes the molecular chains more close
[30], preventing membranes from over-swelling, mainly con-
tributing to the reduction in water uptake, swelling ratio, and
methanol permeability. Moreover, all the composite mem-
branes show lower methanol permeability than that of Nafion.

In general, the low water uptake may reduce the proton
conductivity and lower the performance of the fuel cell.
Fortunately, SPEN-CN membranes reduce methanol perme-
ability without significantly decreasing conductivity. As a

Table3  The water uptake and swelling ratio of SPEN-CN membranes
at the different temperatures

Polymer Water uptake (wt%) Swelling ratio (L%)

20°C 50°C 80°C 20°C  50°C 80°C
SPEN-50 [23] 19 - 36 6.9 - 11
SPEN-60 [23] 22 - 58 9.1 - 17
SPEN-70 [23] 51 - SW 17 - SW
SPEN-CN-40  5.38 12.81 2735 0.93 2.59 4.13
SPEN-CN-50  13.85 17.61 29.39 1.01 433 6.93
SPEN-CN-60  17.86 3434 41.5 1.81 7.99 11.04
SPEN-CN-70  34.58 47.99 17399 34 8.2 37.57
Nafion 117 19.2 - - 13.1 - -
SW swelled
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Swelling Ratio (L%)

SPEN-CN-70

SPEN-CN-40 SPEN-CN-50  SPEN-CN-60
Fig. 3 The swelling ratio of SPEN-CN membranes

result, high selectivity of SPEN-CN-50 is obtained, which
reaches 4.11 x 10° S-s-cm >, while Nafion 117 membrane is
0.45 % 10° S's-cm > (Table 2).

Conclusions

Phthalonitrile end-capped sulfonated polyarylene ether nitriles
are synthesized via nucleophilic aromatic substitution reac-
tion. The introduction of phthalonitrile has a strong influence
on the properties of the membranes. The resulting membranes
display lower water uptake, methanol permeability and swell-
ing, and higher proton conductivity compared to that of SPEN
and Nafion 117. SPEN-CN-50 membrane shows high proton
conductivity (0.058 and 0.072 S-cm™ " at 20 and 80 °C) and
low methanol permeability (0.14 x 10°¢ cm*s ™ at 20 °C) si-
multaneously. Moreover, it exhibits high selectivity (4.11 x

10° S-s-cm_3), which is about nine times higher than that of
Nafion 117. The results suggest that the membranes show
great potential in DMFC applications.

0.24 4

)
e
o
S
1

-1

Proton conductivity (S cm

SPEN-CN-40

SPEN-CN-50 SPEN-CN-60 SPEN-CN-70
Fig. 4 The proton conductivity of SPEN-CN membranes
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