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Abstract. This article deals with the synthesis of sulfonated poly arylene ether ketones (SPEK-1 and
SPEK-2) random copolymers via the direct copolymerization method as a polymer electrolyte membrane for
fuel cell application. These copolymers were prepared via nucleophilic condensation reaction of 4,40 -bis(4hydroxyphenyl) valeric acid (DPA), dichlorobenzophenone (DCDPK), and sulfonated naphthalene/sulfonated
BPA monomers and characterized by FT-IR and 1H-NMR spectroscopic techniques. The crosslinking of the
carboxylic acid group bearing valeric acid was done by polyvinylalcohol (PVA) in order to obtain a
dimensionally stable membrane. The morphological and structural examination of the crosslinked membranes
was carried out by FT-IR, SEM, and XRD techniques. The fuel cell-related parameters such as water uptake,
ion exchange capacity, proton conductivity, and oxidative stability were determined and have been discussed
in this article.
Keywords. Crosslinking; copolymers; fuel cell; polymer electrolyte membrane; proton conductivity.

1. Introduction
The increasing population coupled with rising percapita energy consumption has put conventional
sources of energy under tremendous stress. To add to
this challenge is the need to de-hyphenate growthenvironmental conservation conﬂict, which necessitates increased reliance on non-conventional sources
of energy because of their minimalistic footprint on
the earth.1,2 Though there are already commercially
viable non-conventional sources of energy, there is a
need to expand the basket of choices for the consumers. PEM fuel cell is one such rising non-conventional source of energy. The fuel cell is an
electrochemical device, which converts chemical
potential energy through electrochemical reaction into
electrical energy.3,4 In the PEM fuel cell, a protonconducting solid polymer membrane is used as an
electrolyte with platinum-based electrodes, hydrogen
or methanol as fuel, and oxygen as oxidant. The fuel
provides electrons for the generation of electric current
through an external circuit. The lesser operating temperature of PEMFC (80 °C/176 °F) imparts durability

and less warm up time. This along with a favorable
power-to-weight ratio, and high-energy conversion
efﬁciency, makes them more suitable for use in passenger vehicles, such as cars and buses.5,6 The PEM
which is an integral fragment of the PEMFC should
meet the demanding requirements such as low electronic conductivity and fuel permeability, high
oxidative and hydrolytic stability, good thermal and
mechanical integrity, environment kindly features high
proton conductivity and reduced swelling–deswelling
performance at minimum relative humidity (RH)
conditions.7 The polymers used as membranes in fuel
cells are often categorized as ﬂuorinated and non-ﬂuorinated ionomers.8,9 The perﬂuorinated membranes
such as the Naﬁon membrane are the most extensively
used membrane in PEMFCs. These membranes have
high proton (H?) conduction ability at reasonable
operation temperatures.10,11 However, limitations
associated with these (Perﬂurosulfonic acid) PFSA
ionomers are high cost, high fuel cross over, and the
ability to function only in a highly hydrated state at
low-temperature conditions.12,13 Consequently, a lot
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of impetus and effort is being given to exploring the
use of alternative membranes based on non-ﬂuorinated
hydrocarbons.14,15
The present work comprises the synthesis of novel
SPEK-1 and SPEK-2 copolymers via an aromatic
substitution copolymerization reaction. In order to
attain dimensional strength and mechanical integrity
of the membranes, crosslinking is testiﬁed to be the
apparent choice.16 We report the cross-linking of these
copolymers with polyvinyl alcohol (PVA). The
hydroxyl groups of the PVA can undergo condensation
with pendant carboxylic acid groups of valeric acid
(DPA) present on the backbone of the copolymer. The
membranes cast from the pristine copolymer and after
crosslinking with PVA have studied for their fuel cellrelated properties viz., oxidative stability, water
uptake, ion exchange capacity, proton conductivity,
methanol permeability, selectivity ratio and thermal
stability.
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comprises the addition of BPA (0.118 mol) and 80 mL
of fuming sulphuric acid (20%) into a 500 mL threenecked round bottom ﬂask ﬁtted with a mechanical
stirrer and a condenser. The temperature of the reaction mixture was increased carefully up to 35 °C and
robustly stirred for 18 h. The resulting reaction solution was transferred into 400 mL ice water having a
temperature of 8 °C with constant stirring. It was then
neutralized with sodium hydroxide (NaOH) solution to
maintain a ﬁnal pH 8. Further, an excess amount of
sodium chloride (NaCl) was added to the resulting
mixture, which was allowed to stand for 24 h. The
brown precipitates were ﬁltered, dried at 80 °C for
24 h in a vacuum oven, and recrystallized from a
mixture of water and methanol (1/9 v/v). The degree
of sulphonation (DS) of bisphenol A was 65% determined from the 1H-NMR spectrum of the monomer.
2.3 Synthesis route for SPEK-1/SPEK-2
copolymer

2. Materials and methods

4,40 -Bis (4-hydroxyphenyl) valeric acid (DPA) (97%),
Sigma Aldrich, USA), 4,40 dichlorobenzophenone
(DCDPK) (99%, Alfa Aesar, U.S.), potassium carbonate (K2CO3) (98%, Sigma Aldrich, U.S.A.), 4,5dihydroxynaphthalene 2,7 disulphonic acid disodium
salt dehydrate (sulfonated naphthanol) (98%, Alfa
Aesar, U.S.), toluene (99%, Merck, U.S.) were used
for the synthesis of sulfonated (polyarylene ether
ketone)-1 (SPEK-1) membranes, whereas 4,40 -bis (4hydroxyohenyl) valeric acid, 4,40 -dichlorobenzophenone, potassium carbonate, sulfonated bisphenol-A (SBPA), toluene, dimethylsulphoxide, 2-propanol (99%,
Avra, India) were used for the synthesis of sulfonated
(polyarylene ether ketone)-2 (SPEK-2) membranes.
Fuming sulphuric acid (20%) (98%, Loba Chemie,
India) was used for the sulfonation of 4, 40
dichlorobenzophenone. For cross-linking, polyvinylalcohal (PVA) (97%, Loba Chemie, India) used in
both SPEK-1 and SPEK-2 random copolymers.

The SPEK-1 copolymer was prepared via an electrophilic aromatic substitution reaction. The valeric
acid (DPA) (1 mol), sulfonated naphthanol (1 mol),
and (0.023 mol) of K2CO3 were charged into a
500 mL 3-necked round bottom ﬂask charged with a
mechanical stirrer and Dean-Stark trap with a reﬂux
condenser. The DMSO (40 mL) and toluene (20 mL)
were added to the reaction mixture and was allowed to
reﬂux at 120 °C with continuously stirring for 8 h
although toluene azeotropically eliminates the generated water from the system. After 8 h, 2 mol of
DCDPK was added to the reaction mixture, and the
contents were heated up to 180 °C for 22 h with
constant stirring. The resulting solution was cooled
and diluted with 10 mL of DMSO and ﬁltered. The
white precipitates were obtained by adding 200 mL
butyl alcohol to the ﬁltrate which was ﬁltered and
dried at 75 °C in a hot air oven.
A similar procedure was followed to synthesize
copolymer SPEK-2 copolymer. However, sulfonated
monomer S-BPA (1 mol) was used in place of sulfonated dihydroxy naphthalene acid (Scheme 1).

2.2 Synthesis route for sulfonated bisphenol A (SBPA) monomer

2.4 Procedure for membrane casting and their
crosslinking

The sulfonated bisphenol A (S-BPA) has been synthesized and well-characterized in our previous article
reported by Vaishnav Kiran et al.,12 and the procedure
for the sulfonation of the bisphenol A monomer

The preparation of pristine and cross-linked membranes of SPEK-1/SPEK-2 copolymers were carried
out by adopting the solution casting method. 1 g of
SPEK-1/SPEK-2 copolymer and 10 mL DMSO were

2.1 Material
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Scheme 1. Synthesis scheme of (a) SPEK-1 and (b) SPEK-2 random copolymer.
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stirred continuously until an even solution was
obtained. The resulting even solution was directly cast
onto the petri dish, dried at 60 °C for 1 h to obtain
pristine membranes of SPEK-1/SPEK-2 copolymer. A
measured amount (3, 5, and 7 wt%) of PVA was used
to fabricate the cross-linked membranes of both
SPEK-1 and SPEK-2 copolymer. For the formulation
of the cross-linked membranes, the reaction mixture of
copolymer and polyvinylalcohol (PVA) was dissolved
in 10 mL DMSO in 100 mL round bottom ﬂask with
constant stirring at 60 °C for 1 h. The resulting viscous
solution was transferred onto the clean glass petri-dish
and dried at 80 °C for 30 h. The dried pristine and
cross-linked membranes of both the copolymers
(SPEK-1/SPEK-2) were gently separated from the
petri-dish and kept into a desiccator prior to testing
(Scheme 2).

J. Chem. Sci. (2021)133:36

2.5 Structural identiﬁcation of copolymers
The structural identiﬁcation of copolymers was
approved by using FTIR and NMR spectroscopic
techniques. Perkin Elmer 1600 FTIR spectrophotometer in the range of 4000–500 cm-1 was used for
recording the FTIR spectra of the samples on the KBr
pellets. The nuclear magnetic resonance (1H- and 13CNMR) spectrum was veriﬁed on a BRUKER
AVANCE II 400 NMR spectrometer at room temperature 24 °C.
2.6 Characterization of pristine and crosslinked
membrane
2.6a Scanning electron microscopy (SEM): The
surface morphological study of copolymers and their

Scheme 2. Schematic representation of crosslinking of (a) SPEK-1 and (b) SPEK-2 random copolymer with PVA.
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cross-linked membranes was examined via using Icon
Quanta FEG 450 FE-SEM technique. Former to SEM
testing, the membrane samples were coated with gold,
and the images were recorded at the desired
magniﬁcation at an applied accelerating voltage of
16 kV.
2.6b X-ray diffraction studies (XRD): X-ray
diffraction analysis (XRD) study was carried out
using a rotating anode analytical 3050/60 X’PERTPRO diffractometer.
2.6c Thermal behavior: The thermogravimetric
analysis as well as the determination of glass
transition temperature (Tg) of the membranes was
carried out using EXSTAR TG/DTA 6300 thermal
analyzer. For the investigation of thermal degradation
behavior, 10 ± 1 mg of sample was heated under a
nitrogen atmosphere (200 mL/min) at a heating rate of
10 °C/min from 25 to 800 °C. The glass transition
temperature of the prepared membranes was evaluated
by preheating the sample to 120 °C in N2 atmosphere
(200 mL min-1) at a scanning rate of 10 °C/min for
the removal of moisture. On subsequent cooling to
50 °C, the samples were reheated to 350 °C at a
heating rate of 10 °C /min.

2.7 Performance evaluation of fuel cell parameter
2.7a Water uptake and swelling property: The
water retention ability was measured by determining
the change in the weight and length of the dry and wet
membranes,
respectively.
The
samples
of
2 cm 9 2 cm size were weighed and subsequently
dipped in distilled water at 25 °C for 24 h. The water
from the surface of the samples was sponged off with
ﬁlter paper and the weights of the samples were
determined immediately. The water uptake content for
each of the membrane specimen was determined by
using equation 1:
Ww  Wd
 100
Water uptake ¼
Wd

ð1Þ

where Wd = weight of dry membranes, Ww = weight of
wet membranes.
The swelling ratio of the membranes was calculated
by following equation 2:
Swelling ration ¼

Rw  Rd
 100
Rd

ð2Þ
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where Rd = length of dry membranes, Rw = length of
wet membranes.
2.7b Ion exchange capacity (IEC): The acid-base
volumetric titration method was used for the
determination of IEC of each membrane sample.
Each membrane sample was weighed (0.2 g) and
equilibrated in 1 M HCl solution for 12 h at room
temperature. Further, the protonated sample was
soaked in a 1 M NaCl solution again for 12 h to
exchange the Na? ions with the H? of the membranes.
The free H? ions were titrated with 0.01 M NaOH
standard solution using phenolphthalein as an
indicator. The IEC values of the membranes were
determined from equation 3.
IEC ¼

Consumed NaOH  Molarity of NaOH
ðmeq=gÞ
Weight of membrane

ð3Þ
2.7c Proton conductivity: Proton conductivity
measurements of both pristine and cross-linked
membranes were carried out by using the four-point
probe technique as described in our previous article by
Swati Awasthi et al.23 The measurement of the
parameter was performed at 30 °C and, under 55%
relative humidity conditions. The samples of diameter
* 6 mm were immersed in distilled water for 12 h
before the measurement. The samples were then ﬁxed
on to the cell connected to Keithley 6221 source meter
and Keithley 2182A nano voltmeter. The four probes
were pointed on the surface of hydrated membranes
and an alternating current of 0.6 mA was applied to
the cell. The voltage (V) was measured by applying an
alternating current (I) in the range of 0.1–1.0 mA. The
resistivity and subsequently the conductivity (r) were
obtained from the V–I plot as follows:
ResistivityðqÞ ¼

V
P
 thickness of membrane 
I
ln 2

 
1 S
ConductivityðrÞ ¼
q cm

ð4Þ
ð5Þ

2.7d Oxidative stability: The evaluation of the
weight loss and stability of the membranes can be
assessed by performing an oxidative stability
parameter. For this purpose, an artiﬁcial oxidative
environment was designed by dipping the sample
(0.1 g) in Fenton’s reagent (4 ppm FeSO4 in 6%
H2O2) at 80 °C and the time of their breakdown was
noted.
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2.7e Methanol
permeability: The
methanol
permeability is an important parameter to verify the
fuel cell performance and was determined by using a
diffusion cell, which had two compartments, separated
by the sample membrane. Methanol solution (2M) was
ﬁlled in one of the compartments (A) whereas the
other (B) contained distilled water. The contents of
both the compartments were stirred continuously
during the methanol permeability measurements in
order to certify uniformity. The concentration of water
and methanol in both divisions was measured by using
an T 80 UV/VIS spectrometer. The methanol
permeability (DK) is calculated by using equation 6:
CB ¼

AðDkÞCA
ðt  t0 Þ
VB L

ð6Þ

where CA and CB = concentrations of the methanol,
VB = volume of liquid in Compartment B, t and t0= initial and ﬁnal diffusion time respectively, A and
L = area and thickness of the membranes respectively.
2.7f Selectivity
ratio: This
parameter
was
calculated by taking the ratio of proton conductivity
and methanol permeability (DK). The higher the value
of the selectivity ratio better is the performance of
polymer electrolyte membranes. The selectivity ratio
was determined by using equation 7.
Selectivity ratio ¼

Pr oton conductivity ðrÞ
Methanol permeability ðDk Þ

ð7Þ

2.7g Limiting oxygen index (LOI): The LOI values
of the membranes were calculated by using Krevelen’s
equation (8).21 The char residue was observed at
700 °C from the results obtained from TGA.
LOI ¼ 17:5 þ 0:4ðChar residueÞ

ð8Þ

3. Results and Discussion
3.1 1H-NMR and
copolymer

13

C-NMR analysis of SPEK-1

Figure 1a represents the 1H-NMR spectra of SPEK-1
random copolymer. The methyl and methylene protons
of the pentanoic group of DPA moieties appeared at
1.6 (1), 1.8 (2), and 2.3 (3) ppm, respectively. The
aromatic protons showed a resonating signal at 6.5 (6),
6.7 (7), 6.8 (8), 7.0 (9), 7.1 (10) and 7.3 (11) ppm
respectively. The most deshielded protons, because of
the presence of the sulfonate group, in the aromatic

ring showed the peaks at 7.4 (4) and 8.3 (5) ppm,
respectively, in the case of SPEK-1 copolymer.
The 13C-NMR spectra of SPEK-1 as shown in
Figure 1b, spectra also substantiated the structure of
the copolymer as determined through 1H-NMR. The
13
C-NMR spectra showed the resonating signal at 165
(4) and 183 (5) ppm corresponding to carboxylic and
carbonyl groups, respectively. The peaks for the quaternary carbon of DPA appeared at 44 (6) ppm. The
methyl and methylene carbons and peaks of the pentanoic group of DPA moieties were observed at 26 (1),
33 (2), and 37 (3) ppm, respectively. The peaks
appeared at 143.2 (7), 114.8 (8), 128.1 (9) 139.8 (10),
140.6 (11), 126.8 (12), 122.2 (13), 146.6 (14), 130.7
(15), 117.2 (16), 130 (17), 131.5 (18), 144 (19) 110.5
(20), 144.9 (21), 110.9 (22), 134.4 (23), 118.6 (24),
145 (25), 110.7 (26), 140.4 (27) and 116.7 (28) ppm,
respectively, depicted the carbons of the aromatic ring.

3.2 1H-NMR and
copolymer

13

C-NMR analysis of SPEK-2

Figure 2a represents the 1H-NMR and 13C-NMR
spectra of SPEK-2 random copolymer, respectively.
Both spectra showed the successful synthesis of the
copolymers. In 1H-NMR, the most desheilded proton
appeared at 8.3 (5) ppm because of the electronwithdrawing nature of the sulfonate group. The two
characteristic peaks of the methyl group of DPA and
sulfonated bisphenol A were observed at 1.5 (2) and
1.3 (1) ppm, respectively. The peaks of methylene
protons were observed at 1.7 (3) and 2.2 (4) ppm. The
aromatic protons of the copolymer showed signals in
the downﬁeld region at 6.7 (6) 7.1 (7), 7.2 (8), 7.3 (9),
6.9 (10), 7.7 (11), 7.4 (12), 7.6 (13), 7.7 (14) and 7.1
(15) ppm, respectively.
Similarly, in 13C-NMR spectra, Figure 2b, two
different signals for the carboxylic acid and carbonyl
carbon can be seen at 178 (5) and 192 (6) ppm,
respectively. The peaks observed at 156 (7), 114.8
(8), 128.2 (9), 138 (10), 139 (11), 126.7 (12), 128
(13), 154.5 (14), 160.7 (15), 117.2 (16), 130 (17),
131.5 (18), 147 (19), 119.2 (20), 130.6 (21), 139.5
(22), 119.4 (23), 133 (24), 139 (25), 127 (26), 129
(27),156 (28), 115 (29) and 136 (30) ppm respectively, shows the presence of the aromatic carbons
of the synthesized copolymer. The quaternary carbon
peaks of DPA and S-BPA observed at 44 (a) and 42
(b) ppm, respectively, further validated the incorporation of the Bisphenol-A moiety in the copolymer. The methylene and methyl carbon of DPA
appeared at 27 (2), 32 (3), and 34 (4) ppm,
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C-NMR spectra of SPEK-1 copolymer.
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Figure 2. (a) 1H and (b)

13

C-NMR spectra of SPEK-2 copolymer.

respectively. The methyl peak of S-BPA moieties
showed a signal at 22 (1) ppm. In the 1H-NMR
spectrum of S-BPA monomer,12 the peak of most

deshielded proton of sulfonate group appeared at
8.3 ppm. In both the case of the SPEK-1 and SPEK2 copolymer, the resonance peak arises at the same

J. Chem. Sci. (2021)133:36

Page 9 of 15

36

Figure 3. FT-IR spectra of SPEK-1 pristine and PVA cross-linked membranes.

position which conﬁrms the successful incorporation of S-BPA monomer in both the case of
copolymer.12
3.3 FT-IR spectra of SPEK-1 random copolymer
Figure 3 represents the FT-IR spectra of SPEK-1-P
and its crosslinked counterparts with 3, 5 and 7 wt%
of PVA, respectively. The peak at 3447 cm-1 gets
broadened with the increase in the unreacted –OH
groups as the amount of PVA is increased from 3 to
7 wt%. Apart from the peak due to carbonyl
stretching at 1788 cm-1, a peak observed at
1089 cm-1 corresponds to O–C–C band of ester of a
secondary alcoholic group of PVA. The intensity of
the peak increases as the amount of PVA is
increased, which conﬁrms the crosslinking of the
copolymer with the PVA. The retention of the
characteristic band due to asymmetric and symmetric stretching of sulfonic acid (O=S=O) group at
1312 cm-1 and 1148 cm-1 in the spectra of the
cross-linked membrane, is indicative of the fact that
the crosslinking reaction mainly occurs between the
pendant –COOH of the copolymer and the –OH
group of the PVA. Furthermore, the in-plane bending at 1413 cm-1 due to C–O–H, of –COOH in case
of pristine membranes disappeared in the corresponding spectra of the cross-linked membranes.17

3.4 Proton exchange membrane related
parameters
3.4a Water uptake, swelling ratio, and oxidative
stability: Table 1 reports the water uptake of SPEK1-P, SPEK-2-P, and their cross-linked membranes
with PVA, respectively.
The water uptake and swelling ratio parameters
have a substantial effect on the performance of the fuel
cell since the water molecules are the proton carriers.
The conduction of protons is reported to occur by
hopping of protons from one molecule of water to
another by the formation/breakage of O–H Bonds
(Grotthus or jump Mechanism). Since the movement
of protons does not occur as H? but as H3O?, H5O2?,
H9O4?, the hydration of membranes leads to efﬁcient
proton transfer.18 The pristine membranes display
higher water uptake as compared to their cross-linked
counterparts. This is because on crosslinking with
PVA the carboxylic acid group gets consumed and
thus becomes the cause of the reduction in water
uptake till the 5 wt% of PVA. However, in crosslinked membranes with 7 wt% PVA in both SPEK-1
and SPEK-2 copolymer, the increase in water uptake
was associated with the off-stoichiometric ratio of
PVA cross-linked in both SPEK-1 and SPEK-2
membranes. The unreacted –OH groups of the PVA
chains may increase the water uptake. The swelling
ratio also displayed a similar behavior (Figure 4).
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Table 1. The ion exchange capacity (IEC), proton conductivity, water uptake and oxidative stability of the SPEK-1 and
SPEK-2 with their cross-linked membranes.
Membranes
speciﬁcation

IEC
(meq/g)

Proton
conductivity (S/
cm)

Water
uptake (%)

Oxidative
stability (min)

Methanol
permeability (cm2/s)

Selectivity ratio
(S/cm3)

SPEK-1-P
cr-SPEK-1PVA-3
cr-SPEK-1PVA-5
cr-SPEK-1PVA-7
SPEK-2-P
cr-SPEK-2PVA-3
cr-SPEK-2PVA-5
cr-SPEK-2PVA-7

0.74
0.69

5.0 9 10-3
4.4 9 10-3

Soluble
68

180
210

–
3.2 9 10-6

–
1.50 9 103

0.61

3.7 9 10-3

26

255

2.2 9 10-6

1.68 9 103

0.65

4.3 9 10-3

30

290

2.7 9 10-6

1.16 9 103

0.85
0.77

6.5 9 10-3
5.9 9 10-3

87
58

157
216

4.6 9 10-6
4.0 9 10-6

1.41 9 103
1.47 9 103

0.72

5.3 9 10-3

25

285

3.5 9 10-6

1.51 9 103

0.79

5.7 9 10-3

46

300

4.4 9 10-6

1.29 9 103

and hence become the cause of increased oxidative
stability.

Figure 4. Swelling ratios of SPEK-1 and SPEK-2 pristine
and their cross-linked membranes.

On comparing the oxidative stability of the membranes for pristine as well as cross-linked SPEK-1 and
SPEK-2 membranes, the cross-linked membranes
revealed much better oxidative stability rather than the
pristine membranes. This may be due to the formation
of strong covalent bonds to give a stable three-dimensional network. Lower the water absorption lower
will be the attack of oxidizing species present in water.
The cross-linked structures which showed decreased
water absorption, probably made the polymer chains
less susceptible to attack by water molecules.19
Moreover, the free pendant carboxylic acid groups
present in the pristine membranes act as site prone to
oxidation, which upon crosslinking converts to ester

3.4b Ion
exchange
capacity
and
proton
conductivity: Ion exchange capacity for the SPEK1, SPEK-2, and their cross-linked membranes are
listed in table 2. The value of ion exchange capacity
decreases for the cross-linked membranes of SPEK-1
and SPEK-2 copolymer with 3 and 5 wt% PVA
content due to the formation of a dense and compact
structure by bonding between carboxylic acid groups
and the hydroxyl group of PVA. The unavailability of
carboxylic acid protons and strong bonding in the
cross-linked membranes inhibits the liberation of
protons of sulphonic acid groups into the solution
led to a decrease in the ion exchange capacity values
of the cross-linked membranes.
Also, the cross-linked membrane with 7 wt % of
PVA content in both the case of SPEK-1 and SPEK-2,
exhibited higher IEC as compared to cross-linked
membranes carrying 3 and 5 wt% PVA moiety. This
was probably due to the availability of more ions for
the exchange from the hydronium ions which are
formed from the pendant hydroxyl groups of PVA.
The proton conductivity values of the crosslinked
membranes were found to be decreased subsequently
with the increase in the ratio of PVA (3–5 wt%). This
was because of the cleavage of hydrogen bonding
between the sulfonic and –COOH groups and consequently the ionic cluster due to the consumption of
carboxylic acid protons during bonding with the

J. Chem. Sci. (2021)133:36
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Table 2. Evaluation of thermal stability performance of SPEK-1 and SPEK-2 pristine and their cross-linked membranes
by TG/DTG curves.
Char
residue
(%)

Limiting
oxygen index
(LOI)

Tg
(°C)

495
530

58.02
53.02

40.70
40.30

140
170

271–409

552

57.19

40.37

196

245

265–425

566

48.12

36.74

248

143
164

218
229

252–400
271–429

498
535

74.50
71.12

47.30
45.94

149
198

173

235

284–437

567

64.50

43.30

218

184

242

272–443

586

59.19

41.17

249

Membranes
speciﬁcation

Td,5%
(°C)

Td,10%
(°C)

Degradation temp. range of – Degradation temp. range
SO3H/–COOH groups (°C)
of main polymer chain

SPEK-1-P
cr-SPEK-1PVA-3
cr-SPEK-1PVA-5
cr-SPEK-1PVA-7
SPEK-2-P
cr-SPEK-2PVA-3
cr-SPEK-2PVA-5
cr-SPEK-2PVA-7

138
156

165
214

236–392
251–403

169

229

180

hydroxyl group of PVA, which reduces the proton
transport from one ionic cluster to another.
It was also observed that the proton conductivity of
cross-linked membranes of SPEK-1 and SPEK-2
copolymer with 7 wt% PVA content increased as
compared to the cross-linked membranes loaded 3 and
5 wt% of PVA content. This was due to the increase in
unreacted –OH groups with the increase in the content
of cross-linker, available for the transportation of
protons.
3.4c Methanol
permeability
and
selectivity
ratio: The Methanol permeability and selectivity
ratio of both the pristine and cross-linked membranes
of SPEK-1 and SPEK-2 copolymer have been depicted
in Table 1. The pristine membrane of SPEK-1
copolymer had a brittle texture. Due to this, it was
difﬁcult to set the membrane between the
compartments of the diffusion cell. Although its
cross-linked counterparts showed better dimensional
stability and their methanol permeability could be
determined. SPEK-1 and SPEK-2 copolymers
containing 3 and 5 wt% PVA content, showed a
uniform reduction in methanol permeability. This was
due to the interfacial interaction between the
copolymer and PVA contents. Also, the ester linkage
formation between the –OH group of PVA and a
carboxylic acid group of DPA leads to the formation
of a cross-linked network frame which resists the path
and movement of the methanol molecules. A small
increase in the methanol permeability in the
crosslinked membrane of SPEK-1 and SPEK-2

copolymer with 7 wt% PVA as compare to PVA 3
and 5 wt% was because of the availability of the free
hydroxyl group of the PVA that might have made
these membranes more permeable for methanol to
crossover. Fuel cell performance is also veriﬁed by the
selectivity ratio. Higher is this ratio, the better will be
the performance of fuel cell membranes. It was seen
that the selectivity ratio of the pristine and cross-linked
membrane of both SPEK-1 and SPEK-2 copolymers
display a uniform increase with 3–5 wt% whereas the
cross-linked membrane with 7 wt% PVA showed a
decrease in selectivity ratio value due to dimensional
changes with a higher content of PVA which makes
the membrane more permeable and ﬂexible.
The SPEK-2 pristine and its cross-linked counterparts exhibited better fuel cell-related properties as
compared to SPEK-1 pristine and its cross-linked
membranes, respectively. The presence of fused ring
in sulphonated naphthanol imparts rigidity to the
SPEK-1 copolymer backbone which is accountable for
a reduction in fuel cell properties since it may have
interfered with the formation of ionic clusters.
3.5 XRD studies
Figure 5a represents the X-ray diffractograms of crSPEK-1-PVA-3, cr-SPEK-1-PVA-5, and cr-SPEK-1PVA-7 membranes. Figure 5b displays the X-Ray
diffractograms of cr-SPEK-2-PVA-3, cr-SPEK-2PVA-5, and cr-SPEK-2-PVA-7, respectively. It can be
observed from the ﬁgure that with the increase in the
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Figure 5. XRD proﬁles of cross-linked membranes of (a) SPEK-1 and (b) SPEK-2 copolymers.

Figure 6. Typical DSC curves of SPEK-1 and SPEK-2 and their cross-linked membranes.

content of crosslinker in cr-SPEK-1 the peaks at
2h = 40° and 57° completely disappeared. Similarly,
in the case of cr-SPEK-2, a decrease in intensity of the
peaks at 2h = 14° and 50° and subsequent complete
disappearance with the increasing content of PVA
suggests that the crosslinking led to a decrease in the
crystalline behavior in the case of both SPEK-1 and
SPEK-2 and their cross-linked copolymer membranes.

3.6 Morphological study of synthesized
membranes
Figure S1 (Supplementary Information) represents the
variation in the surface morphology of the pristine
SPEK-1 membrane upon crosslinking with PVA. It is
apparent from the ﬁgure that the membranes showed
separation of the hydrophilic and hydrophobic regions.

J. Chem. Sci. (2021)133:36

These domains are also interconnected well in order to
offer a proton conduction pathway. In the case of the
SPEK-1 pristine membrane, due to the presence of
pendant carboxylic and sulfonic acid groups, the phase
separation can be visualized in a better way. However,
as the content of PVA increased from 3 to 5 wt% the
interconnectivity
between
different
domains
decreased, and thus phase separation decreased (Figure 6b and c). The reason for this may be attributed to
the decrease in the numbers of carboxylic groups,
which were consumed in the ester bond formation with
the –OH group of PVA. The SEM image of the crosslinked membrane containing 7 wt % of PVA again
showed good interconnectivity which may be due to a
more aliphatic hydrocarbon chain with more numbers
of polar –OH groups of the PVA moiety as compared
to cross-linked membranes with lesser content of
PVA. The larger content of PVA may lead to better
phase separation and subsequently improved proton
conductivity.
3.7 Thermal stability
The thermal stability of the pristine and cross-linked
membranes of both SPEK-1 and SPEK-2 copolymer
was examined by TGA techniques. Thermal behavior
can help determine the durability of the membranes
during fuel cell performance carried out at elevated
temperatures. The TG/DTG curves of the copolymer
and their cross-linked membranes are shown above in
Figure S2 (Supplementary Information). The ﬁrst
weight loss at 120 °C and 180 °C in the case of the
pristine membrane of SPEK-1 and SPEK-2 copolymer, respectively, was due to the loss of water content.20,21 The degradation of the membrane in the
region 236–425 °C for SPEK-1 and 252–443 °C for
SPEK-2 pristine and its cross-linked membranes
respectively, indicated the loss of sulfonic and carboxylic acid groups. The main polymer backbone
chain showed degradation at temperature 495–566 °C
for SPEK-1 and 498–586 for SPEK-1 pristine and its
cross-linked membranes respectively. The crosslinked membranes presented three-step weight loss in
both the case of SPEK-1 and SPEK-2 copolymer
membranes.
The degradation temperature at 5% (Td,5%) and 10%
(Td,10%) weight loss for both the pristine and crosslinked membranes of SPEK-1 and SPEK-2 copolymer
are shown in Table 2. It can be observed that the Td,5%,
138 °C, and 143 °C increased to 180 °C and 184 °C for
SPEK-1 and SPEK-2 pristine membranes, respectively, with the increase in the extent of crosslinking.
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This may be because of the inclusion of PVA into the
polymer medium that results in an increase in crystallinity and subsequent lesser chain mobility. Thus,
the cross-linked membranes displayed superior thermal behavior as compared to their pristine counterparts.22 The ﬂame retardancy of the prepared
membranes were analyzed through (LOI), by using
Krevelen’s equation (8). More the LOI value better
will be the ﬂame retardant performance of the membranes. It is reported that the materials with LOI values higher than 26 attain self-extinguishing behavior
and are recognized as a highly ﬂame retardant.23 All
the membrane showed LOI values greater than 31,
which is indicative of the fact that the membranes bear
good ﬂame retardancy.

3.8 Differential scanning calorimetric
measurements (DSC)
The DSC measurements were carried out to study the
impact of PVA content on the glass transition temperature (Tg) of the pristine and cross-linked membranes. Figure 6 elucidates the DSC curves for SPEK1 and SPEK-2, pristine and their cross-linked membranes. The glass transition temperature of the pristine
membranes, SPEK-1 and SPEK-2, were observed at
temperatures 140 °C and 149 °C, respectively. The
Polyvinyl alcohol of the same molecular weight range
was reported to show glass transition temperature at
85 °C.23 The increase in the Tg values after
crosslinking further conﬁrms the formation of crosslinks between the copolymer chains. Since the
crosslinking causes reduction of molecular chain
mobility of the copolymer and subsequently the glass
transition temperature for these increases. Although,
the off-stoichiometric amount of PVA in the case of
cr-SPEK-2-PVA-7 and cr-SPEK-1-PVA-7 results in
unreacted PVA chains in the sample which might have
resulted in a melting endotherm at 202 °C and 200 °C
in the case of SPEK-1 and SPEK-2 cross-linked
membranes respectively.24 The SPEK-2 membrane
with the off-stoichiometric amount of PVA still
depicted higher glass transition temperature as compared to that with 3 and 5 wt% PVA which is due to
greater extent of cross-linking.
4. Conclusions
Two types of random copolymers SPEK-1 and
SPEK-2 were synthesized and characterized. The
crosslinking of these copolymers was carried out
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with PVA, in order to acquire ﬂexibility and
dimensional stability. The properties of the membranes before and after crosslinking reactions were
studied. From experimental results, it was concluded
that, crosslinking decreased the water uptake and did
not affect the proton conductivity and ion exchange
capacity much and boosted the thermal stability of
membranes for the samples with 3 wt% and 5 wt%
PVA. Also, the crosslinked membranes were found
less prone to oxidation. The membrane such as crSPEK-1-PVA-7 and cr-SPEK-2-PVA-7, however,
exhibited increased water uptake, methanol permeability and selectivity ratio. Thus, 5 wt% PVA can
be considered to be the optimized amount that can
be used as a cross-linker. SPEK-2 membranes and
their cross-linked counterparts exhibited better fuel
cell-related properties as compared to SPEK-1. Since
the sulphonated naphthanol in the case of SPEK-1
copolymer had a rigid structure which may have
interfered with the formation of ionic clusters. Collectively, the crosslinking of SPEK-1 and SPEK-2
copolymer can serve as an appropriate approach to
use these as PEM in fuel cells.
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