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Abstract - The present study aims to synthesize porous poly (arylene ether sulfone) (PAES) copolymers infused with triptycene
monomer, prepared via two synthesis methods: block and random copolymerization. The morphologies and properties of both
synthesized PAES copolymers were further studied and compared. Obtained results showed that all the procured triptycene
monomers, oligomers, and PAES copolymers were successfully synthesized and verified through proton nuclear magnetic
resonance (*HNMR) and Fourier-Transform Infrared Spectroscopy (FTIR) analyses. Gel Permeation Chromatography (GPC)
showed that the obtained random PAES copolymer exhibited higher molecular weight than block PAES copolymer. At the same
time, the thermogravimetric analysis demonstrated that the triptycene-integrated block PAES copolymer was slightly more
thermally stable than the random PAES copolymer. After the membrane preparation, Field Emission Scanning Electron
Microscopy (FESEM) and porosity studies documented that the block PAES copolymer membrane exhibited larger pore size
with increased porosity compared to the random PAES copolymer membrane. The current study also found that both pore size
and porosity could improve water uptake and the ion exchange capacity of the PEMs. The block PAES membrane also recorded
superior proton conductivity compared to the random PAES copolymer membrane. The membrane procured in this study
displayed workability in the PEMFC test at an operating temperature of 80°C and 60% RH. It is shown that the morphology and
properties of the synthesized polymer varied when different synthesis methods were applied.

Keywords - Block copolymer, Random copolymer, Morphology, Triptycene, Poly (arylene ether sulfone).

1. Introduction Attempts to explore its usage in the design of Polymer

One of the most fascinating topics in supramolecular and ~ Electrolyte Membranes (PEMs) have also recently gained a lot
materials chemistry is the search for new and effective of interest among researchers for the application of fuel cells.
building motifs for building artificial supramolecular ~ Polymer Electrolyte Membranes (PEMs) transport protons
acceptors and functional materials [1]. Being one of such ~ from anodes to cathodes [3,4]. Among the aromatic
materials, iptycenes' unique shape-persistent characteristics ~ hydrocarbon-based PEMs, poly (arylene ether sulfone)
encourage novel concepts in the design of the available ~ (PAES) has gained significant attention as the polymer
materials [2]. Triptycene, a basic form of iptycene, is an produces high-temperature plastics with excellent mechanical
aromatic compound with three benzene rings. Triptycene's  and dielectric properties, flame retardancy, and heat resistance
three-dimensional rigid, propeller-like structures and three ~ With ease of synthesis and more affordable. Furthermore,
open electron-rich cavities make it useful in host-guest PAES membranes possess superior dimensional and chemical

chemistry, supramolecular devices, and materials science [1].  Stability, especially at high temperatures and humidity [5].
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Fig. 1 Synthesis of triptycene hydroquinone

To further enhance the PAES membrane's porosity, recent
research has focused on integrating bulky and space-
occupying molecules, such as triptycene, into the polymer
backbones [6-10]. Additionally, triptycene group-containing
polymers demonstrated high thermal and chemical stabilities,
mechanical enhancement, and low water absorption [6,7].
Moreover, the strong and stacked triptycene structures are
more conducive to forming channels between chains to
transport the proton and stimulate strong and durable
supramolecular strengthening through chain threading and
interlocking mechanisms [7,11]. It is generally acknowledged
that polymers prepared using different synthesis methods
would produce varied physical and chemical properties.
Previously, efforts to improve PEMSs, including forming
phase-separated block morphology membranes that could
alter their physical properties and elevate the proton
conductivity for fuel cell applications, were investigated [12].
Hence, the current study aims to analyze the physical and
chemical properties of triptycene integrated-PAES polymers
prepared using different polymer synthesis methods (via
random and block copolymerization). To verify their chemical
structures, the prepared PAES polymers will be characterized
through proton nuclear magnetic resonance (LHNMR) and gel
permeation chromatography (GPC). Furthermore, the porosity
of the prepared PAES membranes will be further evaluated.

2. Experimental
2.1. Materials

All purchased chemicals were at least reagent grade; no
further purification was required. The current study utilized
anthracene (97.0%), 1,4-benzoquinone (98.0%), bis (4-
chlorophenyl) sulfone (BCPS) (98.0%), 4,4’-biphenol (BP)
(97.0%), potassium carbonate (K2CO3) (99.995%), calcium
carbonate (CaCO3) (299.0%), hydrochloric acid (HCI)
(37.0%), and sodium chloride (NaCl) (>99.0%), which were
purchased from Sigma-Aldrich Chemie, GmbH, Germany to
synthesize the membranes. Glacial acid (100%) and
hydrobromic (HBr) (47%) acids, N, N-dimethylacetamide
(DMACc) (99%), toluene (= 99.9%), isopropyl alcohol (IPA) (=
99.8%) and methanol (= 99.9%) were purchased from Merck
Co., Germany. All chemicals were employed without further
purification.

2.2. Synthesising Triptycene Hydroquinone
The illustration of the triptycene hydroquinone synthesis
pathway adapted in the present study [9] (See Figure 1).
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Firstly, anthracene and 1,4-benzoquinone in toluene were
heated under reflux for six hours before being cooled to room
temperature. Subsequently, the precipitated benzoquinone
triptycene was filtered, rinsed with toluene, and dried in a
vacuum oven overnight at 75°C. Triptycene benzoquinone
was then added to glacial acetic acid and heated under reflux.
The HBr was gradually added to the reaction, stirred for three
hours under reflux, and left to cool at room temperature. Next,
the precipitated triptycene hydroquinone was filtered and
dried overnight at 75°C in a vacuum oven to produce a 77%
yield. THNMR (DMSO-d6): 8.82 (2H, s), 7.41 (4H, m), 6.99
(4H, m), 6.31 (2H, s), 5.80 (2H, s); Fourier transform infrared
(FTIR) (cm-1): 3256 (—OH).

2.3. Synthesising The Block Copolymer
2.3.1. The Telechelic Oligomer A

A 100 mL round-bottom flask was filled with BCPS (4.51
g, 15.7 mmol), triptycene hydroquinone (3.61 g, 12.6 mmol),
potassium carbonate (2.90 g, 21 mmol), DMAc (32 mL), and
toluene (16 mL). The reaction mixture was heated with a
Dean-Stark trap at 145°C for three hours. Subsequently, the
reaction temperature was increased to 170°C and left for three
hours to produce a viscous solution. The solution was then
cooled to 25°C to obtain a dark brown paste residue, which
was dropped gently into 500 mL of IPA in a beaker. The
substance was then dissolved in water and distilled for one
hour to procure the oligomer, which was evaporated and
vacuum oven-dried at 100°C. The telechelic oligomer A was
produced at a 75% yield [13]. Fourier transform infrared
(FTIR) (cm-1): 1322, 1293, 1068 (0=S=0), 1227 (C-0O); Mw
=4.09 kDa, PDI = 1.18.

2.3.2. The Telechelic Oligomer B

The toluene (16 mL), BCPS (4.51 g,15.7 mmol), BP (3.11
g, 16.7 mmol), potassium carbonate (4.62 g, 33.4 mmol), and
DMACc (32 mL) were mixed in a 100 mL round-bottom flask
and heated with a Dean-Stark trap at 145°C for two hours
before the reaction temperature was elevated to 170°C for
another two hours [13]. The mixture collected was diluted
with 20 mL of DMACc to reduce its viscosity and poured into
1 L of deionized water to obtain a white substance. After
curing, the component was washed multiple times with
methanol and dried in a vacuum oven to procure telechelic
oligomer B at 80% yield [13]. Fourier transform infrared
(FTIR) (cm-1): 1322, 1293, 1068 (0=S=0), 1227 (C-0), 3300
(-OH); Mw =9.93 kDa, PDI = 2.08.
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2.4. Synthesising Triptycene
Copolymer

The present study synthesized a block copolymer of
telechelic oligomers A and B at a 1:2 ratio. The illustration of
the synthesis and structure of the telechelic oligomers and
triptycene integrated block PAES copolymer (see Figure 2).
First, the synthesized telechelic oligomers A (0.04 g, 0.047
mmol) and B (0.06 g, 0.093 mmol), potassium carbonate (0.03
g, 0.21 mmol), calcium carbonate (0.07 g, 0.7 mmol), DMSO
(4 mL), and toluene (1 mL) were poured in a 100 mL round-
bottom flask, stirred vigorously with a magnetic bar, and
cooked for 20 h at 145°C.

Integrated Block PAES

After the polymerization, the reaction temperature
decreased to room temperature with a limited amount of
DMACc incorporated into the mixture to minimize viscosity
[13]. The polymer solution was poured into a beaker of 1 M
HCI. The light brown fiver was then washed with 3 M NaCl
solution to adjust the sorting form before being scrubbed again
with DI water to eliminate residual NaCl. An 89% block
copolymer was obtained after the vacuum oven-dried solution
[13]. Fourier transform infrared (FTIR) (cm-1): 1322, 1290,
1073 (0=S=0), 1227 (C-0); Mw = 36.15 kDa, PDI = 1.86.

2.5. The Triptycene Integrated Random PAES Copolymer
Synthesis

The random copolymer synthesis pathway manufactured
in the current study is demonstrated (see Figure 3). A 100 mL
round-bottom flask was filled with BCPS (5.74 g, 20 mmol),
triptycene hydroquinone (1.91 g, 6.67 mmol), BP (2.48 g,
13.33 mmol), potassium carbonate (3.32 g, 24 mmol), calcium
carbonate (0.07 g, 0.7 mmol), DMAc (60 mL), and toluene (30
mL) before being stirred vigorously with a magnetic bar for
20 h at 145°C [13].

After the polymerization was achieved, the temperature
was lowered to room temperature, and a small amount of
DMACc was added to the solution, which was essential in
minimizing the viscosity of the solution. The polymer solution
was transferred into a beaker of 1 M HCI. Next, the resultant
light brown substance was washed with 3 M NaCl solution to
adjust the sorting form and washed again with DI water to
remove residual NaCl. A random copolymer at a 95% yield
was procured after the substance was vacuum oven-dried.
Fourier transform infrared (FTIR) (cm-1): 1322, 1290, 1073
(0=S=0), 1227 (C-O); Mw = 71.46 kDa, PDI = 1.98.

2.6. Preparation of the Membranes

The study dissolved 0.1 g of each synthesized copolymer
into 10 ml DMACc solvent. Although the block copolymer was
dissolved at room temperature with moderate stirring speed,
the random copolymer was only dissolved when heated to 40—
60°C. The membranes were cast on a glass plate before being
dried in a vacuum oven at 60°C for 2 hours and then at 80°C
for 4 hours.
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The membranes were then peeled with limited DI water
and dried again to assess their thickness. Finally, the
membranes were acidified by boiling them in an aqueous
solution of 1 M sulphuric acid (H2S04) and washed numerous
times with deionized water [13]. The prepared membranes
recorded thicknesses that ranged from 75 to 100 um.

2.7. Characterization of the Monomer, Polymers and PAES
Membrane

The chemical structures of triptycene were analyzed with
Proton Nuclear Magnetic Resonance (*HNMR). The
membrane samples were dissolved in dimethyl sulfoxide-d6
(DMSO-d6) with tetramethylsilane (TMS) as the internal
reference. The analysis was performed with a 300 MHz
Fourier 300 spectrometer (Bruker, Germany). The synthesized
polymers' Fourier transform infrared (FTIR) spectra were
measured on a Cary FTIR spectrometer within the 4000-650
cm-1 range to identify chemical bonds present. The oligomers
and PAES polymers' molecular weight and molecular weight
distributions  were evaluated with gel permeation
chromatography (GPC) (1260 Infinity). THF was employed as
the eluent at a 1 mL min—1 flow rate. The acquired values
were then compared to the polystyrene standard set. The
thermal stability of the polymers was evaluated using
thermogravimetric analysis (TGA) (STA6000) with a heating
rate of 10°C/min.

The FEI Quanta 400 Field emission scanning electron
microscope (FESEM) cross-section micrographs were
employed to examine the internal membrane morphologies of
the samples acquired in the current study. The membranes
were briefly immersed in liquid nitrogen to freeze them before
breaking them to procure sample pieces for the assessment.
The procedure was performed without causing any damage to
the interior structure of the membranes.

Geometric information, such as size distribution and the
number of pores in a cross-section membrane, was obtained
with the Image J® software. The membrane water uptake in
the present study was evaluated in their dry and wet conditions
[13]. The membranes were dried overnight in a vacuum oven
at 90°C before they were weighed. Subsequently, the
membranes were immersed in water at room temperature
(25°C) for 24 h and were considered after wiping the water off
the surfaces with filter papers. Water uptake percentages of
the samples were determined with Equation 1 [13]. The
assessment was repeated at 80°C. Four samples were
evaluated for each membrane, where the average water
uptakes at 25 and 80°C were determined.

Mwet_Mdry
Water uptake, WU (%) = X 100%
dry

@

Where Myt represents the mass of the membrane after 24
h of immersion in water, while Mgy denotes the mass of the
dry membrane [13].
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The IEC of the membrane samples acquired in this study
were determined through titration. An excess of 5 M NaCl
aqueous solution in a large conical flask was employed to
equilibrate a piece of the membrane for three days [14].
Subsequently, the solution was titrated with 0.01 M NaOH
[13]. The IEC of each sample was calculated according to
Equation 2.

VNaoH —CNaoOH

IEC = @)

Wdry

Where Vnaon i the volume of NaOH added at the point
of equivalence (mL), Cnaon denotes the concentration of
NaOH (M), and Wqry corresponds to the dry membrane weight
[13].Impedance spectroscopy [Solartron 1260 Gain phase
Analyser, AMETEK, Inc., United Kingdom (UK)] was
employed to examine the transverse proton conductivities of
the sample membranes over the 1-107 Hz frequency and 50—
500 mV oscillating voltage ranges. The hydrated membranes
were sandwiched between two stainless steel electrodes to
evaluate their proton conductivities at room temperature.
Next, the specimens' transverse conductivities (o) were
determined from the impedance measurements according to
Equation 3.
®)

.. d
Transverse conductivity, ¢ = "

The sample's thickness and surface area are represented
by d and A, respectively, and R was determined from the low
intersection of the high-frequency semi-circle on a complex
impedance plane with the Re(Z) axis.

The present study recorded the cell voltage versus current
density data on a fuel cell test system (850e) with hydrogen
(200 mL/min) and oxygen (100 mL/min) lines, with 40% Pt
on carbon paper as electrodes and platinum ruthenium 0.5
mg/cm? 60% as catalyst to evaluate the performance of the
acquired membranes.

Carbon papers were used as a gas diffusion layer. Before
the evaluations, the membranes were cut into 3 x 3 cm
squares, while the anodes and cathodes were 1.5 x 1.5 cm
squares. The membranes were then sandwiched between the
electrodes and hot pressed at 80°C and 4 bar for 3 minutes.
Next, the membrane electrode assemblies were placed inside
the cell before all gas tubes were connected. Finally, the
temperature was set to 80°C and 60% relative humidity (RH).

3. Results and Discussion
3.1. Thermal Properties of Block and Random PAES
Polymers

Thermal stability is an imperative parameter defining the
ideal characteristics and a critical standard of PEMs [3].
Figure 4 represents the TGA results of the membranes. Both
PAES copolymers are observed to undergo two stages of
degradation. The first stage occurred within the 200-270°C
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temperature range, possibly due to the loss of water molecules
and tightly bound water molecules. The trend supported the
results reported by previous studies, where the first stage of
degradation was referred to as the dehydration step and
occurred within the 25-220°C range [16]. One such study
reported the loss of tightly bound water molecules at
temperatures up to 300°C [17].

Nonetheless, the copolymers synthesized in the current
study recorded minimal weight loss during the first
degradation stage. Consequently, the block PAES polymer
lost less weight than the random PAES polymer. The second
stage is known as the polymer backbone degradation
stage. Generally, this is the last stage of weight loss for
polymers.

The results demonstrated that the thermal
degradation of the samples analyzed occurred at
temperatures over 500°C. The block PAES membrane
exhibited  polymer  backbone  degradation at
approximately 585°C, while the random PAES
membrane documented the second stage polymer
degradation at around 580°C.

3.2. Morphology of Block and Random PAES Membranes

FESEM was conducted to identify the morphology of the
block and random PAES copolymers after the membrane
preparation. Figure 5 demonstrates the FESEM cross-
sectional images of block and spontaneous PAES copolymer
membranes. The images revealed the presence of pores and
voids in both PAES copolymer membranes, where the
triptycene possesses a unique feature that enables it to form
porosity within polymer matrixes. Subsequently, the pore size
and the probability density function of the pore size were
determined with the image J® software.

Block Paes
Random Paes
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T T ! I
200 400 600 800
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Fig. 4 The TGA of the block and random PAES copolymer membranes
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Figure 6 depicts the probability density function of the
pore sizes of both copolymer membranes. The graphs
indicated that the block PAES copolymer membrane
possessed a higher probability density function and larger pore
sizes than the random PAES copolymer membrane, revealing
the influence of the molecular weight of the prepared
polymers. It was previously reported that membranes
produced from higher molecular weight polymers exhibited
small inter-connected structures, whereas membranes
prepared with lower molecular weight polymers demonstrated
more broad pore structures [18]. Therefore, the block PAES
copolymer membrane's pore size is slightly larger than that of
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random PAES copolymer membranes due to the lower
molecular weight of the produced block PAES copolymer.

Moreover, a parameter that defines the core property of
porous membranes is porosity, a measure of the void spaces in
materials. Hence, the dry-wet method determined the porosity
of both PAES copolymer membranes [19]. It is identified that
the block PAES membrane was more porous, at 5.12% than
that of the random PAES membrane, which was documented
at 2.45%. This is probably due to the larger pores in the block
PAES copolymer membrane, verified with the FESEM study.



Nurasyikin Misdanet al. / 1JETT, 72(2), 133-141, 2024

Table 1. The water uptake, ion exchange capacity, and proton conductivity values of the block and random PAES copolymer membrane samples

Membrane Water uptake (%0) IEC Proton conductivity
25°C 80°C (mmol/g) (mS/cm)
Block PAES 5.13 7.9 1 2.00 (25°C)
Random PAES 2.24 3.21 0.76 0.30 (25°C)

3.3. Water Uptake and lon Exchange Capacity of Block and
Random PAES Membranes

Water uptake is a crucial factor that determines the
performance of PEMs. Water molecules are necessary for the
development of charge carriers and the mobility of ions in
PEMs [20]. lon exchange capability, fractional free volume,
hydrophobicity, and intra- and intermolecular interactions,
such as m-m stacking, are interplaying parameters that
influence water uptake and swelling behaviours of copolymer
membranes [8]. It was previously reported that the membranes
with higher water uptake exhibited better proton conductivity
[11]. Moreover, porous PEMs are only conductive when
immersed in water and could swell to approximately 20-30%
by weight [21].

Table 1 lists the block's water uptake, ion exchange
capacity, proton conductivity values, and random PAES
copolymer membrane samples.

The block PAES copolymer membrane recorded higher
water uptake than the PAES copolymer membrane. The
observations were mainly due to processing, which
significantly improved the phase separation of the block
copolymers. Furthermore, larger pores might also be
attributed to the findings as water uptake directly correlates
with the pore size of membranes [22].

Interestingly, the water uptake trends of the membranes
analyzed in the present study demonstrated increment at
approximately 80°C. Therefore, the results demonstrated that
the membranes performed effectively at high temperatures
since improved water uptake results in enhanced IEC.
Furthermore, the pores enable the hydronium ions to pass
through the membranes, which boosts the transport of protons,
particularly in a humidified environment. Hence, the IEC of
the membranes is greatly improved [23]. Consequently, the
phase separation performed in the present study affected the
properties of the synthesized membranes in terms of water
uptake and ion exchange capacity.

Proton conductivity is a significant parameter that verifies
the performance of PEMs. The results in Table 1 revealed that
the block PAES membrane exhibited better conductivity at
two mS/cm. The random PAES membrane only recorded 0.3
mS/cm when operated at room temperature. The findings
could be attributed to triptycene, which induces pore
formations within polymer matrixes. The pores would
facilitate proton transports, especially in a humidified state,
due to more accessible hydronium ions transfers through the
membranes [23].
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The porous morphology of membranes reportedly aids
proton transport [15]. The block PAES membrane procured in
the current study allowed a significant proton amount to pass
through as it recorded larger pores and porosity. Moreover, the
lack of ionic groups indicated that proton conductivity
occurred via the vehicle mechanism. The results follow block
and random membranes' water uptake and IEC trend.

3.4. Fuel Cell Performance of Block and Random PAES
Membrane

It is vital to validate the applicability of the procured
membranes for PEMFC, where the current and power
densities are determined, by assessing their fuel cell
performance. Figure 7 illustrates the current density-voltage
and the power—current density curves of the electrode
assembly of the membranes in single cells operated at 80°C
and 60% RH. The block PAES membrane performed well,
exhibiting maximum current and power densities of 239.92
mA/cm? and 99 mW/cm?. In contrast, the random PAES
membrane fulfilled inferiorly, recording maximum current
and power densities of 175 mA/cm? and 73 mW/cm?.

The results revealed that the block PAES membrane
possessed the lowest degradation for MEA applications
compared to the random PAES membrane. The superior
performance documented by the block PAES sample might be
attributed to its excellent proton conductivity and water uptake
since fuel cell performance peaks when its proton conductivity
is at the highest value.
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Fig. 7 Fuel cell performance of block and random PAES membranes at
80°C and 60% RH
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4. Conclusion

The present study successfully synthesized triptycene-
integrated, block, and random PAES copolymers, and the
properties of both copolymers were further analyzed. The
structural analyses of the synthesized monomer, oligomers,
and polymers were conducted using tHNMR, FTIR, and GPC.
It was found that the random PAES copolymer produced
higher molecular weight compared to the block PAES
copolymer.

The FESEM images demonstrated that the block PAES
membrane consisted of larger pores and was more porous than
the random PAES membrane, mainly attributed to the lower
molecular weight of the produced block PAES copolymer.
Furthermore, the random PAES polymer, which made higher
molecular weight, was observed to have small interconnected
membrane pore structures. The thermogravimetric analysis
also demonstrated that the triptycene-integrated block PAES
copolymer membrane was more thermally stable than a
random PAES copolymer membrane.

Adding triptycene monomers to the polymer backbones

increased the porosity of the synthesized membranes. The
current study also found that pore size and porosity facilitated
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water uptake, ion exchange capacity, and proton conductivity
of the PEMs. The membrane procured in this study passed the
PEMFC test at an operating temperature of 80°C and 60% RH.

Hence, this study showed that the morphology and
properties of the synthesized polymer varied when different
synthesis methods were applied. Additionally, selecting the
monomer and the synthesis method is essential in designing
the polymer with the desired properties.

Acknowledgments

This research was supported by the Ministry of Higher
Education Malaysia (MOHE) through the Fundamental
Research Grant Scheme (FRGS)
(FRGS/1/2019/TK07/UTHM/03/3) and Malaysia Research
University Network (MRUN) grant scheme (Vot no.: K139
and 4L.880). The authors would also like to acknowledge the
Universiti Teknologi Malaysia, AMTEC, for approving the
HICOE Fellowship Grant (Vote No.: A
J091400.5300.07092). Communication of this research is
made possible through monetary assistance from Universiti
Tun Hussein Onn Malaysia and the UTHM Publisher's Office
via Publication Fund E15216.

[1]
(2]
(3]

(4]
(5]
(6]
[7]

(8]
9]

Meng-Jie Gu et al., “Recent Advances on Triptycene Derivatives in Supramolecular and Materials Chemistry,” Organic and Biomolecular
Chemistry, vol. 19, no. 46, pp. 10047-10067, 2021. [CrossRef] [Google Scholar] [Publisher Link]

Timothy M. Swager, “Iptycenes in the Design of High Performance Polymers,” Accounts of Chemical Research, vol. 41, no. 9, pp. 1181-
1189, 2008. [CrossRef] [Google Scholar] [Publisher Link]

Sabuj Chandra Sutradhar et al., “A Novel Synthesis Approach to Partially Fluorinated Sulfonimide Based Poly (Arylene Ether Sulfone)s
for Proton Exchange Membrane,” International Journal of Hydrogen Energy, vol. 44, no. 22, pp. 11321-11331, 2019. [CrossRef] [Google
Scholar] [Publisher Link]

Nieves Ureiia et al., “Multiblock Copolymers of Sulfonated PSU/PPSU Poly (Ether Sulfone)s as Solid Electrolytes for Proton Exchange
Membrane Fuel Cells,” Electrochemistry Acta, vol. 302, pp. 428-440, 2019. [CrossRef] [Google Scholar] [Publisher Link]

Xin Liu et al.,, “Design and Synthesis of Poly (Arylene Ether Sulfone)s with High Glass Transition Temperature by Introducing
Biphenylene Groups,” Polymer International, vol. 69, no. 12, pp. 1267-1274, 2020. [CrossRef] [Google Scholar] [Publisher Link]
Feixiang Gong et al., “Synthesis of Highly Sulfonated Poly (Arylene Ether Sulfone)s with Sulfonated Triptycene Pendants for Proton
Exchange Membranes,” Polymer, vol. 52, no. 8, pp. 1738-1747, 2011. [CrossRef] [Google Scholar] [Publisher Link]

Joseph Aboki et al., “Highly Proton Conducting Polyelectrolyte Membranes with Unusual Water Swelling Behavior Based on Triptycene-
Containing Poly (Arylene Ether Sulfone) Multiblock Copolymers,” ACS Applied Materials and Interfaces, vol. 10, no. 1, pp. 1173-1186,
2018. [CrossRef] [Google Scholar] [Publisher Link]

Tao Wang et al., “Disulfonated Poly (Arylene Ether Sulfone) Random Copolymers Containing Hierarchical Iptycene Units for Proton
Exchange Membranes,” Frontiers in Chemistry, vol. 8, pp. 1-12, 2020. [CrossRef] [Google Scholar] [Publisher Link]

Lionel C.H. Moh et al., “Free Volume Enhanced Proton Exchange Membranes from Sulfonated Triptycene Poly (Ether Ketone),” Journal
of Membrane Science, vol. 549, pp. 236-243, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[10] Zhuo Zhao et al., “Poly (Arylene Ether Sulfone)s Tonomers Containing Quaternized Triptycene Groups for Alkaline Fuel Cell,” Journal

of Power Sources, vol. 218, pp. 368-374, 2012. [CrossRef] [Google Scholar] [Publisher Link]

[11] Zhan Wang et al., “Multidirectional Proton-Conducting Membrane Based on Sulfonated Big n-Conjugated Monomer into Block Copoly

(Ether Sulfone)s,” Polymer, vol. 160, pp. 138-147, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[12] Sara Barati et al., “Highly Proton Conductive Porous Membranes Based on Polybenzimidazole/ Lignin Blends for High Temperatures

Proton Exchange Membranes: Preparation, Characterization and Morphology- Proton Conductivity Relationship,” International Journal
of Hydrogen Energy, vol. 43, no. 42, pp. 19681-19690, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[13] Kwangjin Oh et al., “Synthesis of Sulfonated Poly (Arylene Ether Ketone) Block Copolymers for Proton Exchange Membrane Fuel Cells,”

140


https://doi.org/10.1039/D1OB01818C
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Recent+advances+on+triptycene+derivatives+in+supramolecular+and+materials+chemistry&btnG=
https://pubs.rsc.org/en/content/articlelanding/2021/ob/d1ob01818c/unauth
https://doi.org/10.1021/ar800107v
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Iptycenes+in+the+Design+of+High+Performance+Polymers&btnG=
https://pubs.acs.org/doi/abs/10.1021/ar800107v
https://doi.org/10.1016/j.ijhydene.2019.01.178
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+novel+synthesis+approach+to+partially+fluorinated+sulfonimide+based+poly+%28arylene+ether+sulfone%29+s+for+proton+exchange+membrane&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+novel+synthesis+approach+to+partially+fluorinated+sulfonimide+based+poly+%28arylene+ether+sulfone%29+s+for+proton+exchange+membrane&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0360319919303374
https://doi.org/10.1016/j.electacta.2019.01.112
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Multiblock+copolymers+of+sulfonated+PSU%2FPPSU+Poly%28ether+sulfone%29s+as+solid+electrolytes+for+proton+exchange+membrane+fuel+cells&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0013468619301318
https://doi.org/10.1002/pi.6071
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+and+synthesis+of+poly%28arylene+ether+sulfone%29s+with+high+glass+transition+temperature+by+introducing+biphenylene+groups&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/pi.6071
https://doi.org/10.1016/j.polymer.2011.02.033
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+of+highly+sulfonated+poly%28arylene+ether+sulfone%29s+with+sulfonated+triptycene+pendants+for+proton+exchange+membranes&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0032386111001534
https://doi.org/10.1021/acsami.7b13542
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Highly+Proton+Conducting+Polyelectrolyte+Membranes+with+Unusual+Water+Swelling+Behavior+Based+on+Triptycene-containing+Poly%28arylene+ether+sulfone%29+Multiblock+Copolymers&btnG=
https://pubs.acs.org/doi/abs/10.1021/acsami.7b13542
https://doi.org/10.3389/fchem.2020.00674
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Disulfonated+Poly%28arylene+ether+sulfone%29+Random+Copolymers+Containing+Hierarchical+Iptycene+Units+for+Proton+Exchange+Membranes&btnG=
https://www.frontiersin.org/articles/10.3389/fchem.2020.00674/full
https://doi.org/10.1016/j.memsci.2017.11.041
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Free+volume+enhanced+proton+exchange+membranes+from+sulfonated+triptycene+poly%28ether+ketone%29&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0376738817315971
https://doi.org/10.1016/j.jpowsour.2012.07.011
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Poly%28arylene+ether+sulfone%29s+ionomers+containing+quaternized+triptycene+groups+for+alkaline+fuel+cell&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0378775312011275
https://doi.org/10.1016/j.polymer.2018.11.033
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Multidirectional+proton-conducting+membrane+based+on+sulfonated+big+%CF%80-conjugated+monomer+into+block+copoly%28ether+sulfone%29s.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0032386118310620
https://doi.org/10.1016/j.ijhydene.2018.08.191
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Highly+proton+conductive+porous+membranes+based+on+polybenzimidazole%2F+lignin+blends+for+high+temperatures+proton+exchange+membranes%3A+Preparation%2C+characterization+and+morphology-+proton+conductivity+relationship&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0360319918327848

Nurasyikin Misdanet al. / 1JETT, 72(2), 133-141, 2024

Journal of Membrane Science, vol. 507, pp. 135-142, 2016. [CrossRef] [Google Scholar] [Publisher Link]

[14] Byungchan Bae et al., “Sulfonated Block Poly (Arylene Ether Sulfone) Membranes for Fuel Cell Applications via Oligomeric
Sulfonation,” Macromolecules, vol. 44, no. 10, pp. 3884-3892, 2011. [CrossRef] [Google Scholar] [Publisher Link]

[15] Sangrae Lee et al., “Phase Inversion-Induced Porous Polybenzimidazole Fuel Cell Membranes: An Efficient Architecture for High-
Temperature Water-Free Proton Transport,” Polymers, vol. 12, no. 7, pp. 1-14, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[16] Xiaoyan Luo et al., “Thickness Dependence of Proton-Exchange-Membrane Properties,” Journal of the Electrochemical Society, vol. 168,
no. 10, pp. 1-18, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[17] Shaoguang Feng et al., “Synthesis and Characterization of Crosslinked Sulfonated Poly (Arylene Ether Sulfone) Membranes for DMFC
Applications,” Journal of Membrane Science, vol. 335, no. 1-2, pp. 13-20, 2009. [CrossRef] [Google Scholar] [Publisher Link]

[18] Hideto Matsuyama et al., “Effect of Polypropylene Molecular Weight on Porous Membrane Formation by Thermally Induced Phase
Separation,” Journal of Membrane Science, vol. 204, no. 1-2, pp. 323-328, 2002. [CrossRef] [Google Scholar] [Publisher Link]

[19] Harish Ravishankar, Jens Christy, and Veeriah Jegatheesan, “Graphene Oxide (GO)-Blended Polysulfone (PSf) Ultrafiltration
Membranes for Lead Ion Rejection,” Membranes, vol. 8, no. 3, pp. 1-13, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[20] Kyu Ha Lee et al., “Enhanced Ion Conductivity of Sulfonated Poly (Arylene Ether Sulfone) Block Copolymers Linked by Aliphatic Chains
Constructing Wide-Range Ton Cluster for Proton Conducting Electrolytes,” International Journal of Hydrogen Energy, vol. 45, no. 53,
pp. 29297-29307, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[21] Michael Eikerling, A.A. Kornyshev, and U. Stimming, “Electrophysical Properties of Polymer Electrolyte Membranes: A Random
Network Model,” Journal of Physical Chemistry B, vol. 101, no. 50, pp. 10807-10820, 1997. [CrossRef] [Google Scholar] [Publisher
Link]

[22] Huixiong Xie et al., “Synthesis and Properties of Highly Branched Star-Shaped Sulfonated Block Polymers with Sulfoalkyl Pendant
Groups for Use as Proton Exchange Membranes,” Journal of Membrane Science, vol. 497, pp. 55-66, 2016. [CrossRef] [Google Scholar]
[Publisher Link]

[23] Zohre Taherkhani, Mahdi Abdollahi, and Alireza Sharif, “Proton Conducting Porous Membranes Based on Poly (Benzimidazole) and
Poly (Acrylic Acid) Blends for High Temperature Proton Exchange Membranes,” Solid State lonics, vol. 337, pp. 122-131, 2019.
[CrossRef] [Google Scholar] [Publisher Link]

141


https://doi.org/10.1016/j.memsci.2016.02.027
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+of+sulfonated+poly%28arylene+ether+ketone%29+block+copolymers+for+proton+exchange+membrane+fuel+cells&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0376738816300849
https://doi.org/10.1021/ma2000306
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Sulfonated+block+poly%28arylene+ether+sulfone%29+membranes+for+fuel+cell+applications+via+oligomeric+sulfonation&btnG=
https://pubs.acs.org/doi/abs/10.1021/ma2000306
https://doi.org/10.3390/polym12071604
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Phase+inversion-induced+porous+polybenzimidazole+fuel+cell+membranes%3A+An+efficient+architecture+for+high-temperaturewater-free+proton+transport&btnG=
https://www.mdpi.com/2073-4360/12/7/1604
https://doi.org/10.1149/1945-7111/ac2973
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thickness+Dependence+of+Proton-Exchange-Membrane+Properties&btnG=
https://iopscience.iop.org/article/10.1149/1945-7111/ac2973/meta
https://doi.org/10.1016/j.memsci.2009.02.034
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+and+characterization+of+crosslinked+sulfonated+poly%28arylene+ether+sulfone%29+membranes+for+DMFC+applications&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0376738809001549
https://doi.org/10.1016/S0376-7388(02)00056-X
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+polypropylene+molecular+weight+on+porous+membrane+formation+by+thermally+induced+phase+separation&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S037673880200056X
https://doi.org/10.3390/membranes8030077
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Graphene+oxide+%28GO%29-blended+polysulfone+%28PSf%29+ultrafiltration+membranes+for+lead+ion+rejection&btnG=
https://www.mdpi.com/2077-0375/8/3/77
https://doi.org/10.1016/j.ijhydene.2020.07.197
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Enhanced+ion+conductivity+of+sulfonated+poly%28arylene+ether+sulfone%29+block+copolymers+linked+by+aliphatic+chains+constructing+wide-range+ion+cluster+for+proton+conducting+electrolytes&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S036031992032807X
https://doi.org/10.1021/jp972288t
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Electrophysical+properties+of+polymer+electrolyte+membranes%3A+A+random+network+model&btnG=
https://pubs.acs.org/doi/abs/10.1021/jp972288t
https://pubs.acs.org/doi/abs/10.1021/jp972288t
https://doi.org/10.1016/j.memsci.2015.09.035
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Synthesis+and+properties+of+highly+branched+star-shaped+sulfonated+block+polymers+with+sulfoalkyl+pendant+groups+for+use+as+proton+exchange+membranes&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0376738815301988
https://doi.org/10.1016/j.ssi.2019.04.019
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Proton+conducting+porous+membranes+based+on+poly%28benzimidazole%29and+poly%28acrylic+acid%29blends+for+high+temperature+proton+exchange+membranes&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S016727381830780X

