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Abstract

Multi-phenyl structured random polymer was synthesized via condensation polymerization
reaction by applying different monomer ratios and characterized by various spectroscopic
methods (FT-IR, 'H NMR). The prepared polymers showed good thermooxidative stability up
to 400 °C. The surface morphology was studied by FESEM that showed the good linkage
among the polymer chains. The EDS data of poly(fluorenylene ether ketone), PFEK;
demonstrated that all the monomers participated in the copolymerization reaction. Inherent
viscosity values of the polymers were obtained in the range of 0.76~1.12 dL g"'. The polymers’
yield was within 85~90%. The obtained results indicate that the multi-phenyl structured
polymer will be the good candidates to prepare the effective aromatic hydrocarbon polymer
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Introduction

The rapid increase of carbon dioxide is the key to the
ruthless impact on the Earth’s climate, particularly global
warming. Therefore, it is now essentially a great demand to
develop an effective alternative energy source which emits
zero greenhouse gases. Fuel cell is such kind of energy
source that generates electrical energy with no emission of
greenhouse gas. Fuel cells represent a promising class of
power sources with high energy density and low pollution
though their cost and durability deter their extensive use.
Perfluorosulfonic acid polymers (such as DuPont™
Nafion®, Flemion® etc.) are the most effective polymer
electrolyte membranes developed for high proton
conductivity. They are physically, chemically and
thermally stable but their applicability is hindered by
limited operational temperature ranges (0~80 °C), high
production and processing costs, high fuel permeability,
and environmental incompatibility. At low temperatures,
there is a possibility of CO poisoning of Pt and Pt-based
electrocatalysts (Savadogo, 1998; Kreuer, 2001; Carreta et.

al, 2000). Nafion is the fluorinated non-aromatic polymer
electrolyte membrane. The performance of nafion is
extremely high. However, it is very costly and also
durability is poor (Singh and Hay, 1992). Mitsuru Ueda and
coworkers reported on the proton exchange membrane
which was fluorinated material (Nakabayashi et al., 2008).
Fluorinated compounds are very costly as well as hostile to
the environment. They inserted sulfonic acid groups in the
polymer backbone to make the membrane which were
chemically and mechanically less durable. James E.
McGrath and his coworkers also reported the membrane
similar to the previous one (Roy ez al., 2009). The cost and
performance limitations of current perfluorinated
polymer electrolyte (proton exchange membranes, PEM),
such as Nafion have hindered large-scale
commercialization and market penetration of polymer
electrolyte membrane fuel cells (PEMFC) in mobile and
stationary systems.
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As the fluorinated polymers are not friendly to the
environment, their ordinary disposal system may bring bad
impact on our living systems. This has sparked worldwide
research efforts to design alternative polymer electrolyte
membrane (PEM) materials with high ionic conductivity,
thermal stability to allow operation over 100 °C, chemical
stability to a strong acid, good processability, and
excellent barrier properties to fuels (e.g. methanol,
oxygen, etc.) (Savadogo, 1998; Mauritz and Moore,
2004). One common approach has been to sulfonate
existing thermoplastics such as polystyrene (Ding et al.,
2001; Roziere and Jones, 2003), poly (ether ketone)s
(Zaidi 2000; Jones and Roziere, 2001) and poly (ether
sulfone)s (Nolte ef al., 1993; Wang et al., 2002). This has
generated mostly PEM’s with lower costs and improved
thermal stability, but generally lower ionic conductivities
at comparable ion exchange capacities than Nafion
(Kreuer, 2001) and many of these thermoplastics-based
PEMs are more susceptible to oxidative or acid-catalyzed
degradation than Nafion (Hubner and Roduner, 1999).
Employing a purely aromatic polymer, such as poly
(phenylenes), provides a route to potentially improve the
thermochemical stability of PEMs due to their inherent
thermochemical stability. High molecular weights are
necessary for these aromatic polymers to ensure polymer
chain entanglements that are responsible for producing
physically robust PEM films. A physically robust film is
one essential characteristic of a membrane electrode
assembly in order to survive with a PEMFC environment.
Sulfonated aromatic polymers are relatively high proton
conductive (10-200 mS/cm) and have good PEM
characteristics (Kobayashi et al, 1998). However,
achieving high molecular weights based upon this class of
polymer is dependent on the pendent group of the aryl
halide monomer (Hagberg et al, 2004), which limits
sulfonation and broad functionalization. Tanaka et al.
(2011) also reported on aromatic hydrocarbon polymers to
fabricate electrolyte membranes which contain only
hydrophilic units that may reduce the durability of the
membranes (Tanaka et al., 2010; Tanaka et al., 2011).
Additionally, most of the polymers possess the keto group
(—C=0) which can make the polymer crystalline (Singh
and Hay, 1992). Hence, the aim of this present work is to
prepare non-fluorinated aromatic polymer containing
only pendant phenyl groups as they are cost effective and
highly durable. Polymers with pendant phenyl groups are
both physically and chemically strong as well as insertion
of a good number of ionic functional groups. We have
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designed the polymer structure in such a way - it may hold
both the hydrophilic and hydrophobic units as well as
balancing the monomers’ mole ratio in the both units so
that after membranes’ preparation which will obviously
improve the strength of the membranes.

The present study focuses on the development of thermally
stable multi-phenyl structured aromatic hydrocarbon
polymers which are used as the platform to prepare polymer
electrolyte membrane for fuel cell. Our aim is to prepare
nonfluorinated poly (phenylene) polymer that provides a
very promising solution to achieving PEMs with high
molecular weights and overcome the limitations of
sulfonation and broad functionalization. Here, we report the
fully aromatic polymers with new polymer backbone those

are easily processable as well as thermally and
chemicallyrobust. The prepared new multi-phenyl
structured random polymers through condensation

polymerization will be able to provide 2-6 ionic functional
groups, hence high ion conductivities, which is the vital
characteristic of PEM materials.

Materials and methods

Bis (4-fluorophenyl) sulfone (Sigma-Aldrich, Germany,
99%),9,9-bis (4-hydroxyphenyl) fluorine (TCI Japan,
97%), 2,4-dihydroxyphenyl benzophenone (TCI Japan,
98%),4, 4-diflurobenzophenone (Sigma-Aldrich,
Germany, 99%), 2,2-bis ( 4-hydroxyphenyl) propane (TCI
Japan, 99%), bis- (4-chlorophenyl) sulfone (TCI Japan,
99%),4,4-biphenol (TCI Japan 99%), anhydrous
potassium carbonate (Merck, Germany, 99%) were
purchased and used as received. Commercially available
solvents —N,N-dimethyl acetamide, toluene,
dichloromethane, methanol, chloroform, acetone— were
used without further purification.

Preparation of multi-phenyl structured polymer
General procedure

A typical condensation polymerization procedure is as
follows: Polymerization was carried out in a 100 mL
three-neck round bottomed flask fitted with a Dean-Stark
trap, a condenser, a nitrogen inlet/outlet and a magnetic
stirrer. The flask was charged with monomers, potassium
carbonate, tolueneand N, N-dimethyl acetamide. The
mixture was refluxed for 6 h at 135 °C under nitrogen
atmosphere with the Dean-Stark trap. The reaction
mixture was dehydrated and toluene was removed
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Scheme 1. Preparation of multi-phenyl structured aromatic hydrocarbon polymer
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dropwise. It was gradually heated to165 °C and kept at
this temperature for 2 h until a highly viscous solution was
obtained. The reaction mixture was then cooled to room
temperature. Then the mixture was poured into the
mixture of methanol (250 ml) and water (250 ml). A white
fibrous polymer was collected by filtration. The crude
polymer was dried for 10 min and then dissolved in
dichloromethane. The purified polymer was achieved by
re-precipitation from dichloromethane solution in hot
water and collected by filtration.It was dried in a vacuum
oven at 80 °C for 24 h.

Preparation of poly (fluorenylene ether sulfone) containing
biphenyl moiety, (PFES)

The flask was charged with bis(4-fluorophenyl)sulfone
(2.53 g, 9.83 mmol), 9,9-bis(4-hydroxyphenyl)fluorene
(0.36 g,0.98 mmol), 4,4 biphenol (1.83g,8.85 mmol ),
potassium carbonate (1.73 g, 12.29 mmol), toluene (11.0
mL) and N,N-dimethyl acetamide (14.0 mL).The yield of
the polymer was 85%.'H NMR (400 MHz, CDCl,), & =
ppm: 8.00~7.77 (m, 10H), 7.65~7.55 (m, 8H), 7.45~7.20
(m, 2H), 7.20~6.85 (m, 20H). FT-IR: 3022 (aromatic
C-H), 1586~1487 (aromatic C=C), 1323 & 1151 (O-S-0),
1241(aryl ether) cm™.

Preparation of poly (fluorenylene ether ketone) containing
bisphenol A moiety, (PFEK)

To a 100 mL flask,4,4-Difluorobenzophenone
(2.53,11.457mmol),9,9-Bis(4-hydroxyphenyl) fluorine
(0.8278g,2.292mmol), Bisphenol-A (2.11g,9.166mmol),
potassium carbonate (2.02g,14.322mmol), toluene (11.0 mL)
&N, N-dimethyl acetamide (14.0 mL) were mixed.The yield
of the polymer was 90%.'"H NMR (400 MHz, CDCL,), § =
ppm: 7.88~7.70 (m, 10H), 7.50~7.20 (m, 12H), 7.14~6.90
(m, 18H), 1.75 (s, 6H). FT-IR: 3012 (aromatic C-H), 2950 &
1417 (Me-C-H), 1650 (C=0), 1592~1498 (aromatic C=C),
1238(aryl ether) cm™.

Preparation of (poly ether sulfone ketone) containing
bisphenol A moiety, (PEKS)

The flask was charged with bis(4-flurophenyl) sulfone
(2.53g,9.83mmol), 2, 2-bis (4-hydroxyphenyl) propane
(1.70g,7.37mmol), 4,4- dihydroxybenzophenone (0.54 g,
2.48 mmol), potassium carbonate(1.38 g ,12.29 mmol),
toluene (8.0 mL) and N, N- dimethyl acetamide (10.0 mL).
The yield of the polymer was 85%. 'H NMR (400 MHz,
CDCl,), 6 = ppm: 8.00~7.80 (m, 10H), 7.32~ 7.22 (m, 6H),
7.20~6.95 (m, 16H), 1.72 (s, 6H). FT-IR: 3021 (aromatic
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C-H), 1586~1489 (aromatic C=C), 1244 (aryl ether), 1151
(0-S-0) cm™.

Preparation of poly (ether sulfone) containing bisphenol A
moiety, (PES)

To a 100 mL flask, bisphenol-A (3.53 g, 15.33 mmol),
bis(4-chlorophenyl)sulfone  (2.25 g, 7.67 mmol),
bis-(4-flurophenyl)sulfone (1.97 g, 7.67 mmol), potassium
carbonate(2.70 g ,19.16 mmol ),toluene (10.0 mL) &N, N-
dimethyl acetamide (15.0 mL). The yield of the polymer was
90%. 'H NMR (400 MHz, CDCl,), 8 = ppm: 7.92~7.82 (d,
8H), 7.28~7.21 (m, 8H), 7.08~6.91 (dd, 16H), 1.71 (s, 12H).
FT-IR: 3030 (aromatic C-H), 2950 (Me-C-H), 1586~1489
(aromatic C=C), 1320 & 1150 (O-S-O), 1244(aryl ether)
cm,

Characterization of polymer

The copolymer structure was identified by Fourier transform
infrared (FT-IR) spectroscopy using a SHIMADZU IR
Tracer-100 infrared spectrometer within the range of
4000-400 cm™."H NMR spectra of the random polymers were
recorded on a Bruker DRX (400 MHz) spectrometer using
deuterated chloroform (CDCl,) as a solvent and
tetramethylsilane (TMS) as an internal standard.
Thermogravimetric analysis was carried out using a
Shimadzu TGA-50H analyzer at a heating rate of 20 °C
min™!' in an alumina pan. The morphology of a polymer
was investigated with a Field Emission Scanning
Electron Microscope (FESEM, JEOL JSM-7600F). Point
and shoot analyses were applied to determine the
presence of elements in the polymer sample by
Energy-disperse X-ray spectroscopy (EDS). Inherent
viscosity of the polymers was determined at a
concentration of 0.5 g/dL in dimethyl acetamide (DMAc)
at 30 °C with an Ostwald capillary viscometer.

Results and discussion

Different type of polymers (Scheme 1; PFES, PFEK,
PEKS and PES) containing various structural moieties
were prepared to make better proton exchange membrane’s
material. We have confirmed the polymer structure by 'H
NMR (Fig. 1). All of the phenyl protons’ peaks were
observed within the range of 8.00 ~ 6.85 ppm. The value of
chemical shift for methyl protons was found in 1.71 ppm.
The NMR data showed the good resemblance with the
previous reports (Tanaka et al., 2010; Tanaka et al., 2011,
Pan et al., 2010).



Hossain, Morium, Elias, Rahman, Rahman, Ali and Razzak

We have also characterized the polymer structure by means of
FT-IR study (Fig. 2). These data also afforded the good
support on the successfully preparation of polymers. The
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Fig. 3. Thermogravimetric analysis of the poly (ether
sulfone) copolymer containing bisphenol A
moiety

IR-stretching bands were detected for the aromatic C-H and
methyl C-Hin the region of 3100 ~ 2900 cm™. The aromatic
C=C, aryl ether as well as S=O stretching bands were
observed in 1586~ 1489, 1244 and 1150 cm™' respectively.
The FT-IR data of the prepared polymers were verified with
the Zhou et al. (2009) report.

The thermooxidative stability of the poly ether sulfone
polymer was studied by thermogravimetric analysis. The
synthesized copolymer displayed sharp thermal stablity up to
400 °C (Fig. 3). The weight loss region above 400 °C is

Fig. 4. Scanning electron microscopy (SEM) images of
synthesized poly (fluorenylene ether ketone)
containing bisphenol A moiety, (PFEK)



144

Fig. 5. Flim of synthesized poly (fluorenylene ether
ketone) containing bisphenol A moiety, (PFEK)

Multi-phenyl structured aromatic hydrocarbon polymer
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possible due to polymer backbone (ether linkage) degradation
(Roy et al., 2009; Wang et al., 2012; Pan et al., 2010). It is
also expected the similar thermal stability of the other
prepared polymers.

Inherent viscosity (7, ,) values of the polymers were in the
range of 0.76~1.12 dl g'at a concentration of 0.5 g/dl in
dimethyl acetamide (DMAc) at 30 °C which indicate that
polymers with reasonably high molecular weight were
successfully obtained (Nakabayashi er al.,, 2010;
Nakabayashi et al., 2008; Nakabayashi et al., 2008; Wang
et al., 2012). The probable number average molecular
weight (Mn) could be around 10x10* g mol-'. Poly ether
sulfones (PESs) were prepared using both chloro- and
fluoro-monomers via altering the mole ratio (Scheme 1).
The viscosity results showed that fluoro monomer gave
better polymer.
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Fig. 6. EDS data of synthesized poly (fluorenylene ether ketone) containing bisphenol A moiety, (PFEK)
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The surface morphology of the poly(fluorenylene ether
ketone) containing bisphenol A moiety, (PFEK) was
assessed by field emission scanning electron microscope
(FESEM) (Fig. 4). The SEM data displayed the cross
linked networkin the polymer with continuous phase
that concluded the proper arrangement of the polymer
chain as well as the formation of random polymers
(Kasoju 2014; Tong et al., 2014). It is predicted that
cross linked polymer are able to make good ionic
channel to improve the conductivity of proton
exchange membrane.

The polymer film was prepared by casting polymer solution
to 40~50 um thickness on a flat glass plate (Tanaka et al.,
2010; Tanaka et al., 2011). The thickness of the polymer
film was controlled by using polymer wt% solution (Fig. 5).
The film looks robust that proves highly viscous fibrous
polymer solution.

We have also examined the presence of the monomers in the
polymer structure. The EDS data of PFEK, showed the
existence of all the monomers in the co-polymer (Fig. 6).
This result confirmed that the polymer was prepared
successfully.

Conclusions

This paper represents some developments in polymer
preparation. Random polymers have been prepared
through condensation polymerization by modification of
chemical structure to improve the functional group
insertion. The polymers’ yield satisfied the required
level. '"H NMR results were in good agreement with the
polymer structure. The surface morphology was studied
by FESEM that showed the good linkage among the
polymer chains. Viscosity of the polymers provides good
information on polymer’s molecular weight. Inherent
viscosities of the polymers were investigated. The
obtained results support the rationally good molecular
weight. Finally, this research demonstrates the
preparation of promising polymers with different
structural moieties as excellent polymer electrolyte
membrane’s material.
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