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Abstract: A comb-like copolymer consisting of a poly(vinyl chloride) backbone and poly(hydroxy ethyl acrylate) side
chains, i.e. PVC-g-PHEA, was synthesized through atom transfer radical polymerization {ATRP). This comb-like copolymer
was crosslinked with 4,5-imidazole dicarboxylic acid (IDA) via the esterification of the -OH groups of PHEA in the graft
copolymer and the -COOH groups of IDA. Upon doping with phosphoric acid (PA, H;POs) to form imidazole-PA com-
plexes, the proton conductivity of the membranes continuously increased with increasing PA content. A maximum proton
conductivity of 0.011 S/cm was achieved at 100°C under anhydrous conditions. The PVC-g-PHEA/IDA/PA complex mem-
branes exhibited good mechanical properties, i.e. 575 MPa of Young’s modulus, as determined by a universal testing ma-
chine (UTM). Thermal gravimetric analysis (TGA) shows that the membranes were thermally stable up to 200°C.
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1. Introduction is one of the most promising technologies for applica-
tions such as portable electronics, distributed generation

A fuel cell is an electrochemical device which com- of energy and vehicles. The important component of
bines O, and H,, with the aid of electrocatalysts to PEMFC is a polymer electrolyte membrane [1-8]. The
produce electricity. Among the many types of fuel membrane serves to separate the reactant gases as an
cells, polymer electrolyte membrane fuel cell (PEMFC) electrolyte for energy-generating electrochemistry, and

to facilitate the selective transport of protons from the
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anode to the cathode.

Numerous efforts have been dedicated to developing
high performance polyelectrolyte membrane [9-11] and,
up to now, of a great number of different membranes,
Nafion® membrane is the most successful one. Nafion®
was developed by DuPont de Nemours, USA, in the
1960s. The Nafion membrane consists of a perfluo-
rinated backbone with side chains which are terminated
by strongly acid SOsH groups. However, Nafion re-
stricts PEMFC operation at temperatures below 100°C.
Such a temperature limitation is associated with a strong
dependence of the proton transport on the absorbed
water. Therefore, the development of anhydrous polymer
electrolyte membranes for high temperature operation
has been receiving a great deal of attention [12-15].

In this work, we report on anhydrous proton conduct-
ing membranes based on poly(vinyl chloride) (PVC)
comb-like copolymer. First, poly(hydroxy ethyl acrylate)
(PHEA) was grafted from a PVC backbone via ATRP
using chlorine atoms as a macroinitiator [16,17]. This
graft copolymer was crosslinked with 4,5-imidazole di-
carboxylic acid (IDA) via the esterification of -OH
groups of PHEA and -COOH groups of IDA [18,19].
The anhydrous proton conducting membranes were de-
veloped by doping with phosphoric acid (PA, H;PO,) to
form imidazole-PA complexes. Several characteristics of
anhydrous PVC graft copolymer electrolyte membranes,
such as proton conductivity, mechanical and thermal

properties, are reported in this paper.

2. Experimental

2.1. Materials

PVC (M, = 55,000 g/mol, My, = 97,000 g/mol), 2-
hydroxy ethyl acrylate (HEA, 99%), 1,1,4,7,10,10-hex-
amethyltriethylenetetramine (HMTETA, 99%), copper(I)
chloride (CuCl, 99%), 4,5-imidazole dicarboxylic acid
(IDA), phosphoric acid (PA, H;PO,), and 1-methy-
2-pyrrolidinone (NMP) were purchased from Aldrich.
Methanol and dimethyl sulfoxide (DMSO) were pur-
chased from J. T. Baker. All solvents and chemicals

were regent grade and were used as received.
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Table 1. Concentrations of PHEA, IDA, and PA in PVC-
g-PHEA/IDA/PA membranes

Mole ratio of added [PHEA]:[IDA]:[PA]

Membrl 3:1:1
Membr2 3:2:2
Membr3 3:3:3
Membrd 3:4:4

2.2. Synthesis of PVC-g-PHEA Comb-like Co-
polymer

5.0 g of PVC was dissolved in 100 mL NMP in a
round flask at 80°C. After making a homogeneous pol-
ymer solution, 15.0 g of HEA, 0.4 g of CuCl and 1.0
mL of HMTETA were successively added and the re-
action flask was sealed with a rubber septum. After N,
purging for 30 min, the reaction vessel was immersed
in an oil bath at 70°C. The reaction was allowed to
proceed for 24 h. After polymerization, the resultant
polymer solution was diluted with NMP. After passing
the solution through a column with activated ALO; to
remove the catalyst, the polymer solution was pre-
cipitated into methanol. The polymer was purified by
redissolving in DMSO and reprecipitating in methanol.
Finally, the polymer was dried in a vacuum oven over-
night at room temperature.

2.3. Preparation of PVC-g-PHEA/IDA/PA Mem-
branes
I g of PVC-g-PHEA graft copolymer was dissolved
in DMSO at 5 wt%. Varying amounts of IDA and PA
were added to PVC-g-PHEA solutions, as shown in
Table 1. Each polymer solution was cast into a Petri
dish and dried in an oven at 80°C for 24 h and 100°C
for 24 h. Finally, the membranes were crosslinked at
130°C for 3 h.

2.4. Proton Conductivity

A four-point probe method was used to measure the
proton conductivity of the membranes using a home
made conductivity cell, as illustrated in our recent pa-
per [20]. The impedances of the samples were de-
termined using an AC impedance analyzer (IM6e,
ZAHNER, Germany). The impedance analyzer was op-
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erated in galvanostatic mode with an AC current am-
plitude of 0.1 mA over a frequency range of 1 MHz
to 1 Hz using the Nyquist method. Proton conductivity
was obtained as follows:

L
7S M

g =

where & is the proton conductivity (in S/cm), and L is
the distance (in cm) between the electrodes used to
measure the potential. R is the impedance of the elec-
trolyte (in (J) and S is the surface area for ions to pen-
etrate the electrolyte (in em?). The impedance of each
sample was measured five-times to ensure good data
reproducibility. All the measurements in this experi-
ment were carried out under anhydrous conditions
(relative humidity < 20%). The average estimated error
was = 5%.

2.5. Characterization of Membranes

FT-IR spectra of the materials were collected using
an Excalibur Series FT-IR (DIGLAB Co.) instrument in
the frequency range of 4,000 to 400 cm’ in attenuated
total reflection (ATR) mode. Tensile evaluation was
performed with a universal testing machine (UTM,
LR10KPlus Series) at a speed of 5 mm/min. All the
measurements in the UTM experiment were carried out
at 23°C and 50% RH. All the films were rectangular
with a length of 2 cm and a width of 0.7 cm. The
average thickness of the films was approximately 80
pum. The thermal properties of the membranes were de-
termined by thermal gravimetric analysis (TGA, Mettler
Toledo TGA/SDTA 85le, Columbus, OH). TGA meas-
urements were performed under a nitrogen atmosphere
at a rate of 20°C/min. The degradation of the mem-
branes was measured using the weight loss percentage
that occurred during the heating process.

3. Results and Discussion

3.1. Synthesis of PVC-g-PHEA Graft Copolymer
The reaction scheme for the synthesis of the PVC
comb-like copolymer via ATRP is illustrated in Scheme
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Scheme 1. Graft copolymerization of PHEA from PVC
via ATRP.
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Fig. 1. FT-IR spectra of pristine PVC and PVC-g-PHEA
graft copolymer.

1. As shown, the secondary chlorine atoms in PVC
were directly initiated to produce graft copolymerization
of PHEA from PVC backbones. Graft polymerization
was carried out at 70°C for 24 h. This condition was
not stringent compared to the cases of cationic and
anionic polymerization {21]. As a result, the amphi-
philic comb-like copolymer consisting of hydrophobic
PVC main chains and hydrophilic crosslinkable PHEA
side chains were synthesized. The amphiphilic PVC-g-
PHEA graft copolymer is expected to molecularly self-
assemble into continuous nanophase domains of semi-
crystalline PVC interweaved with hydrophilic domains
of PHEA brush-like layers [22].

Fig. 1 shows the FT-IR spectra of pristine PVC and a
graft copolymer of PVC with PHEA. Compared to the

Membrane J. Vol. 19, No. 2, 2009
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PVC-g-PHEA/IDA/PA membrane

Scheme 2. Schematic procedure for the preparation of
crosslinked PVC-g-PHEA/IDA/PA membranes.

pristine polymer, the PVC-g-PHEA graft copolymer ex-
hibited strong absorption bands at 1,728 and 1,167 cm’.
These bands are assigned to the stretching vibrations of
C=0 and C-O of PHEA, respectively. A broad absorp-
tion band at 3,434 cm’ was also observed, attributable
to the -OH groups of PHEA. The stretching band of C=
C in HEA at around 1,637 c¢m’ was not observed in
the PVC-g-PHEA graft copolymer, indicating the suc-
cessful graft copolymerization of PHEA from secondary
chlorine atoms on the PVC backbone via ATRP.

3.2. Preparation of Anhydrous Membranes

Scheme 2 shows the procedure for preparation of the
crosslinked membranes consisting of PVC-g-PHEA graft
copolymer, IDA and PA (H3;PO4). The graft copolymer
is expected to be crosslinked with IDA via the ester-
ification of the -OH groups of PHEA and the -COOH
groups of IDA at high temperatures, e.g. 130°C. Upon
doping the membranes with PA, the complexes of imi-
dazole-PA are formed. As shown in Table 1, the mole
ratio of added [PHEA]:[IDA]:[PA] was changed from
3:1:1 to 3:4:4. The mole ratio of IDA to PA was al-
ways fixed at unity. Then, the mole ratio of the -OH
groups of the PHEA units to the -COOH groups of
IDA was varied to investigate the effect of IDA and
PA concentrations.

The FT-IR spectra of PVC-g-PHEA and PVC-g-
PHEA/IDA/PA membrane after crosslinking at 130°C
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Fig. 2. FT-IR spectra of PVC-g-PHEA and PVC-g-PHEA/
IDA/PA crosslinked membranes.

for 3 h are presented in Fig. 2. The membrane sample
with a mole ratio of added [PHEA]:[TDA]:[PA] = 3:2:2
was used. The PVC-g-PHEA graft copolymer exhibited
strong absorption at 1,728 cm’, assigned to the car-
bonyl (-C=0) stretching vibration of PHEA. Upon in-
troduction of IDA/PA and crosslinking, the peak at
1,728 cm’ shifted to the wavenumber at 1,715 em’.
This peak shift clearly shows that the PVC-g-PHEA
graft copolymer is crosslinked with IDA via the ester-
ification of the -OH groups of PHEA and the -COOH
groups of IDA [18,19]. The crosslinked PVC-g-PHEA/
IDA/PA membrane also exhibited absorption bands at
3,174 and 2,786 cm’, assigned to -NH and hydrogen
bonded -OH groups in the membranes [23,24]. Charac-
teristic peaks of imidazole groups were also observed
at 1,583 and 1,530 cm’ [24].

3.83. Conductivity, Mechanical and Thermal Pro-
perties
The proton conductivities of PVC-g-PHEA/IDA/PA

membranes with different IDA/PA compositions are
presented in Fig. 3 as a function of inverse tem-
perature. All the membranes exhibited the increase of
the proton conductivities with the elevation of tem-
perature. It is because elevated temperatures favor both
the dynamics of proton transport and the structural re-
organization of polymeric chains, leading to the in-
crease of proton conductivity at high temperatures. The
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Fig. 3. Temperature dependent proton conductivities of
PVC-g-PHEA/IDA/PA membranes with different IDA/PA
contents.

temperature dependence of proton conductivity in cross-
linked PVC-g-PHEA/IDA/PA membranes fits well with
theArrhenius equation. It was found that the higher PA
concentration in the membranes, the higher the proton
conductivity obtained. As a result, the PVC-g- PHEA/
IDA/PAmembrane with [PHEA][IDA]:[PA] = 3:4:4
exhibited the maximum conductivity of 0.011 S/em at
100°C, which is to some degree lower than that of
Nafion 117 (0.03 S/cm) at the same experimental
conditions. .

Tensile evaluation was performed on the membranes
using UTM at a speed of 5 mm/min. Tensile strength
at break (MPa), elongation at break (%) and Young’s
modulus (MPa) for the PVC-g-PHEA/IDA/PA mem-
branes with different IDA/PA contents are summarized
in Table 2. All the mechanical properties of mem-
branes were enhanced with increasing IDA/PA concen-
trations due to both the effective crosslinking of the
membranes and the formation of imidazole-PA com-
plexes. Interestingly, both the tensile strength at break
and the elongation at break were increased simul-
taneously. This can be explained by the fact thatthe in-
troduction of IDA leads to effective crosslinking in the
membranes and PA makes the membranes more fle-
xible. The maximum mechanical properties were ob-
tained at 3:4:4, ie. tensile strength at break of 71.3
MPa, elongation at break of 25.6%, and Young’s mod-

Table 2. Tensile Strength, Elongation, and Young’s Modu-
lus for PYC-g-PHEA/IDA/PA Membranes

Tensile strength  Elongation Young’s
at break (MPa) at break (%) modulus (MPa)

Membrl 10.1 9.7 105
Membr2 215 11.7 209
Membr3 46.8 193 280
Membr4 713 25.6 575

ulus of 575 MPa.

The thermal stabilities of PVC-g-PHEA/IDA/PA mem-
branes were investigated using TGA and presented in
Fig. 4. The small weight loss of the PVC-g-PHEA/
IDA/PA membrane below 150°C is mainly due to the
loss of water adsorbed because of the hygroscopic na-
ture of the membrane. Upon introduction of IDA/PA
and crosslinking, the residual amounts of membranes
increased, representing that the crosslinked structure of
the membranes and the formation of IDA-PAcomplexes
enhance the thermal properties of the polymer electro-
Iyte membranes. The PVC-g-PHEA/IDA/PA crosslinked
membranes exhibited thermal stability up to 200°C.

4. Conclusions

In this work, anhydrous proton conducting cross-
linked PVC graft copolymer electrolyte membranes
weresynthesized using a one-pot ATRP process and a
crosslinking reaction. A PVC backbone was directly
used as a macroinitiator for the synthesis of the PVC-
g-PHEA comb-like copolymer. FT-IR spectroscopy
confirms 1) the success of the “grafting from” method
using ATRP, and 2) crosslinking reaction and complex
formation in the membranes. The proton conductivities
of PVC-g-PHEA/IDA/PA membranes increased with
increasing temperature and increasing contents of
IDA/PA in the membranes. A maximum proton con-
ductivity of 0.011 S/cm was observed at 100°C under
anhydrous conditions. The characterization of the mem-
branes by UTM and TGA demonstrated their good me-
chanical properties with up to 575 MPa of Young’s
modulus and thermal stability up to 200°C.

Menbrane J. Vol. 19, No. 2, 2009
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Fig. 4. TGA data for pristine PVC, PVC-g-PHEA graft
copolymer and PVC-g-PHEA/IDA/PA membranes.
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