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ABSTRACT: The graft copolymer poly(butoxymethy-
lene norbornene-co-norbornenemethylene bromoisobutyr-
ylate) [P(BN/NB)]-graft-poly(hydroxyethyl methacrylate)
(PHEMA) was synthesized by the atom transfer radical
polymerization of 2-hydroxyethyl methacrylate from a co-
polymer prepared by two functional norbornene mono-
mers via a vinyl addition mechanism. The graft
copolymer P(BN/NB)-g-PHEMA was further crosslinked
with 4,5-imidazole dicarboxylic acid (IDA) and then
doped with phosphoric acid (H3PO4) to form imidazole–
H3PO4 complexes. The results show that the polynorbor-
nene backbone and crosslinked micromorphology pro-
duced low methanol permeability in the membranes

(from 1.5 � 10�7 to 3.8 � 10�6 cm2/s) and endowed the
membranes with good mechanical properties (with elastic
modulus values of 692.7 to 159.7 MPa, elongation at
break values from 2.7 to 22.7%, and tensile strength at
break values from 14.4 to 5.5 MPa) and excellent thermal
stability (up to 280�C). Furthermore, the proton conduc-
tivities of the membranes increased with increasing tem-
perature and increasing content of IDA/H3PO4 in the
membranes. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
121: 1166–1175, 2011
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INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFC)
are potentially one of the best candidates for the
replacement of conventional internal combustion
engines in automobiles, stationary power, and bat-
teries in portable electronic devices because of their
high energy efficiency and environmental friendli-
ness.1 Among various PEMFCs, direct methanol
fuel cells (DMFCs) are suited for portable devices
or transportation applications because of their high
energy density at low operating temperatures and
their ease in handling liquid fuel.2,3 One of the
most crucial elements of DMFCs is the polymer
electrolyte membrane (PEM) layer, across which
protons are transported. Criteria for practical PEMs
are chemical stability, good electrode adhesion

properties, high proton conductivity, and low meth-
anol permeability.4

PEMFCs commonly use Nafion perfluorinated sul-
fonic acid membrane as the representative because
Nation series exhibit excellent thermal, mechanical,
and electrochemical properties along with a reasona-
ble cell performance.5 However, the Nafion series
also has some significant drawbacks, including a
high cost and considerable methanol crossover when
it is used in DMFCs; these result in a decreased effi-
ciency. Thus, many materials, including modified
sulfonated Nafion, sulfonated polyimide, sulfonated
poly(ether ketone)s, sulfonated poly(arlyene ether
sulfone), and sulfonated polybenzimidazole, have
been developed for this purpose and have shown
some degree of success,.6–9 For the sulfonated poly-
mer membrane, the higher the sulfonation degree is,
the higher the proton conductivity is, but with the
high sulfonation degree, the membrane ion exchange
capacity is too high; this increases the water uptake
and methanol permeability and reduces the perform-
ance of DMFCs. Hence, there is a need to develop a
membrane material that can deliver a high proton
conductivity combined with a low methanol
permeability.
The morphology of the membrane is very impor-

tant for proton conductivity, and a microphase-sep-
arated morphology may favor the easiest transport
of protons in the membranes.10 The methanol
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permeability is often attributed to the membrane
microstructures;11,12 one promising approach is to
introduce new designs that differ from the existing
ones at a fundamental molecular chemistry
level,13,14 and crosslinking is becoming an effective
way of improving the overall performance of the
film in the preparation of proton-exchange mem-
branes.15–24

Polynorbornene materials continue to be of inter-
est for gas transport and ionic transport applications
because of their high thermal stability, good me-
chanical properties, and excellent resistance to
plasma etching. Several sulfonated polynorbornene
derivatives with high proton conductivities used as
PEMs have been synthesized by ring-opening
methathesis polymerization, followed by the treat-
ment of sulfonating agents of acetyl sulfate or
hydrogeneration of the main chains.25–27 Compared
to ring-opening methathesis polymerization of nor-
bornene, the vinyl addition polymerization of nor-
bornene yields a polynorbornene with better proper-
ties and higher performance. In particular, the low
methanol permeability of the vinyl-addition-type
polynorbornene has also evoked people’s interest in
its application in DMFCs. However, vinyl-type poly-
norbornene has rarely been reported in the PEM
field to this point.

With the aim of reducing methanol crossover,
obtaining a good proton conductivity, and improv-
ing the mechanical properties, in this study, we
examined on a novel crosslinked functional polynor-
bornene graft copolymer proton conducting
membrane: poly(butoxymethylene norbornene-co-
norbornenemethylene bromoisobutyrylate) [P(BN/
NB)]-g-poly(hydroxyethyl methacrylate) (PHEMA)/
4,5-imidazole dicarboxylic acid (IDA)/phosphoric
acid (H3PO4). The approach was based on the poly-
merization of the functional norbornene by a vinyl
addition mechanism with bis(b-ketonaphthylamine)
nickel(II) as a catalyst. We then grafted the product
with PHEMA via atom transfer radical polymeriza-
tion (ATRP) using 2-bromoisobutyryl bromide
(BIBB) units as the macroinitiator.28 ATRP has
emerged as a robust tool for the preparation of poly-
mers with well-defined molecular weights, architec-
tures, and chain-end functionalities29–32 and has
been successfully used for the polymerization of a
variety of acrylate and methacrylate monomers, such
as methyl acrylate,33,34 n-butyl acrylate,35,36 and
methyl methacrylate37 and the functional monomer
2-hydroxyethyl acrylate38,39 and its methacrylate
analogue 2-hydroxyethyl methacrylate (HEMA).40

Therefore, by ATRP, a copolymer with excellent
properties was obtained, and a microphase-sepa-
rated system with the hydrophobic domains of the
P(BN/NB) main chains and the hydrophilic PHEMA
side chains was also formed; this favored proton

conductivity. The membranes were further cross-
linked with IDA by the esterification of the AOH
groups of PHEMA and the ACOOH groups of
IDA41,42 and then doped with H3PO4 to form imid-
azole–H3PO4 complexes. The generated crosslinks in
the membrane offered important benefits, including
reduced methanol crossover, good mechanical prop-
erties, and excellent thermal stability. The effects of
structural variations on the properties of the cross-
linked grafted copolymer membranes were studied,
and the methanol permeability and the proton con-
ductivity of the new membranes were also given
special attention.

EXPERIMENTAL

Materials

5-Norbornene–2-methanol (86.4% endo, 13.7% exo)
Chongqing Hi-Tech Chemical Co., Ltd., 98%,
(Chongqing, China) was used as obtained from the
manufacturer. The catalyst bis(b-ketonaphthylamino)
nickel(II), was synthesized according to the method
reported in our previous article.43 Tris(pentafluoro-
phenyl)borane [B(C6F5)3, 95%] was purchased from
J & K (Beijing, China). 1,1,4,7,10,10-Hexamethyltrie-
thylenetetramine (HMTETA) was provided by
Aldrich (Shanghai, China). Acetic anhydride was
used without further purification. HEMA (96%), IDA,
and sodium hydride (NaH; 60%) were provided by
Aladdin (Shanghai, China). Copper(I) bromide (CuBr)
and BIBB (97%) were pursued from Alfa Aesar (Tian-
jin, China). 1-Methyl-2-pyrrolidinone, sodium (Na),
and hydrochloric acid (HCl) were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China).

Synthesis of norbornene–2-methyl
acetate (NA)

A 250-mL, three-necked flask equipped with a gas
inlet (for N2), condenser, and dropping funnel was
charged with 6.0 mL (0.05 mol) of 5-norbornene–2-
methanol (86.4% endo, 13.7% exo) and 100 mL of
pyridine. At 20�C, 4.8 mL (0.05 mol) of acetic anhy-
dride was added dropwise over a period of 1 h. The
mixture was heated to reflux for 3 h and poured into
ice water after it was cooled to room temperature.
The crude product was extracted with diethyl ether
and washed, first with a 10% aqueous HCl solution
and then with an aqueous sodium carbonate solu-
tion. The organic fraction was dried over anhydrous
sodium sulfate and distilled under reduced pressure.
Yield ¼ 7.7 g (92.8%) of the product. 1H-NMR

(CDCl3, d): 6.07 (m, 2H), 4.13 (d, 1H), 3.94 (d, 1H),
2.82 (m, 1H), 2.68 (m, 1H), 2.05 (s, 3H), 1.69 (m, 1H),
1.31 (m, 2H), 1.27 (m, 1H), 1.13 (d, 1H).
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Synthesis of 2-butoxymethylene norbornene (BN)

A 250-mL glass reactor was loaded with 4.8 g (0.2
mol) of NaH and 100 mL of tetrahydrofuran (THF),
and then, 6 mL (0.05 mol) of 5-norbornene–2-metha-
nol (86.4% endo, 13.7% exo) was added under stirring
at room temperature and refluxed for 2 h. Then, 11
mL (0.1 mol) of bromobutane was added dropwise.
We continued to stir the reaction mixture for 24 h at
room temperature. After the mixture was washed
with deionized water, the organic layer was separated
and dried with magnesium sulfate and concentrated
by rotary evaporation. The product was purified by
column chromatography [SiO2 with an eluent of
petroleum ether–ethyl acetate (4/1 v/v)] and distilled
at reduced pressure.

Yield ¼ 7.83 g (87%). 1H-NMR (CDCl3, d): 6.15–
5.90 (m, 2H, CH¼¼CH), 3.8–3.2 (m, 4H,
ACH2AOACH2A), 3.06–0.82 (m, 7H, norbornene–
7H), 1.11 (t, 3H, ACH3).

All of the monomers were dried over CaH2 and
vacuum-distilled before polymerization.

Synthesis of poly(butoxymethylene
norbornene-co-norbornene methyl acetate)
[P(BN/NA)]

The copolymerization of BN and NA (molar ratio ¼
9 : 1) was carried out in a 100-mL, two-necked,
round-bottom flask with a magnetic stirring bar and
sufficiently purged with nitrogen with a homogene-
ous bis(b-ketonaphthylamino) nickel(II) catalyst and
with B(C6F5)3 as a cocatalyst. The appropriate
B(C6F5)3 solid, anhydrous toluene, 5-NB–2-MeOBu,
and 5-NB–2-MeOCOMe were added sequentially to
the reactor, and the copolymerization was conducted
at 60�C for 6 h. We terminated the polymerization by
venting off excess catalyst and adding 5% HCl/EtOH
(v/v). The resulting copolymer {weight-average
molecular weight (Mw) ¼ 1.2 � 105 g/mol, molecular
weight distribution [MWD; Mw/number-average
molecular weight (Mn)] ¼ 2.21} was separated off,
washed with fresh methanol, and dried in vacuo at
40�C until the weight remained constant. The total
volume of the liquid phase was kept to 10 mL.

Synthesis of poly(butoxymethylene
norbornene-co-norbornene methanol)
[P(BN/NOH)]

The counted P(BN/NA) was dissolved in 40 mL of
THF/EtOH (5/1 in v/v); then, 10 mL of an NaOH
(5 mol/L) solution was added to the refluxing solu-
tion dropwise over a period of 1 h and was then
refluxed for 24 h. The organic layer was separated
and precipitated into 5% HCl/MeOH (v/v). The
resulting polymer, PBN/NOH [Mw ¼ 1.0 � 105 g/
mol, MWD (Mw/Mn) ¼ 1.85], was separated off,

washed with fresh methanol and deionized water,
and then dried in vacuo at 40�C until the weight
remained constant. The P(BN/NA) and the P(BN/
NOH) were dissolved well in common organic sol-
vents, such as THF, chloroform (CHCl3), toluene,
chlorobenzene, and cyclohexane.

Synthesis of P(BN/NB)

After N2 purging for 30 min, the reaction vessel was
immersed in an ice water bath. P(BN/NOH) (0.6 g)
was dissolved in 100 mL of THF in a round flask.
After a homogeneous polymer solution was
obtained, 0.4 mL of BIBB and 0.05 mL of pyridine
were successively added, and the reaction flask was
sealed with a rubber septum. The reaction was
allowed to proceed for 24 h. After the reaction, the
product solution was precipitated into methanol.
The polymer was purified by redissolution in THF
and reprecipitation in methanol and washed with
fresh methanol and deionized water. Finally, P(BN/
NB) [Mw ¼ 1.2 � 105 g/mol, MWD (Mw/Mn) ¼ 2.18]
was dried in a vacuum oven overnight 40�C until
the weight remained constant at room temperature.

Synthesis of P(BN/NB)-g-PHEMA graft copolymer

After N2 purging for 30 min, the reaction vessel was
immersed in an oil bath at 25�C. P(BN/NB) (0.3 g)
was dissolved in 10 mL of THF in a round flask. Af-
ter a homogeneous polymer solution was obtained,
0.2 mL of HEMA, 0.014 g of CuBr, and 0.05 mL of
HMTETA were successively added, and the reaction
flask was sealed with a rubber septum. The reaction
was allowed to proceed for 6 h. After polymeriza-
tion, the resulting polymer solution was diluted
with THF. After the solution was passed through a
column with activated Al2O3 to remove the catalyst,
the polymer solution was precipitated into methanol.
The polymer was purified by redissolution in THF
and reprecipitation in methanol. Finally, P(BN/NB)-
g-PHEMA [Mw ¼ 1.5 � 105 g/mol, MWD (Mw/Mn)
¼ 2.29] was dried in a vacuum oven overnight at
room temperature.

Preparation of the P(BN/NB)-g-PHEMA/IDA/
H3PO4 membranes

The P(BN/NB)-g-PHEMA graft copolymer (0.16 g)
was dissolved in THF at 8 wt %. Various amounts of
IDA and H3PO4 were added to the P(BN/NB)-g-
PHEMA solutions, as shown in Table I. Each poly-
mer solution was cast into a Petri dish after enough
ultrasonic dispersion and then dried in an oven at
room temperature for 24 h and 80�C for 3 h. Finally,
the membranes were crosslinked at 120�C for 3 h.24
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Water uptake and dimensional change

The membrane was dried at 80�C in vacuo overnight
until a constant weight as dry material was
obtained. It was immersed into deionized water at
room temperature for 48 h. Then, the membranes
were taken out, wiped with tissue paper, and
quickly weighed on a microbalance. The water
uptake and dimensional changes of the membranes
were calculated with the following equations:

Wateruptake %ð Þ ¼ Ws �Wdð Þ=Wd � 100% (1)

Dgr;Tc %ð Þ ¼ Ts � Tdð Þ=Td � 100% (2)

Dgr; Lc %ð Þ ¼ Ls � Ldð Þ=Ld � 100% (3)

where Wd and Ws are the weights of the dried and
wet membranes, respectively; Ts, Td, Ls, and Ld are
the thicknesses and lengths of the wet and dried
membranes, respectively; and DTc and DLc are the
changes in the thickness and length of the mem-
branes, respectively. The water uptake and dimen-
sional changes of the samples were estimated from
the average value of at least three measurements for
each membrane.

Proton conductivity

The proton conductivities of the membranes at differ-
ent temperatures were evaluated with three-electrode
electrochemical impedance spectra. The impedance
measurements were carried out on a CHI660C electro-
chemical workstation CH Instruments (Austin, Texas,
USA) coupled with a computer. A polytetrafluoroeth-
ylene diffusion cell composed of two symmetrical
chambers was divided by a membrane sample. The
cells were filled with an electrolyte composed of
sulfuric acid (0.5M). The two platinum wires used as
a working electrode and counter electrode and an
Ag/AgCl electrode functionalized as the reference
electrode were introduced into the electrolyte solu-
tion. The impedance spectra were recorded with the
help of ZPlot/ZView software (CH Instruments, Aus-
tin, Texas, USA) under an alternating-current pertur-
bation signal of 10 mV over the frequency range 0.1

MHz to 1 Hz. The electrical resistance of the system
(without the membrane divided) was measured as R1,
and the electrical resistance of the system (with the
membrane divided) was measured as R2. The electri-
cal resistance of membrane under various tempera-
tures (30–80�C) at 100% humidity was obtained as the
dispersion of R2 and R1. The proton conductivity of
the membrane was calculated with the following
equation:

d ¼ I= RAð Þ (4)

where d, I, R, and A represent the proton conductiv-
ity, thickness of the membrane, resistance of the
membrane, and cross-sectional area of the mem-
brane, respectively.

Methanol permeability

An organic glass diffusion cell was used to obtain
the methanol permeability of the membranes. The
diffusion cell was composed of two chambers di-
vided by a membrane sample. One chamber of the
cell was filled with a 1M (C1) methanol solution in
deionized water. The other chamber was filled with
deionized water. A sample (effective area ¼ 0.385
cm2) was clamped between the two chambers. Both
compartments were stirred by a magnetic follower
during the experiment. The concentration of metha-
nol in solution D was estimated with a differential
refractometer WellChrom K-2401) (KNAUER, Wis-
senschaftliche Gerätebau Dr. Ing. Herbert Knauer
GmbH (Berlin, Germany). The refractometer was
highly sensitive to methanol, which could be meas-
ured continuously during the test. The methanol
permeability was calculated from the slope (S) of the
straight-line plot of the methanol concentration ver-
sus time. The measurement temperature was room
temperature. The membrane permeability (P) was
calculated with the following equation:

P ¼ SV2l=AC1 (5)

where A (cm2) is the membrane area, l (cm) is the
membrane thickness, C1 is the methanol concentra-
tion, and V2 is the volume of deionized water.

Characterization of membranes

Fourier transform infrared (FTIR) spectrum spectros-
copy was measured on a Shimadzu (Tokyo, Japan)
IRPrestige-21 FTIR spectrophotometer. The NMR
spectra were collected on a Bruker (Rheinstetten,
Germany) ARX 600 NMR spectrometer with deuter-
ated CHCl3 as the solvent and with tetramethylsi-
lane (d ¼ 0) as the internal standard. Transmission
electron microscopy (TEM) images were obtained

TABLE I
Concentrations of PHEMA, IDA, and H3PO4 in the

P(BN/NB)-g-PHEMA/IDA/H3PO4 Membranes

Added [PHEMA] :
[IDA] : [H3PO4]

molar ratio

P(BN/NB)-g-PHEMA 3 : 0 : 0
P(BN/NB)-g-PHEMA311 3 : 1 : 1
P(BN/NB)-g-PHEMA322 3 : 2 : 2
P(BN/NB)-g-PHEMA333 3 : 3 : 3
P(BN/NB)-g-PHEMA344 3 : 4 : 4

POLYNORBORNENE GRAFT COPOLYMER MEMBRANES 1169

Journal of Applied Polymer Science DOI 10.1002/app



with a JEOL (Tokyo, Japan) JEM-2010(HR) micro-
scope operated at 200 kV. For the TEM analysis, the
polymer sample was dissolved in 1 wt % THF, and
samples were prepared by the deposition of a drop
of this solution onto standard carbon-coated TEM
grids; this allowed the grids to dry without further
staining. The wide-angle X-ray diffraction (WAXD)
study of the samples was carried out on a Bruker
D8 Focus X-ray diffractometer, operating at 40 kV
and 40 mA with a copper target (l ¼ 1.54 Å) and at
a scanning rate of 2�/min. The tensile strength,
elongation at break, and elastic modulus were meas-
ured with an CMT8502 machine model GD203A
ShenZhen Sans Testing Machine Co., Ltd., China
(Shenzhen, China) at a speed of 5 mm/min. Ther-
mogravimetric analysis (TGA) was performed in a
nitrogen atmosphere from room temperature to
600�C at a rate of 20�C/min. The degradation of the
membranes were measured with the percentage of
the weight loss that occurred during the heating pro-
cess. Gel permeation chromatography (GPC), so-
called size-exclusion chromatography analysis, was
conducted with a Breeze Waters system equipped
with a Rheodyne injector, a 1515 Isocratic pump,
and a Waters (Milford, Massachusetts, USA) 2414
differential refractometer with polystyrene as the
standard and CHCl3 as the eluent at a flow rate of
1.0 mL/min and 40�C through a Styragel column
set, Styragel HT3 and HT4 (19 � 300 mm2, 103 þ
104Å) to separate the molecular weights, which
ranged from 102 to 106. The instrument was cali-
brated with monodisperse polystyrene standards.

RESULTS AND DISCUSSION

Synthesis of the P(BN/NB)-g-PHEMA graft
copolymer

The reaction scheme for the synthesis of the P(BN/
NB)-g-PHEMA copolymer via ATRP is illustrated in
Scheme 1.28

Vinyl-type polynorbornene does not usually dis-
solve in common organic solvents, such as chloro-
benzene, CHCl3, and THF. To increase the solubility
of polynorbornene, it is necessary to polymerize
functional norbornene monomers.44 In view of this,
we designed the norbornene ester derivative (NA)
and norbornene ether derivative (BN) by introducing
a flexible alkyl side chain into the rigid norbornene
backbone via ester or ether linkages. The copolymer-
ization of NA and BN drastically improved the solu-
bility of the resulting copolymers, especially the co-
polymer containing 90 mol % BN units, and it
readily dissolved in THF, methyl-2-pyrrolidinone,
CHCl3, and so on.
As we all know, Ni(II)-based catalysts are of par-

ticular interest because they provide polynorbor-
nene (PNB), which has excellent processability.45

For this reason, the vinyl addition polymerization
of the two functional norbornene monomers used
homogeneous bis(b-ketonaphthylamino) nickel(II) as
a catalyst and B(C6F5)3 as a cocatalyst. After the de-
esterification of the copolymer, bromide functional
groups were introduced into the copolymer P(BN/
NB) to obtain the macroinitiator of ATRP for the
next step via the reaction of P(BN/NOH) with
BIBB. Then, Br atoms directly initiated the graft
copolymerization of PHEMA from the P(BN/NB)
backbones. The graft polymerization was carried
out at 25�C for 6 h; the experimental conditions for
ATRP were not stringent compared to those in cati-
onic and anionic polymerization.46 As a result, the
amphiphilic comblike copolymer was composed of
hydrophobic P(BN/NB) main chains and hydro-
philic PHEMA side chains. The successfully synthe-
sized P(BN/NA), P(BN/NOH), P(BN/NB), and
P(BN/NB)-g-PHEMA copolymers were confirmed
by 1H-NMR and FTIR spectroscopy.
In the 1H-NMR spectra (Fig. 1), all of the copoly-

mers exhibited the proton signals of the norbornene
skeleton at 0.7–1.7 ppm,47 norborneneACH2A
OCH2A in the BN units at 3.2–3.4 ppm, and
norborneneACH2AOA in the NA units at 3.7 ppm.
Comparing the 1H-NMR spectrum of P(BN/NA)
with that of P(BN/NOH), we observed that the
peaks at 2.0 ppm, corresponding to AOOCACH3, in
the spectrum of P(BN/NA) disappeared in that of
P(BN/NOH) when the ester groups were converted
to hydroxyls. This demonstrated that the de-esterifi-
cation of P(BN/NA) was complete. In the 1H-NMR
spectrum of P(BN/NB)-g-PHEMA, the grafting of
PHEMA to the copolymer produced peaks in the
regions of 4.2, 3.9, and 3.7 ppm associated with
the proton signals of PHEMA; this indicated that the
PHEMA was successfully grafted by ATRP. The key
resonance peaks were assigned to the appropriate
protons, as marked in Figure 1. The composition of
the graft copolymer was determined from the

Scheme 1 Illustration of the procedures for the synthesis
of P(BN/NB)-g-PHEMA.
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integral ratio of the signals originating from the
P(BN/NB) main chains and the PHEMA side chains.
As a result, the graft copolymer had a composition
of 89 : 11 wt % of P(BN/NB) to PHEMA.

To confirm the chemical structure of the polymers,
we collected the FTIR spectra, which are shown in
Figure 2. In comparison with that of P(BN/NA), in
the spectrum of P(BN/NOH) appeared absorption
bands at 3480 cm�1 attributed to hydroxyl groups;
these indicated that the ester was hydrolyzed and
converted successfully to hydroxyl groups. The phe-
nomenon was repeated when P(BN/NB) was grafted
with PHEMA, and the copolymer P(BN/NB)-g-
PHEMA was generated. Thus, the FTIR analyses
and 1H-NMR spectra demonstrated that the molecu-
lar structure of the grafted copolymer was the
expected product.

The morphology of the membranes of polymer
architecture plays an important role in their proper-
ties, such as proton conductivity, methanol crossover,
and water content, and the microphase separation is
favorable. TEM analysis was carried out to character-
ize the morphology of the graft copolymer. Figure 3
presents a TEM image of the synthesized unstained
P(BN/NB)-g-PHEMA graft copolymer. The difference

in the electron densities between P(BN/NB) and
PHEMA was sufficiently large enough to provide dis-
tinguishable image contrast between the two
domains. The micrographs provided direct evidence
of biphasic morphology for the polymer membranes.
Dark regions represent the hydrophobic domains of
the P(BN/NB) main chains, the lighter regions repre-
sent the hydrophilic PHEMA side chains, and the big
white domains resulted from the evaporated solvents.
Hence, the microphase separation structure was
obvious.
WAXD is widely used as a powerful tool for

investigating the degree of crystallinity of a poly-
mer and the structural changes in proton conduct-
ing membranes.48–51 The WAXD patterns for the
P(BN/NB) and P(BN/NB)-g-PHEMA grafted copol-
ymer membrane are shown in Figure 4, where the
intensity of the X-ray scattering is plotted against
the diffraction angle. Two broad halos at 2y values
of 6.7 and 19.1 were observed in both WAXD pat-
terns of the copolymers. The amorphous unsubsti-
tuted polynorbornene homopolymer showed two
halos at a similar position, and the ester groups
substitution decreased the packing density of the
polymer.45 The occurrence of two halos, therefore,

Figure 1 1H-NMR spectra of the copolymers.
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revealed that the copolymers were noncrystalline.
Compared to P(BN/NB), the intensity of the peak
at 19.1� was enhanced in the P(BN/NB)-g-PHEMA
membrane; this presumably resulted from the graft-
ing of PHEMA from the functional P(BN/NB)
backbones.

Preparation of P(BN/NB)-g-PHEMA/IDA/H3PO4

Scheme 2 illustrates the synthesis procedure for
the crosslinked P(BN/NB)-g-PHEMA/IDA/H3PO4

membranes. Through this method, the graft copoly-
mer was crosslinked with IDA via the esterification
of the AOH groups of PHEMA and the ACOOH
groups of IDA, and imidazole–H3PO4 complexes
were also formed when the membranes were doped

with H3PO4. The added [PHEMA] : [IDA] : [H3PO4]
molar ratio of changed from 3 : 0 : 0 to 3 : 4 : 4, as
shown in Table I. The doping of one proton from
H3PO4 onto the imidazole ring of IDA was reasona-
ble, so the molar ratio of IDA to H3PO4 was fixed at
unity,24 whereas the molar ratio of the AOH groups
of the PHEMA units to the ACOOH groups of IDA
was varied to investigate the effect of the IDA and
H3PO4 concentrations.
The FTIR spectra of the P(BN/NB)-g-PHEMA and

P(BN/NB)-g-PHEMA/IDA/H3PO4 membranes before
and after crosslinking at 120�C for 3 h are presented in
Figure 5, and the membrane sample with an added
[PHEMA] : [IDA] : [H3PO4] molar ratio of 3 : 3 : 3 was
used. Compared to the P(BN/NB)-g-PHEMA graft co-
polymer, the P(BN/NB)-g-PHEMA/IDA/H3PO4

membrane exhibited absorption bands at 3170 cm�1,
which were attributable to ANH groups in the mem-
branes.52,53 The other peaks of ANH groups in the
membrane were also shown at 1580 and 1530 cm�1.27

After it was heated at 120�C for 3 h, the membrane
showed slightly stronger absorption bands ascribed to
the CAOAC groups from 1250 to 1000 cm�1 in the fin-
gerprint region; this demonstrated that the esterifica-
tion of the AOH groups of PHEMA and the ACOOH
groups of IDA were carried out, and the membrane
was crosslinked successfully. There was no significant
spectral change in the membrane before or after ther-
mal treatment, presumably because the concentration
of unreacted IDA in the membranes was very low and
two or at least one carboxylic acid group of IDA
reacted with theAOH group of the graft copolymer.24

Proton conductivity and methanol permeability

The proton conductivity and methanol permeability
are two transport properties determining the fuel
cell performance. A low methanol permeability and
good proton conductivity are required for DMFCs.

Figure 3 TEM image of the unstained P(BN/NB)-g-
PHEMA graft copolymer with 11 wt % PHEMA.

Figure 2 FTIR spectra of copolymers: (A) P(BN/NA), (B)
P(BN/NOH), (C) P(BN/NB), and (D) P(BN/NB)-g-
PHEMA graft copolymer.

Figure 4 WAXD patterns for pristine (a) P(BN/NB) and (b)
P(BN/NB)-g-PHEMA graft copolymer with 11% PHEMA.
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Proton conductivity can vary with the experimental
approach and instruments used.54 In this study, the
proton conductivities were obtained by repeated
measurements of the same sample with changing
temperature from 30 to 80�C five times and are
shown in Table II and Figure 6. The P(BN/NB)-g-
PHEMA/IDA/H3PO4 membrane with [PHEA] :
[IDA] : [H3PO4] ¼ 3 : 4 : 4 exhibited a maximum
conductivity of 0.0043 S/cm at 80�C, at the same
order of magnitude to Nafion 115 (0.00793 S/cm).
Elevated temperatures favored both the dynamics of
proton transport and the structural reorganization of
polymeric chains and resulted in an increased pro-
ton conductivity.24 Moreover, with increasing IDA/
H3PO4 concentration in the membranes, the mem-
brane conductivity also increased because the IDA/
H3PO4 was the carrier-to-transport proton.

The methanol permeability of the P(BN/NB)-g-
PHEMA/IDA/H3PO4 crosslinked membranes was
measured at ambient temperature. The methanol per-
meability of Nafion 115 was 1.3 � 10�6 cm2/s. As
shown in Table II, the crosslinked vinyl-type polynor-
bornene structure endowed the membranes with a
low methanol permeability. Except for P(BN/NB)-g-
HEMA344, the methanol permeability of the cross-
linked membranes was mostly about one order of
magnitude lower than that of Nafion 115. However,

the methanol permeability of P(BN/NB)-g-HEMA344
slightly increased to 3.8 � 10�6 cm2/s; this was prob-
ably due to some excess IDA and H3PO4 uncros-
slinked with the PHEMA. The methanol permeability,
thus, increased as the IDA and H3PO4 content
increased. On the basis of these results, we concluded
that the incorporation of more IDA/H3PO4 improved
the proton conductivity and increased the methanol
permeability of the membranes as well.

Water uptake and mechanical and thermal
properties

Water content is a serious factor and greatly influen-
ces the proton transfer of PEMs.55,56 The water within
the membrane provides a carrier for the proton and
maintains a high proton conductivity. However, ex-
cessive water uptake in a PEM leads to an unaccept-
able dimensional change or loss of dimensional
shape; this can lead to weakness or a dimensional
mismatch when the membrane is incorporated into a
membrane electrode assembly. The value of water
uptake of the membranes were listed in Table II. The
water uptake of the crosslinked membranes increased

Figure 5 FTIR spectra of P(BN/NB)-g-PHEMA and cross-
linked membranes before and after crosslinked at 120�C
for 3 h.

Scheme 2 Procedure for the preparation of the cross-
linked membranes.

TABLE II
Properties of the P(BN/NB)-g-PHEMA/IDA/H3PO4 Membranes

Water
uptake
(�100%)

Tensile strength
at break (MPa)

Elongation at
break (%)

Elastic
modulus
(MPa)

Proton conductivity
at 80�C (�10�3; S/cm)

Methanol
permeability

at 20�C (�10�6;
cm2/s)

P(BN/NB)-g-PHEMA 0.8 16.2 3 810.5 — —
P(BN/NB)-g-PHEMA311 44.8 14.4 2.7 692.7 0.08 0.15
P(BN/NB)-g-PHEMA322 52.2 13.2 5.2 672.2 0.58 0.20
P(BN/NB)-g-PHEMA333 79.2 5.8 26.7 177.3 1.32 0.44
P(BN/NB)-g-PHEMA344 123.9 5.5 22.7 159.7 4.30 3.80
Nafion 115 33.4 — — 110.8 7.93 1.3
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continuously from 0.8 to 123.9 wt % with increasing
IDA–H3PO4 complex concentrations. This may have
been due to the fact that the introduction of H3PO4

enhanced the hydrophilicity of the graft polymer
membrane and made the membrane store more
water. However, there was almost no size change in
the crosslinked membrane before and after immersion
in deionized water for 10 days; this indicated that the
rigid backbone and the crosslinked micromorphology
led to a rigid and dense structure in the membrane.

To check the mechanical properties, tensile evalua-
tion was performed on the membranes with Univer-
sal testing machine (UTM) at a speed of 5 mm/min,
as shown in Figure 7. The tensile strength at break,
elongation at break, and elastic modulus for the
P(BN/NB)-g-PHEMA/IDA/H3PO4 membranes with
different IDA/H3PO4 contents are summarized in
Table II. All of the membranes showed good me-
chanical properties, especially the elastic moduli
(from 692.7 to 159.7 MPa), which were much higher
than that of Nafion 115 (110.8 MPa). The elongation
at break of the membranes (from 2.7 to 22.7%) was
enhanced with increasing IDA/H3PO4 concentra-
tions; this was due to effective crosslinking in the
membranes and the fact that H3PO4 made the mem-
branes more flexible. However, the tensile strength
(from 14.4 to 5.5 MPa) and elastic modulus did not
increase with the crosslinking of the membranes,
which did not match with the usual results.57 Pre-
sumably, the imperfect solubility of the IDA/H3PO4

in the grafted copolymer solution resulted in the het-
erogeneous crosslinked structure of the membrane
and the destruction of the mechanical properties.
However, the crosslinked membranes also exhibited
good mechanical properties with normal values of
proton conductivity.

Because the application of PEM is often carried
out at high temperatures, the thermal stability of the

PEM is thus of primary importance. The thermal
stabilities of the P(BN/NB)-g-PHEMA/IDA/H3PO4

membranes were investigated by TGA, as shown
in Figure 8. Thanks to the rigid polynorbornene
backbone and the crosslinked structure of the

Figure 7 Mechanical properties of P(BN/NB)-g-PHEMA/
IDA/H3PO4 membranes with different IDA/H3PO4

contents.

Figure 6 Temperature-dependent proton conductivities
of P(BN/NB)-g-PHEMA/IDA/H3PO4 membranes with
different IDA/H3PO4 contents.

Figure 8 TGA data for P(BN/NB)-g-PHEMA/IDA/
H3PO4 membranes with different IDA/H3PO4 contents: (a)
weight loss and (b) derivative weight loss.
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membranes, the P(BN/NB)-g-PHEMA membranes
exhibited excellent thermal stability, at least up to
380�C; above this temperature, they started to
decompose to around 10 wt %. All of the P(BN/
NB)-g-PHEMA/IDA/H3PO4 crosslinked membranes
did not lose weight up to 18 wt % at temperatures
as high as above 280�C. The small weight loss of all
of the samples below 100�C was mainly due to the
loss of water adsorbed in the membrane. The small
weight loss of the IDA/H3PO4-doped membranes
from 280 to 380�C was mainly due to the loss of the
crosslinking IDA and the AOH of PHEMA. The re-
sidual amounts of membranes increased as the con-
centration of IDA/H3PO4 increased; this indicated
that the thermal stability of the PEMs was enhanced
by the formation of IDA/H3PO4 complexes.24

CONCLUSIONS

A new functional vinyl-addition-type polynorbor-
nene graft copolymer membrane, P(BN/NB)-g-
PHEMA, was prepared by ATRP. A well-defined
microphase-separated structure in the comblike co-
polymer was obtained. After crosslinking with IDA/
H3PO4, the copolymer proton conducting mem-
branes had a low methanol permeability (from 1.5 �
10�7 to 3.8 � 10�6 cm2/s). The proton conductivities
of the crosslinked membranes were closed to that of
Nafion 115 and increased with increasing tempera-
ture and content of IDA/H3PO4 in the membranes.
The tensile strength at break (from 14.4 to 5.5 MPa),
elongation at break (from 2.7 to 22.7%), and elastic
modulus (from 692.7 to 159.7 MPa) for the P(BN/
NB)-g-PHEMA/IDA/H3PO4 membranes indicated
that the PEMs possessed good mechanical proper-
ties. In addition, the crosslinked membranes also
showed a high thermal decomposition temperature,
at least up to 280�C. Thus, this new type of cross-
linked membranes could satisfy the requirements of
proton-exchange membranes for DMFC applications.
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