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ABSTRACT: In this study, a series of poly(styrene-co-
vinyl phosphonic acid) [P(S-co-VPA)] copolymers were
synthesized by the free-radical copolymerization of styrene
and vinyl dimethyl phosphonate followed by alkaline hy-
drolysis. The P(S-co-VPA) copolymers were characterized
by size exclusion chromatography (gel permeation chro-
matography), Fourier transform infrared vibrational
spectroscopy, proton nuclear magnetic resonance, ther-
mogravimetric analysis, differential scanning calorimetry,
dynamic mechanical analysis, and electrochemical imped-
ance spectroscopy. Despite the difference between the
copolymerization ratios of styrene and vinyl dimethyl
phosphonate, the resulting copolymers presented single
glass transitions at temperatures that depended on the
acidic group amount. The glass transition shifted to a

higher temperature and became broader as the amount of
phosphonic acid increased. The storage modulus at temper-
atures higher than the glass transition also increased with
increasing acidic groups because of intramolecular and
intermolecular interactions. All of the acid copolymers were
thermally stable to at least 300�C. A high oxidative stability
was found for 3 : 1 P(S-co-VPA), which also presented con-
ductivity values on the order of 10�6 X�1 cm�1 at room
temperature. The 1 : 1 P(S-co-VPA) membrane presented
Arrhenius-type behavior at temperatures from 30 to 80�C
and conductivity on the order of 10�5 X�1 cm�1. VC 2010
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INTRODUCTION

Fuel cells (FCs) are devices in which the chemical
energy stored in a fuel (e.g., H2) is converted into
electrical energy; they represent a step toward a
hydrogen-based economy.1 FCs are considered one
of the best alternatives so far for both mobile and
stationary sources of energy because of their numer-
ous features, including their high conversion effi-
ciency, lower pollutant emissions, and scalability.2

FC-powered vehicles present a higher conversion ef-
ficiency than conventional (internal combustion)
engines under identical test conditions.3 Addition-
ally, gas emissions from internal combustion
engines, especially CO and NOx, are known to be
largely responsible for increasing air pollution,

whereas FCs provide water vapor as the product of
the process. However, even with the high invest-
ments in FC technology in many countries, proto-
types for FC-based vehicles still require optimiza-
tions, especially to decrease the size and weight of
the devices and to increase their power density.
Among the different FCs developed, the proton-

exchange membrane fuel cell (PEMFC) is one of the
most promising devices.4 It has been mostly
designed for small-power density applications, such
as vehicles and electronic devices.5 Most of the
PEMFCs described in the literature use commercial
proton-exchange membranes, such as Dow (Dow
Chemicals), Flemion (Asashi Glass), and Nafion
(DuPont) membranes.6 However, the characteristics
of these materials restrict the temperature range of
PEMFC operation from 50 to 125�C.7 Different stud-
ies have shown the ability of styrene copolymers
and styrene-modified polymers (e.g., sulfonated or
phosphonated styrene) in the prevention of fuel
crossover.8 The absence or decrease of crossover in
FC membranes can reduce current at the cathode
and, hence, the efficiency of the device.
Nafion is among the most used membranes in

PEMFCs and possesses good properties, such as
good conductivity and chemical stability.9 However,
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its proton mobility decreases strongly with dehydra-
tion at high temperatures because of the chemical
structure of the chain backbone.10 The relation
between the proton-conduction mechanisms and the
nanostructure of Nafion is important for guiding the
molecular architecture and nanostructure of new
polymer electrolytes.11

In proton-conductive membranes, the conductivity
is usually attributed to hydronium ion (H3O

þ) trans-
port through the hydrated solid. In some examples,
a highly hydrated channel-like structure is responsi-
ble for the ion path during the process. Considering
specific features of fluorinated and nonfluorinated
membranes, many studies have been developed to
obtain new proton-conductive membranes,12 espe-
cially for use in electric vehicles.13

Among the numerous applications of vinylphos-
phonic acid copolymers described thus far, some
have focused on dental and orthopedic biomateri-
als,14,15 cation-exchange membranes, specific cation
binding and removal,16 separation membranes,17

conductive blends,18 FC membranes,19,20 and other
applications.21 Particularly, much attention has been
devoted to the synthesis, characterization, and proton
conduction of phosphonic acid-based membranes,
with their application aimed in FCs.22 For phospho-
nated polymer membranes, the proton-conductivity
dependence on the number of phosphonic acid
groups has been studied, as high values can be
achieved for sufficiently high phosphonic acid group
concentrations.23 Thus, the relevance of studying the
synthesis and characterization of phosphonated poly-
mers is not only based on the fundamental issues to
be addressed but also on their potential applications.

Aslan and Bozkurt24 developed and characterized
polymer electrolyte membranes based on ironical
crosslinked poly(1-vinyl-1,2,3-triazole) and poly(vinyl
phosphonic acid). The membrane materials produced
by the complexation of both polymers were homogene-
ous and showed a proton conductivity of 2.5 � 10�5

S/cm at 180�C in the anhydrous state. After humidifi-
cation, the observed proton conductivities were close
to that of Nafion 117 at the same humidity level.

Thermoresponsive hydrogels based on poly(N-iso-
propylacrylamide-co-vinylphosphonic acid) have
been studied. These hydrogels presented lower criti-
cal solution temperature behavior at temperatures
that were dependent on the copolymer composition.
The water content in these hydrogels also depended
on the copolymer composition. After biomineraliza-
tion by urea, the potential of the resulting mem-
branes as deliverers of bovine serum albumin used
as a model drug were tested.25

Poly(styrene-co-vinyl phosphonic acid) [P(S-co-
VPA)] ionomers were synthesized by free-radical po-
lymerization and characterized by Wu and Weiss.26

These authors observed a lower glass-transition tem-

perature for the phosphonate ester and a higher
glass-transition temperature for the phosphonic acid
derivative in comparison with polystyrene. More-
over, the ionomers absorbed relatively little water,
and this behavior was due to the nature and effec-
tiveness of the hydrogen bonding between the phos-
phonic acid groups, which were unavailable for
hydrogen bonding with water.
More recently, the synthesis of poly(styrene-b-

vinylphosphonic acid) diblock copolymers via se-
quential anionic polymerization was studied, and
the nanostructure of these polymer electrolytes was
reported. First, poly(styrene-b-diethyl vinylphospho-
nate) copolymers were synthesized, and the poly-
(diethyl vinylphosphonate) block was subsequently
completely hydrolyzed. The copolymers presented
two distinct glass transitions; this indicated phase
separation between the two blocks. Atomic force mi-
croscopy studies revealed nanophase-separated mor-
phologies with continuous phosphonated domains.
After humidification, the copolymers reached proton
conductivities on the order of 30 mS/cm at 130�C.27

The main goal of this study was the synthesis of
random P(S-co-VPA) copolymers and the evaluation
of their thermal, spectroscopic, and electrochemical
characteristics. For this purpose, copolymers of sty-
rene and vinyl dimethyl phosphonate (VDMP)
obtained by free-radical polymerization were hydro-
lyzed with a sodium hydroxide solution followed by
neutralization to give P(S-co-VPA). This route differed
from that reported by Wu and Weiss26 by the poly-
merization time and temperature and by the hydroly-
sis step: the copolymers were obtained from the acid
hydrolysis of poly(styrene-co-vinyl dimethyl phospho-
nate) [P(S-co-VDMP)]. The acid hydrolysis produced
an insoluble polymer in the reaction medium, which
made the complete hydrolysis difficult. As we demon-
strate, the alkaline hydrolysis of the copolymer was
also not complete; however, the steps of separation
and purification were easier because no emulsion was
formed. Because of the parameters used in the synthe-
sis, thermal, spectroscopic, and mechanical character-
izations were performed to compare our results with
those previously reported. To establish a wider char-
acterization of the obtained copolymers, part of our
attention was dedicated to electrochemical character-
izations of the membranes. The copolymerization of
vinylphosphonic acid and styrene may have resulted
in polymers that combined the characteristics of pro-
ton conductivity, associated with the presence of
phosphonic acid protogenic groups, with a lower
methanol crossover, characteristic of styrene-based
copolymers.28 The study of membranes based on this
polymer for FC applications, however, will be the
goal of a future study. Methanol crossover character-
izations and FC tests with the obtained membranes,
thus, were out of the scope of this study.
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EXPERIMENTAL

Materials and synthesis procedures

P(S-co-VDMP)

Styrene monomer (Rhodia, Paulinia, Brazil) was
washed with a 5% NaOH solution to remove the hy-
droquinone present as a polymerization inhibitor;
this was followed by vacuum distillation. The distil-
late was stored at 5�C in ambar flasks. VDMP from
Fluka (Munich, Germany) was distilled and also
stored at 5�C in ambar flasks. Benzoyl peroxide,
used as an initiator, was previously dried in vacuo
for 3 h. The polymerization was carried out in bulk.
Styrene and VDMP monomers and benzoyl peroxide
at a concentration of 0.1 mol % with respect to the
monomer content were placed in a glass vessel; this
was followed by degassing for O2 removal. After
this procedure, the ampule was sealed in vacuo and
put into a silicone oil bath at 80�C for 1 week. After
polymerization, P(S-co-VDMP) was dissolved in
chloroform and precipitated by ethyl ether to
remove residual monomers. This procedure was
repeated twice, and then, the product was dried in
vacuo. Different molar ratios of styrene/VDMP were
used in the synthesis: 1 : 1, 3 : 1, 4 : 1, and 5 : 1.

Poly(styrene-co-vinyl phophonic acid) produced via
the alkaline hydrolysis of P(S-co-VDMP)

P(S-co-VDMP) was dissolved in a 9 : 1 solution of
benzyl alcohol and methanol containing 5 wt %
NaOH. This medium was kept under stirring at
110�C for 3 days and was then cooled to 50�C, and
concentrated HCl was added until the pH was equal
to 1. The precipitated salt (NaCl) was removed by fil-
tration, and the solution containing the polymer was
slowly added to ethanol to precipitate the P(S-co-
VPA) copolymer. The copolymer was separated by
filtration, washed with water to pH 7, dried in vacuo
at 80�C, and stored in a desiccator to avoid humidity.

P(S-co-VPA) was dissolved (ca. 10 wt %) in benzyl
alcohol at 90�C, and the solution was stirred for 2 h.
Membranes were obtained by casting from these sol-
utions onto Petri dishes; this was followed by drying
at 90�C in vacuo until a constant weight was reached.

Copolymer characterization

The molar masses of the copolymers and the molar
mass distributions were determined by size exclu-
sion chromatography (gel permeation chromatogra-
phy) with a Waters chromatograph equipped with
polystyrene columns (Ultrastyragel) (Montgomery-
ville, PA) and calibrated with polystyrene standards.
Dimethylformamide was used as an eluent, and the
runs were performed at 70�C.

The infrared spectra of the membranes obtained
by casting were collected with a Bohmer Hartman
Braun MB series Fourier transform infrared spec-
trometer (Varian Gemini Spectrometer, Canton, MA)
with a resolution of 2 cm�1 and 32 scans.
Proton nuclear magnetic resonance (1H-NMR)

spectra of the copolymers were obtained with 5-mm
quartz tubes at 22�C in a Gemini spectrometer. Chlo-
roform-d and dimethyl sulfoxide-d6 were used as
solvents for the ester copolymers and acid copoly-
mers, respectively. The copolymer composition,
expressed as the molar ratio of styrene units to
VDMP units, was determined from the 1H-NMR
spectra by the integration of the peaks correspond-
ing to hydrogen atoms of the aromatic ring of the
styrene segments (A5H) and those of the methyl
groups of the VDMP segments (A6H) as follows:

Styrene=VDMP molar ratio ¼ ðA5H=5Þ
ðA6H=6Þ

Differential scanning calorimetry was performed
with a TA Instruments DSC 2910 (New Castle, DE)
under an N2 atmosphere with around 8 mg of sample
and the following program: (1) heating from 25 to
250�C at 20�C/min, (2) isotherm of 5 min, (3) cooling
to 25�C at 20�C/min, (4) isotherm of 5 min, and (5)
heating to 200�C at 20�C/min. The differential scan-
ning calorimetry curves shown in this article corre-
spond to the second heating scan (step 5), and they
were normalized with respect to each sample mass.
Dynamic mechanical analysis of the acid copoly-

mer membranes was performed on a Rheometric
Scientific DMTA V ((Piscataway, NJ) with a tensile
fixture in the temperature range between �80 and
240�C at a heating rate of 2�C/min with a fixed fre-
quency of 1 Hz and a strain amplitude of 0.01%.
The thermal stability was evaluated in a TGA 2950

(TA Instruments) at a heating rate of 10�C/min
under an argon atmosphere. The initial mass of the
samples was kept around 5 mg.

Swelling, oxidative behavior, and electrochemical
characterization of the P(S-co-VPA) membranes

Membranes of the acid copolymers were immersed
in water or methanol at 25�C for 168 h and were
then dried with paper (to remove only excess water
or methanol), weighed (WS), dried in vacuo at 80�C,
and weighed again (W0). The swelling quotient (Q)
was calculated as follows:

Q ¼ ðWS �W0Þ
W0

Membranes (3 cm � 0.7 cm � 70 lm) were also
immersed in an aqueous solution containing 3%
H2O2 and 4 ppm FeCl3 at 80�C for 5 days. The sam-
ple weight was measured every 24 h; then, the sam-
ple was dried in vacuo at 80�C until a constant
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weight was reached. To compare the behavior of the
synthesized polymers, a Nafion 117 sample was
used as a control in the measurements.

Electrochemical impedance spectra were obtained
for the dry membranes and for membranes previously
immersed in water or 10% H3PO4 at room temperature
with two electrode (stainless steel) cells of 1 cm2 under
ambient pressure. The spectra were obtained in the fre-
quency range from 1 MHz to 10 mHz in a Autolab
EcoChemie PGSTAT30/FRA (Utrecht,Netherlands).
The conductivity was calculated with the following
equation on the basis of the resistance values obtained
from each electrochemical impedance spectrum:

Conductivity ¼ L

AR

where L is the thickness of the film, A is the area
(1 cm2), and R is the resistance obtained through sim-
ulation of the impedance spectra in the high-frequency
region. All samples were analyzed in triplicate, and
the data presented in this article reflect the mean val-
ues accompanied by their respective deviations.

RESULTS AND DISCUSSION

Synthesis and spectroscopic characterization
of the copolymers

The ester copolymers obtained were soluble in chlo-
roform, tetrahydrofurane, dioxane, benzene, and tol-

uene, whereas the corresponding acid copolymers
were soluble in dimethylformamide and benzyl alco-
hol at temperatures above 80�C. Below this tempera-
ture, the solutions produced a thermoreversible gel,
probably because of interactions among acid groups.
As a result, some properties, such as molar mass,
were determined for the ester copolymers.
The 1H-NMR spectra of the ester and acid copoly-

mers are shown in Figure 1. The signals at 7.25 ppm
[Fig. 1(a)] and 3.25 ppm [Fig. 1(b)] were attributed
to CDCl3 and dimethyl sulfoxide-d6, respectively.
The spectra of the ester copolymers exhibited signals
at 6.5 and 7 ppm (hydrogen of the aromatic ring),
3.3 ppm (hydrogen of methyl group of VDMP), and
1.44 and 1.88 ppm (hydrogen of the CH and CH2

groups of the main chain). Hydrogen atoms of
methyl groups were also observed in the spectra of
the P(S-co-VPA) copolymers, except for the 1 : 1 co-
polymer; this indicated that the acid hydrolysis was
not complete. The copolymer solutions in the 9 : 1
solution of benzyl alcohol/methanol containing 5 wt
% NaOH were transparent before the reaction. How-
ever, some of these solutions became turbid as the
hydrolysis proceeded as consequence of phase segre-
gation. This meant the hydrolysis occurred in a
heterogeneous medium and should have been diffu-
sion-controlled, except for the 1 : 1 copolymer solu-
tion, which was homogeneous (transparent) during
the reaction. The copolymer compositions determined

Figure 1 1H-NMR spectra of the copolymers: (a) P(S-co-VDMP) and (b) P(S-co-VPA).
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from the 1H-NMR spectra are shown in Table I. The
molar ratios of styrene to vinyl phosphonic acid
(VPA) in the P(S-co-VPA) copolymers were deter-
mined as the differences between the concentrations
before and after the hydrolysis of VDMP. The pro-
nounced difference in the monomer composition
from the reaction medium compared to the synthe-
sized copolymers was due to the different copolymer-
ization ratios of each monomer. In an earlier study,
Santos29 found reactivity parameters of 3.6 for styrene
and 0.15 for vinyl dimethylphosphonate using the
method of Kellen and Tüdos.30 The copolymers
obtained from the monomer solution with molar
ratios of styrene to vinyl dimethylphosphonate equal
to 3 : 1, 4 : 1, and 5 : 1 presented similar compositions
(� 13 : 1), whereas the copolymer obtained from
monomer solutions having a molar ratio of 1 : 1 was
richer in vinyl dimethylphosphonate (6 : 1). These
results differed from those reported by Wu and
Weiss.26 These authors synthesized copolymers with
different compositions from monomer solutions with
comparable compositions with those used in this
study. The main differences between the methods
used by these authors and by us were the time, tem-
perature, and medium where the polymerization was
conducted. Wu and Weiss26 performed their polymer-
ization at 100�C for 24 h in toluene. In this study, the
bulk polymerization was conducted at 80�C for 1
week. As reported earlier, the reactivity parameters of
styrene and vinyl dimethylphosphonate were 3.6 and
0.25, respectively.29 Thus, the relative concentration of
styrene and vinyl dimethylphosphonate decreased as
the reaction conversion increased. As consequence,
the reaction rate and the reaction conversion
decreased with the polymerization time. After a long
polymerization time, it is possible that the global
composition of copolymers tends to be very close, as

observed in this study. However, the monomer distri-
bution in the polymer chains should not have been
the same because of the large difference between the
reactivity parameters.
Table I also shows the average molar mass and its

distribution for P(S-co-VDMP). The molar masses of
the copolymers obtained in this study were higher
than those reported by Wu and Weiss26 for copoly-
mers with similar compositions, perhaps because the
polymerization temperature used in this study was
lower. Because the amount of vinyl dimethylphosph-
onate in the copolymers was relatively low, the
same molar mass and distribution for the acid
copolymers was assumed.
Figure 2 shows the vibrational spectra of 3 : 1 P(S-

co-VDMP) and its corresponding acid copolymer 3 :
1 P(S-co-VPA) obtained by alkaline hydrolysis. The
spectrum of the ester copolymer showed bands cor-
responding to aromatic CAH stretching (between
3125 and 3000 cm�1),31 C¼¼C aromatic stretching
(1493 and 1452 cm�1),17,31 P¼¼O stretching (between
1240 cm�1),26 and PAOAC stretching (1059, 1033,
and 820 cm�1).26 The spectra of the acid copolymers
exhibited bands corresponding to OAH stretching of
the acid group (a broad band between 3300 and
2500 cm�1)17 and PAOH stretching (980 and 930
cm�1).26 The spectrum of the 3 : 1 P(S-co-VPA) also
presented bands at 1059, 1033, and 820 cm�1; this
indicated the incompleteness of the hydrolysis.
Because the electrochemical characterization and FC
application of the P(S-co-VPA) membranes were con-
ducted in acid media, these residual ester groups
might have been hydrolyzed, and their presence did
not interfere with the final properties.26

Figure 3 shows the differential scanning calorime-
try curves of the copolymers. The glass transitions of
the ester copolymers were lower than those for the
corresponding acid copolymers. In general, the
glass-transition temperature of the acid copolymers

TABLE I
Compositions, Molar Masses, and Molar Mass

Distributions of the Copolymers

Copolymer

Styrene/VDMP molar
ratio

Mn

(g/mol) Mn/Mw

Reaction
medium Copolymer

1 : 1 P(S-co-VDMP) 1 : 1 6 : 1 112,000 1.5
3 : 1 P(S-co-VDMP) 3 : 1 12.2 : 1 108,000 1.8
4 : 1 P(S-co-VDMP) 4 : 1 12 : 8 : 1 104,000 1.8
5 : 1 P(S-co-VDMP) 5 : 1 13.0 : 1 108,000 1.8

Styrene/VPA molar ratio

1 : 1 P(S-co-VPA) 0 6 : 1 112,000 1.5
3 : 1 P(S-co-VPA) 33 : 1 � 19 : 1 108,000 1.8
4 : 1 P(S-co-VPA) 32 : 1 � 19 : 1 104,000 1.8
5 : 1 P(S-co-VPA) 18 : 1 � 47 : 1 108,000 1.8

Mn ¼ number-average molecular weight; Mw ¼ weight-
average molecular weight.

Figure 2 Infrared vibrational spectra of the copolymers.
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increased as the amount of phosphonic acid
increased (Table II). This was mainly attributed to
hydrogen-bond interactions between the acid groups
of the copolymers. The same interaction was respon-
sible for the dynamic mechanical behavior shown in
Figure 4. The storage modulus presented an intense
drop in the glass-transition region, whereas the loss
modulus presented a peak whose width increased as
the number of acid groups increased; this indicated
the broadness of the relaxation time distribution. For
acid copolymers obtained from 3 : 1, 4 : 1, and 5 : 1
P(S-co-VDMP), in addition to the hydrogen bond
interaction that contributed to the broadening of the
relaxation spectra, the hydrolysis was not complete,

Figure 3 Differential scanning calorimetry curves of the
copolymers (second heating scan at 20�C/min).

TABLE II
Thermal Properties of the Copolymers

Copolymer Tg (
�C) T5% (�C)

Residue at
600�C (%)

1 : 1 P(S-co-VDMP) 108 366 3,6
3 : 1 P(S-co-VDMP) 100 360 � 0
4 : 1 P(S-co-VDMP) 109 384 � 0
5 : 1 P(S-co-VDPM) 106 371 � 0
1 : 1 P(S-co-VPA) 158 346 10
3 : 1 P(S-co-VPA) 125 360 5.5
4 : 1 P(S-co-VPA) 122 384 4.3
5 : 1 P(S-co-VPA) 113 371 3.5

T5% ¼ temperature corresponding to a 5 wt % mass loss;
Tg ¼ glass-transition temperature.

Figure 4 Dynamic mechanical curves of P(S-co-VPA) copolymers as a function of temperature with styrene/VPA ratios
of (*) 5 : 1, (~) 4 : 1, (h) 3 : 1, and (—) 1 : 1 : (a) storage modulus (E0) and (b) loss modulus (E00).
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and therefore, these spectra should have presented
additional relaxations of the ester segments. Despite
these characteristics, the 1 : 1 P(S-co-VPA) copolymer
presented the broadest loss modulus curves; this
indicated that the hydrogen-bond interactions were
more effective in the creation of microheterogeneities
through the material. Another consequence of the
hydrogen-bond interactions was the high modulus
value for 1 : 1 P(S-co-VPA) at temperatures higher
than the glass-transition temperature [Fig. 4(a)].

The thermal stabilities of the copolymers under an
inert atmosphere were studied by thermogravimetric
analyses. In this study, the thermal stability was
examined with respect to the temperature corre-
sponding to a 5 wt % mass loss. The temperatures
corresponding to a 5 wt % mass loss and the resid-
ual masses at 600�C are listed in Table II. The ester
copolymers exhibited a higher thermal stability than
the corresponding acid copolymers, as shown in
Table II. Polymers containing carboxylic and sulfonic
groups exhibited a very distinct thermal decomposi-
tion behavior when compared to the phosphonic
acid based polymers. Although carboxylic and sul-
fonic acid polymers usually undergo thermal decom-
position by decarboxylation32 and desulfonation,33,34

respectively, phosphonic acid polymers tend to
dehydrate, forming phosphonic anhydrides with
strong PAOAP bonds20 and crosslinking. These
anhydrides and crosslinked structures, which
resulted from the dehydration of phosphonic acid
containing membranes, exhibited higher decomposi-
tion temperatures than the corresponding acid poly-
mers. Despite the dehydration process of the acid
copolymers, their thermal stability was higher than
300�C. The residue at 600�C was higher for the acid
copolymers and increased as the amount of vinyl
acid groups in the copolymer increased as a conse-
quence of the PAOAP crosslinking.

Swelling and electrochemical characterization of
the P(S-co-VPA) membranes

Table III lists the water and methanol swelling values
for the 1 : 1 and 3 : 1 P(S-co-VPA) membranes. The
membranes (70 lm thick) presented water swellings
of 44.0 6 12 and 6.7 6 1%, respectively. Nafion 117
membranes 200 lm thick absorbed 21.2 6 4% water

under similar experimental conditions. With the total
number of hydrophilic groups in each polymer [sul-
fonic groups for Nafion 117 and phosphonic groups
for P(S-co-VPA)] considered, the water absorption by
the functional groups was higher in P(S-co-VPA), even
for the 3 : 1 copolymer, than in Nafion 117. Methanol
absorption for the 1 : 1 and 3 : 1 P(S-co-VPA) and
Nafion 117 were, respectively, 58 6 2, 16.3 6 1, and
51.7 6 3%. These results point to a strong dependence
of the methanol absorption on the number and type
of hydrophilic groups in the polymer chain.
Several proton-conductive polymeric membranes

have been described in the literature, both acid and
basic, doped with inorganic acids, for example, sul-
fonated polysulfone and polybenzimidazole doped
with phosphoric acid.35 The addition of an inorganic
acid to these membranes is performed, mainly, to
increase the charge carriers (proton/hydronium
ions) in the system, which can lead to higher con-
ductivity values. Specifically, for phosphonic acid
membranes with a small number of phosphonic
groups inserted in the chain, the presence of an inor-
ganic acid can guarantee a minimum number of pro-
togenic groups in the system (which contributes,
thus, to the proton conductivity) and, simultane-
ously, inhibits phosphonic anhydride formation.
Additionally, theoretical calculations36 on phos-
phonic acid hydration spheres indicated that a pro-
ton excess (the inorganic acid added to the mem-
brane) played an important role in the charge
transport of such systems. These calculations also
showed the formation of hydration spheres around
the phosphonic acid group, the first (h1) formed by
four water molecules, whereas theoretical calcula-
tions indicated seven water molecules forming a
complete inner hydration sphere. Hydrogels and
hydrophilic polymers usually present high swelling
behavior, which corresponds to higher [H2O]/
[Acid] ratios than that of the hydration sphere. In
P(S-co-VPA) membranes, as the styrene–acid ratio
decreased (with an increase in acid content), the
number of water molecules absorbed by the mem-
brane increased because of a larger number of acid
sites in the system. Additionally, the styrene units
acted only as a hydrophobic barrier to water mole-
cules, and thus, there was a higher concentration of
bulk water for the acid-rich P(S-co-VPA) membranes.
Figure 5 shows the accelerated oxidation test for 3

: 1 P(S-co-VPA) and Nafion 117. During FC opera-
tion, the formation of radicals takes place, which can
induce the degradation of the membrane and other
cell components.37 Degradation leads, usually, to the
hardening of the membrane, which culminates in
the destruction of the material. A mass loss of about
2% was observed for Nafion 117 after 5 days,
whereas the 3 : 1 P(S-co-VPA) did not exhibit any
mass loss over the same period. The high resistance

TABLE III
Water and Methanol Swelling for the P(S-co-VPA) and

Nafion 117 Membranes

Membrane
Water

swelling (%)
Methanol

swelling (%)

1 : 1 P(S-co-VPA) 44.0 6 12 58 6 2
3 : 1 P(S-co-VPA) 6.7 6 1 16.3 6 1
Nafion 117 21.2 6 4 51.7 6 3
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to oxidation determined for the P(S-co-VPA) samples
could have been associated with the presence of a
large styrene portion in the chains, which presented
a low reactivity.

The electrochemical, structural, thermal, and spec-
troscopic characteristics of several polymer/H3PO4

electrolyte membranes have been studied and
reported in the literature, and among the studied
systems were PEO/H3PO4,

38 PVA/H3PO4, three-
dimensional interpenetrating networks,39 poly(ethyl-
ene oxide)/poly(methyl methacrylate) (PEO/
PMMA)/H3PO4,

40 and polyacrylamide hydrogels
with H3PO4.

41 Polymer electrolyte membranes based
on polymer/acid systems were reviewed by Lasse-
ques,42 who identified the thermal stability of such
systems as usually limited to 100�C.

The electrochemical impedance spectra of the P(S-
co-VPA) samples are shown in Figure 6 for the dry
membranes and for membranes immersed in 10%
aqueous H3PO4 solutions. The spectra were character-
istic of ion-conductive materials, presenting a semi-
circle in the high-frequency region associated with
the ion-transport resistance and a straight line in the
region of low frequencies. The dry samples presented
a purely capacitive behavior, except for the 5 : 1 P(S-
co-VPA) membrane, which presented proton conduc-
tivity on the order of 10�10 X�1 cm�1. In the absence

of water, even protogenic-group-containing polymers
presented low or no conductivity because the charge-
transport mechanisms included water molecules as
carriers or as media for proton migration. The con-
ductivity values calculated for the P(S-co-VPA) mem-
branes are listed in Table IV. A progressively more
resistive behavior is shown in Table IV and Figure
6(b–d). For each monomer ratio (styrene/VPA), the
proton-transfer resistance decreased as the mem-
branes absorbed H2O or H2O/H3PO4.
The spectra of the P(S-co-VPA)/H3PO4 membranes

presented one or more semicircles in the high-fre-
quency region associated with ion-transport resist-
ance in different domains in the polymer bulk. Sam-
ples with ratios of 4 : 1 and 5 : 1 immersed for 4 h
in 10% aqueous H3PO4 solutions presented two con-
secutive semicircles in the regions of intermediate
frequencies. The number of resistive responses var-
ied with the immersion time in acid solution, with
one semicircle lasting for 2 h and two more lasting
for 4 h. Each of these resistive responses was associ-
ated with the formation of isolated hydrated struc-
tures, which probably possessed different resistance
values for intrastructure and interstructure ion trans-
port. Because of the number of styrene units
between the phosphonic acid groups acting as sepa-
rators and because of the hydration shell around the
phosphonic acid groups, these hydrated domains
should have presented a smaller resistance to ion
transport compared to the transport between adja-
cent dry domains.
These results suggest that the 4 : 1 and 5 : 1

copolymers presented different structures, despite
their similar global composition, as discussed earlier.
As shown in Table IV, the effects of both water

and acid on the conductivity of the membranes were
observed. The 3 : 1 P(S-co-VPA) sample immersed in
water for 72 h at room temperature presented a con-
ductivity of 10�7 X�1 cm�1, whereas the 5 : 1 P(S-co-
VPA) sample immersed in water for 24 h presented
a conductivity of 10�9 X�1 cm�1.
The maximum conductivities achieved for the

membranes immersed in 10% aqueous H3PO4 solu-
tions were about 10�5 X�1 cm�1 for 1 : 1 P(S-co-
VPA) after 4 h of immersion. Compared to other
proton-exchange membranes, 1 : 1 P(S-co-VPA)
exhibited a maximum conductivity similar to that of
the material reported by Meng et al.,43 which was
based on poly(arylene ether) functionalized with
phosphonic acid. In their study, membranes contain-
ing up to 50 mol % phosphonic acid and 50% hu-
midity presented conductivity values on the order of
10�5 to 10�6 X�1 cm�1.
Hybrid membranes based on organosiloxanes and

phosphonic acid presented conductivity values with
a strong dependence on the number of phosphonic
acid groups; these values reached 10�2 X�1 cm�1 at

Figure 5 Oxidative stability curves for (*) 3 : 1 P(S-co-
VPA) and (h) Nafion 117.
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Figure 6 Electrochemical impedance spectra of dry P(S-co-VPA) membranes and the membranes after immersion in
aqueous 10% H3PO4 solutions: (a) 1 : 1 P(S-co-VPA) at different temperatures and (b) 3 : 1 P(S-co-VPA), (c) 4 : 1 P(S-co-
VPA), and (d) 5 : 1 P(S-co-VPA) at room temperature (25�C).

TABLE IV
Conductivity of the Dry Membranes, Membranes Immersed in Water, and Membranes Immersed in 10% Aqueous

H3PO4 Solutions at Ambient Temperature

Time (h)

Conductivity (X�1 cm�1)

1 : 1 P(S-co-VPA) 3 : 1 P(S-co-VPA) 4 : 1 P(S-co-VPA) 5 : 1 P(S-co-VPA)

0 (dry) C C C 7.16 6 0.23 � 10�11

24/H2O C C C 4.00 6 0.43 � 10�9

48/H2O C C C C
72/H2O 5.58 6 0.64 � 10�8 3.32 6 0.38 � 10�7 C C
1/H3PO4 2.42 6 0.12 � 10�7 8.02 6 0.20 � 10�7 1.51 6 0.08 � 10�9 4.20 6 0.47 � 10�11

2/H3PO4 8.32 6 0.28 � 10�7 2.64 6 0.13 � 10�6 2.99 6 0.10 � 10�10 1.50 6 0.06 � 10�10

4/H3PO4 9.79 6 0.29 � 10�6 5.41 6 0.16 � 10�6 1.11 6 0.03 � 10�9 5.92 6 0.34 � 10�10

6/H3PO4 4.86 6 0.31 � 10�6 5.42 6 0.24 � 10�7 3.44 6 0.06 � 10�9 1.33 6 0.08 � 10�8

C ¼ capacity behavior.
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130�C for the system with a 1 : 1.05 ratio at 100% rel-
ative humidity.44 VPA homopolymer membranes,
studied by Kaltbeitzel et al.,20 presented highly hy-
groscopic behavior and proton-conductivity values
reaching 10�3 X�1 cm�1 at 150�C and 1 bar H2O
atmosphere. In this study, styrene units inhibited
water absorption by the membrane, and the maxi-
mum conductivity reached 10�5 X�1 cm�1 at 25�C.

The VPA homopolymers were also characterized
by NMR spectra and conductivity measurements,45

which showed the formation of anhydride units by
the condensation of phosphonic acid groups, which
greatly inhibited long-range proton transport in the
membranes. In the styrene/VPA membranes exam-
ined in this study, phosphonic acid groups were
separated by styrene units; this resulted in two prin-
cipal consequences: (1) the mechanical properties of
the membranes were strongly influenced by the sty-
rene comonomer content, and (2) the swelling and
conductivity were lower than those of the poly(vinyl
phosphonic acid) homopolymer. Additionally, the
condensation of neighboring phosphonic acid units
should have affected the conductivity values only
peripherally because the APO3H2 units possessed a
hydration sphere, which allowed their separation in
principle and inhibited anhydride formation, despite
chain folding.

The 1 : 1 P(S-co-VPA) membranes were immersed
for 24 h in 10% H3PO4 before the electrochemical
analyses. The electrochemical spectra of the 1 : 1 P(S-
co-VPA) membranes recorded at different tempera-
tures, as shown in Figure 6(a), exhibited different
intercepts at the real component of the electrochemi-
cal impedance (Z0) axis; this indicated different resist-
ance values, whereas the inclined lines in the low-fre-
quency region did not tend to vary with temperature.
Under the conditions of these experiments, the semi-
circles represented the resistance of the electrolyte,
and the inclined lines indicated the resistance against
ion passage at the membrane/electrode interfaces.
The use of blocking electrodes resulted in a polariza-
tion phenomenon in the polymer bulk because there
was no proton source or sink. The electrical double
layer at each interface possessed infinite resistance
against ion transfer, which in the Nyquist plot of the
impedance spectra, was represented by a straight
line, parallel to the ordinate, associated with a limit-
ing capacitance.46,47 In a PEMFC device, however,
there is a constant proton supply because of the elec-
trocatalyzed fuel oxidation reaction.

The conductivity of the 1 : 1 P(S-co-VPA) mem-
branes after immersion in 10% H3PO4 for 24 h was
10�5 X�1 cm�1 at 25�C. Because a higher acid ratio
in the polymer chain is usually associated with the
highest proton conduction,48 the conductivity of the
membrane with a higher ratio of protogenic groups
[1 : 1 P(S-co-VPA)] was studied as a function of tem-

perature. Figure 7 shows a plot of the logarithm of
the conductivity versus the reciprocal of the temper-
ature (Arrhenius plot) for the 1 : 1 P(S-co-VPA)
membrane. The conductivity values reached 10�5

X�1 cm�1 at 80�C, for the 1 : 1 P(S-co-VPA) acid-
doped membranes at 100% relative humidity, and
linear behavior was observed in the temperature
range studied; these findings were compatible with
the findings of Kato et al.49 for phenylvinylphos-
phonic acid membranes. The Arrhenius behavior
detected for P(S-co-VPA), associated with the con-
ductivity dependence on water and acid immersion,
indicated that the proton (H3O

þ) dissociation contri-
bution to conductivity increased with humidity,
H3PO4 concentration, and temperature.
Yamada and Honma50 reported the synthesis and

tests in a FC prototype of a poly(vinyl phosphonic
acid)/heterocycle composite materials. In their
study, membranes achieved a conductivity of 10�3

X�1 cm�1 at 150�C under anhydrous conditions. A
nonvehicular mechanism was proposed by the
authors to explain the diffusive proton behavior on
the basis of the activation energy for charge trans-
port. The transport mechanisms proposed in the lit-
erature included a vehicular description, where the
proton was complexed by a diffusive molecule,
which acted as a carrier.51 Thus, without water

Figure 7 Dependence of the logarithm of the conductiv-
ity (r) on the reciprocal of the temperature (1/T) for 1 : 1
P(S-co-VPA) (Arrhenius plot).
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molecules acting as carriers, conventional polymer
membranes do not exhibit sufficient proton conduc-
tivity.52 Proton transport in polymer membranes in
the absence of water is usually described with a
nonvehicular mechanism, such as hopping, where
the proton moves between adjacent immobile coor-
dination sites, as in poly(imidazole) and poly(benzi-
midazole).53 The proton transport in a commercial
membrane, such as Nafion or poly(ether ether ke-
tone) membrane,54,55 and in some composite mem-
branes56 is promoted by the presence of water in the
system. In this study, the presence of phosphonic
acid sites in the polymeric membrane led to a higher
proton conductivity in the presence of water and
dissolved acids.

CONCLUSIONS

Copolymers of styrene and VPA were synthesized by
the copolymerization of styrene and vinyl dimethyl-
phosphonate followed by alkaline hydrolysis. The
amount of phosphonic acid in the copolymer influ-
enced the glass-transition temperature and the storage
modulus at temperatures higher than the glass-transi-
tion temperature. Increases in both properties were
observed as the amount of phosphonic acid increased
as a consequence of intramolecular and intermolecular
hydrogen interactions among the acid groups.

The thermal stability achieved by the products
was considerably higher than other matrices used in
the assembly of PEMFC. This high thermal stability
was accompanied by a high chemical (oxidative) sta-
bility, whereas water swelling was coherent with the
number of phosphonic acid groups in the chain, as
indicated by the theoretical calculations and other
results. The conductivity values of the P(S-co-VPA)
membranes presented a strong variation with the
hydration of the system and with the phosphoric
acid content, achieving 10�5 X�1 cm�1 at ambient
temperature. The 1 : 1 P(S-co-VPA) membranes
exhibited an Arrhenius-type conductivity depend-
ence from 25 to 80�C. In the P(S-co-VPA) mem-
branes, the conductivity was thermally activated and
was limited by the water content in the system. The
conductivity dependence on the temperature, water,
and H3PO4 confirmed the theoretical results,36 which
indicated a contribution of externally generated
H3O

þ ions to proton transport.

The authors are grateful to C. H. Collins for revising the
article.
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