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ABSTRACT: This paper studied the synthesis of a novel
elastomeric copolymer electrolyte in an aqueous phase. The
monomer, sodium allyl sulfonate (SAS), was dissolved in
continuous aqueous phase and the second monomer, methyl
acrylate (MA), was supplied from MA micelles as dispersed
phase. The copolymerization of the two monomers took
place in continuous aqueous phase. Confirmed by FTIR and
1H-NMR, a binary copolymer electrolyte of MA and SAS,
poly(MA-co-SAS), was obtained. The glass transition tem-
perature of the copolymer was indicated as 20.4°C by DSC

thermogram, thus, it behaves an elastomer in normal ambi-
ent temperature. The mechanical properties of the composite
films consisting of both poly(MA-co-SAS) and Cu2� ions or
reduced copper were affected by the content of ions and
reduced copper. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci
100: 2796–2802, 2006
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INTRODUCTION

Polymer electrolytes have high molecular weight and
ionically conducting property as solid materials.
Gray1 summarized such materials in the following
five categories: (1) a liquid solvent-free system where
the ionically conducting phase is formed by dissolving
salts in a high-molecular weight polar polymer matrix;
(2) a gel electrolyte, formed by dissolving a salt in a
polar liquid and adding an inactive polymeric mate-
rial to give the material mechanical stability; (3) a
plasticized electrolyte, which is essentially a gel elec-
trolyte but is usually associated with the addition of
small amounts of a high dielectric constant solvent to
a conducting polymer electrolyte to enhance its con-
ductivity; (4) an ionic rubber, which is essentially a
liquid electrolyte comprising a low-temperature mol-
ten salt mixture, reduced to a rubbery condition by
addition of a small amount of high molecular weight
polymer; and (5) a membrane ionomer and, in partic-

ular, a proton-conducting polymer electrolyte used in
proton-exchange membrane(PEM) fuel cells. The orig-
inal sense is localized in the 1st category, and for this
reason, most research has been focused on it.

In recent years, new needs for polyelectrolytes have
emerged in several fields, such as high-peak bright-
ness polymer light-emitting diodes,2 actuators,3 work-
ing fuel cells,4 biosensors, and miniaturization of elec-
tronic and optical devices.5 The skills to prepare these
polyelectrolytes concern improvements of ionic con-
ductivity and mechanical properties of polyelectro-
lytes. Seki Miharu et al.6 prepared a polymeric solid
electrolyte with high-ionic conductivity, by complex-
ing a polyurethane elastomer with LiClO4. The ionic
conductivity of these complexes increases with in-
creasing LiClO4 concentration, and reaches a value of
10�4 S/cm at 80°C for [LiClO4] � 1.20 mmol/g poly-
mer. This polyurethane elastomer–LiClO4 complex
has good mechanical properties, compared with poly-
(ethylene oxide)-and poly(propylene oxide)-based
complexes. Kim et al.7 in the center for advanced
functional polymers at Hanyang University, Korea,
investigated a gel polymer electrolyte, poly(vinyli-
dene-fluoride-co-hexafluoropropylene), which has
high-ionic conductivity and good mechanical proper-
ties. Another example is interpenetrating polymer net-
works (IPNs),8 which is applied to dissolve the inter-
face and adhesion problems in the design based on
actuators. An IPN was synthesized between poly(3,4-
ethylenedioxythiophene) and a polyethylene oxide/
elastomer. Its synthetic pathway ensures a gradual
dispersion of the electronically conducting polymer
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through the thickness of the material. However, some
defects of polyelectrolytes need further research to be
improved. Hamade and Dillard9 worked on the bond-
ing effect between elastomer and metal in a cathode.
The result indicated the deleterious effect of galvanic
activity on the durability of rubber-to-metal adhesive
bonds.

Of mechanical properties of polymer electrolytes,
elastomeric property is important and necessary
somewhere to obtain devices and related applica-
tions.10 The conductive elastomer gasket design is
valuable to be evident.11 Since a gasket is necessary
only where an imperfect surface exists, its elastomer
imparts its ease of filling defect holes and conductiv-
ity. Biosensors, actuators, and stimulation-response
devices are like to have, at least in most of cases,
elastomeric properties to meet their mechanical defor-
mation and intelligent behaviors, like artificial skins in
medical and robot miniatures. Meanwhile, rare exam-
ple of polymer electrolyte meets (i) to be an ionically
conductive polymer, (ii) to have intrinsic ionic group,
(iii) most importantly to have lower glass transition
temperature that is normally lower than ambient tem-
perature.

For the needs of elastomeric property of polyelec-
trolytes mentioned earlier, we report a novel elasto-
meric polymer electrolyte, poly(methyl acrylate-co-so-
dium allyl sulfonate) [poly(MA-co-SAS)], synthesized
by an aqueous-phase polymerization (APP) in our
laboratory. Poly(MA-co-SAS) behaves as an elastomer
at room temperature. APP method polymerizes mono-
mers in aqueous medium—the continuous phase in
the system, differing from traditional emulsion and
suspension polymerizations.12 The monomer concen-
trations in aqueous medium are controlled by dissolv-
ability of monomers.

EXPERIMENTAL

Materials

Methyl acrylate (MA) was purchased from Yili Fine
Chemicals (Beijing, China) and was treated by the
following methods. The inhibitor inside was washed
out by 0.5 wt % NaOH solution, and the collected MA
was neutralized by dilute hydrochloric acid and dis-
tilled water. Anhydrous CaCl2 was used to absorb the
impurity of rest water inside, before distillation under
normal pressure.

Sodium allyl sulfonate (SAS) was purchased from
Lufeng Fine Chemicals (Zibo, China) and was recrys-
tallized prior to use. And, reagent-grade, N,N-dimeth-
ylformamide (DMF), K2S2O8 (KPS), anhydrous etha-
nol, dimethylsulphoxide (DMSO), and NaOH were
purchased from Senni Fine Chemicals (Shanghai,
China), used as received. Additionally, CuSO4�5H2O
was purchased from Tian De Institute of fine Chemi-

cals (Linzi, Zibo,China); CuCl2�2H2O was purchased
from the Fourth Chemicals (Shanghai, China); and
chloride acid was purchased from Jiangshan Reagent
(Qingdao, China). These chemicals were also used as
received.

Copolymerization

The copolymer was synthesized by an aqueous-phase
polymerization, using K2S2O8 (KPS) as initiator and
hydrochloric acid as pH regulator. The SAS aqueous
solution was added into a 500-mL flask with a funnel
when the flask was purged by nitrogen. Then, MA
was dropped into the stirred flask through the funnel.
The polymerization was started when the temperature
was reached to the settled value, 70°C, and was ter-
minated by adjusting pH of the system, using NaOH
solution when polymerization experienced an ex-
pected period. Distilling and filtering separated the
rest monomers in the system and the product of co-
polymerization, respectively. Then, the copolymer
was washed in anhydrous ethanol. After water
washes and filtering, the final product was dried in
vacuum.

Preparation of polymer matrix gradient composite
films (PMGCF)

The ternary solution of polymer, metal ion, and sol-
vent was prepared in a reactor with reflux condenser,
according to the following procedures. First, the poly-
mer was fully dissolved in solvent, and then propor-
tional CuCl2�2H2O used as metal ion source was
added into the reactor. The system was heated and
stirred until the ternary system became even solution.
Finally, the solution was coated on a surface of a clean
electrode and was dried to a certain degree under
room temperature. The film obtained still contains a
certain content of solvent and thus is called as swelling
cathode film (SCF). The electrolytic system was com-
posed of a copper anode, a graphite cathode that was
coated with SCF, and liquid medium between the
couple electrodes. The expected electrolysis took place
in SCF under constant voltage and temperature. When
electrochemical reduction of SCF finished, the cathode
was taken out, washed by water, and dried at a tem-
perature of (45 � 5)°C. The final film was peeled off
from the cathode.

Characterization techniques

Infrared spectra of the copolymer were recorded by a
MAGNA-IR550 FTIR instrument from Nicolet (Madi-
son, WI, USA), using KBr pellet in which a weight
ratio of copolymer to KBr was as 1 : 100. The 1H-NMR
measurement was run on an ECP-600 Spectrometer
from JEOL (Japan). DMSO-D6 was used as solvent in
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measurement. The viscosity of the copolymer was ob-
tained by Ubbelodhe viscometer at (25 � 0.1)°C in
DMF. DSC measurement was performed on a MET-
TLER TOLEDO STARe System from Jeol (Tokyo, Ja-
pan). Thermograms were recorded at a heating rate of
10°C/min. Mechanical properties were instrumented
on a Multiple Instron Mechanical Tester, FZY-0102
automated materials testing system (Instron Corpo-
rate, Canton, MA 02021), under 10.000 pts/s sample
rate, 50% humidity, and 10.000 mm/min crosshead
speed at 23°C.

RESULTS AND DISCUSSION

Copolymerization between MA and SAS

The copolymerization between MA and SAS was per-
formed in aqueous phase, according to the solubility
of both SAS and MA. SAS dissolved in water, whereas
MA only partially (6%) does at the temperature of
25°C. For this reason, most of MA forms micelles as
dispersed phase that act as a storehouse offering
monomer to aqueous phase. The hydrophilic radicals
released by initiator KPS initiate the copolymerization
of MA and SAS in aqueous phase. The ratio of two
monomers in aqueous phase, f1, can be calculated
according to the molar amount of MA determined by
solubility in aqueous phase and the molar amount of
SAS initially added into the system.

The reactivity ratios (r1 and r2) of MA and SAS in
copolymerization can be estimated based on Alfrey–
Price eqs. (1) and (2).13

r1 � Q1/Q2 exp� � e1�e1 � e2�� (1)

r2 � Q2/Q1 exp� � e2�e2 � e1�� (2)

where the values of Q and e regarding MA and SAS
were known as Q1 � 0.42, e1 � 0.60, Q2 � 0.089, and e2
� 0.13.13,14 The subscript 1 and 2 in the equations refer
to MA and SAS, respectively. Thus, the reactivity ra-
tios of MA and SAS were known as r1 � 3.6 and r2 �
0.23, according to eqs. (1) and (2). As r1 		 r2 in this
copolymerization, the molar ratio of MA to SAS in
copolymer, f10, is determinable to be higher than that
of MA to SAS in beginning monomer composition f10.
Because of the restriction of dissolvability of MA, the
saturated concentration of MA in aqueous medium
kept constant before dispersed MA micelles consumed
up.

The initiator concentration and pH of the system
influence the rate of copolymerization between MA
and SAS. Initiator, KPS, decomposed by first-order
relationship when acid acted as catalyst in copolymer-
ization. The activation energy without catalyst is 33.5
kcal/mol, which is higher than that (26 kcal/mol)
under acidic condition. For this reason, the copoly-
merization system should be adjusted to be in acidity,
i.e., pH 
 7.

Characterization of the copolymer

The FTIR spectra of monomer SAS15–17 and the copol-
ymer are shown in Figures 1 and 2. In Figure 1, the
characteristic bands of SAS are the stretching vibra-
tions of CAC at 1647 cm�1, SAO at 1190 cm�1, and
SOC at 658 cm�1. In Figure 2, the carbonyl group of
MA has sharp bands at 1737 cm�1. The methyl sym-

Figure 1 FTIR spectrum of SAS. The sample was the original materials from the supplier mentioned in Experimental section.
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metric twisting bands and ester carbonyl stretching
bands of MA are at 1388 and 1260 cm�1, respectively.
And, the bands at 2930 and 2858 cm�1 were assigned
to the symmetric and asymmetric stretching vibra-
tions of CH2, respectively. The signals at 3450 cm�1 in
both spectra (Figs. 1 and 2) correspond to stretching
vibrations of OOH in water, which was inevitably
absorbed in sample treatment.

1H-NMR spectra of poly (MA-co-SAS) and its inte-
gral curve are shown in Figures 3 and 4, respectively.
Based on literatures,18,19 the structural information
can be known. The signal at 2.50 ppm corresponds to
the absorption of solvent-deuterated DMSO-D6. The
signal at 3.36 ppm relates to water absorbed by
DMSO. The signal at 3.58 ppm is the result of chemical
shifts of hydrogen in CH2 groups, which are con-
nected to sulfonic groups (SO3

2�). The signal ofOCH2
in copolymer backbone is at 3.57 ppm. The strong
peak at 1.60 ppm is assigned to the hydrogen proton
in OCOOCH3. The broad multipeaks (� � 2.1950–
2.3057 ppm) correspond to the hydrogen signal in
OCH of polymer backbone. Summarized the struc-
tural information discussed earlier, the two structural
units of OCOOCH3 and OSO3Na were obviously
confirmed. According to integral curve (Fig. 4), the
molar ratio of MA to SAS in copolymer is (2.09/2):
(6.05/6) � 1 : 1.

The Mark–Houwink equation is always helpful to
determine the molecular weight of macromolecules.
The ratio of specific viscosity (�sp) to concentration (C)
in extremely dilute solution of poly(MA-co-SAS),
�sp/C, can express the intrinsic viscosity. In our ex-
periments, the intrinsic viscosities, [�] and [�]� were

113 � 1.2 and 116 � 3.8, respectively, corresponding to
the ratios, 2 : 1 and 3 : 1, of MA to SAS in poly(MA-
co-SAS). In the principle of the Mark–Houwink equa-
tion, the intrinsic viscosities can present comparative
magnitudes of the molecular weights. The close values
of the intrinsic viscosities above indicated that their
molecular weights have no obvious difference.

DSC result indicated that Tg of poly (MA-co-SAS) is
20.4°C. It means this polymer electrolyte can behave as
an elastomer in normal ambient temperature.

Figure 2 FTIR spectrum of poly(MA-co-SAS). The sample was synthesized by the aqueous-phase method in this study. The
polymerization conditions are: the molar ratio of MA to SAS, 3 : 1; polymerization temperature, 70°C; and the dosage of KPS,
0.1 wt % over the total weight of two monomers.

Figure 3 1H-NMR spectrum of poly(MA-co-SAS). The po-
lymerization conditions are: the molar ratio of MA to SAS is
3 : 1, polymerization temperature 70°C, and the dosage of
KPS was 0.1 wt % over the total weight of two monomers.
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Mechanical properties of PMGCF

In actuality, polymer electrolytes often work together
with metal ions, such as transition metals or lan-
thanides, to prepare functional materials as mentioned
in Introduction section. Therefore, it is important to
investigate the influence of metal ions on mechanical
properties of the copolymer. In this work, copper was
investigated as a typical example.

In principle, Cu2� interacts with both carbonyl and
sulfonic groups in polymer chain through complex.20

The mechanical properties of the composites between
Cu2� and poly(MA-SAS) are surely affected by Cu2�

salt. Referring to the original solution compositions of
ternary mixtures of poly(MA-SAS), DMF, and Cu2�

salt in Table I, the tensile experimental records of
unreduced SCFs of samples 1 and 2 are listed in Table
II, and the relationships between tensile stresses and

strains of SCFs (samples 1 and 2) and PMGCFs (sam-
ples 3 and 4) are listed in Table III.

In Table III, the difference of the maximum loadings
and breakage extensions between SCFs is distinct. The
maximum loading increased to 3447 from 1653 cN,
corresponding to ratios of Cu2� to copolymer 1 : 10
and 1 : 5, respectively. Therefore, with the increase of
copper content, the maximum loading increases. This
is due to the complex of the Cu2� with carbonyl and
sulfonic groups, whereas, the breaking extensions de-
creased to 8.31 from 8.89%, correspondingly. The
Young’s modulus of the two samples was 0.3821 and

TABLE I
Two Samples of Composite Film with Different

Contents of Copper Salt

Samples
DMF
(mL)

Polymera

(g)
CuCl2 � 2H2O

(g)
Ratio of

Cu2�

Sample 1 25 5.0 0.5 10:1
Sample 2 27 5.0 1.0 5:1

a Represents that the constitutional unit ratio of MA and
SAS in the polymer is 3:1.

Figure 4 The integral curve of 1H-NMR spectrum of poly(MA-co-SAS). The polymerization conditions were the same with
Figure 3.

TABLE II
Tensile Experiment Data of Samples 1 and 2

Breaking stress
(cN)

Breaking strain
(%)

Modulus
(MPa)

Sample 1
1 1750 889 0.3006
2 1256 935 0.4091
3 1952 843 0.4366
Avg. 1853 889 0.3821
Sdv. 358 46 0.0719

Sample 2
1 3540 821 0.6422
2 3412 830 0.5828
3 3389 842 0.6213
Avg. 3447 831 0.6154
Sdv. 81 10.54 0.03013
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0.6153 MPa, respectively, which drop in the rubber
elastic range of 0.02–0.8 MPa. And so, samples 1 and
2 showed elasticity. This offers a prerequisite for ob-
taining a polymer–matrix metal composite with good
mechanical properties.

It has been for years that PMGCF was investigated
by solution reduction synthesis by our group. In this
work, PMGCFs are samples 3 and 4 in Table III that
were reduced from SCFs. Their mechanical data were
listed in 3rd and 4th columns in Table III, in which the
orderliness of maximum loadings and breakage exten-
sions are different from unreduced samples (samples
1 and 2).

In Table III, one can find that the maximum loadings
of PMGCFs corresponding to samples 3 and 4 are 4935
and 3104 cN. That is, sample 3 has higher tensile
strength. In the two PMGCFs, copper was reduced,
and the complex between the copolymer and copper
was weakened. This indicated that samples 3 and 4
have different determinable factors in these two cases,
compared with samples 1 and 2. This would not sug-
gest us to understand the change of mechanical prop-
erties according to complex interaction, whereas, the
structural factor of the copolymer plays an important
role. In samples 3 and 4, the molar ratios of MA to SAS
are 2 : 1 and 3 : 1, respectively. Sample 3 contains more
sulfonic group, which has stronger polarity that
causes higher interaction among macromolecules,
and thus the higher tensile strength of the sample.
Accompanying it, the rigidity of the sample was

also strengthened. On the other hand, the group of
acrylic ester is propitious to elasticity of the copol-
ymer. Therefore, the distinct yield behavior and
higher elastic deformation were observed regarding
sample 4.

According to the analysis, we can summarize that
different status of copper, such as Cu2� or Cu0, has
different influence on mechanical properties of SCFs
and PMGCFs.21

CONCLUSIONS

Based on the important applications of elastic polymer
electrolyte, a binary copolymer of MA and SAS,
poly(MA-co-SAS), was synthesized by an aqueous-
phase method using KSP as an initiator. The polymer-
ization took place in continuous aqueous phase, in
which the monomers were supplied from both dis-
solved status and micelle drops as dispersed phase. It
is different from the traditional emulsion and sus-
pended polymerizations, both of which occur in dis-
persed phases where micelles and hydrophobic drops
of monomers correspond to emulsion and suspended
polymerization, respectively.

The content of copper salt influences mechanical
properties of composite film. The presence of elasticity
in tensile process of the composite film offers a pre-
requisite for obtaining polymer–matrix metal gradient
composite with good mechanical properties.
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