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Abstract The addition of polymethyl methacrylate (PMMA)
having different molecular weights to electrolytes containing
ammonium trifluoromethanesulfonate (NH4CF3SO3) in
diethyl carbonate (DEC) has been found to result in
conductivity enhancement and to yield gel electrolytes with
conductivity higher than the corresponding liquid electrolytes.
The increase in conductivity has been found to be due to the
dissociation of undissociated NH4CF3SO3 and ion aggregates
present in the electrolytes, and this has been supported by
Fourier transform infrared spectroscopy results, which sug-
gests active interaction of PMMA and NH4CF3SO3 in these
gel electrolytes. The increase in conductivity also depends
upon the molecular weight of the polymer used and is
relatively more for PMMA having lower molecular weight.
The increase in viscosity with PMMA addition also depends
upon the molecular weight of the polymer and is closely
related to the conductivity behavior of these electrolytes.
Polymer gel electrolytes have been found to be thermally
stable up to a temperature of 125 °C.
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Introduction

Non aqueous polymer gel electrolytes obtained by immo-
bilizing salt solution in a suitable polymer matrix have
attracted much attention recently as they possess high ionic
conductivity, comparable to that of liquid electrolytes, and

their suitability for applications in solid state batteries,
display devices, supercapacitors, etc. [1–4]. Proton-
conducting polymer gel electrolytes are also gaining
importance due to their potential use in fuel cells and other
devices [5]. Being a salt–solvent–polymer hybrid system,
their conductivity and other properties depend upon the
nature of its constituents and, hence, can be easily
controlled. Although polymer electrolytes containing
NH4CF3SO3 were reported in the mid-eighties, yet due to
their lower conductivity, they were not pursued thereafter
[6–9]. However, polymer gel electrolytes containing
NH4CF3SO3 show high conductivity of the order of 10−2

to 10−3 S/cm [10]. The physical properties (viscosity,
dielectric constant, melting point, boiling point) of the
solvent also play an important role in controlling the
dissociation of salt and mobility of the mobile species in
these electrolytes, in addition to providing a medium for
conduction. The polymer generally provides mechanical
stability to these gel electrolytes and polymethyl methacry-
late (PMMA), polyacrylonitrile (PAN), polyvinylidene
fluoride (PVdF), polyvinylidene fluoride–hexafluoropropy-
lene (PVdF–HFP), polyethylene oxide (PEO), etc. are some
of the commonly used polymers in the synthesis of polymer
gel electrolytes [11–13]. Recently, some work on the
comparative role of different polymers on the solvability
and other properties of polymer gel electrolytes has been
reported [14, 15]. As the properties of polymer also depend
upon its average molecular weight, so the comparison of
results reported by different workers could not be made
sometimes due to the different molecular weights of the
polymer used. Viscosity (η) of gel electrolytes is one such
important parameter related inversely to mobility (μ) (μ=q/
6πηr where q is the carrier charge and r is the radius of the
carrier ions), which depends upon the molecular weight of
the polymer, and hence, polymer with different molecular
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weights may affect the conductivity behavior in different
ways. The aim of the present work is to study the role of the
molecular weight of polymer on the conductivity and
viscosity behavior of polymer gel electrolytes.

Experimental

Polymer gel electrolytes were prepared by adding PMMA
(Aldrich) with average molecular weight 15,000, 120,000
and 996,000 in different amounts (expressed as the weight
percent of liquid electrolyte) to the liquid electrolytes of
NH4CF3SO3 (Aldrich) in diethyl carbonate (DEC) (Merck)
along with continuous stirring. Electrical conductivity was
measured by complex impedance spectroscopy using the
HP4284A precision LCR meter working in the 20 Hz–
1 MHz frequency range with a cell having platinum

electrodes [16, 17]. The viscosity of electrolytes was
measured by the Fungilab rotating viscometer (Visco Basic
L) by using a small sample adapter assembly. The thermal
properties of the gel electrolytes were studied by differen-
tial scanning calorimetry (DSC) and thermo gravimetric
analysis (TGA) (Mettler Toledo Star System) in the 25–
300 °C temperature range at the heating rate of 10 °C/min
under nitrogen atmosphere.

Results and discussion

The variation of conductivity of electrolytes containing
NH4CF3SO3 in DEC as a function of salt concentration is
given in Fig. 1. The conductivity of the solvent (DEC)
(approximately 10−9 S/cm) increases by five orders of
magnitude to 6.8×10−4 S/cm with the addition of 1 M
NH4CF3SO3. The increase in conductivity with salt

Fig. 1 Variation of (a) log conductivity with NH4CF3SO3 concentra-
tion and (b) log conductivity with log concentration for electrolytes
containing NH4CF3SO3 in DEC

Fig. 2 Variation of (a) conductivity and (b) viscosity with PMMA
(average molecular weight=15,000) concentration for polymer gel
electrolytes containing 0.5 M NH4CF3SO3 in DEC
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concentration does not take place at the same rate and slows
down at higher concentrations of NH4CF3SO3 due to the
formation of ion aggregates which do not take part in the
conduction process [18]. Due to the lower dielectric
constant of DEC (ɛ=3.1 at 20 °C), some undissociated
NH4CF3SO3 may also be present in these electrolytes.

The formation of ion aggregates at higher salt concen-
trations was checked qualitatively by mass action consid-
erations [19]. According to this method, if all the ions are
present as free ions, then the plot between log σ and log C
(where σ and C are the conductivity and concentration of
salt in the electrolyte, respectively) will be a straight line
and if ion aggregates are formed, then the plot between log
σ and log C shall show a deviation from straight line
behavior. A plot between log σ and log C for electrolytes
containing NH4CF3SO3 in DEC is given in Fig. 1b. At low
salt concentrations, the plot shows a straight line behavior,
whereas at high salt concentrations, it shows deviation from
the straight line behavior and the deviation increases with
an increase in salt concentration. This suggests the presence
of ion aggregates at higher salt concentrations, which is in
agreement with the conductivity results given in Fig. 1a.
The addition of salt also increases the viscosity of electro-
lytes from 0.8 to 1.9 cP.

The conductivity and viscosity of polymer gel electro-
lytes containing PMMA (average molecular weight =
15,000) in the 0.5 M solution of NH4CF3SO3in DEC with

PMMA concentration is given in Fig. 2. The conductivity
increases by nearly one order of magnitude with the
addition of PMMA, and then shows a small decrease at
higher PMMA concentrations, but the conductivity of gel
electrolytes is higher than the corresponding liquid electro-
lytes at all PMMA concentrations. The conductivity of
liquid electrolytes has been found to increase with the
addition of PMMA. The role of PMMA in polymer gel
electrolytes along with possible interactions between salt,
solvent and polymer were studied by Fourier transform
infrared (FTIR) spectroscopy. The FTIR spectra of liquid
electrolytes containing 0.5 M NH4CF3SO3 in DEC (a), of
gel electrolytes containing 5 and 10 wt% PMMA (b and c)
are given in Fig. 3 in the 560 to 775 cm−1 region. The
spectra of liquid electrolyte in this region (Fig. 3a) shows
peaks at 577, 642 and 762 cm−1, which are due to the
asymmetric bending of CF�3 , asymmetric bending of SO�

3 ,
and symmetric bending of CF�3 in free triflate ions,

Fig. 3 FTIR spectra of liquid electrolytes containing 0.5 M
NH4CF3SO3 in DEC (a), and gel electrolytes containing 5 wt% (b)
and 10 wt% (c) PMMA

Fig. 4 Variation of (a) conductivity and (b) log viscosity of polymer
gel electrolytes with concentration of PMMA having the average
molecular weights of 15,000 (closed circles), 120,000 (open circles)
and 996,000 (closed triangles)

Ionics (2008) 14:509–514 511



respectively [20–24]. The peak at 591 cm−1 is due to the
presence of ion aggregates whereas the peak at 743 cm−1 is
related to the undissociated salt (NH4CF3SO3) present in
electrolytes. These peaks are absent in the spectra of
polymer gel electrolytes (Fig. 3b and c), which suggests
that the addition of PMMA may result in the dissociation of
ion aggregates and undissociated salt, which were present
in liquid electrolytes [25], resulting in an increase in free
ion concentration. Polymer gel electrolytes (Fig. 3b and c)
also show a peak at 750 cm−1 due to the rocking of the CH2

group in PMMA [26].
The above FTIR results show that the addition of

PMMA results in the dissociation of ion aggregates and
undissociated salt present in liquid electrolytes at higher salt
concentrations. This leads to an increase in free ion
concentration and, hence, conductivity as given in Fig. 2a.
The viscosity of gel electrolytes, as given in Fig. 2b, is very
small at low concentrations of PMMA and increases

sharply at higher concentrations of PMMA. The large
viscosity at higher concentration of PMMA results in lower
mobility (as mobility is inversely related to viscosity),
which decreases conductivity. The increase in conductivity
with PMMA addition is quite significant and is despite an
increase in viscosity, which shall lower mobility, and a net
decrease in salt concentration, as no additional salt has been
added along with the polymer and both these factors will
lead to lower conductivity.

The viscosity of the polymer depends upon its molecular
weight and increases with an increase in molecular weight.
So, the viscosity of electrolytes plays a dominant role in the

Table 1 Conductivity (σ) and viscosity (η) at 25 °C for different electrolytes

Electrolyte→ Liquid electrolyte
(l) DEC+0.5 M NH4CF3SO3

Gel (g) electrolytes containing

6 wt% PMMA with average
molecular weight

15 wt% PMMA with average
molecular weight

15,000 120,000 996,000 15,000 120,000 996,000

σ (S/cm) 6.9×10−5 3.0×10−4 2.5×10−4 2.4×10−4 3.0×10−4 2.8×10−4 2.8×10−4

σg/σl – 4.4 3.6 3.5 4.3 4.0 4.0
η (cP) 1.2 2.3 5.9 68.4 9.3 196.4 13,658.5
ηg/ηl – 2.0 5.0 58.5 8.0 167.9 11,673.9

Fig. 5 Variation of log conductivity with reciprocal temperature for gel
electrolytes containing 20 wt% PMMA (average molecular weight=
15,000)

Fig. 6 TGA (a) and DSC (b) plots for polymer gel electrolyte having
composition DEC-0.5 M NH4CF3SO3 −10 wt% PMMA
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conductivity behavior of polymer gel electrolytes. Keeping
this in mind, polymer gel electrolytes containing PMMA
with different molecular weights (15,000, 120,000 and
996,000) were prepared and the variation of conductivity
and viscosity with PMMA concentration was studied, and
the results are given in Fig. 4. The values of conductivity
and viscosity at 25 °C for gel electrolytes containing 6 and
15 wt% PMMA having different molecular weights and the
ratio of their values for gel and liquid electrolytes (σg/σl, ηg/
ηl) are also listed in Table 1. The following general
observations can be made on the basis of the results given
in Fig. 4 and Table 1:

– The conductivity of gel electrolytes containing
PMMA (with different molecular weights) is higher
than the corresponding liquid electrolytes at all PMMA
concentrations.
– The increase in conductivity with PMMA addition
depends upon the molecular weight of PMMA, and is
more for gels containing lower molecular weight
(15,000) PMMA.
– A small decrease in conductivity observed at higher
PMMA concentrations is due to the dominant role of
viscosity.
– The viscosity of gel electrolytes depends upon the
molecular weight of PMMA and is more for gels
containing higher molecular weight (996,000) PMMA.

The variation of log conductivity with reciprocal
temperature for gel electrolytes containing 20 wt% PMMA
(average molecular weight=15,000) in the 0.5 M solution
of NH4CF3SO3 in DEC, measured over the 25–100 °C
temperature range, is given in Fig. 5. The conductivity of
gel electrolytes is higher than for the corresponding liquid
electrolytes at all temperatures. The conductivity of gel
electrolytes over the 25–100 °C temperature range increases
from 2.87×10−4 to 5.85×10−4 S/cm, which is quite small
and suitable for their use in different devices.

The thermal stability of polymer gel electrolytes was
studied by DSC/TGA measurements over the 25–300 °C
temperature range. The DSC and TGA plots for gel
electrolytes having composition DEC-0.5 M NH4CF3SO3

−10 wt% PMMA are given in the Fig. 6a and b. The TGA
plot for the polymer gel electrolyte (Fig. 6a) does not show
any appreciable weight loss up to a temperature of 125 °C.
The peak at 125 °C is also observed in the DSC
thermogram, which corresponds to the glass transition
temperature of PMMA and boiling temperature of solvent
(DEC). The weight loss increases by more than 50%
between the temperature range of 125 and 150 °C. Above
the temperature of 250 °C, a weight loss of about 70% is
observed, which is due to degradation of PMMA. This loss
of weight is also accompanied by an endothermic peak at

about 275 °C in DSC thermogram. DSC/TGA studies show
that these electrolytes are thermally stable up to 125 °C
only.

Conclusions

The addition of PMMA having different molecular weights
results in an increase in conductivity and yields gels with
conductivity higher than the corresponding liquid electro-
lytes. This is due to the dissociation of ion aggregates/
undissociated salt present in these electrolytes which is also
supported by FTIR results. The increase in conductivity and
viscosity of polymer gel electrolytes with the addition of
PMMA is found to depend upon the molecular weight of
PMMA. The increase in conductivity is more for gels
containing relatively low molecular weight PMMA, whereas
the increase in viscosity is more for gels containing higher
molecular weight PMMA. Thus, a proper choice of the
molecular weight of PMMA can result in polymer gel
electrolytes having the optimum value of conductivity and
viscosity.
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