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Abstract In this study, we investigated the improvement
in electrical conductivity of a polymer with the addition of
dissolved lithium hexafluorophosphate (LiPF¢) in an ether
based solvent, butyl glycidyl ether (BGE). Thin film sam-
ples were fabricated by adding LiPFg (up to 1 wt%) to poly
(methyl-methacrylate) (PMMA). Film with 0.75% LiPF¢
showed the highest improvement of electrical conductivity
by three orders of magnitude. Both FTIR spectra and X-ray
diffraction studies confirmed the formation of BGE-LiPF¢
complex. Differential Scanning Calorimetry was used to
characterize the PMMA/LiPF4 specimens further. Dielec-
tric experiments revealed the existence of multiple
composition dependent relaxation processes: 5 (high fre-
quency) and f (low frequency) relaxation processes. The
results suggest that electrical conductivity could be
improved without influencing the domain polymer and the
composite materials, including their processability. This
work suggests that the conductivity of nanocomposites
with various solid conductive fillers may be sufficiently
enhanced in combination with this ion conduction
approach involving a “liquid conductive filler.” Since BGE
is compatible with epoxy molecules, further study is
expected to lead to an effective solution to conductive
epoxy composites in their wide field of applications
including aircraft and multifunctional energy sources such
as structural batteries.
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Introduction

Electrically conductive polymeric materials have found
increasing applications in many industries. Improvements
in electrical conductivity of a polymer could be realized by
either addition of solid conductive particles, such as carbon
nanotubes, carbon fibers, and/or metal particles, or addition
of alkali metal salts through increments of ionic conduc-
tivity of the polymer at ambient temperature [1, 2].
Although numerous research has been conducted on the
enhancement in conductivity through making nanocom-
posites with those conductive nano-fillers, development of
novel polymeric materials with alkali metal salt, similar to
solid electrolytes, are also attractive due to potential
applications of enhancement of macroscopic properties
including electrical and thermal properties, as well as
chemical stability and easy processability [3—11].

Among different alkali metallic salts, Lithium hexa-
fluorophosphate (LiPF¢) is being used extensively as a
solute for lithium salt based polymer electrolyte. Additions
of ether in both solid and liquid electrolytes systems which
contain alkali metal salts influence the electrochemical
properties of the systems [12-16]. Oxyethylene units
(-CH,—CH,-0O-) with its high coordination affinities to
alkali metal ions show strong effects on ion mobility [17].
Much of this type of work is related to poly (ethylene
oxide) (PEO), which provides oxygen to make coordina-
tion with Li* cation. The goal of this work is to explore the
potential that this kind of coordination formation could be
used to increase the electrical conductivity of commonly
used polymers such as epoxy resin, etc. As our overall
study plan is related to improvement of electrical con-
ductivity of composite materials (mainly epoxy based
composite), in this particular study, our purpose is to
identify a solvent material which will have a similar
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functionality as the one provided by PEO to solid polymer
electrolyte. At the same time, the solvent should be com-
patible to epoxy resin which has oxirane group, and should
not adversely influence the mechanical properties of the
composite. Butyl glycidyl ether (BGE, Fig. 1) is an ether-
based solvent, and has been widely used as a reactive
diluent for epoxy resin. In each BGE molecule, there are
two oxygen atoms which may form coordination with
alkali metal ions as we found earlier in PEO molecules for
improvement in the electrical conductivity of the polymer.
The motion of ions in electrolyte depends on crystallinity
of PEO; lower is the crystallinity, higher is the motion and
therefore mechanical properties of PEO would be reduced
for higher conductivity. In addition, PEO with high crys-
tallinity would compromise the mechanical properties of
structural composite materials especially of epoxy com-
posite [18, 19].

As polymers are poor salt solvents due to their low
electrical permittivity, the issue related to ion association is
important. The availability of ester oxygen is a factor in ion
association as the salt concentration is increased. When the
amounts of solvent and salt are appropriate, salt might be
dissolved completely. However, it is possible that dissolved
salt is not completely dissociated into single ions only. Ion
pairs, triplets, and even higher aggregates exist in equi-
librium with dissociated ions. With disproportionate
amounts of salt and solvent, the probability of aggregation
which in fact works against the mobilization of ions, is
higher. This ion clusters in the polymeric network weakens
dipole orientation when there is an applied field. Dielectric
relaxation studies are one approach to acquiring informa-
tion related to the characteristics of molecular and ionic
interactions, observation of polymeric chain mobility, and
carrier generation processes in a material. Dielectric
properties and electrically conductive behavior, which are
highly sensitive to charged dipoles and mobile ions, are
frequency dependent. It has been found that dielectric
parameters were influenced by several factors such as
additives, temperature, phases of materials, etc. [20-22].
Study of dielectric relaxation behavior could provide
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Fig. 1 Chemical structures of BGE and MMA
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information concerning the motion of local dipole groups
and dipole segments that can cause the improvement of
electrical conductivity.

In this study, we investigated the mechanisms on
improvement in electrical conductivity of a polymer with the
addition of dissolved LiPFg in the ether-based solvent BGE.
Poly (methyl-methacrylate) (PMMA) was used as base
polymer due to its simplicity in preparation of the film
samples. X-ray diffraction, Differential Scanning Calorim-
etry (DSC), and Fourier Transform Infrared Spectroscopy
(FTIR) spectra studies were performed to characterize
specimens to investigate the mechanisms of the conductivity
improvement. Dielectric relaxation was studied to gain fur-
ther insight into the ionic interaction and conductivity
phenomena in the specimen.

Experiments

Sigma-Aldrich, Inc. provided PMMA with <0.5 wt.% tol-
uene contained. Acetonitrile (CH3CN), dissolving agent for
PMMA was purchased from EM Science, a division of EM
industries. Lithium hexafluorophosphate, LiPF4, which was
98% pure and butyl glycidyl ether, BGE (Fig. 1), with a
purity of 95% were purchased from Sigma-Aldrich, Inc.

Thin films of PMMA/LiPFg in different concentrations
were prepared by solution casting technique. PMMA (5 g)
was added to acetonitrile (20 mL) and stirred well to pro-
duce homogeneous viscous liquid PMMA solution. Except
for drying at 70 °C in a vacuum for 24 h to remove mois-
ture, no purification was done on LiPFs Different
concentrated (0.2, 0.5, 0.75, and 1 wt.% w.r.t. PMMA)
LiPFg solutions of were prepared by adding dried solid
LiPFg to 4.5 mL of BGE (without any purification) sepa-
rately. The PMMA solution and LiPFg solutions were
mixed and stirred well. However, PMMA/LiPF4 solutions
with higher amounts of LiPFg showed higher viscosity and
in particular, the 1 wt.% concentrated mixture was highly
viscous. Measuring their viscosity was impossible since in
contact with air, the mixture was solidified. A draw down
bar (Paul N. Gardner Company, Inc.) was used to make thin
film from PMMAV/LiPFg solutions on glass substrates. The
thickness of all samples was ~0.09 mm. The area of the
each sample (diameter = 2.50 cm) was such that it fully
covered the contact surface area (diameter = 1.99 cm) of
the electrical conductivity measuring instrument.

A Keithley Instrument Model 6517A with 8009 fixture
was used to measure the surface resistivity of the thin films
with different LiPFg wt.% by applying a voltage of 500 V
DC at ambient temperature. Although the thicknesses of all
samples were very close to each other (~0.09 mm), there
might be differences among them on the microscale. Unlike
bulk resistance, surface resistivity does not depend on
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thickness and this resistivity was measured to avoid any
error. More than 12 samples of each type were used for
testing and each sample was tested four times changing the
sample’s position by turning 90° with respect to earlier
position. The duration of each test was 15 min and a com-
puter automatically collected data in 1-min intervals. X-ray
diffraction measurement was done by a JEOL, JDX 8030
X-ray diffractometer to find the crystalinity of specimens.
Differential scanning Calorimetry measurements were per-
formed on samples of about 8 mg under nitrogen gas flow to
a Q1000 Thermal Analysis System (TA Instruments, USA).
Temperature range was 10-150 °C and heating rate was
10 °C/min. FTIR spectroscopy was used to analyze the
solutions with PMMA, acetonitrile, BGE, and/or LiPFg. The
experiment was carried out on a Brucker IFS66 spectrome-
ter. IR absorbance spectra were recorded in the range 400—
4000 cm™" and the resolution was 4 cm™".

A Novocontrol GmBH Concept 40 broadband dielectric
spectrometer was used to measure the real (&) and imagi-
nary (&) parts of complex dielectric permittivity (&) at
ambient temperature (298 K). This is based on alternating
current (AC) system. The thin film was sandwiched
between two gold plates (electrodes), one of which is
spring loaded to have good contact of surface of thin film
with gold plates. More than ten samples of each type were
used for testing. Data were collected for the frequency
range 107> to 10’ Hz at room temperature.

Result and discussion
Conductivity measurement

Figure 2 shows log of resistivity vs. wt.% of LiPFq dia-
gram. Thin film with 0.75 wt.% showed the lowest
resistivity with a decrease by three orders of magnitude
compared to the neat PMMA thin film. From the curve of
Fig. 2, it appears there are three zones to the data: zone 1 is
where small amounts of additive (from 0 to 0.2 to 0.5)
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Fig. 2 Comparison of resistivity values of PMMA with different
concentration of LiPFg at ambient temperature

make only slight changes, as shown by the shallow curve
reduction. Zone 2 is where a threshold seems to be reached
and the resistivity drops precipitously. Zone 3 is where
viscosity takes over and inhibits ion flow and that shows a
higher value than zone 2. This study will attempt to iden-
tify the physical and chemical influences in each zone.

From Fig. 2, it is seen that resistivity decreases with an
increase of concentration of LiPFg up to 0.75 wt.% and
then again increases beyond this point. The possible reason
is a combination of both increments of Li* concentration
and viscosity with increase of LiPFg wt.%. Beyond
0.75 wt.%, though the amount of Li* concentration
increases, the concurrent increase of viscosity reduces the
homogeneity and the mobility of Li* ion in the samples
[23-25]. Therefore, PMMA/LIiPF solution with 0.75 wt.%
LiPFs having optimum Li* concentration and viscosity
showed the best results.

However, it is observed that specimens of 0.2 and
0.5 wt.% concentrations have around similar resistivity
(Fig. 2). This phenomenon can be explained from the
effect of the amount of ions and their motion in the com-
posites. For higher conductivity, a strong network of ions is
needed and for this, stoichiometric proportion of salt and
media should be ideal. Deficiency of ions (in specimens of
0.2 and 0.5 wt.% concentrations) bared the formation of
effective ionic links and therefore, similar conductivity
results were observed. In 1 wt.%, stoichiometric aggrega-
tion and viscosity prohibited ions to form efficient links in
polymer chain which resulted in lower conductivity. The
conductivity depends on both concentration of charge
carriers and the viscosity of the conductive substance [26,
27]. With the addition of more salt, there is an increased
presence of a large number of ions in the media. This may
also lead to the formation of ion aggregation which, rather
than making any contribution to the conduction process,
inhibits the smooth conduction process since Li* ions in
motion would feel a repelling force from the ion aggregates
[28]. Figure 2 shows that deviation of resistance in PMMA
specimens is the least. The reason is that PMMA specimens
were fabricated from PMMA only and the specimens were
expected to be highly homogeneous. Addition of lithium
salt and its dissociation result related to stoichiometric
effect lessened the homogeneity of specimens and there-
fore deviations were likely to be higher as observed.

X-ray diffraction and DSC studies

Figure 3a—e shows the X-ray diffraction patterns of PMMA
polymer and PMMA/LiPF¢ specimens. However, due to
sensitivity to moisture, it was impossible to produce an
X-ray pattern of LiPFg (also not found in literature). The
broadness of the peak in the PMMA samples proves the
existence of an amorphous phase and in the samples with
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Fig. 3 X-ray diffraction pattern of (a) PMMA, (b) PMMA/LiPFq
(0.2 wt.%), (¢) PMMA/LiPFg (0.5 wt.%), (d) PMMA/LiPFg (0.75 wt.%),
and (¢) PMMA/LiPFg (1.0 wt.%)

LiPFg compound, the peaks are even broader. This indi-
cates that addition of LiPFq compound increased the degree
of amorphousness of the PMMA, i.e. greater disorder of the
polymer chains [29]. Thus, it confirms the complete dis-
solution of salt in the polymer as well as the formation of
homogeneous PMMA/LiPFg solutions [29]. However, the
XRD pattern for the specimen containing 1 wt.% LiPFg is
quite different from other LiPF¢-added specimens and it
bears a close resemblance to the neat PMMA pattern. This
phenomenon could be accounted for by the effect of vis-
cosity at the time of preparation of the 1 wt.% specimen.
The presence of Li™ ions were not homogeneous in the
1 wt.% specimen due to the high viscosity and the ions did
not come into play in changing the amorphous character of
the PMMA as observed in the specimens with lower con-
centrations. Higher ionic conductivity originates from
higher ionic diffusivity caused by the amorphous nature of
the polymer. Amorphousness of the specimen with 1 wt.%
LiPFg was less, i.e. less ionic diffusion, which led to lower
electrical conductivity of the system.

DSC was engaged to find out the thermal behavior of
PMMA/LiPFg polymer complexed system. Figure 4 shows
the DSC thermograms for PMMA and PMMA/LiPFg
specimens. Comparing the DSC curves of different speci-
mens, the PMMA shows a sharp V-shaped portion
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Fig. 4 DSC thermograms of (a) PMMA, (b) PMMA/LiPFg (0.2 wt.%), ()
PMMAV/LiPFg (0.5 wt.%), (d) PMMA/LiPF (0.75 wt.%), and (¢) PMMA/
LiPF¢ (1.0 wt.%)

(~83 °C) which can be indicative of the glass transition
temperature (7). In the other specimens, e.g. PMMA with
LiPFg, T, decreases (marked by arrow sign) and at the
same time, the corresponding V-shaped part is broader.
These phenomena can be explained in two ways. First, the
addition of LiPFg brings more plasticity to PMMA and
therefore, solid PMMA/LiPF¢ changes to the rubbery state
at a lower temperature as compared to PMMA and this
indicates that segmental motion of polymer -chains
becomes more flexible, which is beneficial for rapid and
facile motion of Li* ions in PMMA. Second, the existence
of the broader v-shape may also be a result of formation of
a complex between PMMA and LiPFs. At T, there is a
change of state of the materials due to higher molecular
motion of materials. If a complex is formed, it is possible
that the bonding between different molecules and ions, and
different thermal behaviors of different materials in the
complex cause this broadness. This complex formation
would be confirmed from FTIR analysis which has been
discussed in another section later.

FTIR spectroscopy study

The infrared spectra of PMMA polymer solutions are
shown in Fig. 5. There are five spectra of solutions with 0
(a), 0.20 (b), 0.50 (c), 0.75 (d), and 1.00 wt.% (e) of LiPFs.
If complexes are formed in crystalline or amorphous phase,
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Fig. 5 FTIR plots for (a) PMMA, (b) PMMA with 0.2 wt.% LiPF,
(¢) PMMA with 0.5 wt.% LiPFg, (d) PMMA with 0.75 wt.% LiPFg,
and (e) PMMA with 1.0 wt.% LiPFg

IR would be sensitive to those. In pure PMMA, the peaks at
1728 and 2944 cm ™' represent C=O vibration stretching
and C-H stretching, respectively. Figures 6 and 7 represent
zooming views of Fig. 5, and they correspond to C=0
vibration stretching and C-H stretching regions, respec-
tively. The peak values of C=O0 stretching in film with 0.20
(b), 0.50 (c¢), 0.75 (d), and 1.00 wt.% (e) concentrations are
all ~1727 cm™" (Fig. 6), and this shift may not produce a
big impact on electrical conductivity of PMMA. Though,
other researchers did not observe any shift at 1727 cm ™",
they found a weak shoulder at 1700 cm ™' corresponding to
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Fig. 6 FTIR plots for (a) PMMA, (b) PMMA with 0.2 wt.% LiPFg,
(c) PMMA with 0.5 wt.% LiPFg, (d) PMMA with 0.75 wt.% LiPFg,
and (e) PMMA with 1.0 wt.% LiPFg concerned with C=0 stretching
vibration
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Fig. 7 FTIR plots for (a) PMMA, (b) PMMA with 0.2 wt.% LiPFg,
(c) PMMA with 0.5 wt.% LiPFg, (d) PMMA with 0.75 wt.% LiPFg,
and (e) PMMA with 1.0 wt.% LiPF¢ concerned with C-H stretching

the interaction between the Li* and the C=0O group [30,
31]. They also observed that the relative intensity of the
shoulder at 1700 cm™" increased with increasing the con-
tent of lithium compound. This exceptional phenomenon
can be explained by the effect of complex formation
between BGE and Li*, which has been illustrated in detail
later. Concerning C-H stretching, the wave numbers are
around the same in specimens of different concentrations
(Fig. 7). It is true that there may be some shifts of wave
numbers corresponding to O-CH, asymmetric stretching
and CH; asymmetric stretching of PMMA due to addition
of LiPF¢. However, it is not our major issue in this study.
We are more concerned with BGE and we want to see how
it would influence the electrical conductivity of PMMA
material in presence of Li salt and this is discussed in
following paragraph.

FTIR spectra studies were made to analyze the molec-
ular interactions and formation of complexes in BGE/LiPFg
solutions. In Fig. 8, it is seen that the peak of the PFg band
splits into two peaks at ~842 and ~ 865 cm ™. It has been
found that 842 cm™! is associated with free PFg anions
[28] and 865 em~ ! s expected to be attributed to the
presence of Li*—PFg contact ion pairs (however, it cannot
be confirmed as the band for Li*—PFg contact ion pairs was
not available in any report). Similar observations were
reported by [28, 32] though with different kinds of salt used
in their experiments. Comparing the curves in Fig. 8, it can
be observed that the characteristic peak of free PFg
becomes sharp with the disappearance of Li*—PFg contact
ion pairs peak for the solution with 0.75 wt.% LiPFq.
Therefore, it can be confirmed from this analysis that
among all the BGE/LiPFg solutions, the greatest amount of
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Fig. 8 FTIR plots for BGE-LiPF4 complexes with different amount
of LiPF4 concerned with PFg and Li*-PFg contact ion pairs

ionization occurred in the solution with 0.75 wt.% LiPF,
which is beneficial for the release of Li*. However, it is
surprising that both broad curve at 842 cm™' and weak
shoulder at 865 cm ™' are seen in the FTIR spectra for the
solutions with 0.20 and 0.50 wt.% LiPFg as the amount of
BGE in these two solutions was more than the requirement
for full dissociation of LiPF¢ salt. More research needs to
be done to find the reasons for this occurrence.

The band at 1108 cm ™' corresponds to C-O stretching
vibration in BGE. In different BGE-LiPFg complexes with
0.20, 0.50, 0.75, and 1.00 wt.% of LiPF¢, peaks corre-
sponding to C-O stretching vibration shifted to 1108, 1110,

1108 —

~

——BGE
—0.20%

0.50%
—0.75%
—1.00%

L 1 1
1300 1200 1100 1000 900
Wavenumber (cm-1)

Fig. 9 FTIR plots for BGE-LiPFs complexes with different amount
of LiPF¢ concerned with C-O stretching vibration
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1117, and 1112 cm™", respectively, as shown in Fig. 9. Of
special note, we found shifting of the peak from 1108 to
1117 em™" accompanied with broadening in BGE-LiPFg
complexes with 0.75 wt.% of LiPFs. As mentioned earlier
that only 0.75 wt.% contained proportionate stoichiometric
amount of BGE and LiPF¢ to produce a good complex. In
all other specimens, either excess amount of BGE or excess

amount of LiPF¢ might have reduced the effect of complex.
(0]

In Glycidyl ethers, / \
R-O-CH,-CH-CH,

or an aryl group, there are two kinds of ether bond: one is
linear and the other is cyclic. As a nucleophile attack to the
less hindered carbon atom is most favorable, the scission of
strained cyclic oxirane ring occurs through opening in the
p-position, i.e. between the CH, group and oxygen under
basic condition [33]. Another formation of a peak at
3400 cm ™' was found distinctly in the BGE-LiPF, complex
with 0.75 wt.% LiPF¢ (Fig. 10). This peak corresponds to
the absorption of hydroxyl (OH) units. The possible reason is
the oxygen ring opening in BGE (Fig. 1) due to the presence
of Li* of LiPFg, and this oxygen formed hydroxyl unit, which
changed the polarity of the complex, helped in improving the
electrical conductivity (zone 2). On the other hand, LiPF¢
can easily absorb water and therefore absorption of water
cannot be dismissed fully, even though utmost care was
taken in sample preparation and experiment. The hydroxyl
absorption shown in Fig. 10 might be attributed to absorp-
tion of trace water to some extent. Accordingly, in the sample
with 1 wt.% LiPF¢, there was a probability of higher
amounts of water absorption compared to samples with
0.75 wt.% LiPFg, and therefore hydroxyl absorption for the
1 wt.% PMMA/LiPF¢ sample would be more prominent
compared to the 0.75 wt.% PMMA/LiPFs sample as all
samples were prepared under similar processing conditions.
However, from Fig. 10, this phenomenon is not observed.

. where R is an alkyl

\
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Fig. 10 FTIR plots for BGE-LiPFs complexes with different amount
of LiPF¢ concerned with absorption of hydroxyl (OH) unit
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Even the sample with 0.5 wt.% LiPF¢ does not have prom-
inent hydroxyl absorption as much as the sample with
0.75 wt.% LiPF¢. Therefore, the suggestion of complex
formations between BGE and LiPF4 through oxygen ring
opening is strengthened. Additionally, in another BGE-
LiPFg complex (0.2 wt.%), absorption of hydroxyl units is
not obviously prominent. In 0.2 and 0.5 wt.%, it may be
possible that the stoichiometric proportion of BGE and LiPFg
was such that all the oxygen rings were not opened and in
1 wt.%, over concentration of LiPFg caused the increment of
viscosity and nonhomogeneity of the solution might have
lessened the effect of opened rings in formation of hydroxyl
unit. However, unlike BGE specimens, specimens with 0.2,
0.5, and 1.0 wt.% LiPFg show the peaks of hydroxyl
absorption to some extent (Fig. 10).

The above-discussed ring opening can be confirmed
from FTIR spectra as shown in Fig. 11. The band attributed

(0]
to oxirane group / \ is ~910 [34]. In the presence of
-CH-CH,

LiPFg salt (0.75 wt.%) in BGE, the oxirane peak vanishes.
This means that there is a ring opening in the oxirane group
by the presence of Li* ion and the oxygen may react with
hydrogen to form hydroxyl ions as observed in other FTIR
spectrum. However, this ring opening in other solutions
(0.20 and 0.50 wt.%) was not prominent. The possible
cause is that the amount of Li* ion is less compared to the
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Fig. 11 FTIR plots for BGE-LiPF4 complexes with different amount
of LiPFg concerned with oxirane group

amount of oxirane groups available in the solution. In the
case of 1 wt.% solution, although Li* ions are high in
concentration, it is feasible that their aggregation (as dis-
cussed earlier) and high viscosity would have barred them
from effective ring opening. In addition, there is a disap-
pearance of some other peaks (Fig. 11) which occurs
mainly for the solution with 0.75 wt.% LipFg which needs
more research to find out effect of LipFs on BGE.

This complex formation between BGE and LiPFg has an
effect on the total PMMA/BGE/LiPF¢ solution. Since
LiPF; already made a complex with BGE through Li*, a
lesser number of Li* ions were available to make any
complex with the C=0 group of PMMA when the BGE/
LiPFg solution was mixed compared to pure PMMA. In
other words, this phenomenon might have subdued the
formation of any kind of complex between the C=0 group
of PMMA and Li* of LiPF4, which were observed in other
researchers work with a weak shoulder at 1700 cm ™" [30,
31] as mentioned earlier. In preparation of the samples, the
LiPF¢ compound was dissolved in BGE and therefore, most
of the Li* of LiPFs were engaged with BGE, and the
remainder, which might make any complex with C=0
group of PMMA, were not enough to cause a shoulder at
1700 cm™".

From FTIR analysis, it is found that LiPFg played the
main role with assistance from BGE in improvement of
electrical conductivity. Irrespective of the polymer we can
implement this system, which is important for practical
application of many polymer materials. We expect that it
would also be demonstrated in an epoxy resin system
which has oxirane groups as BGE has and this extra
presence of oxirane group might help in better dissociation
of LiPFg. This is the subject of our future study.

Dielectric studies
Theory

Complex dielectric constants (¢*) consists of relative per-
mittivity constant or dielectric constant (¢' or permitivity’)
and relative loss permittivity or dielectric loss (¢ or
permitivity’’) as shown below:

& =¢—id (1)

where ¢ and ¢’ depend on frequency of the applied field.
When an electrical field is applied to a material, the dipoles
in the material show the tendency to orient them in the
direction of the applied field. However, mobilization of the
dipole depends on the ductility of the materials. At higher
temperatures, dipoles can orient easily whereas a highly
crosslinked material finds difficulty in orientation. The
delayed response to a stimulus in a system is the so-called
relaxation. The orientation involves a characteristic time
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called relaxation time (y). Relaxation can be local (f3, y) or
segmental (). The higher the value of ¢ the better is the
electrical conductivity. ¢ measures the energy loss due to
orientation of dipoles; and energy loss due to conduction of
ionic species in the material when an electrical field
applied. The ratio of ¢ and ¢’ is known as the loss tangent
or dissipation (tan J):

tan 6 = ¢'/¢" (2)

To describe the way the molecule behaves in response to
the applied field, the Debye relaxation model has been
widely used and it is [35]:

% &0 — &y

& (w) =& + m (3)
&g is the zero-frequency dielectric constant, ¢, the limiting
high-frequency dielectric constant, o the average angular
frequency, and i = v/—1. The Debye model generally is
used where dipoles can be rotated in viscous fluid [36].
However, Cole—Cole model [35], which is expressed in Eq.
4, has been made to explain other viscous relaxation
process.

&) — &y
ex(w) =¢ + T+ (o)

(4)

The range of o which is the parameter to signify the
breadth of experimental relaxation peaks is between 0 and
1. & vs. & plot is called the Cole—Cole dielectric constant
diagram. A Cole—Cole diagram of the Debye model would
be semicircle and the center of it would lie on & axis
whereas the diagram for its model is a skewed arc. From
the & vs. ¢ plot, maximum loss would be obtained for a
particular frequency (which is called w,,.x). The relaxation
time y can be obtained from the relation:

Wmax = l/T (5)

The relaxation process could be further investigated by
use of the complex electric modulus M. It gives insight into
the bulk properties and is effective to describe the dielec-
tric response of nonconducting materials. For vitreous ionic
conductors as well as for polycrystalline ceramics, this
modulus is useful in the analysis of relaxation properties.
The relation between M and &* are as followed:

M=toww (6)
&
/
, &
2 ) (7)
8//
"
M= )

The complex modulus depends both on ¢ and ¢&”, and
therefore, data analysis with it would be more robust.

@ Springer

Behavior

Dielectric behaviors of pure PMMA and PMMA/LiPFg
specimens were observed in terms of variation of fre-
quency. Figure 12 shows the variation of dielectric
constant (¢') with frequency. Similar behavior was reported
in a number of papers [37, 38]. While performing dielectric
measurement on materials, there is a contribution from
dipoles as well as mobile ions to the relative permittivity of
the materials. It is obvious that variation of curves occurs
due to the presence of various amounts of LiPFg as
amounts of other components were fixed in the samples. It
was observed from the figure that with increase of fre-
quency, the dielectric constant decreases for PMMA/LiPFq
film and reaches a constant value at about 10* Hz. The
dielectric constant decreases rapidly in the range of 1072 to
1 Hz. With increases to the LiPFq loading in PMMA, &
shows a strong step-like increase (in frequency range 10% to
10* which increases with further lowering of the fre-
quency. The step shifts corresponding to LiPFg loading in
PMMA show the typical signature of relaxational behavior.
At low frequency, dipoles are able to follow an oscillating
electric field more easily than at a high frequency at a given
temperature. This may endorse the phenomena that at low
frequency range, the dipoles of macromolecules tend to
reorient themselves in the direction of applied field,
whereas the dipoles may not be able to reorient themselves
in the direction of applied field in high frequency range,
and thus, in the high frequency range, the dielectric con-
stant decreases [39]. Another possible explanation could be
attributed to development of a space charge at the interface
between electrode and film. This is known as non-Debye
behavior. Ion diffusion plays an important role in space
charge generation with respect to frequency [40]. At low
frequency, contribution of accumulated charges is promi-
nent at the interface whereas with increasing frequency,
input from charge carriers decreases due to high periodic
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Fig. 12 Variation of dielectric constant (¢') with frequency of pure
PMMA and PMMA-LIiPFq complexes
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reversal of the field at the interface [41]. At a particular
frequency, the value of dielectric constant is higher in
PMMA-LiPFs complexes compared to that in pure
PMMA, and the highest value is in specimen with
0.75 wt.% LiPF. This can be explained with consideration
of increased number of dipoles and decreased in relaxation
times due to addition of LiPFs. However, specimens with
1 wt.% LiPFg show lower dielectric constant due to high
viscosity of the liquid mixture at the time of sample
preparation which retards the well formed and distributed
dipoles throughout the sample.

Dielectric loss (¢”) vs. frequency curves as shown in
Fig. 13 depict that with increase of frequency, the value of
dielectric loss decreases, and finally at frequency around
10 Hz it reaches a constant value. Addition of LiPFg
caused the high dielectric loss in PMMA-LiPF¢ complexes
compared to pure PMMA. These high dielectric losses in
complex films cause the increase of electrical conductivity
of the related specimens. Specimens with higher hetero-
geneity correspond to greater dielectric loss. Though the
peaks in dielectric loss (&) vs. frequency curves (Fig. 13)
of Li salt-included specimens are not prominent, they are
obvious in the tan ¢ vs. frequency curves (Fig. 14) which
corresponds to the relaxation process. In the range of 10°—
10° Hz, PMMA-LIiPFs complexes show f relaxation as
dielectric observation in specimens that were tested at
25 °C, much below the glass transition temperature
(105 °C). This relaxation can be attributed to the changes
of orientation of polar group C-O, a bond dipole in BGE.
However, in pure PMMA, f relaxation is not prominent
(Fig. 14). The shift of f relaxation in the specimen with
0.75 wt.% LiPF, toward a high frequency (10* Hz) denotes
an accelerated relaxation and decrease in relaxation time.
In other specimens, stoichiometric effects may result in an
aggregation or deficiency of ions and their reduced
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Fig. 13 Variation of dielectric loss (¢) with frequency of pure
PMMA and PMMA-LIiPFq complexes
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Fig. 14 Variation of tan(d) with frequency of pure PMMA and
PMMA-LiPFq complexes

mobilization. This may obstruct the orientation of dipoles,
i.e. causing a higher relaxation time.

Dielectric relaxation experiments at different frequen-
cies also provide the information regarding relaxation
times, possible relaxators and their activation energy. The
Cole—Cole plot is a good way to study relaxation mecha-
nisms in PMMA and its complexes. Figure 15 show the
dielectric Cole—Cole diagrams (which are originally &’ vs.
¢ diagrams) of the systems with different LiPFg content
(only arc part of & vs. & curves has been considered and it
is up to the frequency of 10 Hz). It was found that beyond
the frequency of 10° Hz, the curvature of the plot was
changing toward the opposite direction in each specimen.
The plots (Fig. 15) indicate that each arc except the arc for
PMMA is a part of a circle whose center lies below the ¢
axis. The relaxation in specimens was dominated by the
Cole—Cole model. It may be observed from the figure that
addition of LiPFg compound to PMMA changes the arc
toward the semicircle and it is prominent in the specimen

+ PMMA
PMMA+0.20wt% Li
+ PMMA+0.50wt% Li
+ PMMA+0.75wt% Li
* PMMA+1.00wt% Li

ot 2
‘0
0
T T T T T
1 2 3 4 5 6 7

Fig. 15 Dielectric Cole—Cole diagrams of the systems with different
wt.% of LiPFg in PMMA
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Table 1 Relaxation time of different type of specimens

Specimen type Relaxation time (y) (in s)

PMMA + 0.20 wt.% LiPF, 1.10 x 1073
PMMA + 0.50 wt.% LiPF, 779 x 1074
PMMA + 0.75 wt.% LiPF, 218 x 1074
PMMA + 1.00 wt.% LiPFq 328 x 1074

with 0.75 wt.% Li compound. Therefore, this specimen
shows more monodispersive nature of the dielectric prop-
erties. The calculated values of y for all the specimens
except PMMA specimen have been listed in Table 1. The
least relaxation time is found in specimen with 0.75 wt.%
LiPFg.

However, in modulus loss spectrum (M" vs. frequency)
(Fig. 16), there are two M’ maxima in each curve. One of
them is related to high frequency f relaxation as discussed
earlier and other should be low frequency f relaxation
process. Though the relaxation in pure PMMA was not
observed in tan § vs. frequency diagram (Fig. 13), in
Fig. 16, there is one peak for PMMA. This might be a
relaxation process whose origin is the partial rotation of the
—COOCH; side groups around the C—C bonds linking these
side groups to the main chain. Dielectric measurement
temperature (25 °C) was below the T, (97.28 °C, observed
in our experiment) and therefore, it was impossible to have
o relaxation process.

At low frequency, high values of permittivity and loss
were detected which could be influenced by the presence of
electrode polarization as observed by other researchers
[42-45]. However, the researchers found very minor
polarization at low temperature and low frequency. Larger
amount polarization was identified at temperature higher
than glass transition temperature of the material where the
material would be viscous. In liquid sample, effects of
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Fig. 16 Modulus diagram of pure PMMA and PMMA-LiPF,
complexes
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polarization are prominent too [45—47]. In our study, all the
experiments were performed on solid samples at room
temperature (25 °C) temperature which was far below 7, of
pure PMMA (~ 83 °C) and therefore, apparently, it can be
said that influence of electrode polarization was less.
Moreover, at the low frequency, the values of permittivity
and loss were so high that electrode polarization influence
could be step aside. However, complete view of this
influence on our sample could be obtained using some
existing models which is our future work [45].

Conclusions

Improvement in electrical conductivity of the PMMA/
LiPF¢ was obtained through dissolving PMMA and LiPFq
in acetonitrile and BGE, respectively. It is found that the
prepared thin film with 0.75 wt.% LiPF¢ showed the
highest conductivity value with the improvement of elec-
trical conductivity by three orders of magnitude compared
to pure PMMA film. The possible reason for the behaviors
of specimens of other concentration is disproportionate
stoichiometry and its related effects. XRD and FTIR
spectra were utilized to study the mechanism, which con-
firmed the formation of BGE-LiPFg complexes. Due to the
presence of LiPFs in BGE solution, there was a ring
opening and formation of OH group and Li* which chan-
ged the polarity of the solution. There were also spectra
changes of C-O stretching motion band which occur upon
addition of LiPFg. Dielectric experiments reveal the exis-
tence of multiple composition-dependent relaxation
processes. The f process is associated with C-O group
present in BGE. The [’ relaxation tends to appear at low
frequency and corresponds to -COOCHj; side groups of
PMMA. The study results indicated that BGE can cause the
lithium compound to improve the electrical conductivity of
a polymer at very low concentrations of the lithium com-
pound without the existence of solid fillers in the polymers.

This work also suggests that the conductivity of nano-
composites with various solid conductive fillers, which is
the subject of much hectic current work, and is as yet
inadequate for many applications including aerospace, may
be sufficiently enhanced in combination with this ion
conduction approach involving a “liquid conductive filler.”
Since BGE is compatible with epoxy molecules, further
study is expected to result in a combination of electronic
and ionic conduction as the nearer-term solution to con-
ductive epoxy composites in their wide field of applications
in aircraft, energy and electronics component industries.
Further, this work suggests a foundation for the develop-
ment of structural batteries, which require multi-functional
materials for their electrolytes.
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