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Abstract The effect of clay reinforcement on dielectric, con-
ductivity, and mechanical relaxation behavior of a polymer
clay nanocomposite film is reported. Polymer nanocomposite
is composed of three component polymers (polyacrylonitrile)
as a host matrix, salt (LiPF¢) as conducting species, and clay
(sodium montmorillonite) as intercalant. The macroscopic
parameters like polymer glass transition temperature and
available free mobile charge carriers have been analyzed
properly using dynamic mechanical analysis and dielectric
analysis. Dielectric analysis indicated distribution of relaxa-
tion time as a function of clay concentration, whereas conduc-
tivity spectrum exhibited dispersion at lower frequency
followed by saturation region at intermediate frequency. The
dispersion behavior is related to the electrode polarization
attributed to faster ion dynamics. The dielectric and conduc-
tivity relaxation are in excellent correlation with mechanical
relaxation owing to the changes in glass transition temperature
due to polymer-ion-clay interaction. The proposed mechanism
is a sequel to the experimental results.
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Introduction

Polymer nanocomposite materials have evoked extensive ac-
ademic and industrial attention in the recent decade due to
their unique properties [1—6]. Ion-conducting polymer nano-
composites (PNCs) have become increasingly important due
to their potential applications in various electrochemical
storage/conversion devices, such as high-energy-density lith-
um ion batteries, proton exchange membrane (PEM) fuel
cells, and supercapacitors [6—10]. PNCs are a multicomponent
system comprising polar polymer having solvating hetero-
atoms, alkali metal salt having bulky anion, and inert filler/
clay as the adduct/dopant. Such a combination imparts struc-
tural disorder/amorphousity in the composite phase and it
facilitates ion transport. The ion transport properties in PNC,
in general, depend on wide-ranging factors, such as (i) struc-
tural phase and pathway for ion migration, (ii) sites available
for mobility of charge carriers, (iii) rate of carrier mobility, (iv)
cation (charge carrier) coordination pattern with the polymer
chain, (v) polymer chain motion and its orientation, and (vi)
flexibility of the polymer backbone structure. So, the ion
dynamics and relaxation behavior in PNCs are strongly af-
fected by the inner morphology as well as mechanical attri-
butes of the polymer host on composite formation. In addition
to the intrinsic variables, the response of the composite struc-
ture with extrinsic parameters like frequency and temperature
is also important in determining the overall picture.

One very important aspect of electrical conduction in
amorphous/disordered solid is the strong dispersion of electri-
cal conductivity. At low frequency, it has been observed that
the conductivity is independent of frequency. While at higher
frequencies, conductivity is strongly dependent on frequency
and it varies according to the Jonscher’s universal power law
[11-13]. This behavior appears to be a general feature in
literature. We have also noted this feature in a few PNCs
reported earlier by our group [14—17]. The results indicated
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that all disordered PNCs show almost similar behavior so far
as the frequency response of electrical conductivity is con-
cerned. The most common explanation for strong dispersion
in ac conductivity is the existence of one or the other type of
inhomogeneities present in the material samples [18, 19].
However, an acceptable mechanism, consistent with the real-
ities of the structural phase composition, physical structure of
the host polymer, and pathway available for ion migration, is
yet to emerge out. Our earlier works on a number of systems
based on polymer such as solid polymer electrolytes (SPEs),
composite polymer electrolytes (CPEs), and PNCs have dem-
onstrated that ceramic dispersion and clay intercalation in the
polymer salt complex increase ionic conductivity due to many
factors, like changes in glass transition temperature, concen-
tration of free charge carriers, and amorphous content in PNC
matrix. However, the origin of dielectric polarization/
relaxation and their correlation with mechanical properties
has remained unexplored.

In this work, we report an elaborate discussion on the
dielectric and mechanical properties of a polymer clay nano-
composite system based on (PAN)gLiPFs+x wt% DMMT.
The effect of organomodified clay concentration on dielectric
(dispersion/relaxation) property of the ion-conducting PNC
films has been analyzed and correlated with mechanical re-
laxation of the polymer host in the PNC. The large enhance-
ment in mechanical and electrical conduction properties has
been explained. A mechanism for stiffness in the PNCs, which
is consistent with the dynamic mechanical analysis results, has
been proposed.

oD
AxB= ,LLgJenclosed =+ IU’OE or

Theoretical background
Dielectric analysis

The “dielectric” was coined by William Whewell in response
to a request from Michael Faraday. Dielectric materials get
polarized under the action of an external electric field. When
dielectric materials are placed in an external electric field, the
electrical charges are shifted from their equilibrium positions
(positive charges are shifted along the electric field direction
and negative charges are in the opposite direction). The term
dielectric is typically used to describe materials with a high
polarizability, which can also be expressed by a number called
“dielectric constant.”

In order to study the dielectric properties concerned, the
storage and dissipation energy can be termed as permittivity of
the materials. The permittivity can have real and imaginary
component such that

ex = g'—je' (1)

where €* is complex quantity of dielectric constant, €' is the
real value of dielectric constant which measures the storage
ability of transport charge carriers, €” is the imaginary part of
the dielectric constant which measures the loss of transport
charge in prepared polymer nanocomposite films. The origin
of dielectric permittivity in the conducting medium can be
derived using the Maxwell’s 4th equation (curl equation of
magnetic field strength):

oD . . , L o , (2)
AxH= Jenclosed +——= Jenclosed +]WD =ok +JW€0€E = W&y | JE + E
ot wWe,
where &/ = WZZLZ”Z) and £’ = W of complex conductivity and vice versa. The real part of the

From the above equation, we can conclude that for a
conducting medium (solid polymer electrolyte), the total di-
electric loss mainly attributed to two contribution (a) loss due
to permanent or induced dipole (") and (b) loss due to ionic

conduction (z—g:) . In the case of solid polymer electrolyte

with appreciably high ionic conductivity, the dielectric relax-
ation due to dipole may thus be masked by the relaxation from
polarization of the charged conducting species present in the
material system [20, 21].

So the dielectric constants (¢" and ") giving the corre-
sponding real and imaginary parts of conductivity obey the
following relation 01=0,.=we," and o,=wee', where &, is
the permittivity in free space (8.85x 10 "* F cm ). The imag-
inary part of dielectric permittivity is clearly related to real part
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complex conductivity is referred to as the ac conductivity
(040). For a conducting medium, the ac conductivity may be
defined as follows:

Odc
WE,

Oac = Weee = w80< + E'://(corrected)) (3)

The first part of the ac conductivity is treated as the dc
conductivity term, and the second term is varying with fre-
quency (dispersive component) and at the same time varying
according to Jonscher’s power law (4 w") in the limiting
frequency range. The dielectric parameters (¢', €", 0,., and
tan 0) are depended strongly on frequency, temperature, nature
of electrical response, and interaction among charge carriers in
the material sample. We have systematically analyzed this
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interaction in the present studies. It is discussed in the “Re-
sults” section.

Mechanical analysis

The dynamic mechanical analysis (DMA), sometimes called
dynamic mechanical spectroscopy, is a technique used to study
and characterize the mechanical properties of the materials. It is
most useful for studying the viscoelastic behavior of a polymer.
A sinusoidal stress is applied and the strain in the material is
measured, allowing one to determine the complex modulus. In
dynamic mechanical spectroscopy, we are doing the measure-
ment either in temperature or in frequency sweep leading to
variations in the complex modulus. This approach can be used
to find the glass transition temperature of the material, as well as
to identify transitions corresponding to other molecular motions.

For a perfectly elastic solid, the resulting strain and the stress
will be perfectly in phase; while in purely viscous fluid, there
will be a 90° phase lag of the strain with respect to the stress.
Viscoelastic polymers have the characteristics in between where
some phase lag will occur during DMA tests. The mechanical
modulus (Young’s modulus) simply defines the ratio of the
applied stress to the strain which is developed on materials.

E =2 where o is the applied stress and ¢ is the produced
strain on the sample materials. In order to obtain the exact
relation among them, let us consider that a stress is applied
across the sample

o = oosin(wt + J)
0 = 0,SINWICOsd + T,coswising

(4)

and the generated strain will be e=¢,sinwt, where modulus
is the ratio of stress to strain so we can derive the value of
mechanical storage and loss value from above equation as
follows:

Ex = E'sinwt + E' coswt (5)

where £’ = Z—:cosé represents the storage part (real part) of
the mechanical modulus and £ = %sind represents the loss

part (imaginary part) of the mechanical modulus.
The components are related to complex modulus (E”) as

Ex =FE +jE' = ?(sinwt + jeoswt) (6)
0

Here E' is the real part of the mechanical modulus corre-
sponding to the mechanical storage part (elastic response to
the deformation) of the materials; £” is the imaginary part of
the mechanical modulus corresponding to the mechanical loss
part (plastic response to the deformation) of the materials. The
ratio (E"/E'=tan ¢) is useful for determining the occurrence of
molecular mobility transitions such as the glass transition
temperature. Both parameters (£’ and E") are strongly depen-
dent on the frequency of applied force across the sample. We

have systematically analyzed this molecular interaction in
present studies. It is discussed in the “Results” section of
mechanical analysis.

Experimental
Materials preparation

The PNC films were prepared via a standard solution cast
technique, using polyacrylonitrile (PAN; Aldrich MW 1.5x
10°) as the host matrix and LiPFg (Aldrich) as the appropriate
lithium salt. Nanocomposite formation was carried out using
intercalation of polymer salt (PS) complex into nanometric clay
channels of dodecyl-modified montmorillonite (DMMT) clay.
The polymer host (PAN) and salt (LiPF¢) were vacuum dried at
120 °C for 32 h. An appropriate stoichiometric ratio of PAN was
dissolved in N,N, dimethylformamide (DMF; Merck), and the
solution was stirred for 18 h. Subsequently, a calculated amount
(stoichiometric) of LiPF, was added into the PAN solution and
stirred for 15 h to facilitate homogeneous mixing and complex-
ation. The stoichiometric ratio of salt in the polymer host (PAN)
matrix was maintained at an optimized ratio of N/Li=8 .
Next, DMMT clay was added into the polymer salt complex
solution in different concentrations (0<x<20; where x refers to
clay concentration with regards to PAN by wt) and stirred for
12 h. Finally, the composite solution was poured in polypropyl-
ene dishes and glass slide then allowed to dry under controlled
conditions. Free-standing polymer nanocomposite films were
obtained on solvent evaporation. So the series of PNC films
obtained can be expressed as (PAN)gLiPF¢+x wt% DMMT.

Materials characterization

Dielectric spectroscopy measurements of the nanocomposite
films were carried out using a computer-interfaced impedance
analyzer (HIOKI LCR Hi-Tester Model 3532, Japan) in the
frequency range of 100 Hz to 1 MHz on a sample cell
configuration of the type SS || PNC || SS (SS stands for
stainless steel blocking electrodes and PNC for polymer nano-
composite films). An input ac signal of ~60 mV was applied
across the cell to perform impedance measurement. Dynamic
mechanical thermal analysis (DMTA) of the polymer nano-
composite films was performed on a DMTA Rheometric
Scientific™ (model DMTA.IV), USA in tension-torsion
mode. The experiments were carried out at constant frequency
(1 Hz) at a heating rate of 2 °C min' with constant strain of
0.01 % over a temperature range of 30 °C to 120 °C. The
storage modulus, £, loss modulus, £”, and loss tangent, tan 4,
were measured for each sample in this temperature range. The
samples (size 15 mmx10 mmx0.7 mm) were cut from the
polymer nanocomposite films.
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Results

The results related to the structural phase formation, morphol-
ogy, Fourier transform infrared (FTIR) spectrum, electrical
impedance analysis, etc. on (PAN)gLiPFg+x wt% DMMT
has been reported earlier [22] by us. It was noticed based on
FTIR results that ion pairing is an important issue in such
PNCs and it is very specific to the clay concentration. Further,
the origin of dielectric properties in such a heterogeneous
system may possibly be due to both to the electronic and ionic
components. However, the true picture supported by experi-
mental evidences remains to be examined. This has been
investigated and explained as follows.

Dielectric spectrum analysis
Cole-Cole plot

KS Cole and RS Cole showed a feature of relaxation behavior
with Cole-Cole diagram. The complex plane plot (Cole-Cole
diagram) is used for the analysis of dielectric relaxation. In the
Cole-Cole diagram, the loss factor £” is plotted against the real
part of permittivity at a constant temperature and traces a semi-
circle, by which the time constant of dielectric relaxation can be
determined using the expression wr=1. If the dielectric relaxa-
tion time (Debye-type relaxation) has a perfect semicircle, it is a
clear feature that the materials have a single relaxation time.
When as if often the case, the material composed of two or more
than two constituents has a spread of relaxation times because of
its heterogeneous construction. The diagram is a semicircular
arc and not a standard semicircle. Cole and Cole showed that the
relation between ¢’ and £” should also be a semicircle but the
center of circle may lie below the ' axis [23-26].

It is convenient to analyze the dielectric spectra in a com-
plex plane. Figure 1 shows the Cole-Cole plot for the polymer
nanocomposite films. In this plot when we move at a higher
frequency, the data point moves from right side to left. The
complex plane plot of ¢’ vs. ¢” shows the depressed semicircle
whose center lies below the real axis. The complex plane plot
fitted using the separate equations for real and imaginary part
of the permittivity is given below:

€w + Ae(1 + wr)%cos (%)
g 2

- 1+ Z(wr)“cos(%) + (wr)*” 7

Ag(wr)sin (%)

"o_

1 + 2(wr)“cos (%) + (wr)*”

3

where €., ¢, 7, and « are the permittivity at infinite,
dielectric strength, relaxation time, and distribution (power
law) exponent of the material sample, respectively. The real
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and imaginary parts of dielectric permittivity have been orig-
inated from the standard Cole-Cole relation ex = e, +

ﬁ where notations have their usual meaning.

The fitted data are recorded in the Tables 1 and 2 at 30 and
100 °C respectively. From Table 1 we can say that on the
increase of clay concentration, the exponent () goes on decreas-
ing which is the clear indication of more distributed relaxation
time. The relaxation time due to more than one charge carrier is
of course present in the material system. The permittivity at
infinity is increasing when adding the organoclay in the PS
matrix. The value of €., is maximal at 7.5 wt% compared with
other concentrated as well as clay-free PNC films. The other data
(e.g., a¢ and C,,) are compared in the same table. (See Table 2).

Frequency response of real (') and imaginary (")
permittivity

Figure 2a, b shows the variation of dielectric permittivity (')
with frequency for PNC samples at room temperature (30 °C)
and 100 °C (i.e., above polymer glass transition temperature
(Ty)). The pattern of the real part of dielectric permittivity (¢”)
variation indicates two distinct regions of changes (marked as
regions I and II in Fig. 2a, b), irrespective of organoclay
concentration. Region I exhibits strong frequency dependence
(highly dispersive region) followed by region Il where €’ seems
to be almost constant with the frequency irrespective of the clay
composition both at room temperature and 100 °C. The high
value of dielectric permittivity (') observed in the low-
frequency region (region I) is attributed to the accumulation
of space charge [27] near the electrode-clectrolyte interface due
to the polarization effect. The overall effect causes immobili-
zation of charge carriers at low frequency by which the value of
dielectric permittivity became so high. The real part of dielec-
tric permittivity (¢) decreases on increase of frequency due to
high periodic reversal of the field at the interface. With increas-
ing frequency, a consequent reduction of charge carriers occurs
that contributes in lowering the dielectric constant. In region II,
the lowering of the real part of permittivity may be due to the
weakening of ion-ion interaction in the transient dipoles [28]
(lithium to electron-rich site of the polymer) i.e., in the dc
conduction. The overall effect would be the migration of charge
carrier due to long-range ion transport. The almost constant
region (region II) appears to be very interesting when we have
plotted the data in the limited frequency range (0.5 to 6 MHz) at
room temperature and at 100 °C which are embedded in the
inset of its room temperature and 100 °C (Fig. 2a, b). It has been
observed from the inset of Fig. 2a that the dielectric permittivity
increases on adding the organoclay in PS matrix. The nature of
the variation of dielectric constant (¢) is almost the same at
room temperature and at 100 °C. However, the enhancement is
clearly visible in the latter case. This may be due to the
flexibility of the polymer chain in the PNC matrix.
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Fig. 1 a Cole-Cole plot of polymer nanocomposite films at room temperature based on (PAN)gLiPFs+x wt% DMMT. b Cole-Cole plot of polymer

nanocomposite films at 100 °C based on (PAN)gLiPFs+x wt% DMMT

Figure 3a, b indicates the variation of the imaginary part of
dielectric permittivity (total dielectric loss) vs. frequency at
room temperature and 100 °C, respectively. The magnitude of
dielectric strength is increased drastically on immediate addi-
tion of organoclay in the PS matrix. The value of dielectric
strength has been increased drastically at certain critical con-
centration (say ~7.5 wt%). The enhancement of dielectric
strength has been observed at 100 °C when compared with
the room temperature dielectric (¢") result. The imaginary com-
ponent of the dielectric permittivity (dielectric loss) originated

due to the contribution of energy absorbed by the dipoles
(relaxing, ionic, permanent, etc.) present in the material system.
However, an ionic conductor bulk conductivity of the polymer
electrolyte also plays an important role. In the case of polymer
electrolytes, the high dc conductivity normally suppresses the
loss contributed by the dipoles present in the material system. In
order to estimate the actual dipolar contribution, it is necessary
to subtract dc contribution from the total dielectric loss. The
corrected dielectric permittivity (£”comected) Obtained after
subtracting the dc conductivity contribution (fg: ) from the
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Table 1  The fitted dielectric parameters (e, 5, Cp, a) at 30 °C

Clay concentration (%) € Es Cy(nF) «a

0 84 74,951 19 0.83
1 125 1,386,729 1.4 0.81
2 284 1,103,794 1.5 0.69
5 308 1,270,786 8.9 0.59
7.5 752 8,740,670 7.8 0.86
10 426 1,843,281 8.6 0.74
15 545 752,432 12 0.73
20 352 238,075 1.7 0.74

observed (&' 1) dielectric permittivity is expressed as

Z/ Odc

e onr =64 = m‘rgo (8)

This equation gives a clear picture of the presence/absence
of dipolar relaxation in a material system. The variation of
imaginary part of corrected dielectric permittivity (€' corrected)
vs. frequency at room temperature and at 100 °C is shown in
the Fig. 3c, d. A comparison indicates that the " orrected peak
has a lower value than €' (. The presence of the relaxation
peak is always at a higher frequency in PNC samples when
compared with clay-free PS complex film sample. The low-
ering of relaxation times observed by Fig. 3c, d in PNC
samples when compared with PS complex is a clear indication
of faster ion conduction.

Frequency response to dielectric loss
The loss tangent of the sample can be obtained from above-
derived equation and may be defined as the ratio of the lossy

reaction to loss less reaction in the Maxwell IV equation for
conducting media defined as

Odc 1"
+ € corrected
We,

tand = 9
@) v
Table 2  The fitted dielectric parameters (€., &5, Cp, @) at 100 °C
Clay concentration (%) €wo Es C, (nF) «a
0 51 547,126 0.32 0.82
1 164 5,152,231 0.16 0.80
2 200 12,556,094 0.58 0.81
5 174 5,876,540 0.21 0.76
7.5 482 2,594,300 0.17 0.76
10 412 12,724,446 0.54 0.80
15 89 3,000,000 0.23 0.82
20 88 2,728,077 0.56 0.82
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Figure 4a, b compares loss tangent (tan ¢) of the polymer
nanocomposite films where the range of organomodified clay
concentration varies 0<x<20. It is well known that the dielec-
tric loss is dependent on the number of parameters like ab-
sorption, frequency resonance, and charge-conducting spe-
cies. In fast ionic conductors, generally, materials behave as
lossy which are very much harmful for energy storage de-
vices. In this dielectric loss pattern (tan & vs. frequency), it has
been observed that the relaxation peak observed at 59 kHz is
shifted towards the higher frequency side just after the addi-
tion of organomodified montmorillonite clay into the polymer
salt complex matrix. The peak shifting towards higher fre-
quency has also been observed at 100 °C when compared with
room temperature relaxation (Fig. 4b). The frequency ob-
served at higher temperature (100 °C) is 346 kHz. The low-
ering of relaxation time irrespective of clay concentration and
temperature is the clear indication of faster ion dynamics.

Conductivity spectrum

The ac conductivity of all samples (0<x<20) has been calcu-
lated using Eq. 3. Figure 5a shows a typical plot of the conduc-
tivity spectrum (i.e., ac conductivity vs. frequency) of polymer
nanocomposite films with different clay concentrations (say,
x=0, 1, 2, 5, 7.5, 10, 15, and 20) at room temperature. The
representative ac conductivity plot of PS complex sample at
room temperature and 100 °C is shown in the inset of Fig. 5a.
The inset figure of the PS sample at room temperature clearly
indicates that there are three distinct regions attributed by three
different phenomena present in the material system. The lower-
frequency dispersive region gives the sign of electrode polari-
zation present in the material system. The constant region
exhibits the long-range conduction of charged carriers in the
material sample at intermediate-frequency range. The region I11
i.e., high-frequency dispersive region is due to the hopping of
charge carriers (to-and-fro motion) at higher-frequency side.
The ac conductivity variation with the frequency of PS sample
is almost identical at 100 °C, except the dispersive point (char-
acteristic frequency or hopping frequency) on the frequency
axis which is shown in the same inset figure. It has been
observed that at 100 °C the dispersive point is shifted towards
higher frequency when compared with the same sample at
room temperature. The frequency dependence of the conduc-
tivity is a typical behavior of ionic conductors. The frequency-
independent conductivity is called the bulk/dc conductivity
(04c)- The electrical conductivity increment at high-frequency
region for PS sample at room temperature and 100 °C has been
fitted through the Jonscher’s universal power law [29]:

(10)

where o, is the dc conductivity, 4 is a prefactor having weak
dependence on temperature, w is the angular frequency and n

Oac = Oge + A"
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Fig. 2 The variation of real part
of permittivity vs. frequency (a) at
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is the temperature-dependent power law exponents with 0<n
<1, which decreases on increasing the temperature. Also at a
given temperature, the hopping frequency can be identified as
the frequency at which ac conductivity becomes two times of
dc conductivity expressed as

Tac = Oge + Aw"

w n
Oac = Odc (1 + <) )
wp

Oac = 204. When w = wp

(11)

The frequency-dependent ac conductivity of the PS com-
plex sample at room temperature and at 100 °C is well fitted
with the Jonscher’s universal power law. The critical expo-
nents are estimated in the inset of Fig. 5a. The frequency
dependence of the electrical conductivity starts at a critical
frequency referred to as the characteristic frequency (wj,) that

26 3E6  4E6
Frecumeytie | PR
—#—x=1
—K—x=2
——x=5
I —— =75
—— =10
—a8— =15
—0— =20

3x10° |
2x10° "

1x10° -

10° 10* 10° 10° 10
Frequency (Hz)

was observed in the polymer salt complex film at room
temperature and at 100 °C. From the fitting of universal
Jonscher’s power law, the estimated value of the critical
frequency (wy,) is ~95 kHz at an ambient temperature whereas
for 100 °C, the value goes on the higher side at 942 kHz.

In this experimental observation of Fig. 5a, it has been
observed that the lower frequency side exhibits the
electrode-electrolyte interface region where the charge carriers
get blocked and the conductivity became smaller. A compar-
ison indicates substantial conductivity enhancement for PNC
sample when compared with PS sample. The dc conductivity
comes because of short-range pair-wise motion at the adjacent
site of the heterosite of polymer, whereas on increasing the
frequency beyond the hopping, the charge carriers are not
getting sufficient time to reach the next available hopping site
which results to back-and-fro motion and ac conductivity
increases according to universal Jonscher power law. The
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Fig. 3 The variation of imaginary part of permittivity with frequency (a)
at 30 °C (b) at 100 °C, the variation of imaginary part of corrected
permittivity with frequency (c) at 30 °C (d) at 100 °C

characteristic frequency (wy,) shows the response of the mate-
rial when it starts the frequency-dependent conductivity. This
shifts towards the higher-frequency side after increasing the
clay concentration. This may be because of the release of more
free charge carriers after adding the organomodified montmo-
rillonite clay in polymer salt complex sample. On increasing
temperature, the dissociation will increase which favors the
increase of the number of free charge carriers. At low frequen-
¢y, an ion jumps from one site to its neighboring vacant site
successfully contributing to dc conductivity. Figure 5a shows
that there are three regions, but region I1I is suppressed due to
the high dc conduction and limitation of impedance analyzer.
To see the third region clearly in Fig. 5a, we have plotted the
conductivity data in the limiting frequency range (0.5 to
7.5 MHz) in the Fig. 5b. With the help of Fig. 5b, we can
say that all clay-concentrated PNC films obey the universal
Jonscher’s power law. Jonscher’s fitting cannot be done

@ Springer

0.09 0.9
O Experimental x=0 . x=1
0.06 0.6
0.03 \ 0.3 Y
S — Fitted
- ) g
0.00 o oo | 0,0 e oo
g 1 10 100 1000 10000 110 100 1000 10000
545 0.3
g x=7.5 x=15
8 e
=730 / 0.2
w \\:
\;vf«,
:
1.5 @% 0.1
LN
0.0/ R e 0.0 o
1 10 100 1000 10000 110 100 1000 10000
Frequency (kHz)
(d)
241 241 .
O Experimental TR x=1
Fitted = J o\
‘ |y .
0.7
:§>0.0 Qw&‘m‘w COEEE 0.0
H] 1 10 100 1000 10000 1 10 100 1000 10000
545 09—
:w” X=7.5 x=15
3.0{ / 06] °
15 0.3
0.0 S | 0.0
1 10 100 1000 10000 1 10 100 1000 10000
Frequency (kHz)

Fig. 3 (continued)

because of the limiting data point, but we can say that the
critical frequency (wy,) shifted towards the higher-frequency
side on immediate addition of organoclay in the PS complex
matrix. The dc conductivity estimated from ac conductivity
vs. frequency results best matches with the bulk conductivity
obtained from the complex impedance spectrum of Nyquist
plot.

Dynamic mechanical analysis

The DMA of (PAN)gLiPF¢+x wt% DMMT-based PNC films
has been studied to analyze their mechanical response under
the action of thermally driven mechanical force. DMA mea-
sures the response of a given material to a cyclic deformation
as a function of the temperature. Figure 6a shows the variation
of mechanical storage modulus with respect to temperature
under the action of thermally driven mechanical force for
different modified clay concentrations (x wt%). It has been
noticed in Fig. 6a that the mechanical storage modulus
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Fig. 4 a The loss spectrum of
polymer nanocomposite films at
30 °C. b The loss spectrum of
polymer nanocomposite films at
100 °C
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Fig.5 The ac conductivity spectrum of PNC films a at room temperature
and b in a selected frequency region

increases up to a certain temperature beyond which it de-
creases and finally becomes constant.

This type of signature has been observed for all clay-loaded
polymer nanocomposite films. The nature of variation of
mechanical storage modulus up to the glass transition temper-
ature is may be due to the transient crosslinking of the cation
to the side chain (heterosite) of the host polymer; while in the
case of clay-based polymer nanocomposite films, the variation
of mechanical storage modulus with temperature could be
attributed to the electronegativity of the dipole present in the
organomodified montmorillonite clay. A remarkable improve-
ment in £’ could be an outcome of the strong interaction
between the PS complex and dipolar clay. In spite of the clay
content, £’ increases with increasing temperature and a tran-
sition can be seen at about ~70-90 °C. It seems that £’ retains
its strength over a wide temperature range on addition of the
clay in the PNC phase. This may be due to the effect of
imposing clay restriction on the molecular motions of the host
polymer in polymer nanocomposite sample. The storage
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Fig. 6 a Plot of dynamic storage modulus vs. temperature of polymer
nanocomposite films. b Temperature dependence mechanical loss
modulus of polymer nanocomposite films. ¢ Loss pattern of tan & vs.
temperature of polymer nanocomposite films. d Deconvoluted pattern of
tan & vs. temperature of polymer nanocomposite films based on
(PAN)sLiPF4+x wt% DMMT

modulus of all PNC films is relatively higher over the entire
temperature range when compared with that of the clay-free
PS complex film. The increase of the mechanical moduli at
50 °C for all PNC films is 38, 178, 108, 91, and 79 % for x=2,
5, 7.5, 15, and 20 wt% modified clay concentration, respec-
tively, when compared with the polymer salt complex film.
On the other hand, moduli at the glass transition temperature
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Fig. 6 (continued)

are recorded to be 83, 89, 405, 161, and 166 % forx=2,5,7.5,
15, and 20 wt% modified clay-concentrated PNC films when
compared to that of the PS complex (Fig. 6a). The nature of
variation of the mechanical storage modulus seems to be
constant on and above 110 °C. Furthermore, at the tempera-
ture range of 40—120 °C, all the nanocomposite films exhibit
much higher enhancement of £” as compared to that of neat PS
complex. The enhancement of the mechanical storage of the
polymer composite films keeps on increasing with respect to
the organomodified clay concentration up to a certain clay
concentration. On the basis of X-ray diffraction [22] in
intercalated-type polymer nanocomposite films, the polymer
films have a strong support. Moreover, at a large clay concen-
tration, the mechanical storage value increases but affects the
conducting phenomena of the materials. This may be due to
the mechanical reinforcement effect of organomodified mont-
morillonite clay on the polymer salt complex film. The storage
modulus becomes constant after certain temperature, provid-
ing a signature of mechanical equilibrium beyond the phase
transition from glassy to rubbery phase of the host polymer.
Figure 6b shows the variation of mechanical loss vs. tem-
perature (40 to 120 °C) at different organomodified clay
concentrations. The lost part of the mechanical modulus in-
creases up to glass transition temperature. Beyond this tem-
perature, the mechanical loss of the polymer nanocomposite
film samples decreases. This could be due to the transforma-
tion of materials from glassy to rubbery phase. It has also been
observed that on increasing temperature, the natural frequency
of the material system changes. The glass transition tempera-
ture best exhibits equilibrium with the applied driven mechan-
ical force frequency. Beyond that, there may be frequency

mismatch causing lowering of the mechanical loss. On the
other hand, up to 7}, the enhancement of £” is significant in
the intercalated PNC films unlike that of £'. This behavior has
been ascribed to the preferential segmental motion at the
organic-inorganic interface neighborhood in the intercalated
polymer nanocomposite films.

Figure 6¢ shows the variation of mechanical loss tangent
vs. temperature at different organomodified clay concentra-
tion. The variation shows that the mechanical loss tangent is
maximal at the glass transition temperature of the polymer
nanocomposite films. At 7}, there is a substantial drop in £’
with a peak in tan ¢ indicating viscous damping due to the
segmental motion in the polymer. It may be related to the
hindered molecular motions of the polymer chains caused by
clay interaction. It is corroborated by a sudden decrease in 7,
with increasing organomodified clay concentration when
compared with pure polymer salt complex. This may be
attributed, without any ambiguity, to the polymer-clay inter-
actions. Such a possibility has already been observed in the
FTIR results [30] and is corroborated by the reinforcement of
the height of the tan 6 peaks with increasing clay concentra-
tion in the DMA response.

The peaks in the Fig. 6¢ correspond to the T, of the host
polymer which undergoes a shift with varying clay loading in
the PNC films. Some reports suggest these results in the
suppression of glass transition due to the presence of the clay
[31, 32]. The maximum shift in 7, as measured in the present
result is ~10-20 °C. It is believed that the chemical bonding at
the interface of the silicate and polymer salt matrix could lead
to hindered relaxational mobility in the polymer segments
near the interface, causing broadening and decreasing of 7,
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[33—40]. Under the action of thermally driven mechanical
energy, the PNC system is capable of withstanding and stores
energy up to ~100 °C. In the rubbery state at temperatures
above Ty, the molecular mobility of the polymer is much
higher than in the glassy state.

Figure 6d shows the deconvoluted pattern of mechanical
loss tangent (tan 6 vs. temperature) of the PNC films. The
peak asymmetry (Fig. 6¢) prompted us to use Voigt profile
fitting of the temperature evolution of mechanical loss pattern.
It gave two distinct contributions in the tan & vs. temperature
profile. The deconvoluted mechanical loss peak occurring at
lower temperature is attributed to the glass transition temper-
ature of the PS complex, whereas the high-temperature loss
peak could be related to the glass transition temperature of the
host polymer (PAN). The glass transition temperature peaks in
the DMA loss pattern basically refers to the structural phase
transition from a rigid framework structure (plastic phase) to
an elastomeric (rubbery) phase under thermomechanical
stress. This estimate for 7 is therefore considered relatively
reliable than that obtained from DSC. Results indicate that a
lowering in the glass transition () temperature occurs at
lower clay concentration when compared with respect to that
of the PS complex. A relative lowering in T, at lower clay-
loading points is towards the enhancement in the flexibility of
the polymer backbone. This in turn may be expected to
increase the polymer chain motion in the PNC phase. Since
cation coordination occurs at electron-rich site (“C=N ) of the
host polymer, any enhancement in the polymer chain motion
basically favors faster ion dynamics.

Such an effect, therefore, may cause substantial tailoring of
electrical conductivity of the PNC films depending on the
fraction of clay loading. This has, in fact, been observed in
the electrical properties results. The mechanism related to this
phenomenon is proposed to be discussed below in a
mechanism.

Discussion
Scaling behavior of permittivity spectra

Figure 7a, b shows the master curve permittivity (£”corrected)
spectrum. In this spectrum, the frequency axis is normalized
by fmax (frequency corresponding to (" orrected)max) @and that of
€" corrected OY (€ corrected)max- From Fig. 7, it is clear that all the
plots at different organoclay concentrations are overlapping at
the start and end points, but it indicates that they are not
overlapping in the whole range in a single master curve. It is
a clear indication that the dynamical process occurring in our
material samples at different frequencies does not have the
same relaxation mechanism [41].
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Correlation of dc conductivity with relaxation
time (7. and Ty 5)

The variation of dielectric constants with frequency has gen-
erally been called dielectric relaxation spectroscopy (DRS).
DRS is observed due to the number of different polarization
mechanisms. The presence of any dielectric relaxation corre-
sponds to one or more possible polarization mechanisms that
occur on a microscopic level. Each relaxation process de-
scribes the decay of its polarization with time in a periodic
field [42].

The dc conductivity has been estimated using the complex
impedance plot. The CIS plot shows the semicircle at the
higher-frequency region followed by a spike at the lower
frequency. The intercept of semicircle on the real axis is the
real estimation of the bulk resistance of the material samples.
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Fig. 8 The dc conductivity
correlation with relaxation time at
a30°Cand b 100 °C

Fig. 9 Representation of
transient cross-linking of polymer
segments (7) direct cation
coordination, (i) via cation-anion
interaction, (iii) both by cation
and cation-anion with polymer
interaction, and (iv) filler-polymer
interaction by cation-anion
interaction
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Now the dc conductivity has been estimated using the widely
known relation o4, = R%, (%) , where the conductivity is in-

versely proportional to the relaxation time (7) which is given

1 (e _ &’ . .
as Oge = z; (C_Oo) = 52 where A¢, &, &,, and T are dielectric

strength, static permittivity, permittivity in free space, and relax-
ation time, respectively [41, 43]. It is mentioned clearly that
although 7 could not be measured for PS complex at room
temperature, the effect is noted in the addition of organoclay
PS complex matrix. A best correlation has been built in the dc
conductivity and the relaxation time (7. and 7, 5) (Fig. 8a, b)
obtained from dielectric spectrum. It is necessary to mention here
that the relaxation time estimated from imaginary part of permit-
tivity is much higher than the relaxation time obtained from tan &
which is well obeying the previously reported literature [42, 44].

Mechanism

It is believed that Li" may coordinate with a maximum of five
electron-rich sites of the host polymer [45, 46]. In polymer salt
complexation, ion-polymer interaction leads to the formation of
inter- or intra-molecular transient crosslinking [47-49]. This
limits the flexibility of the host polymer backbone matrix,
resulting in a stiff matrix of the material sample. There are three
types of possibility for transient crosslinking: (i) transient
crosslinking directly through cations, (ii) transient crosslinking
through cation-anion interaction, and (iii) transient crosslinking
through both. In view of this, a possibility of transient
crosslinking of polymer backbone via Li" coordination may
be the likely feasibility. The feasibility scheme has been pre-
sented in the Fig. 9. It has been observed that the addition of
nanometric organomodified montmorillonite clay affects the
material sample in terms of stiffening of the polymer segments.
The nanometric organoclay may show a net dipolar shift in the
dielectric medium-like polymer salt complex matrix. The elec-
tropositive end of organoclay may interact with either electro-
negative end of the heterosite of the host polymer or with bulky
anion present in the PNC matrix. The other end
(electronegative) of the organoclay dipole will affect the other
segment of the host polymer/free charge cation present in the
sample matrix as illustrated in Fig. 9 (iv). The strong interaction
of organoclay with host polymer has already been observed in
the FTIR and dielectric results [42] of PNC films with different
clay loading. As a result, PNC matrix polymer backbone gets
strengthened due to the stiffening of the polymeric segments
(chain) on nanometric clay addition which causes natural en-
hancement in the mechanical strength of the PNC films.

Conclusions

Intercalated PNC films based on (PAN)gLiPFs+x wt%
DMMT has been prepared using standard solution cast
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technique. Dielectric and mechanical spectroscopy analyses
have been done in the present study. In dielectric analysis, we
have determined the dielectric properties of PNC films on ion
dynamics in the heterogeneous composite phase. The electri-
cal conductivity is improved drastically in the addition of
organomodified clay in polymer salt complex film. Jonscher’s
power law fitting shows three regions (ac conductivity vs.
frequency): low-frequency dispersion region, intermediate
saturation, followed by high-frequency dispersion region.
DRS is observed due to the number of different polarization
mechanisms. The optimized combination of the PNC film
may be expected to serve the dual purpose of electrolyte as
well as separator in energy storage device, such as lithium
polymer batteries and supercapacitors.
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