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A nematic comb-shaped copolymer and its nanocomposites containing 0.063-0.54 in vol % of silver
nanoparticles were studied by broadband dielectric spectroscopy. The frequency dependence of specific
alternating current (ac) conductivity was used to estimate the temperature-frequency intervals of charge transfer
by long and short distances, respectively. With increasing the concentration of nanoparticles, specific ac
conductivity increases. The concentration dependence of dielectric permittivity suggests that distribution of
nanoparticles is homogeneous, and conducting channels are not formed. With increasing the concentration of
silver nanoparticles, the glass transition temperature of the nanocomposites, described in terms of the strength/
fragility concept, increases, whereas the strength parameterD decreases (i.e., “fragility” increases).

Introduction

Liquid crystal (LC) polymers are acknowledged to be
fascinating objects from the viewpoint of both modern chemistry
of macromolecular compounds and materials science because
of the unique combination of their properties: molecular and
dynamic characteristics of low-molecular mass liquid crystals
on the one hand and important physicomechanical properties
of polymer compounds on the other hand.1 In this respect, the
synthesis and characterization of nanocomposites based on LC
polymers present a challenging and high-priority task. Investiga-
tion of these nanocomposites not only allows one to design
various multifunctional “smart” materials, but also makes it
possible to understand the nature and the mechanisms of
influence of nanoparticles on the development and stability of
mesophases.2-4

Special attention has been paid to studying the electrical
properties of LC nanocomposites, as this investigation allows
one to gain important information concerning the mechanism
of various processes at the molecular scale and to outline the
areas of their possible practical application (in optics, for the
development of advanced membrane materials, sensors, etc.).

The electrical properties of nanocomposites can be explored
by various methods including dielectric spectroscopy. This
method makes it possible to study, in addition to dipolar
polarization/relaxation, the molecular mechanism of conductivity
and to ascertain the nature of charged particles involved in
charge transfer (ions, holes, protons, etc.). In addition to dipolar

polarization/relaxation data, analysis of conductivity data allows
one to obtain a deeper insight into the mechanism of molecular
mobility related to reorientation of polar kinetic units and
transfer of free charges. Electric conductivity measurements are
also crucial for the estimation of frequency and temperature
intervals corresponding to the reliable performance of various
devices based on LC nanocomposite materials.

The results of dielectric spectroscopy measurements are
treated within the framework of various functions (formalisms).
This description involves the analysis of various frequency
dependences for the following functions: complex dielectric
permittivity ε* ) ε′ - iε′′, complex electric modulusM* ) M′
+ iM′′, complex impedanceZ* ) Z′ - iZ′′, complex admittance
Y* ) Y′ + iY′′, and complex specific conductivityσ* ) σ′ +
iσ′′. All the above functions are interrelated becauseε* ) 1/M*,
ε* ) Y*/ iC0, Z* ) 1/Y*, ε* ) σ*/i ε0 ω (ω ) 2πf is the angular
frequency,C0 is the capacity of measuring cell, andε0 is the
permittivity of vacuum).5,6

The proper choice of formalism makes it possible to reveal
various details and aspects of electrical and dielectric behavior
for a given system under certain temperature-frequency experi-
mental conditions. For example, relaxation of dipole polariza-
tion, as provided by the temperature-induced reorientation of
polar kinetic units, is usually described by the complex dielectric
permittivity ε*. At the same time, processes related to the motion
of charge carriers are better described by the complex electric
modulus M*, the complex impedanceZ* and the complex
specific conductivityσ*. In particular, when conductivity is
studied by dielectric spectroscopy the frequency dependence
of the real part of complex specific conductivity,σ*, is often
considered because this dependence allows one to estimate the
specific direct current (dc) conductivityσdc.

In this work, we studied hybrid polymer systems based on a
LC polymer matrix containing silver nanoparticles. More
specifically, the nematic comb-shaped LC copolymer P of the
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chemical structure shown in Scheme 1 with mesogenic cyano-
biphenyl side groups (70 mol %) and functional units of acrylic
acid (X ) 30 mol %) was used as polymer matrix. Polymer
nanocomposites were then prepared by thermal reduction of
silver ions in the presence of the LC polymer.2 To study the
effect of the concentration of silver nanoparticles on the
electrical properties of the nanocomposites, functions ofε*, σ*,
andM* were analyzed and compared.

Experimental Methods

Nanocomposites were prepared from nematic polymer P
(Scheme 1) with weight-average molecular mass equal to 9300
and polydispersity index equal to 1.4. They are designated by
P-Ag (y), wherey gives the volume fraction of nanoparticles.
Table 1 presents for copolymer P and the nanocomposites the
phase transition temperatures, glass transition temperature and
isotropization temperature (according to the differential scanning
calorimetry (DSC) measurements), and the mean dimensions
of the nanoparticles (estimated by transmission electron mi-
croscopy, TEM). Synthesis of the copolymer P and the P-Ag
nanocomposites, as well as the physicochemical characteristics
of the nanocomposites containing different amounts of silver
nanoparticles, were reported in detail in refs 2, 3. To a solution
of LC polymers P in freshly distilled absolute tetrahydrofuran,
a calculated amount of the salt (1,5-cyclooctadiene)(hexafluo-
roacetylacetonato)silver(I) (Aldrich) was added. The mixture
was stirred for 2 h with a magnetic stirrer, dried at room
temperature, and was held at 95°C for 7 days at atmospheric
pressure and then for 24 h in vacuum. In this work, we focus
on the investigation of the electrical characteristics of the
nanocomposites with different volume content (y) of silver
nanoparticles varying from 0.063 to 0.54%.

Dielectric measurements were performed using the frequency
response analyzer FRA 1260 (Novocontrol) in the interval of
frequencies 10-2-107 Hz and of temperatures from 20 to
160 °C. The temperature of the sample was controlled with

accuracy better than( 0.1 K. The sample capacitor consisting
in two stainless steel electrodes was filled with the polymer at
temperatures above the clearing temperature. A constant sample
thickness of 50( 1 µm was maintained by the use of silica
spacers. The diameter of the potential electrodes was 10-
20 mm.

The morphology of synthesized nanoparticles was observed
on a JEOL TEM-2010 transmission electron microscope (TEM).
The samples were mounted on standard copper grids precoated
with collodion or Formvar thin films (100-200 nm) and were
observed at an accelerating voltage of 60-120 kV.

Results and Discussion

Polymer nanocomposites were prepared according to the
procedure based on the thermal reduction of silver ions in the
presence of LC polymers.2,3 On the TEM micrograph
(Scheme 2) one can see that nanoparticles mainly have a sphere
shape and they are characterized by a certain size distribution.
The increase in silver concentration in LC polymer matrix is
accompanied by the growth of nanoparticles sizes (Table 1).
The influence of the content of silver nanoparticles on the
clearing (melting of LC phase) and glass transition temperatures
of nanocomposites are shown in Table 1. The formation of
nanoparticles in nematic polymer matrix P leads to increase of
the glass transition and significant decrease of the clearing
temperature. As the result, the overall mesophase stability is
rapidly decreasing. It is remarkable that the complete disruption
of mesophase is observed at very low (∼0.259 vol %) content
of silver nanoparticles. Further increase of metal content does
not lead to any significant changes in phase behavior of
composites. The glass transition keeps the same value, and
composites P-Ag are amorphous.

The above experimental data shows that the presence of metal
nanoparticles may have a marked effect on the temperature range
of the mesophase and on the glass transition temperature. This
behavior is related to the adsorption of functional polymer
groups on the surface of silver nanoparticles. Two basic types
of interaction between LC polymer and silver nanoparticles are
proposed as shown in Scheme 2. First includes the chemosorp-
tion of CN groups on the surface of silver nanoparticles and
concomitant formation of theσ-complex.2 It should also be taken
into account that macromolecules are capable of adsorption on
the nanoparticles via the dipole-dipole mechanism (owing to
the interaction of carboxylic groups of copolymers P with the
surface of nanoparticles).3

1. Frequency Dependences ofε′, ε′′, tgδ, and σ′ac. All
studies were performed at high temperatures where the measured
dielectric properties are primarily controlled by charge-transfer
processes. Under such conditions, conductivity is the main factor
contributing to dielectric characteristics, whereas contribution
from dipolar polarization and relaxation can be neglected.

In the rubbery state (or in other words atT > Tg), all polymers
studied in this work show similar trends in the frequency
dependence of realε′ and imaginary partε′′ of complex
dielectric permittivity ε*, as well as of tgδ ) ε′′/ε′. As an
example, Figure 1a-c presents results for the frequency
dependence ofε′, ε′′, and tgδ, respectively, for polymer P at
several temperatures. The values ofε′, ε′′, and tgδ at low
frequencies and high temperatures are seen to increase by several
orders of magnitude, as compared with the corresponding values
characterizing dipolar polarization processes and are typical of
conductivity relaxation and space-charge polarization. The above
processes are ensured by charge migration between the surface
of electrodes and test sample.7,8 At lower temperatures and

SCHEME 1: Chemical Structure of the Copolymer P

TABLE 1: Diameter of Ag Nanoparticles and Phase
Transition Temperatures of Polymer P and of the
Nanocompositesa

sample
diameter of

nanoparticles, nm
phase transition
temperatures,°C

P G 37 N 96 I (1,3b)
P-Ag (0,063) 5 G 53 N 93 I (1,1)
P-Ag (0,128) 8 G 59 N 87 I (0,7)
P-Ag (0,259) 11 G 60 I
P-Ag (0,54) 16 G 61 I

a G is glassy state, N is nematic phase, and I is isotropic phase.
bEnthalpy of isotropization, J/g, is shown in parentheses.
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higher frequencies, dipolar polarization/relaxation processes are
observed (e.g., a loss peak in Figure 1b at 101-102 Hz at
70 °C shifting to higher frequencies with increasing tempera-
ture). The investigation of these dipolar processes is beyond
the scope of this work.

In addition to conductivity relaxation and space-charge
polarization, high values ofε′, ε′′, andtgδ in the low-frequency/
high-temperature regions can be provided by the so-called
Maxwell-Wagner-Sillars (MWS) polarization and relaxation,
which are observed in systems with microphase separation.9 The
MWS polarization is afforded by the polarization in the bulk
of the sample at the interfacial boundary between two phases
with different values of conductivity and dielectric permittivity.
Because of the high conductivity of Ag nanoparticles, the
characteristic frequency of relaxation of the MWS polarization
(MWS relaxation) of the individual (isolated) Ag nanoparticles
is in the GHz frequency region9 (i.e., outside the range of
dielectric measurements in this work). However, one can hardly
exclude the fact that at a certain concentration of Ag nanopar-
ticles these are able to form aggregates of various sizes in the
polymer matrix, which include also a fraction of polymer, and
this behavior can entail further microphase segregation. Charge
carriers could then be trapped in the region of the aggregates,
giving rise to MWS polarization/relaxation in the frequency/
temperature regions of study in this work. In the following, we
focus on that point and provide further evidence that conductiv-
ity relaxation and space-charge polarization rather than MWS
polarization/relaxation are at the origin of the effects observed
at low frequencies and high temperatures in Figure 1.

In the case of the MWS polarization/relaxation, the corre-
sponding frequency dependence ofε′′ shows a maximum and
that of ε′ a step (with high increment of dielectric permittivity
∆ε ) 10-20, which is independent of temperature). With
increasing temperature, peak and step are shifted to higher
frequencies.10 One can see that the frequency dependences of
ε′ andε′′ in Figure 1a,b, respectively, do not reflect the specific
features of the MWS polarization/relaxation. However, this
could be explained by the fact that the relaxation process due

to the MWS polarization is masked by high values ofε′′ andε′
in the low-frequency/high-temperature regions.

To further follow the question as to whether MWS polariza-
tion/relaxation is responsible for the increase inε′, ε′′, andtgδ
in Figure 1 in the low-frequency/high-temperature regions, let
us consider the frequency dependence of specific alternating
current (ac) conductivityσ′ac. Similar to the other systems
under study, the plot logσ′ac ) æ(log f) of polymer P in
Figure 2 shows well-pronounced plateau regions at low frequen-
cies, which extend to higher frequencies with increasing
temperature and which can be associated with the free-charge
transfer in the rubbery state.11 The σ′ac values in the plateau
region correspond to the dc conductivityσdc The transition from
the plateau region to the frequency dependence ofσ′ac (at
frequencyf*) corresponds to the change in the mechanism of
electrical conduction.11,12 In this case, the plateau region in the
left-hand part of the dependence logσ′ac ) æ(log f) describes
the movement of charges by long distances; in the right-hand
part, σ′ac increases with increasing frequency, and the motion
of charged carriers is spatially limited within their potential
wells.

The frequency regions ofσdc in Figure 2 correspond to that
of ε′′ high values in Figure 1b. In the low-frequency/high-
temperature regions, all systems under study are characterized
by linear dependences logε′′ ) æ(log f) with slopes close to
-1. For example, for polymer P and P-Ag (0.54) the slope of
the linear dependence logε′′ ) æ(log f) at 130°C is equal to
-0.98. As was shown earlier, this behavior is typical of
conductivity relaxation.9,13 Therefore, one can expect that the
dramatic growth in dielectric losses shown in Figure 1b is
associated with dc conductivity and there is no contribution
arising from MWS polarization/relaxation.

In the lowest-frequency/highest-temperature intervals, the
frequency dependences ofε′′ (Figure 1b),tgδ (Figure 1c), and
σ′ac (Figure 2) show the following features: deviation from the
linear character ofε′′, maximum oftgδ, and slight decrease in
the σ′ac values. The above features of dielectric behavior are
typical of electrode polarization, associated with the accumula-

SCHEME 2: TEM Image of Compound P-Ag (0,54) and Schematic Representation of Various Modes of Interaction
between Macromolecules of an LC Polymer P and the Surface of Silver Nanoparticles2,3
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tion of charges at the interfaces between the electrodes and the
polymer sample.6,11,14-16

2. Temperature Dependences of Specific Conductivity.For
many polymers, the experimental dependence of specific
conductivity (as well as of dipole relaxation times) on reciprocal
temperature in the softening regions are described by the
empirical Vogel-Tammann-Fulcher-Hesse (VTFH) equa-
tion11,17,18

whereσdc0, B, andT0 are fitting parameters;T0 is the so-called
Vogel temperature, which is lower than the glass transition
temperature by several tens of degrees, typically around 50°C.

Figure 3 presents the dependences logσdc ) æ(1/T) for
polymer P and the P-Ag nanocomposites approximated through
eq 1. As it is clearly observed, all the above dependences are

well described by the VTFH equation (solid lines). This fact
suggests that in the systems under study conductivity in low-
frequency/high-temperature ranges is controlled by the segmen-
tal mobility of chains. (Below the glass transition temperature,
when segmental mobility is frozen, the dependences logσdc )
æ(1/T) are linear.16,19)

The temperature dependence of specific dc conductivity is
often described in terms of the strength/fragility concept.20 In
this case, the VTFH equation is modified as

whereD is the so-called strength parameter. TheD value is a
measure of fragility.

The fragility concept was introduced to take into account both
thermodynamic and kinetic aspects of glass transition. The
parameterD characterizes the deviation of the temperature
dependence logσdc ) æ(1/T) from the Arrhenius linear
dependence. The lower theD values, the higher the deviation
of the dependence logσdc ) æ(1/T) from its linear character.
For example, for “strong” systems, including ionic glasses, the
D values are high and achieve 100, and the dependences log
σdc ) æ(1/T) are almost linear. For covalent glasses,D
approaches 30. Polymers are known to be fragile systems, and
their D values are equal to 5-20.20,21

On the other hand, deviation of the temperature dependences
of conductivityσdc (or relaxation times of dipole polarization)
from their linear character in the region of theR-process suggests
that the above relaxation process shows a well-pronounced

Figure 1. Frequency dependence ofε′ (a), ε′′ (b), and tgδ (c) for
polymer P at temperatures 70°C (1), 80°C (2), 90°C (3), 100°C (4),
110 °C (5), 120°C (6), and 130°C (7) and oftgδ for P-Ag (0,54) at
130 °C (7′).

σdc ) σdc0 exp[-B/(T - T0)] (1)

Figure 2. Frequency dependence ofσ′ac for polymer P at tempera-
tures 70°C (1), 80°C (2), 90°C (3), 100°C (4), 110°C (5), 120°C
(6), and 130°C (7).

Figure 3. Dependence of logσdc on reciprocal temperature for P (1),
P-Ag (0,063) (2), P-Ag (0,128) (3), P-Ag (0,259) (4), and P-Ag
(0,54) (5). Full lines are best fittings of eq 1 to the experimental data.

σdc ) σdc0 exp[-DT0/(T - T0)] (2)
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cooperative character. This means that the movement of such
charge carriers depends on the state of polymer matrix and on
the nearest neighborhood. Cooperative motion proceeds as a
joint correlated drift of numerous charge carriers together with
polymer chains. As to the local motion of particles, this is treated
as a single motion from one energy equilibrium state to another,
and this displacement is independent of neighborhood.

The parameters logσdc0, D, andT0 of eq 2 for P and P-Ag
are summarized in Table 2. We observe that with increasing
concentration of nanoparticlesD decreases (i.e., “fragility”
increases). This fact implies that with increasing the concentra-
tion of nanoparticles their effect on polymer matrix becomes
more pronounced and the charge transfer in the nanocomposites
(conductivity relaxation process) becomes more cooperative.

Knowing the parameterD, one can estimate the glass
transition temperatureTg, as both values are related by the
following empirical expression17,22

Table 2 presents the glass transition temperature calculated
through eq 3. As it is observed, by introduction of only
0.063 vol % of silver nanoparticles the glass transition temper-
ature increases by 6°C. As the concentration of silver
nanoparticles is further increased, the glass transition temper-
atures remain virtually unchanged. It is interesting to note that
similar trends of Tg changes with concentration of silver
nanoparticles are observed for theTg values obtained from the
dielectric data (Table 2) and from the DSC (Table 1), although
absolute values and steps of increase are higher in the case of
DSC.

Calculation of glass transition temperatures through eq 3
seems to be rather simple and reliable. This approach can be
used even when high values of conductivity do not allow one
to estimate relaxation time values,τmax, for theR-process from
the frequency dependence ofε′′ (which is the usual way to
determineTg by dielectric spectroscopy) or when the DSC
curves are so diffuse that correct estimation of glass transition
temperatureTg is impossible.

3. The Effect of the Concentration of Silver Nanoparticles
on the Specific Conductivity and Dielectric Permittivity of
Nanocomposites.Figure 4 shows results for the frequency
dependence ofσ′ac for polymer P and the nanocomposites at
120 °C. The following observations can be made. First, with
increasing the concentration of silver nanoparticles the frequency
plateau is extended to higher frequencies (on passing from
copolymer P to P-Ag (0.54), the frequency of transition from
dc to ac conductivity,f*, increases by 1 order of magnitude).
Second, theσdc values tend to increase with increasing the
concentration of silver nanoparticles.

Figure 5 (curve 1) demonstrates the dependence ofσdc on
concentration of silver nanoparticles. One can see that for the
nanocomposites with the highest silver content, P-Ag (0.54),
σdc increases by 2 orders of magnitude as compared to that of
the initial copolymer P. However, even for P-Ag (0.54) the

σdc value is still low and typical for polymer dielectrics rather
than for percolating systems. Although the highest concentration
of silver in the nanocomposites is much lower than the
theoretical percolation threshold of about 16 vol % for a
statistical distribution of spherical particles in a three-
dimensional system,23,24it is worth to further follow the question
as to the origin of dc conductivity in Figure 4. The reason for
that is that in many practical systems the experimental values
of percolation threshold are much lower than the theoretical
one, owing to specific distributions of the conducting filler in
aggregates, chains, etc.25 Coming back to Figure 4, the rather
low values of dc conductivity imply that in the nanocomposites
the individual nanoparticles are enveloped in the polymer matrix,
and there are no jumps of charge carriers (electrons) from one
nanoparticle to another (in other words, no percolation bridges
are formed). In the opposite case, introduction of silver
nanoparticles should be accompanied by a sharp increase in
conductivity (by 3-7 orders of magnitude).23-25 Further evi-
dence for that will be provided later.

Thus, analysis of logσ′ac ) æ(log f) in Figure 4 allows one to
estimateσdc at different experimental conditions and to deter-
mine the limits of the conductivity mechanism when charge
carriers can be transferred by short and long distances. As
indicated above, conductivity is due to ions in the polymer
matrix rather than due to electrons of the silver nanoparticles.
Further support for that is coming from the temperature
dependence of dc conductivity in Figure 3. The VTFH
dependence is in support of a conductivity mechanism governed
by the motion of the polymeric chains, as typically observed in
polymers at temperatures higher thanTg.9

TABLE 2: Parameters of the VTFH from Eq 2 for Polymer
P and the P-Ag Nanocomposites Obtained from the Curves
in Figure 3 and Glass Transition TemperatureTg
Determined from Eq 3

sample logσdc0, S/cm T0, K D Tg, °C
P -0.9 211 16.4 26
P-Ag (0,063) -0.27 234 11.9 32
P-Ag (0,128) -0.33 241 10.5 33
P-Ag (0,259) -0.46 250 9.4 37
P-Ag (0,54) -0.31 252 8.8 35

Figure 4. Frequency dependence ofσ′ac for P (1), P-Ag (0,063) (2),
P-Ag (0,128) (3), P-Ag (0,259) (4), and P-Ag (0,54) (5) at 120°C.

Figure 5. Dependence ofσdc at 120°C and ofε′ at 60 °C (f ) 10
kHz) on concentration of silver nanoparticles.

Tg ) T0(1 + 0.0255D) (3)

Comb-Shaped Nematic Polymer and Silver Nanoparticles J. Phys. Chem. C, Vol. 111, No. 24, 20078455



Let us consider now the effect of the concentration of silver
nanoparticles on the dielectric permittivity of P-Ag nanocom-
posites. This study seems to be important from the viewpoint
of practical applications, such as for the preparation of dielectrics
with increased values of dielectric permittivity for capacitors,
and also for finding the proper route of controlled synthesis of
nanocomposites with desired characteristics.

To understand the effect of metal concentration on the
dielectric permittivity of nanocomposites, experimental condi-
tions (frequency and temperature) should be selected so that
the contributions from space-charge polarization and conductiv-
ity relaxation are negligible, and the properties of nanocom-
posites are controlled by their chemical nature. For all systems
under study, the above conditions are the following: temperature
is 60 °C, and frequency is 10 kHz.

Figure 5 (curve 2) presents experimental values of dielectric
permittivity at 10 kHz and 60°C for the P-Ag nanocomposites
with different volume concentrationsy of silver nanoparticles.
As it is seen, in the rangey ) 0-0.54%, this dependence is
virtually linear. We know that in percolation systems the
dielectric permittivity below the percolation threshold is de-
scribed by a fractional power law and increases exponentially
with the volume concentration approaching the percolation
threshold.25 Thus, the results in Figure 5 indicate that metal
concentrations in the nanocomposites under investigation are
far below the percolation threshold. The specific increment of
dielectric permittivity∆ε/y in Figure 5 is equal to 0.0118. For
composites with electronic (metallic) conductivity∆ε/y is by,
at least, 1 order of magnitude higher.26,27Hence, one can expect
that the nanocomposites under investigation here are character-
ized by statistical distribution or, in other words, by rather
uniform distribution of nanoparticles in the polymer matrix. In
this connection, it is no wonder that such systems do not show
any MWS polarization. The relatively low values of dielectric
permittivity in Figure 5 allow one to conclude that the volume
fraction of nanoparticles are not large enough to ensure the
electronic (metallic) type of conductivity in the nanocomposites.

Bearing in mind the evidence provided above that the
concentration of silver in the nanocomposites is much below
the percolation threshold and that the distribution of nanopar-
ticles is rather uniform, the question arises why dc conductivity
in the nanocomposites increases, as compared to the pure
copolymer P (Figures 3-5). According to percolation theory,
for nanocomposites with metal concentrations far below the
percolation threshold the conductivity values should be close
to that of the pure matrix.23-25 On the other hand, the VTFH
dependence of conductivity in Figure 3 suggests that in all the
samples conductivity arises from ions and is governed by the

motion of the polymeric chains and follows a similar kinetics
in the nanocomposites and in the pure matrix. The level of
conductivity is then determined by concentration and mobility
of the ions.

The higher values of dc conductivity in the nanocomposites
then have to be attributed to higher concentrations of ions,
probably arising as impurities in the preparation process.

4. Complex Electric Modulus.When the dielectric behavior
is analyzed by means of complex electric modulusM*, the
contribution from space-charge polarization is minimized. This
approach allows one to distinguish dipolar relaxations from the
conductivity relaxation.11,28

Real and imaginary parts of complex electric modulusM*
are related to dielectric permittivity and loss factor by the
following equation:19

For all systems under study, the frequency dependence of
M′′ at temperatures above the glass transition temperature shows
two well-defined maximaM′′max. As an example, Figure 6
presents the dependenceM′′ ) æ(log f) for the P-Ag (0.128)
at several temperatures. Two peaks are observed and for both,
with increasing temperature, the position offmax,M′′ is shifted to
higher frequencies. This tendency implies that the above
processes show relaxation character.

To answer the question concerning the molecular mechanism
of the above processes, let us compare the frequency depend-
ences ofM′′ andσ′ac. At the same temperature, the frequency
fmax,M′′ of the first, low-frequencyM′′ peak is close tof* for all
systems under study (as the illustration compares curves 7 and
7′ in Figure 6). This tendency has been earlier observed for the
conductivity relaxation.11,19Hence, for the P-Ag nanocompos-
ites the low-frequency peak in Figure 6 can be also attributed
to the conductivity relaxation. In this case, thefmax,M′′ values
separate the regions of short-range and long-range mobility of
charges at the right-hand and left-hand sides ofM′′ maximum,
respectively. The second, high-frequencyM′′ peak in Figure 6
arises from dipolar relaxation, and its investigation is beyond
the scope of this work.

The frequency dependences of the imaginary partM′′ of the
electric modulus can be described (by analogy with the
frequency dependences ofε′′) by the empirical Havriliak-
Negami (HN) model function19

where∆M ) M′∞ - M′s, M′∞ ) 1/ε′∞, andM′s ) 1/ε′s; τ ) 1/2πf,
wheref is the frequency of the applied ac electric field;R and
â are the calculated shape parameters, which correspond to the
widening and asymmetry of relaxation times distribution,
respectively;τmax ) 1/2πfmax, where fmax is the frequency at
which M′′ (f) passes through a maximum. The ratio between
τmax andτHN is defined by the following equation:29

Figure 6. Frequency dependence ofM′′ (1-8) and of σ′ac (7′) for
P-Ag (0,128) at 70°C (1), 80°C (2), 90°C (3), 100°C (4), 110°C
(5), 120°C (6), 130°C (7,7′), and 140°C (8).

M′ ) ε′/(ε′2 + ε′′2)

M′′ ) ε′′/(ε′2 + ε′′2)

M* ) ∑
k)1

2

Im{ ∆Mk

(1 + (iωτHNk)
R)â} (4)

τmax ) τHN[sin(π(RHN)âHN

2(âHN + 1))
sin( π(RHN)

2(âHN + 1))]
1/(RHN)

(5)
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For copolymer P and the P-Ag nanocomposites, in the
temperature-frequency intervals under study the dependences
log M′′ ) æ(log f) are reliably described by eq 4. As an example,
Figure 7 shows the separation of the experimental logM′′ )
æ(log f) curve for P-Ag (0.128) at 110°C into two processes,
which are provided in the order of increasing frequency by the
conductivity relaxation and the relaxation of dipole polarization.
For the conductive process, the half-width of the logM′′ ) æ-
(log f) curve for P-Ag (0.128) at 110°C is 1.38; it is higher
than that corresponding one to a single Debye peak (1.144).
This suggests that the conductive peak includes not only pure
ionic contributions but also electrodes polarization effects.30

Figure 8 presents the conductivity relaxation times values for
P and P-Ag, which were calculated according to eqs 4 and 5.
The dependencesτmax,M′′ ) æ(1/T) were described by the VTFH
equation for the conductivity relaxation times11,16

whereτ0,M′′, D (D ) B/T0), andT0 have the same meaning as
in eqs 1 and 2.

The best-fitting parameters of eq 6 for copolymer P and the
nanocomposites are listed in Table 3. As follows from
Tables 2 and 3,T0 andD calculated from the dependences log
σdc ) æ(1/T) (Figure 3) and logτmaxM′′ ) æ(1/T) (Figure 8)
appear to be virtually the same (within experimental error)

because they reflect the conductivity relaxation processes in the
rubbery state and describe the motion of free charges.

Conclusions

The LC copolymer P and P-Ag nanocomposites with
different concentration of silver nanoparticles were studied by
the method of dielectric spectroscopy. Attention was focused
on the dielectric behavior at low frequencies in the rubbery state.
Under such conditions, contribution to dielectric characteristics
is primarily controlled by the conductivity relaxation. Temper-
ature-frequency intervals of charge transfer by long and short
distances are estimated from the frequency dependences ofσ′ac
and ofM′′.

With increasing the concentration of silver nanoparticles, the
specific dc conductivity increases. However, even nanocom-
posites with high concentrations of silver are far away from
the percolation threshold, and no conducting clusters or bridges
are formed in these nanocomposites. The concentration depen-
dence of dielectric permittivity suggests a uniform distribution
of silver nanoparticles in the polymer matrix, as well as the
absence of electronic conductivity.

The dependences logσdc ) æ(1/T) and logτmaxM′′ ) æ(1/T)
are described in terms of the strength/fragility concept, which
allows one to estimate the level of cooperativity of the
conductivity relaxation process (deviation from the Arrhenius
dependence). The results show that with increasing the con-
centration of metallic nanoparticles, the glass transition tem-
perature, calculated through the strength parameterD, tends to
increase.
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