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A nematic comb-shaped copolymer and its nanocomposites containing—@@Bin 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 pararetiercreases (i.e., “fragility” increases).

Introduction 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
éransfer of free charges. Electric conductivity measurements are
also crucial for the estimation of frequency and temperature

dynamic characteristics of low-molecular mass liquid crystals intervals corresponding to the reliable performance of various

on the one hand and important physicomechanical propertiesdewce"S based on L_C nan_ocomposne materials.
of polymer compounds on the other hanih this respect, the The re_su_lts of dielectric spect_roscopy measureme_nts are
synthesis and characterization of nanocomposites based on Ldréated within the framework of various functions (formalisms).
polymers present a challenging and high-priority task. Investiga- 1S description involves the analysis of various frequency
tion of these nanocomposites not only allows one to design depeljo_le_nces for the_ following functlon_s: complex dielectric
various multifunctional “smart’ materials, but also makes it Permittivity e* = ¢’ — ie”, complex electric modulust* = M’
possible to understand the nature and the mechanisms oft IM", compleximpedancg =Z' — iz, complex admittance
influence of nanoparticles on the development and stability of Y~ = Y +iY", and complex specific conductiviy* = o’ +
mesophases: io”. All the above functions are interrelated becaese= 1/M*,
Special attention has been paid to studying the electrical € = Y*/iCo, Z* = 1/¥*, ¥ = 0*/i€o w (w = 27f is the angular
properties of LC nanocomposites, as this investigation allows fréquency.Co is the capacity of measuring cell, arglis the
one to gain important information concerning the mechanism Permittivity of vacuumy®
of various processes at the molecular scale and to outline the The proper choice of formalism makes it possible to reveal
areas of their possible practical application (in optics, for the various details and aspects of electrical and dielectric behavior
development of advanced membrane materials, sensork, etc for a given system under certain temperature-frequency experi-
The electrical properties of nanocomposites can be exploredmental conditions. For example, relaxation of dipole polariza-
by various methods including dielectric spectroscopy. This tion, as provided by the temperature-induced reorientation of
method makes it possible to study, in addition to dipolar polar kinetic units, is usually described by the complex dielectric
polarization/relaxation, the molecular mechanism of conductivity permittivity . At the same time, processes related to the motion
and to ascertain the nature of charged particles involved in of charge carriers are better described by the complex electric
charge transfer (ions, holes, protons, etc.). In addition to dipolar modulus M*, the complex impedanc&* and the complex
specific conductivityo*. In particular, when conductivity is

Liquid crystal (LC) polymers are acknowledged to be
fascinating objects from the viewpoint of both modern chemistry
of macromolecular compounds and materials science becaus
of the unique combination of their properties: molecular and
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SCHEME 1: Chemical Structure of the Copolymer P accuracy better thatt 0.1 K. The sample capacitor consisting
ﬂ{ {{ in two stainless steel electrodes was filled with the polymer at
|_ C_CH—l |_p__CHE|7 temperatures above the clearing temperature. A constant sample
~ 2 . . . .
L) d L00x |j\ . thickness of 50+ 1 um was maintained by the use of silica
oo Ao spacers. The diameter of the potential electrodes was 10
| I 20 mm.
(CHy)4 H 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 (106200 nm) and were
observed at an accelerating voltage of@20 kV.

@ Results and Discussion

CN Polymer nanocomposites were prepared according to the
procedure based on the thermal reduction of silver ions in the
TABLE 1: Diameter of Ag NanOpartiCleS and Phase presence of LC p0|yme|333 On the TEM micrograph
Lrans't'on Temperatures of Polymer P and of the (Scheme 2) one can see that nanoparticles mainly have a sphere
anocomposited . S R
_ — shape and they are characterized by a certain size distribution.
diameter of phase transition The increase in silver concentration in LC polymer matrix is
sample nanoparticles, nm __ temperatures,C accompanied by the growth of nanoparticles sizes (Table 1).
P G37N96I(L9 The influence of the content of silver nanoparticles on the
E:ﬁg gg'(l)ggg g g gg m g? : %% clearing (melting of LC phase) and glass transition temperatures
P-Ag (0:259) 1 G60l ’ of nanocomposites are shown in Taple 1. The formanon of
P—Ag (0,54) 16 G611l 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 low0(259 vol %) content

of silver nanoparticles. Further increase of metal content does
not lead to any significant changes in phase behavior of

fcomposites. The glass transition keeps the same value, and
composites PAg 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 nanopatrticles are

Nanocomposites were prepared from nematic polymer P proposed as shown in Scheme 2. First includes the chemosorp-

(Scheme 1) with weight-average molecular mass equal to 9300tion of CN groups on the surface of silver nanoparticles and
and polydispersity index equal to 1.4. They are designated by concomitant formation of the-complex? It should also be taken
P—Ag (y), wherey gives the volume fraction of nanoparticles. into account that macromolecules are capable of adsorption on
Table 1 presents for copolymer P and the nanocomposites thethe nanopatrticles via the dipetelipole mechanism (owing to
phase transition temperatures, glass transition temperature anghe interaction of carboxylic groups of copolymers P with the
isotropization temperature (according to the differential scanning surface of nanoparticles).

calorimetry (DSC) measurements), and the mean dimensions 1. Frequency Dependences of', ¢, tgd, and oy, All

of the nanoparticles (estimated by transmission electron mi- studies were performed at high temperatures where the measured
croscopy, TEM). Synthesis of the copolymer P and theAB dielectric properties are primarily controlled by charge-transfer
nanocomposites, as well as the physicochemical characteristicprocesses. Under such conditions, conductivity is the main factor
of the nanocomposites containing different amounts of silver contributing to dielectric characteristics, whereas contribution
nanoparticles, were reported in detail in refs 2, 3. To a solution from dipolar polarization and relaxation can be neglected.

of LC polymers P in freshly distilled absolute tetrahydrofuran, In the rubbery state (or in other wordsTat Tg), all polymers

a calculated amount of the salt (1,5-cyclooctadiene)(hexafluo- studied in this work show similar trends in the frequency
roacetylacetonato)silver(l) (Aldrich) was added. The mixture dependence of read' and imaginary parte’’ of complex
was stirred fo 2 h with a magnetic stirrer, dried at room dielectric permittivity e*, as well as oftgd = €"/¢’. As an
temperature, and was held at 95 for 7 days at atmospheric  example, Figure lac presents results for the frequency
pressure and then for 24 h in vacuum. In this work, we focus dependence of', €', andtgd, respectively, for polymer P at

on the investigation of the electrical characteristics of the several temperatures. The values &f €', and tgd at low
nanocomposites with different volume contegj Of silver frequencies and high temperatures are seen to increase by several
nanoparticles varying from 0.063 to 0.54%. orders of magnitude, as compared with the corresponding values

Dielectric measurements were performed using the frequencycharacterizing dipolar polarization processes and are typical of

response analyzer FRA 1260 (Novocontrol) in the interval of conductivity relaxation and space-charge polarization. The above
frequencies 1%%—10" Hz and of temperatures from 20 to processes are ensured by charge migration between the surface
160 °C. The temperature of the sample was controlled with of electrodes and test samgl& At lower temperatures and

aG is glassy state, N is nematic phase, and | is isotropic phase.
bEnthalpy of isotropization, J/g, is shown in parentheses.

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 o
silver ions in the presence of the LC polyniefo study the
effect of the concentration of silver nanoparticles on the
electrical properties of the nanocomposites, functions ob*,

and M* were analyzed and compared.

Experimental Methods
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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 Nanoparticl&$
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higher frequencies, dipolar polarization/relaxation processes areto the MWS polarization is masked by high valuesdfinde’
observed (e.g., a loss peak in Figure 1b at-110? Hz at in the low-frequency/high-temperature regions.
70 °C shifting to higher frequencies with increasing tempera-  To further follow the question as to whether MWS polariza-
ture). The investigation of these dipolar processes is beyondtion/relaxation is responsible for the increase'ine”, andtgo
the scope of this work. in Figure 1 in the low-frequency/high-temperature regions, let
In addition to conductivity relaxation and space-charge us consider the frequency dependence of specific alternating
polarization, high values ef, ¢, andtgd in the low-frequency/ current (ac) conductivityo,. Similar to the other systems
high-temperature regions can be provided by the so-calledunder study, the plot lag, = ¢(log f) of polymer P in
Maxwell-Wagner-Sillars (MWS) polarization and relaxation,  Figure 2 shows well-pronounced plateau regions at low frequen-
which are observed in systems with microphase separafibe. cies, which extend to higher frequencies with increasing
MWS polarization is afforded by the polarization in the bulk temperature and which can be associated with the free-charge
of the sample at the interfacial boundary between two phasestransfer in the rubbery staté.The o/ values in the plateau
with different values of conductivity and dielectric permittivity.  region correspond to the dc conductivity: The transition from
Because of the high conductivity of Ag nanoparticles, the the plateau region to the frequency dependencer,pf(at
characteristic frequency of relaxation of the MWS polarization frequencyf*) corresponds to the change in the mechanism of
(MWS relaxation) of the individual (isolated) Ag nanoparticles electrical conductioA®12In this case, the plateau region in the
is in the GHz frequency regidn(i.e., outside the range of left-hand part of the dependence dig= ¢(log f) describes
dielectric measurements in this work). However, one can hardly the movement of charges by long distances; in the right-hand
exclude the fact that at a certain concentration of Ag nanopar- part, o, increases with increasing frequency, and the motion
ticles these are able to form aggregates of various sizes in theof charged carriers is spatially limited within their potential
polymer matrix, which include also a fraction of polymer, and wells.
this behavior can entail further microphase segregation. Charge The frequency regions afyc in Figure 2 correspond to that
carriers could then be trapped in the region of the aggregates,of ¢ high values in Figure 1b. In the low-frequency/high-
giving rise to MWS polarization/relaxation in the frequency/ temperature regions, all systems under study are characterized
temperature regions of study in this work. In the following, we by linear dependences lag = ¢(log f) with slopes close to
focus on that point and provide further evidence that conductiv- —1. For example, for polymer P andHAg (0.54) the slope of
ity relaxation and space-charge polarization rather than MWS the linear dependence lag = ¢(log f) at 130°C is equal to
polarization/relaxation are at the origin of the effects observed —0.98. As was shown earlier, this behavior is typical of
at low frequencies and high temperatures in Figure 1. conductivity relaxatio?:'® Therefore, one can expect that the
In the case of the MWS polarization/relaxation, the corre- dramatic growth in dielectric losses shown in Figure 1b is
sponding frequency dependenceebfshows a maximum and  associated with dc conductivity and there is no contribution
that of €' a step (with high increment of dielectric permittivity — arising from MWS polarization/relaxation.
Ae = 10-20, which is independent of temperature). With In the lowest-frequency/highest-temperature intervals, the
increasing temperature, peak and step are shifted to higherfrequency dependences ©f (Figure 1b),tgd (Figure 1c), and
frequencies® One can see that the frequency dependences of o, (Figure 2) show the following features: deviation from the
¢ ande" in Figure 1a,b, respectively, do not reflect the specific linear character of”", maximum oftgd, and slight decrease in
features of the MWS polarization/relaxation. However, this the o) values. The above features of dielectric behavior are
could be explained by the fact that the relaxation process duetypical of electrode polarization, associated with the accumula-
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Figure 1. Frequency dependence df (), € (b), andtgo (c) for
polymer P at temperatures 7Q (1), 80°C (2), 90°C (3), 100°C (4),
110°C (5), 120°C (6), and 130C (7) and oftgd for P—Ag (0,54) at

130°C (7).
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Figure 2. Frequency dependence of_ 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).
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Figure 3. Dependence of logq. on reciprocal temperature for P (1),
P—Ag (0,063) (2), P-Ag (0,128) (3), P-Ag (0,259) (4), and PAg
(0,54) (5). Full lines are best fittings of eq 1 to the experimental data.

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 dependencewileeg
@(1/T) are lineart®19

The temperature dependence of specific dc conductivity is
often described in terms of the strength/fragility conc€ph
this case, the VTFH equation is modified as

e = Oueo €XP[=DT/(T — Ty)] (@)

tion of charges at the interfaces between the electrodes and thg,nereD is the so-called strength parameter. Thealue is a

polymer sampl@&:11.14-16

2. Temperature Dependences of Specific Conductivityor

measure of fragility.
The fragility concept was introduced to take into account both

many polymers, the experimental dependence of Specific harmodynamic and kinetic aspects of glass transition. The
conductivity (as well as of dipole relaxation times) on reciprocal harameterd characterizes the deviation of the temperature
temperature in the softening regions are described by thedependence lograc = @(LT) from the Arrhenius linear

empirical Voget-Tammannr-Fulcher-Hesse (VTFH) equa-

ti0n11'17’18

Odc = Ogco exp[_ B/(T - TO)]

whereoqco, B, andTy are fitting parametersty is the so-called

dependence. The lower ttiz values, the higher the deviation

of the dependence logy: = ¢(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
o4gc = @(L/T) are almost linear. For covalent glassds,
approaches 30. Polymers are known to be fragile systems, and

Vogel temperature, which is lower than the glass transition their D values are equal to-52020-21

temperature by several tens of degrees, typically arourftC50
Figure 3 presents the dependences dpg = ¢(1/T) for

On the other hand, deviation of the temperature dependences
of conductivity agc (or relaxation times of dipole polarization)

polymer P and the PAg nanocomposites approximated through from their linear character in the region of thgrocess suggests
eq 1. As it is clearly observed, all the above dependences arethat the above relaxation process shows a well-pronounced
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TABLE 2: Parameters of the VTFH from Eq 2 for Polymer o', Slem
P and the P-Ag Nanocomposites Obtained from the Curves
in Figure 3 and Glass Transition Temperature T
Determined from Eq 3

-6
sample logrgco, S/cm To, K D Tg, °C 10
P -0.9 211 16.4 26
P—Ag (0,063) -0.27 234 11.9 32 107
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

10°®

cooperative character. This means that the movement of such
charge carriers depends on the state of polymer matrix and on

. . ) 10°
the nearest neighborhood. Cooperative motion proceeds as a ; L L . . : .

joint correlated drift of numerous charge carriers together with 10° 10° 10° 10°

polymer chains. As to the local motion of particles, this is treated frequency, Hz
as a single motion from one energy equilibrium state to another, Figure 4. Frequency dependence aff; for P (1), P-Ag (0,063) (2),
and this displacement is independent of neighborhood. P—Ag (0,128) (3), P-Ag (0,259) (4), and PAg (0,54) (5) at 120C.

The parameters logqyco, D, and Ty of eq 2 for P and PAg 5 Slem ¢
are summarized in Table 2. We observe that with increasing 107 B2
concentration of nanoparticle® decreases (i.e., “fragility”
increases). This fact implies that with increasing the concentra- 2
tion of nanoparticles their effect on polymer matrix becomes .
more pronounced and the charge transfer in the nanocomposites
(conductivity relaxation process) becomes more cooperative. 144

Knowing the parameteD, one can estimate the glass
transition temperaturdy, as both values are related by the
following empirical expressidi-22 14.2

T, =To(1 + 0.025D) ©)

10723 : : . . . — 4.0
Table 2 presents the glass transition temperature calculated 00 01 02 03 04 05 06

through eq 3. As it is observed, by introduction of only voL.%Ag
0.063 vol % of silver nanoparticles the glass transition temper- Figure 5. Dependence odic at 120°C and ofe’ at 60°C (f = 10
ature increases by BC. As the concentration of silver kHz) on concentration of silver nanoparticles.
nanoparticles is further increased, the glass transition temper- L ) ) .
atures remain virtually unchanged. It is interesting to note that @dc Value is still low and typical for polymer dielectrics rather
similar trends of T, changes with concentration of silver than.for pgrcolatmg systems. AI'Fhough the highest concentration
nanoparticles are observed for tRgvalues obtained from the of silver in the nanocomposites is much lower than the
dielectric data (Table 2) and from the DSC (Table 1), although theoretical percolation threshold of about 16 vol % for a
absolute values and steps of increase are higher in the case oftatistical distribution of spherical particles in a three-
DSC. dimensional syster#?,24it is worth to further follow the question
Calculation of glass transition temperatures through eq 3 &S to the origin of dc conductivity in Figure 4. The reason for
seems to be rather simple and reliable. This approach can pdhat is that_ln many practical systems the experimental val_ues
used even when high values of conductivity do not allow one ©Of percolation threshold are much lower than the theoretical
to estimate relaxation time values,ay for the a-process from one, owing to sp_ecmc dlstrlb_utlons of the _conductlng filler in
the frequency dependence &f (which is the usual way to  2dgregates, chains, écComing back to Figure 4, the rather
determineT, by dielectric spectroscopy) or when the DSC Iow_val_u_es of dc condu_ctlwtylmply thatin Fhe nanocomposites
curves are so diffuse that correct estimation of glass transition the individual nanoparticles are enveloped in the polymer matrix,

temperaturdT, is impossible. and there are no jumps of charge carriers (electrons) from one
3. The Effect of the Concentration of Silver Nanoparticles ~ Nanoparticle to another (in other words, no percolation bridges
on the Specific Conductivity and Dielectric Permittivity of are formed). In the opposite case, introduction of silver

Nanocomposites.Figure 4 shows results for the frequency Nhanoparticles should be accompanied by a sharp increase in
dependence of,, for polymer P and the nanocomposites at conductivity (by 3-7 orders of magnitude}:>® Further evi-

120 °C. The following observations can be made. First, with dence for that will be provided later.

increasing the concentration of silver nanoparticles the frequency Thus, analysis of log,,.= ¢(log f) in Figure 4 allows one to
plateau is extended to higher frequencies (on passing fromestimateoy. at different experimental conditions and to deter-
copolymer P to P-Ag (0.54), the frequency of transition from  mine the limits of the conductivity mechanism when charge
dc to ac conductivityf*, increases by 1 order of magnitude). carriers can be transferred by short and long distances. As
Second, thesy. values tend to increase with increasing the indicated above, conductivity is due to ions in the polymer

concentration of silver nanoparticles. matrix rather than due to electrons of the silver nanoparticles.
Figure 5 (curve 1) demonstrates the dependenceyobn Further support for that is coming from the temperature

concentration of silver nanoparticles. One can see that for thedependence of dc conductivity in Figure 3. The VTFH

nanocomposites with the highest silver contentAlg (0.54), dependence is in support of a conductivity mechanism governed

o4c increases by 2 orders of magnitude as compared to that ofby the motion of the polymeric chains, as typically observed in
the initial copolymer P. However, even forHAg (0.54) the polymers at temperatures higher they®
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Figure 6. Frequency dependence bf' (1-8) and of oy, (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).

Let us consider now the effect of the concentration of silver
nanoparticles on the dielectric permittivity offAg 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-

Nikonorova et al.

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 moduMy¥ the
contribution from space-charge polarization is minimized. This
approach allows one to distinguish dipolar relaxations from the
conductivity relaxatioril28

Real and imaginary parts of complex electric moduldrs
are related to dielectric permittivity and loss factor by the
following equationt?

M = e’/(e'2 + e"z)
M = 6”/(6'2 + " )

For all systems under study, the frequency dependence of
M'" at temperatures above the glass transition temperature shows
two well-defined maximaM;,,. As an example, Figure 6
presents the dependenigE = ¢(log f) for the P-Ag (0.128)
at several temperatures. Two peaks are observed and for both,

with increasing temperature, the positionf@fxm- is shifted to

tions (frequency and temperature) should be selected so thahigher frequencies. This tendency implies that the above

the contributions from space-charge polarization and conductiv-
ity relaxation are negligible, and the properties of nanocom-

processes show relaxation character.
To answer the question concerning the molecular mechanism

posites are controlled by their chemical nature. For all systems of the above processes, let us compare the frequency depend-
under study, the above conditions are the following: temperature ences ofM" and o). At the same temperature, the frequency

is 60 °C, and frequency is 10 kHz.

Figure 5 (curve 2) presents experimental values of dielectric
permittivity at 10 kHz and 60C for the P-Ag nanocomposites
with different volume concentrationsof silver nanopatrticles.

As it is seen, in the rangg = 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
threshol®® Thus, the results in Figure 5 indicate that metal

fmaxm Of the first, low-frequency’ peak is close té* 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 relaxatiod!19Hence, for the PAg nanocompos-

ites the low-frequency peak in Figure 6 can be also attributed
to the conductivity relaxation. In this case, thexw- values
separate the regions of short-range and long-range mobility of
charges at the right-hand and left-hand sideMdfmaximum,
respectively. The second, high-frequerMy peak in Figure 6
arises from dipolar relaxation, and its investigation is beyond

concentrations in the nanocomposites under investigation arethe scope of this work.

far below the percolation threshold. The specific increment of
dielectric permittivityAe/y in Figure 5 is equal to 0.0118. For
composites with electronic (metallic) conductivily/y is by,

at least, 1 order of magnitude hig#é2” Hence, one can expect

The frequency dependences of the imaginary pirof the
electric modulus can be described (by analogy with the
frequency dependences ef) by the empirical Havriliak-
Negami (HN) model functiol?

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

M* = Zlm - 4)
& @+ (ot
whereAM = M;, — My, M, = 1/e,,, andMg = 1/e;; T = 1/2nf,

wheref is the frequency of the applled ac electrlc fietdand

p are the calculated shape parameters, which correspond to the

widening and asymmetry of relaxation times distribution,
respectively;tmax = 1/271fmax Wherefmax is the frequency at

which M"" (f) passes through a maximum. The ratio between
Tmax @and Ty is defined by the following equatiotf:

in the nanocomposites increases, as compared to the pure

copolymer P (Figures-35). 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 matri%3-25 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
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M" TABLE 3: Parameters of the VFTH from Eq 6 for P, P—Ag
107 (0,063), P-Ag (0,128), P-Ag (0,259), and P-Ag (0,54)
Obtained from the Curves in Figure 8
sample logrom'’, S B, K To, K D =BITo
102k P —11.3 3462 211 16.4
P—Ag (0,063) -11.6 2685 235 11.4
P—Ag (0,128) -11.4 2416 241 10
P—Ag (0,259) -11.1 2248 248 9.1
100k P—Ag (0,54) -11.1 1876 258 7.3

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

104-| L L 1 I '

10° 10° 10* 10° Conclusions
frequency, Hz

The LC copolymer P and PAg nanocomposites with
Figure 7. Separation of the frequency dependencé/6ffor P-Ag different concentration of silver nanoparticles were studied by
(0,128) at 110C into the processes of relaxation of dipole polarization e method of dielectric spectroscopy. Attention was focused
(2) and of conductivity relaxation (1) according to eq 4. . . . .

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 dependenegs of
and ofM".

With increasing the concentration of silver nanopatrticles, 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.

22 25 8 20 ‘ The dependences lagi. = ¢(1/T) and logtmawm = @(1/T)

-logt

‘max, M'

1000/T K are described in terms of the strength/fragility concept, which
Figure 8. Dependence of logmaxw+ ON reciprocal temperature for P allows one to est!mate the level .Of. cooperativity of the
(1), P-Ag (0,063) (2), P-Ag (0,128) (3), P-Ag (0,259) (4), and PAg conductivity relaxation process (deV|at|9n from thg Arrhenius
(0,54) (5). Full lines are the best fittings of eq 6 to the experimental dependence). The results show that with increasing the con-
data. centration of metallic nanoparticles, the glass transition tem-
perature, calculated through the strength paranigtéends to
increase.
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