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Abstract. Investigated in this work has been the effect of impurities — magnetic
nanoparticles (MN) and multiwall carbon nanotubes (MWNT) — separately and together
on morphology and dielectric properties of nematic liquid crystal 6CHBT dispersed in
polyvinyl alcohol (PDLC). It has been shown that the nanoparticles and nanotubes
together change the morphology of PDLC practically in the same manner as every type
of impurity singly. The impurities influence also additively on the permittivity at low
frequencies and electron component of the conductivity in the polymer matrix. We have
found that when MN and MWNT act jointly their ion component of the conductivity
exceeds the total changes in conductivity by six times greater than when each type of
impurity acts singly. The most probable reason for this nonadditive change in
conductivity can be aggregation of these nanoparticles.
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1. Introduction

Carbon multiwall nanotubes (MWNT) occupy a
significant place among the nanoparticles that are used
to modify the properties of liquid crystals (LC) [1-3]. In
[4, 5] it has been shown that NT dispersed in liquid
crystal can essentially effect on the concentration and
spatial distribution of charges and thereby identify
regularity of electro-optical response of the composite
‘NT - liquid crystal’. In addition, analysis of the
concentration dependence of conductivity showed that it
can be described as being based on the percolation
theory [1, 3, 6]. NT alone cannot always provide the
required parameters of LC. For example, to achieve
sensitivity to the magnetic field there is a need to
introduce magnetic nanoparticles (MN), too [7, 8]. The
question arises whether it is possible, knowing how each

impurity acts separately on properties of liquid crystal,
to predict the combined effect of nanoparticles at least of
two types (MWNT and MN) on the LC properties. In the
work [9], we studied this problem for homogeneous
liquid crystal. It has been shown that the introduction of
NT and MN with the concentration 0.02 wt.% for each
type of nanoparticle into the liquid crystal leads to the
almost 20-fold increase in conductivity, while separately
each individual nanoparticle increases the conductivity
of LC no more than 2 times. These data show that it is
difficult to predict the result of collective action even of
two types of impurities on LC parameters, if being based
on the data on the effect of each impurity separately.

One of the mechanisms, through which explained
can be the nonadditive effect of nanoparticles on the LC
conductivity detected in this work, can be formation of
complexes between the nanoparticles. The size effect (the
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value of the LC volume) can significantly influence on
efficiency of this process. It can be realized by dispersing
LC molecules in a polymer matrix (PDLC cell).

The purpose of this study was to investigate the
influence of carbon nanotubes and magnetic
nanoparticles together and singly on the dielectric
properties of PDLC for determination of the nonadditive
action of these particles (i.e., the effect found for
homogeneous LC in [9]).

2. Materials and methods

PDLC samples were made as follows. Liquid crystal
6CHBT was introduced into 10 wt.% aqueous solution of
polyvinyl alcohol (PVA). The relation of LC and PVA in
mass was amounted as 1:1. The obtained mixture was
stirred using a mixer at the frequency 10,000 rpm for 1
min. Then the mixture was deposited on the glass surface
or glass surface coated by ITO transparent in the visible
spectrum. After water evaporation, the PDLC thin films
were obtained. The thickness of the films was 50=10 pm.
Using the same procedure, the following films were
manufactured: films from MN with the spherical shape
and average diameter 5 nm, those from multilayer NT (or
MWNT) with the diameter 2 nm and length 1000 nm as
well as from MN and MWNT together. MN and MWNT
were added to a mixture of LC with an aqueous solution
of PVA. The concentration of each nanoparticle with
respect to the total weight of LC and PVA was 0.1 wt.%.
After stirring, the films were prepared by the same
procedure as in the absence of nanoparticles.

The morphology of the obtained films was
investigated using the scanning electron microscope
JSM-35 (Japan) at the accelerating voltage 35 keV.
Before doing researches, a thin graphite layer was
deposited on the film surface. Thus, all the effects
caused by surface charging were minimized. All the
obtained images were recorded using a digital camera
and then were analyzed.

To investigate the dielectric properties, the PDLC
film deposited on ITO was used, where ITO was a lower
electrode. Then, additionally, one glass plate coated with
ITO was forced to the free PDLC film surface, the glass
plate was a top electrode, so the sandwich cell was
created. Since the PDLC film comprised only the central
part of this cell, by using the interferential method we
were able to determine the distance between the
electrodes and thus the thickness of the cell.
Measurements of the thickness were performed in
various places of the sample. This enabled to control the
uniformity of attachment of the top electrode. To keep
good electrical contact before clamping, the thin LC
layer was deposited on the electrode.

Dielectric properties of the obtained sandwich cells
were investigated within the frequency range
10"...10°Hz at 293K by using the oscilloscopic
method [10]. The amplitude of the measuring signal with
a triangular shape was 0.25 V.

3. Result and discussion

Fig. 1 shows micrographs of the samples: PDLC + 0.1
wt.% MN (a); PDLC + 0.1 wt.% MWNT (b); PDLC +
0.1 wt.% MN + 0.1 wt.% MWNT (c). As in the case of
PDLC without nanoparticles and PDLC with MN of
spherical and elliptical shape considered by us in [11],
sizes of LC droplets are 6 tol0 um. For further analysis
of the results, it is important to compare morphology of
the sample shown in Fig. Ic and that of the samples
shown in Figs la and 1b. As it follows from the analysis
of Fig. 1, both in the size of LC droplets and in their
concentrations the significant difference between the
samples is absent.

Fig. 1. Morphology of the samples: PDLC + 0.1 wt.% MN (a);
PDLC+ 0.1 wt% MWNT (b); PDLC+ 0.1 wt.% MN +
0.1 wt.% MWNT (c). Images were obtained using the scanning
electron microscope JSM-35 (Japan) at the accelerating voltage
35 keV. The sample thickness is 50+10 pm. The temperature
293 K.
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Fig. 2 shows the frequency dependence of the
dielectric constant & for the samples : PDLC (1);
PDLC+ 0.1 wt% MN(2); PDLC+ 0.1 wt%
MWNT (3); PDLC+ 0.1 wt% MN+ 0.1 wt%
MWNT (4). To analyze these results, the whole
dielectric spectrum should be separated into two
sections 10'...10°Hz and 10°...10°Hz. The
frequency dependence of the € value in the first section
of the dielectric spectrum is caused by the influence of
near-electrode processes [12]. It is just in this section
of the dielectric spectrum that the effect of
nanoparticles on the & value is most essential. Table
shows the data for the & values for the frequency
0.1 Hz. The analysis of the results shows that the
introduction of a small amount of MN and MWNT
(0.1 wt.%) into PDLC leads to an increase in the ¢
value by more than 20 times. Moreover, each of the
impurity nanoparticles changes the PDLC & value
practically identically. When introducing MN and
MWNT together into PDLC, their combined effect on
the &€ value does not exceed the total action of each
nanoparticle type separately, as it follows from Table.
That is it can be asserted that the combined action of
MN and MWNT nanoparticles on the low-frequency ¢
value is additive practically with respect to the action
of each nanoparticle separately.

In the second section of the dielectric spectrum
10°...10° Hz, the dielectric properties of the samples are
caused by their volume parameters. As follows from
Fig. 2, in this section of the spectrum the impact of
nanoparticles is much smaller than that in the low-
frequency section. Since the changes in the & value,
caused by the introduction of nanoparticles, were not
much larger than the experimental error, the analysis of
data about additivity concerning the action of the
nanoparticles was not performed.
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Fig. 2. Frequency dependences of the permittivity & for the
samples: PDLC (1); PDLC+0.1 wt.% MN (2);
PDLC+ 0.1 wt.% MWNT (3); PDLC+ 0.1 wt.% MN +
0.1 wt.% MWNT (4). The sample thickness is 50+10 um. The
temperature 293 K.

Table. Dependence of the PDLC parameters on the
presence of magnetic nanoparticles and multiwall
nanotubes singly and together.

Sample € G,
f=0.1Hz Ohm 'm™
PDLC 1320 9.1-107
PDLC+01 wt.% MN 29550 2.2:10
PDLC+01 wt.% MWNT 28380 54107
PDLC+01 wt.% MN +01 39140 3.2:1077

wt.% MWNT

The complexity of this analysis is largely caused by
the dependence of €& value on frequency. For
heterogeneous systems, this effect may be caused by the
interaction between the particles in the process of their
polarization under action of an electric field. In the case
of homogeneous liquids such an effect is not observed,
and the € value is independent of frequency in the high-
frequency section of the spectrum.

Fig. 3 shows the frequency dependences of the
conductivity o for the following samples: PDLC (1);
PDLC+ 0.1 wt% MN(2); PDLC+ 0.1 wt.%
MWNT (3); PDLC+ 0.1 wt% MN+ 0.1 wt%
MWNT (4). Except for a small decrease of ¢ at most
lower frequencies due to the impact of near-electrode
processes, the whole dielectric spectrum of conductivity
can be separated into two sections.

In the section of frequencies 5-100 Hz, as it follows
from Fig.3, the ¢ value does not depend on the
frequency f. Independence of conductivity on the
frequency is characteristic for the ion conductivity in
liquid. In the case of the studied PDLC, this liquid is a
liquid crystal. The ion conductivity of PDLC increases
significantly in those places of the samples where
diameters of droplets are close to the PDLC thickness or
in the places of aggregation of drops with slightly
smaller diameters than the sample thickness.
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Fig. 3. The frequency dependences of conductivity ¢ for the
samples: PDLC (/); PDLC+ 0.1 wt.% MN (2); PDLC +
0.1 wt.% MWNT (3); PDLC +0.1 wt% MN+ 0.1 wt.%
MWNT (4). The sample thickness is 50+10 um. The
temperature 293 K.
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The values of the ion conductivity o; of the studied
samples are shown in Table. In contrast to the data
concerning the influence of nanoparticles on the ¢ value,
nonidentical action of MN and MWNT separately on the
o; value is observed. So when introducing 0.1 wt.% MN
into PDLC, the o; value increases by about 25 times;
when introducing the same amount of MNT, the o; value
increases by more than 6000 times. And this case, the
total effect of two types of nanoparticles on condition of
additivity should be almost the same as the action of
MWNT only separately. In fact, as follows from the
table data, the o; value, when introducing MN and
MWNT together, is higher than that when MWNT acts
alone.

The formula for calculating the coefficient of
conductivity nonadditivity can be written as follows:

k nonad = L > (l)
(o3} + (9%)

where 6, is the value of conductivity when acting of
both nanoparticle types together; 6, and o, are the values
of conductivity when each nanoparticle acts separately.
The calculation was performed using the Eq. (1) for the
Table data, it showed that in the case of the studied
samples k.« = 6. For homogeneous samples studied in
[9] kuonaa= 5. In general, one would expect that the value
of kyonae for heterogeneous samples must be less than
that for homogeneous ones. The greater £,,,,, value for
studied samples may be caused by different types of
nanotubes, which were used in this work (multiwalled
carbon nanotubes) and in the work [9] (singlewall
carbon nanotubes).

Considering regularity of the influence of
nanoparticles on the conductivity value in the section of
the dielectric spectrum 5...100 Hz, we shall consider the
influence of these impurities on the conductivity value in
the section of the dielectric spectrum 10°...10° Hz. As
can be seen from Fig. 3, after the transition section,
which has a different frequency range depending on the
type of nanoparticles, the conductivity value varies
depending on the frequency according to a power law.
This type of conductivity is characteristic for disordered
materials, and it is associated with intermittent transfer
of electrons from one atom (or molecule) to another. In
the case of PDLC, the intermittent electron transfer can
be carried out through the polymer matrix.

As it follows from Fig. 3, in contrast to ion
conductivity, for electron conductivity in polymer the
conductivity when introducing MN and MWNT together
is practically the same as when introducing MWNT
separately. That is the effect of nonadditivity of
conductivity change, when the simultaneous introducting
two types nanoparticles found for ion component of
conductivity for the same samples, is not inherent for the
electron component of conductivity. If for explanation of
nonadditivity of ion conductivity changes to take into
account the assumption about the formation of
complexes with different types of nanoparticles, absence

of such effect in the case of electron component of
conductivity can be easily explained. In the case of a
rigid polymer matrix, the efficiency of aggregation of
nanoparticles is much lower than that in the liquid phase
of LC, because nanoparticles are rigidly fixed in
polymer and cannot move as freely as in liquid crystal.
Taking the electron component of conductivity into
account, the whole frequency range (except for a small
low-frequency section caused by the influence of near-
electrode processes) can be described by the relation

o=0;+af”, )

where a is the proportionality coefficient, s is the
exponent (for intermittent transfer of electrons
0<s<1). It is the ratio between the values o, and a
defines the frequency interval for transfer from the
section of the dielectric spectrum where the conductivity
does not depend on frequency to that where the
conductivity is proportional to a power function of
frequency .

4. Conclusions

From the analysis of microphotos obtained using the
scanning electron microscopy, it is seen that the
morphology of the films PDLC+ 0.1 wt.% MN+
0.1 wt.% MWNT slightly differs from that of the films
PDLC + 0.1 wt.% MN and PDLC + 0.1 wt.% MWNT.
That is the combined effect of low concentrations of
magnetic nanoparticles and multiwall carbon nanotubes
on the morphology of PDLC films is practically the
same as that of each impurity separately.

The permittivity at low frequencies (below 10° Hz)
significantly (by more than an order of magnitude)
increases when introducing a small amount (0.1 wt.%) of
nanoparticles. But in so doing no peculiarities
concerning the combined effects of magnetic
nanoparticles and multiwall carbon nanotubes to the
action of each type of nanoparticles separately are not
observed. In other words, we can assume that the change
in the permittivity at low frequencies when introducing
the magnetic nanoparticles and multiwall carbon
nanotubes are additive with respect to the impact of each
type of nanoparticle separately.

Except for a small decrease in conductivity at the
lowest frequencies of the studied frequency, the
dependence of the conductivity of the investigated
PDLC films can be separated in two sections. For the
section of the frequencies 5...100 Hz the conductivity is
independent of frequency, and for the section of the
frequencies 10°...10° Hz the conductivity is a power
function of frequency. The low-frequency section of
conductivity is caused by ion conductivity through the
liquid crystal, and the high-frequency section of
conductivity is caused by the electron one through
polymer.

It has shown that the ion component of
conductivity when MN and MWNT act jointly exceeds
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the total changes in conductivity by six times greater
than when each type of impurity acts singly. One of the
most probable causes of this effect may be the formation
of complexes between nanoparticles. Confirmation of
this hypothesis is the absence of such effect for the
electron component of the conductivity. Since
aggregation of nanoparticles in polymer occurs less
effectively than in the liquid crystal.
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1. Introduction 

Carbon multiwall nanotubes (MWNT) occupy a significant place among the nanoparticles that are used to modify the properties of liquid crystals (LC) [1-3]. In [4, 5] it has been shown that NT dispersed in liquid crystal can essentially effect on the concentration and spatial distribution of charges and thereby identify regularity of electro-optical response of the composite ‘NT – liquid crystal’. In addition, analysis of the concentration dependence of conductivity showed that it can be described as being based on the percolation theory [1, 3, 6]. NT alone cannot always provide the required parameters of LC. For example, to achieve sensitivity to the magnetic field there is a need to introduce magnetic nanoparticles (MN), too [7, 8]. The question arises whether it is possible, knowing how each impurity acts separately on properties of liquid crystal, to predict the combined effect of nanoparticles at least of two types (MWNT and MN) on the LC properties. In the work [9], we studied this problem for homogeneous liquid crystal. It has been shown that the introduction of NT and MN with the concentration 0.02 wt.% for each type of nanoparticle into the liquid crystal leads to the almost 20-fold increase in conductivity, while separately each individual nanoparticle increases the conductivity of LC no more than 2 times. These data show that it is difficult to predict the result of collective action even of two types of impurities on LC parameters, if being based on the data on the effect of each impurity separately. 

One of the mechanisms, through which explained can be the nonadditive effect of nanoparticles on the LC conductivity detected in this work, can be formation of complexes between the nanoparticles. The size effect (the value of the LC volume) can significantly influence on efficiency of this process. It can be realized by dispersing LC molecules in a polymer matrix (PDLC cell).


The purpose of this study was to investigate the influence of carbon nanotubes and magnetic nanoparticles together and singly on the dielectric properties of PDLC for determination of the nonadditive action of these particles (i.e., the effect found for homogeneous LC in [9]).


2. Materials and methods


PDLC samples were made as follows. Liquid crystal 6CHBT was introduced into 10 wt.% aqueous solution of polyvinyl alcohol (PVA). The relation of LC and PVA in mass was amounted as 1:1. The obtained mixture was stirred using a mixer at the frequency 10,000 rpm for 1 min. Then the mixture was deposited on the glass surface or glass surface coated by ITO transparent in the visible spectrum. After water evaporation, the PDLC thin films were obtained. The thickness of the films was 50±10 (m. Using the same procedure, the following films were manufactured: films from MN with the spherical shape and average diameter 5 nm, those from multilayer NT (or MWNT) with the diameter 2 nm and length 1000 nm as well as from MN and MWNT together. MN and MWNT were added to a mixture of LC with an aqueous solution of PVA. The concentration of each nanoparticle with respect to the total weight of LC and PVA was 0.1 wt.%. After stirring, the films were prepared by the same procedure as in the absence of nanoparticles.

The morphology of the obtained films was investigated using the scanning electron microscope JSM-35 (Japan) at the accelerating voltage 35 keV. Before doing researches, a thin graphite layer was deposited on the film surface. Thus, all the effects caused by surface charging were minimized. All the obtained images were recorded using a digital camera and then were analyzed.

To investigate the dielectric properties, the PDLC film deposited on ITO was used, where ITO was a lower electrode. Then, additionally, one glass plate coated with ITO was forced to the free PDLC film surface, the glass plate was a top electrode, so the sandwich cell was created. Since the PDLC film comprised only the central part of this cell, by using the interferential method we were able to determine the distance between the electrodes and thus the thickness of the cell. Measurements of the thickness were performed in various places of the sample. This enabled to control the uniformity of attachment of the top electrode. To keep good electrical contact before clamping, the thin LC layer was deposited on the electrode.


Dielectric properties of the obtained sandwich cells were investigated within the frequency range 
10–1…106 Hz at 293 K by using the oscilloscopic method [10]. The amplitude of the measuring signal with a triangular shape was 0.25 V. 

3. Result and discussion


Fig. 1 shows micrographs of the samples: PDLC + 0.1 wt.% MN (a); PDLC + 0.1 wt.% MWNT (b); PDLC + 0.1 wt.% MN + 0.1 wt.% MWNT (c). As in the case of PDLC without nanoparticles and PDLC with MN of spherical and elliptical shape considered by us in [11], sizes of LC droplets are 6 to10 μm. For further analysis of the results, it is important to compare morphology of the sample shown in Fig. 1c and that of the samples shown in Figs 1a and 1b. As it follows from the analysis of Fig. 1, both in the size of LC droplets and in their concentrations the significant difference between the samples is absent.
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Fig. 1. Morphology of the samples: PDLC + 0.1 wt.% MN (a); PDLC + 0.1 wt.% MWNT (b); PDLC + 0.1 wt.% MN + 0.1 wt.% MWNT (c). Images were obtained using the scanning electron microscope JSM-35 (Japan) at the accelerating voltage 35 keV. The sample thickness is 50±10 (m. The temperature 293 K.

Fig. 2 shows the frequency dependence of the dielectric constant ε for the samples : PDLC (1); PDLC + 0.1 wt.% MN (2); PDLC + 0.1 wt.% MWNT (3); PDLC + 0.1 wt.% MN + 0.1 wt.% MWNT (4). To analyze these results, the whole dielectric spectrum should be separated into two sections  10–1…103 Hz and 103…106 Hz. The frequency dependence of the ε value in the first section of the dielectric spectrum is caused by the influence of near-electrode processes [12]. It is just in this section of the dielectric spectrum that the effect of nanoparticles on the ε value is most essential. Table shows the data for the ε values for the frequency 0.1 Hz. The analysis of the results shows that the introduction of a small amount of MN and MWNT (0.1 wt.%) into PDLC leads to an increase in the ε value by more than 20 times. Moreover, each of the impurity nanoparticles changes the PDLC ε value practically identically. When introducing MN and MWNT together into PDLC, their combined effect on the ε value does not exceed the total action of each nanoparticle type separately, as it follows from Table. That is it can be asserted that the combined action of MN and MWNT nanoparticles on the low-frequency ε value is additive practically with respect to the action of each nanoparticle separately. 

In the second section of the dielectric spectrum 103…106 Hz, the dielectric properties of the samples are caused by their volume parameters. As follows from Fig. 2, in this section of the spectrum the impact of nanoparticles is much smaller than that in the low-frequency section. Since the changes in the ε value, caused by the introduction of nanoparticles, were not much larger than the experimental error, the analysis of data about additivity concerning the action of the nanoparticles was not performed.
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Fig. 2. Frequency dependences of the permittivity ε for the samples: PDLC (1); PDLC+0.1 wt.% MN (2); PDLC+ 0.1 wt.% MWNT (3); PDLC + 0.1 wt.% MN + 0.1 wt.% MWNT (4). The sample thickness is 50±10 (m. The temperature 293 K.

Table. Dependence of the PDLC parameters on the presence of magnetic nanoparticles and multiwall nanotubes singly and together.


		Sample

		ε

f = 0.1 Hz

		σi,


Ohm–1m–1



		PDLC 

		1320

		9.1·10–9



		PDLC+01 wt.% MN 

		29550

		2.2·10–7



		PDLC+01 wt.% MWNT

		28380

		5.4·10–5



		PDLC+01 wt.% MN +01 wt.% MWNT

		39140

		3.2·10–4





The complexity of this analysis is largely caused by the dependence of ε value on frequency. For heterogeneous systems, this effect may be caused by the interaction between the particles in the process of their polarization under action of an electric field. In the case of homogeneous liquids such an effect is not observed, and the ε value is independent of frequency in the high-frequency section of the spectrum.

Fig. 3 shows the frequency dependences of the conductivity σ for the following samples: PDLC (1); PDLC + 0.1 wt.% MN (2); PDLC + 0.1 wt.% MWNT (3); PDLC + 0.1 wt.% MN + 0.1 wt.% MWNT (4). Except for a small decrease of σ at most lower frequencies due to the impact of near-electrode processes, the whole dielectric spectrum of conductivity can be separated into two sections.


In the section of frequencies 5-100 Hz, as it follows from Fig. 3, the σ value does not depend on the frequency f. Independence of conductivity on the frequency is characteristic for the ion conductivity in liquid. In the case of the studied PDLC, this liquid is a liquid crystal. The ion conductivity of PDLC increases significantly in those places of the samples where diameters of droplets are close to the PDLC thickness or in the places of aggregation of drops with slightly smaller diameters than the sample thickness.
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Fig. 3. The frequency dependences of conductivity σ for the samples: PDLC (1); PDLC + 0.1 wt.% MN (2); PDLC + 0.1 wt.% MWNT (3); PDLC +0.1 wt.% MN + 0.1 wt.% MWNT (4). The sample thickness is 50±10 (m. The temperature 293 K.


The values of the ion conductivity σi of the studied samples are shown in Table. In contrast to the data concerning the influence of nanoparticles on the ε value, nonidentical action of MN and MWNT separately on the σi value is observed. So when introducing 0.1 wt.% MN into PDLC, the σi value increases by about 25 times; when introducing the same amount of MNT, the σi value increases by more than 6000 times. And this case, the total effect of two types of nanoparticles on condition of additivity should be almost the same as the action of MWNT only separately. In fact, as follows from the table data, the σi value, when introducing MN and MWNT together, is higher than that when MWNT acts alone.


The formula for calculating the coefficient of conductivity nonadditivity can be written as follows:
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where σ12 is the value of conductivity when acting of both nanoparticle types together; σ1 and σ2 are the values of conductivity when each nanoparticle acts separately. The calculation was performed using the Eq. (1) for the Table data, it showed that in the case of the studied samples knonad = 6. For homogeneous samples studied in [9] knonad = 5. In general, one would expect that the value of knonad for heterogeneous samples must be less than that for homogeneous ones. The greater knonad value for studied samples may be caused by different types of nanotubes, which were used in this work (multiwalled carbon nanotubes) and in the work [9] (singlewall carbon nanotubes).


Considering regularity of the influence of nanoparticles on the conductivity value in the section of the dielectric spectrum 5…100 Hz, we shall consider the influence of these impurities on the conductivity value in the section of the dielectric spectrum 103…106 Hz. As can be seen from Fig. 3, after the transition section, which has a different frequency range depending on the type of nanoparticles, the conductivity value varies depending on the frequency according to a power law. This type of conductivity is characteristic for disordered materials, and it is associated with intermittent transfer of electrons from one atom (or molecule) to another. In the case of PDLC, the intermittent electron transfer can be carried out through the polymer matrix.


As it follows from Fig. 3, in contrast to ion conductivity, for electron conductivity in polymer the conductivity when introducing MN and MWNT together is practically the same as when introducing MWNT separately. That is the effect of nonadditivity of conductivity change, when the simultaneous introducting two types nanoparticles found for ion component of conductivity for the same samples, is not inherent for the electron component of conductivity. If for explanation of nonadditivity of ion conductivity changes to take into account the assumption about the formation of complexes with different types of nanoparticles, absence of such effect in the case of electron component of conductivity can be easily explained. In the case of a rigid polymer matrix, the efficiency of aggregation of nanoparticles is much lower than that in the liquid phase of LC, because nanoparticles are rigidly fixed in polymer and cannot move as freely as in liquid crystal.


Taking the electron component of conductivity into account, the whole frequency range (except for a small low-frequency section caused by the influence of near-electrode processes) can be described by the relation
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where a is the proportionality coefficient, s is the exponent (for intermittent transfer of electrons 0 < s < 1). It is the ratio between the values σi and а defines the frequency interval for transfer from the section of the dielectric spectrum where the conductivity does not depend on frequency to that where the conductivity is proportional to a power function of frequency .


4. Сonclusions

From the analysis of microphotos obtained using the scanning electron microscopy, it is seen that the morphology of the films PDLC + 0.1 wt.% MN + 0.1 wt.% MWNT slightly differs from that of the films PDLC + 0.1 wt.% MN and PDLC + 0.1 wt.% MWNT. That is the combined effect of low concentrations of magnetic nanoparticles and multiwall carbon nanotubes on the morphology of PDLC films is practically the same as that of each impurity separately.


The permittivity at low frequencies (below 103 Hz) significantly (by more than an order of magnitude) increases when introducing a small amount (0.1 wt.%) of nanoparticles. But in so doing no peculiarities concerning the combined effects of magnetic nanoparticles and multiwall carbon nanotubes to the action of each type of nanoparticles separately are not observed. In other words, we can assume that the change in the permittivity at low frequencies when introducing the magnetic nanoparticles and multiwall carbon nanotubes are additive with respect to the impact of each type of nanoparticle separately.


Except for a small decrease in conductivity at the lowest frequencies of the studied frequency, the dependence of the conductivity of the investigated PDLC films can be separated in two sections. For the section of the frequencies 5…100 Hz the conductivity is independent of frequency, and for the section of the frequencies 103…106 Hz the conductivity is a power function of frequency. The low-frequency section of conductivity is caused by ion conductivity through the liquid crystal, and the high-frequency section of conductivity is caused by the electron one through polymer.


It has shown that the ion component of conductivity when MN and MWNT act jointly exceeds the total changes in conductivity by six times greater than when each type of impurity acts singly. One of the most probable causes of this effect may be the formation of complexes between nanoparticles. Confirmation of this hypothesis is the absence of such effect for the electron component of the conductivity. Since aggregation of nanoparticles in polymer occurs less effectively than in the liquid crystal.
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