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Photodielectric Properties of C60 Solution in the
Ferroelectric Liquid Crystal

A. V. Koval’chuk1 and T. N. Koval’chuk2

1Institute of Physics, NAS of Ukraine, Kiev, Ukraine
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Within the range of 10�3–106 Hz, we investigated the frequency dependences of
capacity C and resistance R of a 3 wt% solution of C60 with attached molecules
of 1,8-octanediamine in a ferroelectric liquid crystal (FLC=C60-Ok). The measure-
ments were carried out in darkness and on the exposure to focused white light. The
basic feature of the electric properties of solutions of FLC=C60-Oc is a reduction of
the ac conductivity rAC at the transition from the cholesteric to smectic phase. The
measurements have shown that the ratio CP=CD (the subscripts D and P corre-
spond, respectively, to measurements in darkness and under illumination) has a
peak at a frequency of �3.5 Hz, and the ratio RD=RP increases monotonously up
to a constant value within the range of 10�3–103 Hz. These data indicate that
the volumetric photoelectric processes are more essential than the near-electrode
ones in the solution FLC=C60-Oc as compared with the colloidal mixture
C60þC70=FLC.

Keywords: dielectric spectroscopy; ferroelectric liquid crystal; fullerene

INTRODUCTION

The polar electrooptical effect (turn of molecule dipoles under action of
an electric field) is possible in ferroelectric liquid crystals (FLC), in
contrast to the majority of other liquid crystals. For the first time, a
practical realization of this effect was offered in work [1], which
became a reference point for practical use of FLCs.

The majority of scientific researches of FLCs was directed towards
the elucidation of an opportunity to use this material in displays and to
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improve parameters of these displays [2]. We consider that properties
of photosensitive FLCs can be interesting as well. In these materials,
the photogenerated charge transport can be efficiently carried out by a
turn of molecule dipoles (bonded charges). In this case, the problems
caused by the recombination of charge carriers were removed, and
at a modulated illumination, the problems concerning contact
phenomena were partially removed too.

As the synthesis of photosensitive FLC molecules is not a simple
chemical problem, it was concluded to obtain these materials by the
introduction of photosensitive molecules into a liquid crystal. We used
the fullerenes as such photosensitive impurities.

We showed that, by selecting the fullerene concentration, it is
possible to obtain photosensitive colloid mixtures ‘‘ferroelectric liquid
crystal – fullerene’’ [3,4] rather stable in time. Their dielectric proper-
ties were investigated and it was shown that, at temperatures
T>329 K, the conductivity of these colloidal mixtures is caused by
fullerene conductivity. At T<329 K, the dielectric properties of the
FLC-fullerene system are basically determined by the properties of
FLC. This is supported by the fact that the dielectric spectrum of
the colloidal mixtures contains the Goldstone mode.

It was also shown that illumination by the focused white light
results in a reduction of resistance R and a change of capacity C
of the colloidal mixtures. It should be particularly noted that the
illumination results in a reduction of the capacity in the isotropic
(I), cholesteric (Chol), and smectic A (SmA) phases whereas the
capacity of the chiral smectic (SmC�) phase increases (positive
photodielectric effect). The greatest change of the capacity under
illumination was observed near the temperature of phase transition
SmC� $SmA. This is the exact verification of the fact that, in the
processes of the charge phototransport, the bias currents caused
by a turn of molecule dipoles around of the helicoidal axis are
present.

But it turned out that the colloidal mixtures are stable no more than
two months. Therefore, we made decision to obtain and investigate the
solutions of photosensitive molecules in FLC. As it was shown in [5,6],
the illumination of these solutions can cause a reorientation of mole-
cules. It was one more precondition to that it would be possible to
realize no less interesting photoelectric effects in solutions of photo-
sensitive molecules in FLCs than those in the colloidal mixtures. For
adequacy of comparison of the expected results with the data in
[5,6], we used the soluble fullerene.

Therefore, the aim of this work was to manufacture fullerene
solutions in FLC and to research their photodielectric properties.
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MATERIALS AND METHODS

The FLC under study was an eutectic mixture of 4-n-hexyloxyphe-
nyl 4’-n-decyloxybenzoate and 4-n-hexyloxyphenyl 4’-n-octyloxy-
benzoate with LUCH-15 polar chiral additive [7]. For a pure FLC,
the scheme of phase and the phase transition temperatures (in K)
are as follows:

I�!358
Chol�!349

SmA�!345
SmC� �!313

Cr:

We used fullerene C60 with attached molecules of 1,8-octanedia-
mine ((NH2-(CH2)8-NH2) as a photosensitive impurity. It was
producted at the Universidad Nacional Aut�oonoma de México. The sol-
ution of this modified fullerene in FLC is photosensitive, by starting
from a concentration of 2 wt%. We study a solution FLCþ
3 wt% C60 with attached molecules of 1,8-octanediamine (FLC=
C60-Oc). The examination with the use of a polarizing microscope
has shown that the phase transition temperatures for a solution of
FLC=C60-Oc are the same as those for the pure FLC to within 0.5 K.

The studies were carried out by using sandwich cells. Transparent
layers of In2O3 deposited on a glass plate were used as electrodes.
Each electrode was divided by etching into measuring and protecting
sections. The protecting electrode was grounded during the measure-
ments. We used polyamide to create a planar orientation of molecules.

The composite layer thickness d lying within the interval of 30–
50 mm was obtained by introducing a Teflon film between the glass
plates over the protecting electrode. Due to a high viscosity of the
FLC=C60-Oc composite, filling the cells was achieved by pressurizing
the composite between the electrodes bearing the Teflon film. An
empty (composite-free) volume was left, where d was measured by
interferometry. The assembled cell was sealed on its perimeter with
a glue.

The temperature stabilization with an error below 0.2 K was carried
out in a custom-designed thermostat, having a low level of electromag-
netic noise. The measurements were performed in a temperature
interval of 315–370 K. The capacity C and resistance R of the sample
were measured within the frequency range of 10�3–106 Hz by using
the oscilloscopic method [8–10]. The measured signal had the triangu-
lar shape. The peak voltage value was U0¼ 0.25 V. Based on the
obtained data, the frequency dependence of the e0 and e00 components
of complex dielectric permittivity was analyzed.

The measurements were carried out in darkness and on the
exposure to focused white light of a halogen incandescent lamp. The
density of light energy equals 1.5 W=cm2.
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EXPERIMENTAL RESULTS AND DISCUSSION

A. Dielectric Properties

In Figure 1, the frequency dependences of imaginary component of
dielectric permittivity e00 for planar oriented FLC=C60-Oc (curve 1)
and FLC (curve 2) are presented. In the first and second cases, the
measurements were carried out at close values of temperatures which
corresponded to the SmC�-phase of FLC.

First, we analyzed features of the dielectric spectrum of FLC. In
the investigated range of frequencies, two dispersion areas can be
distinguished: low-frequency (10�3–10 Hz) and high-frequency
(102–104 Hz) ones. As we have shown earlier [8–10], the low-frequency
dispersion area manifests itself in all liquids and caused by the near-
electrode phenomena. The high-frequency area of the dispersion e0 and
e00 in pure FLC arises only in the SmC�-phase and is caused by a turn
of molecules around of a helicoidal axis (the Goldstone mode).

It follows from Figure 1 that, in the solution of FLC=C60-Oc, the
low-frequency dispersion area e00 is observed, whereas and the high-
frequency one disappears. As the presence of the high-frequency dis-
persion area e00 is caused by the SmC�-phase, from the obtained data
it follows that only the addition of 3 wt%C60-Oc results in the essential

FIGURE 1 Frequency dependences of e0 0 for the planar oriented FLC=C60-Oc
solution (1) and pure FLC (2) at the temperatures of 313.5 and 314.2 K,
respectively.
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change of the parameters of samples down to disappearance of ferro-
electric properties.

Examining with the use of a polarizing microscope has shown that,
in LC phases, the textures of pure FLC and a FLC=C60-Oc solution did
not differ from each other. From the preceding, it is possible to make
the assumption that the nonchiral phase SmC-phase is realized in the
solution instead of the SmC�-phase. Blocking the chirality in the SmC-
phase of a FLC=C60-Oc solution most likely occurs because of the
formation of a polymeric network between molecules C60. As shown
in work [11], this ‘‘polymeric’’ network can essentially affect the LC
structure.

The molecule of 1,8-octanediamine (NH2-(CH2)8-NH2) is symmetric.
Therefore, it can be attached with its two ends directly to two mole-
cules C60. As to one molecule C60, from 4 up to 8 molecules of 1,8-octa-
nediamine can be attached to it according to the chemical analysis,
which is a direct confirmation of forming the polymeric network of
molecules C60-Oc in a FLC=C60-Oc solution. One more confirmation
of this assumption may be a substantial increase of the viscosity of a
FLC=C60-Oc solution in comparison with that of pure FLC. This may
be concluded from the analysis of the process of filling of a capillary
with a FLC=C60-Oc solution or pure FLC when manufacturing the
samples.

It follows from Figure 1 that the linear dependence e00 on the fre-
quency f is revealed at high frequencies. This enables one to find the
conductance rAC from the equation

rAC ¼ e0 e0x; ð1Þ

where e0 is the dielectric permittivity in vacuum, and x¼ 2pf is circu-
lar frequency.

B. Electric Properties

In Figure 2, the temperature dependences rAC of planar oriented
FLC=C60-Oc (curve 1) and FLC (curve 2) are resulted. Comparison of
these data shows that presence of C60-Oc changes cardinally a course
of its temperature dependence of rAC relative to that of pure FLC. The
basic difference of the electrical properties of FLC=C60-Oc solutions
from those of pure FLC is a reduction of rAC at the transition from
the cholesteric phase to smectic one. In [12], we have shown that, in
pure FLC, at the transition from cholesteric phase to the smectic
one, the value of rAC increases because of nonlinear dielectric proper-
ties of the SmC�-phase. In this case at such a phase transition,
the change of conductivity DrAC enters into the term quadratic in
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the electric field member in the nonlinear dependence of the polariza-
tion P on the applied electrical field E

PðtÞ ¼ e0ðe0 � 1ÞEðtÞ þ DrACd

4U0f
E2ðtÞ: ð2Þ

Therefore, the temperature dependence of rAC for the solution
FLC=C60-Oc which is opposite relative to that of pure FLC confirms
once again that the introduction of C60-Oc into FLC results in the
SmC�-phase blocking. As a consequence of this fact, which is charac-
teristic of most of the liquid crystals, is observed at the transition from
the cholesteric phase to the smectic one, rather than an increase of rAC

(which is characteristic for pure FLC).
It is worth to note that the analysis of the temperature dependences

rAC of a FLC=C60-Oc solution and pure FLC allows us to draw con-
clusion that the presence of C60-Oc does not influence the tempera-
tures of phase transitions.

C. Photodielectric Properties

In Figure 3, we give the frequency dependences of the ratios of the
capacities, CP, of a FLC=C60-Oc solution (curve 1) and a colloidal
mixture C60þC70=FLC (curve 2) under illumination by focused white

FIGURE 2 Temperature dependences of ac conductivity for the planar
oriented FLC=C60-Oc solution (1) and pure FLC (2). Pointers mark the
temperatures of phase transitions.
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light with a power of 1.5 W=cm2 to the capacity CD when measuring in
darkness at the temperature that corresponds to phase I. It is clearly
seen that the ratio CP=CD for a FLC=C60-Oc solution is more or equal
to unity. That is, the frequency-dependent capacity of samples either
increases or is not changed in general under the action of light. As fol-
lows from Figure 3, the ratio CP=CD has the peak at a frequency of
about 3.5 Hz. It follows from the analysis of the frequency dependences
of e0 and e00 that the frequencies, at which the peak of CP=CD is
observed, correspond to a segment demonstrating the sharp increase
of both components of the complex dielectric permittivity with
decrease in the frequency f. As was marked already earlier, this seg-
ment of the dielectric spectrum is caused by the near-electrode
phenomena. Therefore, an increase in the capacity of a FLC=C60-Oc
solution under the exposure to light can be explained by changes of
the near-electrode layer parameters. The frequency dependence of
the ratio CP=CD for a colloidal mixture C60þC70=FLC (curve 2) differs
from the same dependence for a FLC=C60-Oc solution (curve 1) only
at low frequencies (f< 102 Hz). This distinction consists in that the
ratio CP=CD has the peak for a FLC=C60-Oc solution, and this ratio
for a colloidal mixture C60þC70=FLC decreases monotonically with a
reduction of the frequency.

FIGURE 3 Frequency dependences of the ratios of the capacities CP=CD for
the FLC=C60-Oc solution at the temperature of 362 K (1) and colloidal mix-
tures C60þC70=FLC at the temperature of 360 K (2) measured in darkness
(D) and on exposure to the focused white light capacity of 1.5 W=cm2 (P).
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In Figure 4, we present the frequency dependence of the ratios of
the resistances of a FLC=C60-Oc solution (curve 1) and a colloidal
mixture C60þC70=FLC (curve 2) when measuring in darkness, RD,
to the resistance under the exposure by focused white light, RP, at
the temperature that corresponds to phase I.

It is seen that RD=RP� 1 within the full frequency range. For a
FLC=C60-Oc solution (curve 1) in the full frequency range, the illumi-
nation results in a reduction of the resistance. At low frequencies, the
ratio RD=RP increases with the frequency by reaching the value of 1.25
for f¼ 10 Hz. For f>10 Hz, the ratio RD=RP does not depend on the
frequency.

For a colloidal mixture C60þC70=FLC (curve 2), the ratio RD=RP is
equal to unity and did not depend on the frequency for f>10 Hz. For
this frequency range, the illumination did not influence the resistance
of samples. For f< 10 Hz, we observed the opposite behavior of the
properties of a FLC=C60-Oc solution: a reduction of RD=RP with
increase of the frequency. From the comparison of these data, it is
possible to draw the important conclusion that photoprocesses occur
basically in volume of samples in a FLC=C60-Oc solution and in the
near-electrode areas in a colloidal mixture.

FIGURE 4 Frequency dependences of the ratios of the resistances RP=RD for
the FLC=C60-Oc solution at the temperature of 362 K (1) and colloidal mix-
tures C60þC70=FLC at the temperature of 360 K (2) measured in darkness
(D) and on exposure to the focused white light capacity of 1.5 W=cm2 (P).
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CONCLUSIONS

1. The photosensitive solution FLCþ 3 wt% C60-Oc is produced, and
it is shown that, in its dielectric spectrum, there is no high-frequency
region caused by rotation of molecules around of a helicoidal axis (the
Goldstone mode).

2. The basic feature of the electric properties of solutions FLC=
C60-Oc is a reduction of the ac conductivity at the transition from
the Chol to SmC� phase.

3. We assume that the presence of a solution results in a significant
increase in the rotary viscosity and to the blocking of the ferroelectric
state. One of the possible mechanisms of this phenomenon can be the
formation of a polymeric network between C60 molecules.

4. The measurements have shown that the ratio Cp=CD has the peak
at a frequency of �3.5 Hz, and the ratio RD=RP increases monotoni-
cally up to a constant value within the range from 10–3 to 103 Hz.
The photoprocesses occur in the near-electrode region in the colloidal
mixture C60þC70=FLC and in volume of a sample for the FLC=C60-Oc
solution.
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