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In the present study, the influence of diamond nanoparticles (DNPs)
on dielectric properties of nematic liquid crystal (LC) E7 from
Merck has been considered. It is established that the insertion of
DNPs leads to an increase in the dielectric constant &', as well as to
a significant change in the electric conductivity o of the LC. The
growth of ¢/ with the concentration of DNPs, Cpnp, is mainly
caused by a contribution of the DNP permittivity to the effec-
tive permittivity of the composite. The character of the o(Cpnp)
curves depends on the ionic purity of LC E7: for the samples
based on pure E7, an increase of the electric conductivity with the
concentration of DNPs is detected, whereas the reverse trend is
observed for the samples containing impure E7. This behavior is
attributed to the competitive adsorption and desorption of ions
on/from the surface of DNPs and the ion transfer along the per-
colation network of these particles.

1. Introduction

In recent years, composite systems based on liquid crys-
tals (LCs) and nanoparticles have been intensively in-
vestigated. Such interest is caused by a possibility of ex-
tending the range of properties of LCs and reducing the
parasitic effects typical of electro-optical devices based
on LC layers. In these studies, magnetic [1], ferroelec-
tric [2], dielectric [3], semiconducting [4] and metal [5]
nanoparticles have been used as LC fillers. As a result,
the essential change of viscoelastic, dielectric, optical,
electro- and magnetooptical properties of LC matrices
has been achieved [6].

One of the most intriguing classes of the fillers is
formed by carbonaceous materials including such unique
objects as carbon nanotubes (CNTs) [6-8]. Because of
their elongated shape and a molecular structure simi-
lar to that of LC, the carbon nanotubes can be eas-
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ily built into an orientationally ordered LC matrix
[7, 8]. On the other hand, CNTs bring a number of
improvements to LC layers used in electrooptical de-
vices such as a reduction of the response time and
the driving voltage and the suppression of the para-
sitic backflow and the image sticking [6, 9-11]. Be-
sides influencing the intrinsic properties of LCs, CNTs
result in new effects. Omne of them is the effect of
electrooptical memory caused by the stabilization of a
field-induced alignment of LC by a continuous network
of CNTs formed in this state [6]. The stabilizing ef-
fect comes from the effective interaction of LC with
the CNT network, which is partially aligned together
with the LC host in an electric field. The CNT net-
work reveals itself in a sharp increase of the conductiv-
ity of LC-CNTs dispersions with the concentration of
CNTs.

In the present work, we investigate LCs filled with
nanoparticles of diamond (DNPs), which is a different
allotropic form of carbon. In contrast to multiwalled
CNTs with the quasimetallic conductivity (along the
tube axis), DNPs are non-conductive. At the same
time, the NPs of diamond are characterized by huge val-
ues of dielectric permittivity: the dielectric constant of
these particles dramatically increases during the transi-
tion from macro- to nanosize (from 5.75 (macrosize) to
7 x 10* (d ~ 4 nm)) that, as believed, is due to the ad-
sorption and efficient clustering of water on the particles’
surface [12]. The influence of DNPs on the permittivity
and the conductivity of LC is mentioned in our recent
work [13].

The present work is a logical extension of work [13]. It
brings a number of new results that give an opportunity
to establish unequivocally the reasons for the changes
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Fig. 1. Frequency dependences of the real ¢/ and imaginary &’
parts of the complex dielectric constant for E7 sample at 20 °C

of the dielectric parameters of LC with the insertion of
DNPs.

2. Experimental Section

2.1. Materials and samples

As a host material, we used nematic liquid crystal mix-
ture E7 from Merck with the dielectric anisotropy Ae =
13.8 and the clearing temperature 58 °C. We used two
samples of this LC, purified and contaminated with ionic
impurities appearing due to the long-time exposure of E7
to air. As an LC filler, we used DNPs from Aldrich in
a form of quasispherical particles with an average size
of 10 nm [14]. The LC was mixed with particles by an
ultrasonic mixer UZDN-2T (Russia). The mixing time
was 10 min. A series of samples with concentrations of
DNPs, Cpnp, equal to 0, 0.25, 0.5, 1, 2, and 4 wt.% has
been investigated.

The glass substrates with transparent conductive
indium tin oxide (ITO) coatings and aligning poly-
imide layers were used for assembling the liquid crystal
cells. We utilized polyimides AL3046 (JSR, Japan) and
SE1211 (Nissan, Japan) for the planar and homeotropic
LC alignments, respectively. The polyimide layers were
unidirectionally rubbed by a fleecy cloth. The cells
were assembled so that the rubbing directions of differ-
ent substrates were antiparallel (antiparallel cells). The
thickness of the cells was set by 20 pum glass spacers.
These cells were filled with pristine LC or LC doped
with DNPs.

2.2. Methodology of dielectric measurements

The equivalent circuit of an LC cell consists of paral-
lel connected resistance R and capacity C. By using the
oscilloscopic method [15,16], these parameters were mea-
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Fig. 2. Frequency dependences of the real ¢’ and imaginary &'’

parts of the complex dielectric constant for an E7-DNPs (2 wt.%)
sample at 20 °C

sured as functions of the frequency of a sine-like testing
electric field applied across the LC cell. The amplitude
of the measured signal was 0.25 V. The frequency f was
varied within the range 5 x 1072-10° Hz. Using the
measured data for R and C, the real ¢’ and imaginary
¢” parts of the permittivity were calculated. As an ex-
ample, Figs. 1 and 2 present the ¢'(f) and £”(f) plots
for pure LC E7 and for E7 doped with 2 wt.% of DNPs,
respectively.

The values of ¢” were used to determine the sample
conductivity ¢ according to the formula

o =2 fege”, (1)

where €g is the electric constant. For this estimation,
the frequency f=100 Hz was used. It corresponds to the
linear part of the double logarithmic plot of €”( f) curves
(Figs. 1 and 2) implying the frequency independence
of the conductivity. This allowed us to attribute the
measured conductivity to the ionic conductivity of LC.
The dielectric constant €’ was also estimated for f =
100 Hz corresponding to the plateau of the ¢’(f) curve.

Dielectric measurements were carried out for planar
and homeotropically aligned layers of the suspensions
at room temperature and the temperature 80 °C cor-
responding to the nematic and isotropic phases, respec-
tively.

3. Experimental Results and Discussion

At first, the dielectric spectra &'(f) and £”(f) have been
measured and analyzed. As an example, Figs. 1 and
2 demonstrate the £'(f) and £”(f) curves for planar-
aligned layers of E7 and E7-DNP dispersion (Cpnp =
2 wt.%), respectively, which are typical of these se-
ries. As one can see, three parts of the spectra can be
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Fig. 3. Permittivity of planar aligned LC E7-DNPs samples as a
function of the DNP concentration. Curves I and 2 correspond to
20 °C and 80 °C, respectively

distinguished. Part A (f<10 Hz) corresponds to the
low-frequency relaxation. It is determined by the near-
electrode processes and particularly by the charge ex-
change between the electrode and ions presented in the
liquid [17]. Part B (f = 10-5 x 10® Hz) characterizes
bulk properties of the sample, namely, the polarization
and the charge transfer in the LC bulk. The second
relaxation process (part C, f > 10* Hz) is commonly as-
signed to the dipole relaxation associated with rotations
around the short molecular axis [18]. The collective char-
acter of molecular rotations in LCs explains the essential
fall of the frequency of this relaxation comparing with
isotropic liquids.

Comparing the data for pure and DNP doped LC E7,
one can notice that the insertion of DNPs results in
shifting the &’(f) and £”(f) curves to lower frequencies
that implies slowing down the relaxation processes. Ap-
parently, the nanoparticles impede the rotation of LC
molecules and influence the ionic concentration. One
can also notice an increase of the dielectric constant &’
in the whole frequency range investigated in this work.

Curve 1 in Fig. 3 shows the dependence of the dielec-
tric constant € on the concentration of DNPs, Cpnp,
obtained for the planar-aligned composites at the tem-
perature of the nematic phase. There is obvious that &’
monotonically grows with Cpyp. Such a growth in the
planar-aligned samples can be caused by two reasons.
The first of them is the disordering of LC and thus an
increased contribution of the parallel component of the
dielectric constant of LC, 5£C\|7 to the measured permit-
tivity &’ of the composite. The second reason involves the
mixing of dielectric constants of LC and DNPs, which
can be expressed with the formula

¢ = pLceLc + YDNPEDNPS (2)
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Fig. 4. Permittivity of homeotropically aligned LC E7-DNPs sam-
ples as a function of the DNP concentration. Curves 1 and 2
correspond to 20 °C and 80 °C, respectively

where ¢1,c and @pnp are volume fractions of LC and
DNPs.

In previous work [13], we assumed that the primary
role is played by the first process. Our assumption was
based on the fact that &’ at the maximal concentration of
DNPs used in the work approximated (ef,¢) = %(E/LCH +
2¢1,c, ) corresponding to the fully disordered state. In
favor of this assumption, the estimate for ¢’ made for low
Cpnp in frame of the Maxwell-Wagner effective medium
theory [19] was few orders of magnitude lower than the
experimentally measured values.

In the following, few facts cast doubt on this assump-
tion. It became clear that, for determining the domi-
nant mechanism, it is necessary to create the conditions,
under which one of these mechanisms is eliminated or
these mechanisms lead to opposite changes in the dielec-
tric constant. Because of this, the further measurements
were carried out in the isotropic phase, where the mech-
anism associated with the LC disordering is absent.

In this state, the increasing dependence &' (C) was
also observed (curve 2, Fig. 3). Since the disorder-
ing contribution is missing, this increase can be entirely
attributed to the contribution of DNPs to the overall
permittivity of the composite. This conclusion is addi-
tionally confirmed by the experiments conducted for a
cell with homeotropic alignment. In this configuration,
the &/(Cpnp) curve should decrease, starting from 5£CH
and approaching (e} ) at high concentrations of DNPs,
if the disordering mechanism dominates. However, in
the experiment, the opposite behavior was observed; the
¢’(Cpnp) curve demonstrated a growth in the nematic,
as well as in the isotropic phase (Fig. 4). It should be
noted here that the growing of &’ by adding nanoparti-
cles was earlier observed for a number of liquid and solid
organic compounds |20, 21]. For liquid crystals, this ef-
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Fig. 5. Conductivity of planar aligned LC E7-DNPs samples based
on pure LC E7 as a function of the DNP concentration. Curves 1
and 2 correspond to 20 °C and 80 °C, respectively

fect was described for LC suspensions of nanoparticles
of ferroelectric materials [22].

Based on Eq. (2), the permittivity of DNPs can be es-
timated. We make this estimate for the isotropic state to
avoid errors caused by the disordering of LC. According
to curve 2 of Fig. 3, for Cpxp = 0.02 (¢pnxp = 0.007),
¢’ = 15. By setting ¢’ = 15, ¢], = 10, ppxp = 0.007,
and ¢r,c = 0.993 in (2), one can obtain epyp = 750. It
should be noted that the evaluation of e\p according
to formula (2) gives its minimum value, since the for-
mula does not take into account the polarization effects
at the boundaries of particles. But even this minimal
estimate is striking in its greatness. This value is in
rather good agreement with the data obtained in [12].
According to the dependence of epyp on the particle di-
ameter d presented in this work, the value exp = 750
corresponds to d =~ 25. The last estimate is rather
close to the averaged size of DNPs provided by the pro-
ducer [14].

The o(Cpnp) curves for the planar-aligned composites
based on pure LC E7 are presented in Fig. 5. These
curves demonstrate a monotonic growth. This growth is
rather rapid at the initial stage that might reflect some
percolation process. Also, the conductivity grows with
the temperature that might reflect an increase of the
charge carrier mobility and the concentration of free ions
[23, 24]. A similar behavior is observed for the same
composites in the cells with homeotropic anchoring.

At the same time, the surprising results were obtained
for the samples based on impure LC E7. For these
samples, in contrast to the data above, the o(Cpnp)
curve monotonically decreases (Fig. 6). This result sug-
gests that DNPs effectively rectify LC with strong ionic
contamination, which was previously observed for other
types of nanoparticles [25, 26]. Different behavior of
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Fig. 6. Conductivity of planar aligned LC E7-DNPs samples based
on impure LC E7 as a function of the DNP concentration. Curve
1 and curve 2 correspond to 20 °C and 80 °C, respectively

o(Cpnp) curves for the samples based on pure and im-
pure LC can be explained by different ratios of the ionic
adsorption/desorption processes at the nanoparticle sur-
face. Increasing the o(Cpnp) curve might be caused
by the prevailing desorption of an ionic impurity from
the surface of DNPs into the LC and the ion transfer
along the surface of interconnected particles. In turn,
the opposite trend suggests that the adsorption of ionic
impurities from LC E7 on the surface of DNPs domi-
nates.

4. Conclusions

We demonstrate that the insertion of diamond nanopar-
ticles in the nematic liquid crystal E7 substantially mod-
ifies its dielectric properties. Such a doping essentially
increases the permittivity of LC layers mainly due to
adding the properties of DNPs to the LC. Due to the
high permittivity of DNP (ehyp = 10?10 [12]), even
small (1-4 wt.%) fractions of DNPs result in the in-
crease of the effective permittivity of LC-DNPs compos-
ites by a factor of two and more. The change in the
conductivity, when adding the nanoparticles, depends
on the concentration of free ions in LC E7. For pure
LC, the conductivity grows with the loading of DNPs,
while, for the E7 probes enriched with ions, the re-
verse trend is observed. In the latter case, one can
say about a significant ion purification of LC. Differ-
ent trends for the ionically pure and impure samples can
be explained by different relationships of the processes
of ionic adsorption and desorption at the nanoparticle
surface. Moreover, to accurately describe the shape of
o(Cpnp) curves, the conductivity percolation due to the
formation of a DNP network should by taken into ac-
count.
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AIEJJEKTPMYHI BJIACTUBOCTI HEMATMTYHOTI'O
PIJKOI'O KPUCTAJIA, MOJMNPIKOBAHOI'O
AJIMASHUMU HAHOYACTNHKAMMUI

C. Tomunxo, O. HApowyx, O. Kosarvuyk,
V. Mawwxe, P. HAmazyui

Pesmowme

VY pobori posrisinyTo BB anmasnux HaHodactuHok (AHY) na
JlieJIEKTPUYHI BJIACTUBOCTI HeMaTUIHOro pigkoro kpucrana (PK)
E7 dipmu Mepk. Beranorneno, mo momasanuss AHY mpusoguts
J10 36LIBITeHHs [TieJIeKTPUYHOI MPOHUKHOCTI €', a TakoX /10 3Ha-
4HOT 3MiHU MTPOBiHOCTI ¢ pijKoro KpucTasia. 3pocTaHHs &' 3 KOH-
nenrpanieio AHY, CpNp, TOJIOBHEM YUHOM, MOB’SI3aHE 3 BHECKOM
nienekTpudHol npoankHocTi AHY B ebeKTUBHY TPOHUKHICTH KOM-
nozuta. [loseninka kpusux o(CpNp) 3anexkuTsb Bif wmcrorn PK
ET7: nns 3pa3kiB Ha ocHOBI umcroro E7 BUsIB/IEHO 3pOCTaHHS ejie-
KTPUYHOI IPOBITHOCTI, TOAI SIK JJIs1 3pa3KiB 3 qomimkosuMm K7 cro-
crepirajiacb 3BOPOTHA TEHJIEHIlis. TaKa ITOBEiHKa IMOSCHIOETHCS
KOHKYPEHIII€I0 porecis agcopbiil Ta jecopOul ioHiB Ha /3 HOBEPX-
ui AHY ra nepenocoM i0HIB 110 HOBepxHi MEPKOIAIIHHOL CITKH ITIX
YaCTUHOK.
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