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Dipole Dynamics of a Nano Doped Weakly
Polar Liquid Crystal

R. MANOHAR, SATYA PRAKASH YADAV,
ABHISHEK KUMAR MISRA, AND
KAMAL KUMAR PANDEY

Liquid Crystal Research Lab, Physics Department, University of
Lucknow, Lucknow, India

The dielectric measurements of a weakly polarized nematic liquid crystal (D6AOB)
were carried out in the frequency range 100Hz to 40MHz and in the voltage range
from 0 to 40V at 100Hz. The dielectric data were measured for two principal align-
ments, homeotropic and planar. The angle b between the long molecular axis and
dipole moment of the molecules is calculated from Cole-Cole plots using Onsager
theory, both for pure and doped liquid crystal. Here is an attempt to discuss the
De v=s voltage on the basis of piezoelectric strain, which is in good agreement with
experimental results.

Keywords Dielectric anisotropy; dipole dynamics; nanoparticles; nematic liquid
crystal

Introduction

In soft condensedmatters, such as liquid crystals (LCs) and polymers, the fluctuation of
their structure is large and their response to the external field gives detailed information
about the molecular dipole dynamics of these materials. A wide variety of experimental
methods are used to study themolecular dynamics of the LCs. In recent years, full-color
and flat-screen liquid-crystal displays (LCDs), which are almost indispensable in many
fields, have aroused much interest in the study of LCs. These LC devices are known to
operate in the frequency region of few Hertz (Hz) to several mega-Hertz (MHz), which
involves different modes of their molecular motions. Because these molecular motions
involve both collective and noncollective types, dipolar studies prove to be a powerful
tool to elucidate the Lcs molecular properties of liquid crystals [1,2].

Recently, modifications of the physical properties of LCs by doping nanoparticles
have received much attention from the view point of the enhancement of the perform-
ance of elctro-optical LC devices. Reflecting these trends, several groups reported all
heterogeneous LC suspensions using ferromagnetic particles; ferroelectric nanoparti-
cles; fullerene; nanoparticles of metals such as Pd, Ag, Ag=Pd; inorganic nanoparticles
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ofMgO; carbon nanotubes; and polymeric nanostructures [3,4]. Such doping structure
motivates determinig the effect of zinc oxide nanoparticles (ZONPs) on the dipole
dynamics and the molecular properties of LCs in view of excellent atomic and electri-
cal properties of ZONPs [5]. The dispersion and alignment of ZONPs in LCs
may improve the mechanical, electrical, thermal, and optical properties of bulk LC
materials [6].

Dielectric anisotropy of LCs causes director reorientation in the applied electric
field, which leads to the phenomenon of director reorientation in the electric field.
This Fredericks effect is a well-known phenomenon that has numerous applications,
most notably in LC displays [7–9]. On the other hand, in view of interdisciplinary
relevance between LC physicists and chemists, it is useful to study the dynamics
of LC molecular dipoles in the nematic range and near the phase transition range.
The dipolar dynamics study of LCs with respect to various parameters such as tem-
perature, frequency, voltage, etc., provides valuable information about the molecular
arrangement, intermolecular interactions, and dynamics of reorientational motions.
Hence deep insights of the dipole dynamics and dielectric anisotropy is required to
understand the mechanism behind the variation of these properties with various
parameters such as temperature, frequency, voltage, etc. [10,11].

The study of nematic LCs having weak dipole moments when doped with ZONPs
may provide some additional information about the molecular properties [12,13]. In
this investigation, inorganic ZONPs were dissolved in a weakly polar nematic LC at a
low weight concentration to form a nano nematic suspension. Our aim is to study the
influence of ZONPs on the dipolar motions of nematic LC molecules and on
anisotropy of the system.

Experimental Details

Materials

A ZONPs-doped LC suspension of a nematic LC host, 4,40-di hexyl azoxy benzene
(D6AOB) were used for the present investigations. The chemical structure of the
nematic host sample is shown in Fig. 1 with the following phase transition sequence

Nematic ð22�CÞ ! Isotropic ð51�CÞ:

The host sample was purchased from Flintron Laboratories. The nanoparticles
(provided by the Nano Phosphor Centre, Physics Department, University of

Figure 1. Chemical structure of D6AOB (4,40-di hexyl azoxy benzene) molecule.
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Allahabad, Allahabad, U.P., India) were synthesized by a chemical technique based
on hydrothermal method. The crystallite sizes, estimated by X-ray diffraction
(XRD) were found to be nearly 14 nm, whereas (tunnelling electron microscopy=
scanning electron microscopy) (TEM=SEM) studies showed formation of uniform
nanorods [14]. At room temperature, nanoparticles of ZnO are wide bandgap
(3.38 ev) semiconductors in nature and also have piezoelectricity [5].

Preparation of the Sample Cell

We have used planar as well as homeotropic modes of LCs for our dielectric studies.
The sandwiched-type (capacitor) cells were made using two optical plane glass sub-
strates coated with conducting indium tin oxide (ITO) layers. To obtain planar align-
ment, the conducting layer was treated with the adhesion promoter and coated with
polymer nylon (6=6). After drying the polymer layer, two substrates were rubbed
unidirectionally by a velvet cloth. The substrates were then placed one over another
to form a capacitor. The cell thickness was fixed by placing a Mylar spacer (5 mm in
our case) in between and sealing with an ultraviolet (UV) sealant. Similarly for
homeotropic alignment, the substrate was cleaned with acetone and then simply
coated with the dilute solution of lecithin. The substrates were dried at 200�C for
10 h before assembling the cell. The detailed method for preparation of sample cells
with planar and homeotropic alignment is discussed in our earlier papers [15–17].
The empty sample cells were calibrated using analytical reagent (AR)-grade CCl4
and benzene as standard references for dielectric studies. The LC suspension was
prepared by a nonsynthetic chemical method in the weight ratio 1:100 (i.e., 1% con-
centration of nanoparticles in nematic liquid crystal). The assembled cells were filled
with the suspension and pure LC at a temperature 10�C higher than the isotropic
temperature of the liquid crystal using a capillary method.

Dielectric Measurement

Dielectric measurements were carried out using a computer-controlled gain=phase
analyzer (HP 4194A, Instech, USA) with a temperature controller attached in the
frequency range 100Hz to 10MHz. The dielectric measurements were carried out
as a function of temperature by placing the sample on a computer-controlled hot
plate (HCS-302, Instec Co.). The temperature stability was better than �0.1�C
within the measurement. The data obtained at higher frequencies were strongly
affected by the ITO relaxation [16,17], therefore, data at f> 10MHz are omitted.

The dielectric relaxation phenomena for both the samples in the nematic phase
were examined using the Cole-Cole relation. The Cole-Cole [18] equation is given by

e� ¼ e0ð1Þ þ de0

1þ ðjxsÞ1�a ð1Þ

where de0 is the dielectric strength of the relaxation and e0(1) is the high-frequency
limit of the relative dielectric permittivity, x(¼ 2pf) is the angular frequency, and s is
the relaxation time.

The low- and high-frequency deviations in dielectric data require correction
for low- and high-frequency values. On separating the real and imaginary part of
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Eq. (1) one may get

e0 ¼ e0ðdcÞf�n þ e0ð1Þ þ de0½1þ ð2pf sÞð1�aÞ sinðap=2Þ�
1þ ð2pf sÞ2ð1�aÞ þ 2ð2pf sÞð1�aÞ sinðap=2Þ

ð1aÞ

and

e00 ¼ rðdcÞ
e02pf k

þ de0ð2pf sÞð1�aÞ cosðap=2Þ
1þ ð2pf sÞ2ð1�aÞ þ 2ð2pf sÞð1�aÞ sinðap=2Þ

þ Af m ð1bÞ

Here, r(dc) is the ionic conductance and eo is the free space permittivity; k, A,
and m are the fitting parameters; a is the distribution parameter and x is the angular
frequency. The term e0 (dc)=f�n and r(dc)=e02pf

k are added in the above equation for
the low-frequency effect due to the electrode polarization, capacitance, and ionic
conductance. The term Af m is added in Eq. (1b) for the high-frequency effect due
to the ITO resistance and lead inductance [16,17]. By the least-squares fitting of
the above equation into the experimental data we have removed the low- and
high-frequency errors.

Results and Discussion

Figure 2 is the TEM Image of ZONPs used for preparing the ZONPs nematic sus-
pension. It confirms the almost rod shape of the ZONPs, which makes it compatible
for doping in rod-shaped nematic LC molecules [14].

The static dielectric permittivity e0 and dielectric loss e00 of the pure and the
ZONPs-doped LCs measured at 30�C as function of frequency for Ejjn (electric
field parallel to the director) and E ? n (electric field perpendicular to the director)
orientations are shown in Figs. 3 and 4.

The values eII and e? represent the relative permittivities for the applied electric
field E parallel and perpendicular to the macroscopic molecular orientation n,

Figure 2. TEM images of ZnO nanoparticles.
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respectively. The relative permittivity is either constant or decreases with frequency.
Low values of e0 at higher frequencies suggest that the molecules rotate about their
molecular axis or some of the side groups rotate and give rise to this kind of relax-
ation [19,20]. This type of low-frequency relaxation has also been reported by other
workers for nematic liquid crystals [21]. It is worth noting that the parallel compo-
nent of dielectric permittivity of the pure LCs is distinctly higher than the perpen-
dicular one for the ZONPs-doped nematic LCs.

The nature of loss curves are similar for pure and ZONPs-doped LCs. It is
evident from Figs. 3 and 4 that the peaks of the curves obtained for pure and
ZONPs-doped LCs have not shifted significantly in both homeotropic and planar
alignments. This suggests that the relaxation frequency of ZONPs-doped LCs is
similar to that of pure LCs. The reason can be attributed to the type of nanoparticles
used and compatibility of nanoparticles with the LC host in perpendicular and
planar alignments [12,13,20].

Figure 4. (a) and (b) Dielectric loss and dielectric permittivity relaxation curves for the planar
alignment (E? n).

Figure 3. (a) and (b) Dielectric loss and dielectric permittivity relaxation curves for homeotro-
pic alignment (Ejjn).

Dipole Dynamics of Liquid Crystals 61

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Dielectric permittivity and loss curves for homeotropic alignment are given in
Fig. 3. It was found that D6AOB has two clear molecular relaxation processes in
the anisotropic phase. The first process in pure D6AOB with homeotropic alignment
has a characteristic frequency of 1MHz, and the second process has a characteristic
frequency of about 10MHz. The lowest frequency mode is contributed by the longi-
tudinal and the higher frequency mode is contributed by the transversal components
of the dipole moment, respectively [22].

The frequency dependence of the dielectric permittivities for the D6AOB and
ZONPs-doped D6AOB sample in the nematic phase for planar alignment is shown
in Fig. 4. The relaxation processes observed in the planar alignment are qualitatively
different from those in the homeotropic alignment, as can be seen by comparing
Figs. 3 and 4. Even though in the homeotropic process there may exist a slow collec-
tive relaxation process due to the orientation of permanent dipoles at the nanoparti-
cles LCs interface. In the case of D6AOB the dipole moment is much weaker than
5CB and 7CB, and the dipolar part of the molecules is situated closer to its center,
with the molecules being nearly symmetric in structure. The dipole moment is at an
angle around 64.9� from the long axis of the molecule. It is possible that the interac-
tion between the dipole moment of D6AOBs and permanent polarization of ZONPs
[5] causes a planar alignment of the molecules with a pretilt at the surface [12,13].

Dielectric Anisotropy

The anisotropy and its dependence on frequency [De(x)¼ eII� e?] are usually
explained within the framework of orientation of dipoles. In our case, e? and eII cor-
respond to the mechanism of nematic LC dipole polarization connected with rota-
tions of rigid bar-shaped molecules around the long and short axes respectively [23].

In the nematic phase the substances exhibit a positive dielectric anisotropy,
De¼ eII� e?> 0 at low frequencies as shown in Fig. 5. However, at MHz frequencies,

Figure 5. Frequency dependence of the dielectric anisotropy for pure and doped samples.
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De decreases significantly and ultimately changes its sign for both pure D6AOB and
ZONPs-doped suspension. But the sign reversal of dielectric anisotropy in a doped
sample arises just before the mega-Hertz region compared to the pure sample and
its value changes from þ0.2 to �0.2 around 1MHz. This is due to the dispersion
of the parallel dielectric permittivity component and a flat behavior of the perpen-
dicular component over a broad range of the frequency. Such behavior of the dielec-
tric anisotropy has been also earlier reported for other LCs compounds having
different chemical structures. Thus, the doped sample enables effective dual address-
ing of the displays due to sign reversal of dielectric anisotropy before the MHz region
compared to the pure sample, which is around 10MHz [24–26].

According to Maier and Meier [9], the dielectric anisotropy is given by

De ¼ e‘ � e? ¼ N0hF

e0
Da:S � Fl2

2KT
ð1� 3Cos2bÞS

� �
ð2Þ

where e0 is the permittivity of free space, N0 is the number density (¼NA q=M;
M¼molar mass, q¼ density, NA¼Avogadro number), Da is molecular polarizabil-
ity, K is the Boltzmann constant, and S is the order parameter. The local
field factors h and F are dependent upon the mean dielectric permittivity
<e>, <e>¼ (eIIþ 2e?)=3.

The estimation of angle b between the long molecular axes and the dipole
moment of the molecules for the pure and the doped sample were done using the
following approach. If b changes, the dielectric anisotropy will also change accord-
ing to Eq. (2).

By applying the Onsager equation [9,25]

es � e1ð Þ 2es þ e1ð Þ
es e1 þ 2ð Þ2

¼ N0

3e0

l2

3KT
ð3Þ

where es and e1 are the static and high-frequency permittivities, respectively, corre-
sponding to a particular relaxation process in the Cole-Cole diagrams.

The Cole-Cole plots show the semi-circle indicating a relaxation phenomenon.
The semi-circle on lower frequency side is for lateral component ll dipole moment
and the other one is due to transverse component. With the help of Eq. (3) and the
Cole-Cole plot of Fig. 6, one can obtain the expression for lt and ll (transverse
and lateral component of dipole moment). The values of increment of dielectric per-
mittivity are obtained from the Cole-Cole plot of Fig. 6. Hence, from Fig. 7 the angle
b¼ tan�1(lt=ll) can be calculated [25]. The angle b for molecules of pure D6AOB
sample was found to be 64.5�, which is in good agreement with the earlier reported
value [12,13]. The value of b for the molecules in the ZONPs-doped LC suspension
was found to be 75�. This means that the angle b for the molecules in the doped sam-
ple increased. In other words, the resultant dipole moment of the LC molecule
attained a new orientation with respect to the long molecular axis. Therefore, it
can be concluded that the ZONPs significantly influenced the geometrical orientation
of the D6AOB molecules in the suspension. In light of Eq. (2), we can say that on
increasing the value of b, dielectric anisotropy of the doped sample is decreased with
respect to the pure sample.

Further, it is seen that eII increases gradually with decreasing temperature for all
samples, which is due to the increasing nematic order [12]. Hence, dielectric ani-
sotropy De obtained from the values of dielectric permittivities below the isotropic
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(I) to nematic (N) phase transition was found to increase with decreasing tempera-
ture as shown in Fig. 8.

This is due to the contribution of the electronic polarizability to e0, which is
greater in the direction along the molecular long axis than perpendicular to it. For
D6AOB there is an additional permanent dipole moment, which contributes slightly
more in the perpendicular direction than in the parallel alignment. The decrease in
dielectric anisotropy is caused by a decrease in the value of eII with increasing tem-
perature, whereas the e?varies in a irregular manner. The decrease of eII in the
ZONPs-doped sample results from the smaller distance between the molecules, lead-
ing to an increased antiparallel correlation between the component of the dipole
moment along the molecular axis. Consequently, the effective dipole moment is
reduced, causing a decrease in eII. The absolute value of eII and e?of D6AOBs with
weak dipole moment is much smaller than for LCs with a strong dipole moment such
as 5CB, which has values 18.5 and 7.0 at room temperature for parallel and perpen-
dicular components, respectively [12,13].

Figure 6. Schematic diagram representing angle b between the long molecular axis (n) and
dipole moment (l) of the nematic liquid-crystal molecule. Here n denotes the direction of
macroscopic nematic orientation. The subscripts l and t denote the molecular long and short
axes, respectively [27].

Figure 7. (a) and (b) Cole-Cole plots for homeotropic alignment of pure and ZONPs-doped
samples near the isotropic phase.
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In the doped sample the effect of nanoparticles was enough to affect the director
of the phase, which prevented the alignment of the director in the field direction;
hence, because in this case, the value of eII obtained in close to the average value
(eIIþ 2e?)=3 because molecules would have deviated in their orientation around
ZONPs. We have also observed the dielectric anisotropy with variation of different
bias voltages, as we are well aware that with the field-induced reorientation of
the pure LC director in a planar-aligned cell the molecules orient themselves to the
plane of the cell. An electric field applied perpendicular to the cell interacts with the
dielectric anisotropy of the LC system and forces the molecules with the positive
dielectric anisotropy to align in the direction of the field, thereby achieving home-
otropic alignment.

In an ideal homeotropic orientation, the molecules align perpendicular to the cell
plane. A sufficient field is needed to obtain a fully vertically aligned status. Above the
threshold as we increase the voltage, the dipoles (D6AOBs makes an angle of 64.9�

with that of the long molecular axis and in ZONPs the spontaneous polarization is
along the C-axis of the particles) try to align in the field direction [5]. At a particular
voltage the dipole moment of the guest and the host become aligned in the field direc-
tion [28,29]. But the long molecular axis of the guest and the host at this stage make an
angle to each other, which is the result of interaction of dipole moments of the guest
and the host particles, that is, the molecules of D6AOBs and ZONPs are not com-
pletely aligned in parallel. At this stage the conclusion should be that on increasing
the voltage, the anisotropy of the suspension might gradually became constant above
the threshold voltage as reported earlier [30]. The effect of ZONPs on the dielectric
anisotropy of the suspension with variation of voltage can be seen on comparing
the plot of De versus V for pure D6AOBs and doped D6AOB as shown in Fig. 9.
We see that the dielectric anisotropy of the pure D6AOBs sample has not consider-
ably changed on varying the voltage; that is, it acquires a saturation value above
the threshold voltage. But the anisotropy of the doped sample decreases gradually

Figure 8. Variation of dielectric anisotropy with temperature for both samples [12,13].
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with increasing voltage. This nature of anisotropy can be explained on the basis of a
new approach as follows.

New Approach for Dielectric Anisotropy

Recently a new phenomenon of superelectrotative elongation of carbon nanotube
(CNT) aggregate was observed in a superfluorinated nematic LC. The reported
elongation in terms of actuation strain reached up to 400% by an in-plane actuation
electric field of 5.67Vmm�1 at 60Hz, and the original shape was restored by removal
of the field. The resultant piezoelectric constant, defined as the ratio of the actuation
strain to the actuation field, was calculated to be several hundred times larger than a
typical piezoelectric polymer. As a consequence, the CNT aggregate resembled an
elastomer substance with a high expansion coefficient [31].

Because ZONPs show good piezoelectricity when they are subjected to an exter-
nal electric field, rod-shaped ZONPs may have similar behavior as CNTs in the pure
D6AOB sample. Hence, in the external field condition the ZONPs may change their
shape as shown in Fig. 10. The slight shape change of the particles (in our case
ZONPs) during an applied electric field above the threshold cause a change in the
stability of the surrounding liquid-crystalline phase [32].

Therefore, the liquid-crystalline order is somewhat destroyed. This effect obvi-
ously causes the decrease in the anisotropy on increasing voltage above the thresh-
old. Hence, the hypothesis of isotropization [33] is found in our experimental

Figure 9. Variation of dielectric anisotropy with voltage.

Figure 10. ZONPs (nanorods) in the nematic LC above the threshold field.

66 R. Manohar et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



results of anisotropy. Isotropization is a consequence of the disorder that is intro-
duced by the guest particles in the liquid-crystalline phase. The ZONPs network
divides the LC molecules over domains, which in course disrupts the long-range
liquid-crystalline order. This means that the structure, and consequently the
molecular dynamics, will be driven toward a more isotropic order. One of the effects
of the liquid-crystalline order is a retardation of the rotation of short axis compared
to the isotropic phase. If the order is disrupted, this rotation should become faster,
evolving in the direction of the isotropic value with increasing disorder [33,34]. This
piezoelectric effect of nanoparticles on LC molecules provides a new way of research.

Conclusion

The results of dielectric studies performed for pure D6AOB nematic LC and ZONPs
doped nematic LC allow us to suggest the following:

1. The two relaxation processes have been explained on the basis of the rotation of
the molecule along the short and long molecular axes in pure and doped samples.

2. The phenomenon of sign reversal of dielectric anisotropy in a doped sample
occurs before the MHz region of frequency compared to the pure sample. This
fact is very useful for effective design of dual-addressing displays.

3. The angle b increases for the doped sample and hence the dielectric anisotropy for
the doped sample decreases, which provides a way to obtain the desired ani-
sotropy of the system by doping definite concentrations of nanoparticles. With
the help of the Onsager theory, near the phase transition temperature this angle
could be estimated from the Cole-Cole plots of the pure and doped samples.

4. The behavior of anisotropy with temperature, that is, with decreasing tempera-
ture the anisotropy increases, is well explained on the basis of increasing nematic
order for both pure and doped samples.

5. The anisotropy of the doped sample decreases with increasing voltage, whereas
for the pure sample it remains constant. This deduction in dielectric anisotropy
for the doped sample with increasing voltage could be explained on the basis of
piezoelectric strain of the nanoparticles.
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