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We report electro-optical and dielectric studies of the gold nano particle (GNP) dispersed room-temperature liquid
crystalline material 4′-pentyl-4-cyanobiphenyl (5CB) at a concentration of 0.1 wt%. Due to the dispersion of GNPs,
the nematic to isotropic transition temperature is significantly increased. The threshold voltage required to switch
molecules from the planar orientation (bright state) to the homeotropic (dark state) orientation is decreased. The
dielectric parameters, namely, the longitudinal component of the dielectric permittivity and hence the dielectric
anisotropy, are highly affected. The relaxation frequency corresponding to flip-flop motion of the 5CB molecules
about their short axes has increased due to the presence of GNPs.

Keywords: nematic liquid crystal; electro-optical properties; gold nano particles; display parameters; transmission–
voltage characteristic

1. Introduction

Study of the influence of nano systems on the prop-
erties of liquid crystals (LCs) has attracted consid-
erable scientific interest since the beginning of the
present decade [1]. One billionth of a metre, i.e. one
nano metre, is considered to be a magical point on
the dimensional scale. Nano-particle-doped LCs have
been studied due to their gorgeous properties and
prospective applications in the electronic industry by
different groups around the world for viewing special
aspects such as dielectric effects [2–12], electro-optics
[2, 3, 5–11, 13–19], the memory effect [3, 14], photolu-
minescence [13] and fluorescence confocal polarising
microscopy [20].

Nano particles share their intrinsic properties with
LCs because of the mutual interactions at a molecu-
lar level due to the equality of the dimensions. The
influence of nano particles on the liquid crystalline
properties is generally achieved by adding a low con-
centration of nano particles into the LC matrix [2].
These dilute nano suspensions are stable due to the
weak interactions of the particles at low concentra-
tions. The nano particles are so small that they do
not disturb the LC orientation and macroscopically
identical structures are obtained, i.e. the suspensions
appear similar to a pure LC with no readily appar-
ent evidence of dissolved particles. At the same time
the nano particles are sufficiently large to maintain the
intrinsic properties of the materials from which they
are made (e.g. the ferromagnetism or ferroelectricity)
and they split these properties with the LC matrix due
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to anchoring with the LC. In most cases, nano par-
ticles reduce the threshold voltage (V th) required to
switch the molecules from a planar to a homeotropic
configuration [2, 6, 7, 11, 14–19].

In the present work, we report a study on the
changes that occur in the display parameters of a
room temperature nematic material, namely, 4′-pentyl-
4-cyanobiphenyl (5CB), due to the dispersion of func-
tionalised gold nano particles (GNPs) of average size
2.4 nm. The nematic to isotropic phase transition
temperature for pure 5CB is ∼35◦C [21].

2. Experimental techniques

The gold clusters were prepared by a method described
earlier [22, 23]. The method used furnishes 1.6 nm
core diameter nano particles with an average compo-
sition of Au140[S(CH2)5CH3]53 [22]. However, in the
present study, the range of the synthesised nano par-
ticles was 1.6–3.1 nm with the majority of particles
of size 2.4 nm as observed by transmission electron
microscopy [24]. The distance between two GNPs was
found to be about 4 nm. The LC–nano particle com-
posite was prepared by mixing the required amount
of GNPs and LC in anhydrous dichloromethane [23].
The solution was sonicated for 30 min at room temper-
ature, followed by removal of solvent and drying under
vacuum. The homogeneous nature of the nano com-
posite was checked under a microscope and the nano
composite was used as such for the present study.

For the study of the electro-optical (E-O) proper-
ties, polymer-coated and parallel-rubbed indium tin
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oxide (ITO) coated glass plates with a pre-tilt angle
of ∼1–3◦ were used to prepare the cells with elec-
trode spacing d = 5 μm. These cells were procured
from Instec, USA. In such cells, the molecules are
aligned parallel to the rubbing direction on the glass
plates. The E-O characteristics, i.e. the transmission–
voltage (T–V ) curves were drawn by using polarised
light microscopy coupled with a photo-detector unit
from Instec. The photo-voltage (which is proportional
to the intensity of the transmitted light) obtained from
the photo-detector was recorded by using a six and
half digit multimeter from Agilent (model-34410A).
V th was determined from the T–V curve.

In order to determine the other display parame-
ters, dielectric data were acquired by using a Newton’s
Phase Sensitive Multimeter (model-1735) coupled
with an Impedance Analysis Interface (IAI model-
1257), in the frequency range 1 Hz to 35 MHz
with both planar and homeotropic anchoring of the
molecules. Instec cells are not appropriate for the mea-
surement of dielectric parameters above 10 kHz due
to the high resistance of the electrodes. Hence, we pre-
pared our laboratory made cells from the ITO coated
glass electrodes with a sheet resistance of ∼10 �/�.
Electrode surfaces were coated with polyamide nylon
and then rubbed unidirectionally. Mylar spacers of
thickness 10 μm were used to separate the electrodes.
Using these cells, the transverse component of the rel-
ative dielectric permittivity (ε′

⊥) was determined. For
the determination of the longitudinal component of
the relative dielectric permittivity (ε′

‖), gold coated
glass plates with another coating of lecithin were used
to prepare the cells. In this case the thickness of the
spacers was taken to be 40 μm. The temperature of
the sample was controlled with the help of a hot-
stage from Instec (model HS-1) having an accuracy
of ±0.1◦C. The dielectric permittivity (ε′), loss (ε′′)
and other parameters were obtained from the mea-
sured capacitance and conductance data of the cell
filled with the samples as described earlier [25].

The measured dielectric spectra can be described
with the help of the generalised Cole–Cole equation
[26]

ε∗ = ε
′ − jε

′′ = ε
′
(∞)+ (δε)

1 + (jf τ )(1−h)

+ A
f n

− j
σion

2πε0f k
− jB f m,

(1)

where δε (= ε(0) – ε(∞)), τ and h are the dielectric
strength, the relaxation time (inverse of the relaxation
frequency) and the symmetric distribution parameter
(0≤h≤1) of the relaxation mode, respectively. ε(0) and
ε(∞) are the low- and high-frequency limiting values

of the relative dielectric permittivity. The third and
fourth terms in Equation (1), represent the contribu-
tion of the electrode polarisation capacitance and ionic
conductance at low frequencies where A and n are con-
stants [27]. In the case of pure ohmic conductance, the
constant k is found to be 1. The fifth imaginary term
Bf m is included in Equation (1) to partially account
for the high-frequency parasitic effects [28, 29], B and
m being constants as long as the correction is small. ε0

(=8.85 pF m−1) is the free space permittivity.
To explore the relaxation mode (wherever present)

of the pure as well as dispersed systems, the exper-
imentally observed dielectric permittivity and loss
data were fitted with the real and imaginary parts
of Equation (1), respectively. By the process of fit-
ting, low- and high-frequency correction terms (par-
asitic effects) were discarded from the measured
data to explore any existing relaxation phenomenon.
Moreover, 10 kHz dielectric data were treated as the
‘static’ values, as they are often free from low- and
high-frequency artefacts [27–30] and there is no disper-
sion mechanism up to this frequency. These data were
used to determine the anisotropy of the relative dielec-
tric permittivity �ε′(= ε′

‖−ε′
⊥). Further details of the

experimental technique including cell preparation are
reported in earlier publications [29, 30].

3. Results and discussion

GNPs were dispersed in 5CB at a single concentration
of 0.1 wt% because at higher concentrations they show
a bundling effect whereas further low concentration
dispersion is experimentally difficult to achieve with
precision.

The optical texture of 5CB dispersed with 0.1 wt%
of GNPs under the planar orientation is shown in
Figure 1 and it confirms the uniform distribution of
GNPs in the nematic matrix of 5CB. Various studies
suggest that clearing, i.e. the nematic to isotropic tran-
sition temperature (TNI), is increased by 3.3◦C due to
the dispersion of GNPs.

Figure 1 also shows T–V curves for pure and GNP
dispersed 5CB samples at 23.0◦C. At low voltages
(less than V th), molecules lie in the planar alignment
and consequently a bright state is observed. When the
applied voltage is increased above V th, the molecules
gradually turn to the homeotropic (with the molecular
directors normal to the electrode surface) orientation
and a dark state is observed. The voltage required to
change the intensity from 90% to 10% of the maxi-
mum value is generally termed the switching voltage
interval and this is the measure of the steepness of the
T–V curve. Figure 1 shows that V th has substantially
reduced in the case of the GNP dispersed 5CB sample
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Figure 1. Electro-optical response to the applied alternat-
ing voltage (1 kHz) for (1) the pure 5CB sample and (2)
the GNPs dispersed in 5CB. Vertical upward arrows rep-
resent the threshold voltages. The microphotograph in the
inset represents the bright state of the cell with the GNPs
dispersed in 5CB (colour version online).

which is beneficial from an application point of view.
The threshold voltage is governed by the equation

Vth = π

(
K11

ε0�ε′

) 1
2

, (2)

where K11 is the splay elastic constant.
In order to find the other parameters of Equation

(2), we carried out dielectric measurements on the
samples as described earlier. Variations of ε′

‖ and
ε′
⊥ (and hence �ε′ = ε′

‖ − ε′
⊥) with temperature are

shown in Figure 2 for the pure sample as well as
the GNP dispersed sample. Figure 2 shows that
although ε′

⊥ remains almost unchanged, ε′
‖ has dras-

tically decreased in the case of the GNP dispersed
sample. Thus �ε′ of the GNP dispersed sample has
decreased significantly. Despite the decrease of �ε′,
V th has decreased (see Figure 1) which suggests that
K11 is also decreasing (Equation (2)) due to the dis-
persion of GNPs. The decrease of K11 may increase
the switch-off time (τ off = γ d2/πK11, with γ being
the dynamic viscosity of the material) and hence slow
down the switching speed in the case of the GNP dis-
persed sample. Figure 2 also confirms the increase of
TNI for the GNP dispersed sample as compared to that
of the pure sample. Various parameters obtained from
Figures 1 and 2 are also summarised in Table 1 for
clarity. It is important to mention here that, for the
low optical anisotropy materials, low values of �ε′/ε′

⊥
(<1) are desirable for improving the steepness of the
T–V curve. In the case of the pure 5CB sample (e.g.
at 23.0◦C), ε′

‖ = 19.05 and ε′
⊥ = 6.12, i.e. �ε′ = 12.93

and therefore �ε′/ε′
⊥ is 2.11. For the GNP dispersed

sample (at 23.0◦C), ε′
‖ = 11.15 and ε′

⊥ = 6.08, i.e.

Figure 2. Temperature dependence of the longitudinal (ε′
‖)

and transverse (ε′
⊥) components of the static relative dielec-

tric permittivity (10 kHz) in the nematic and isotropic phases
of (1) the pure 5CB and (2) the GNPs dispersed in 5CB. The
second set of data are shifted upwards by 3.5 to increase the
visibility of the data points (colour version online).

�ε′ = 5.07 and �ε′/ε′
⊥ is 0.83. This suggests that

�ε′/ε′
⊥ is significantly decreasing due to the disper-

sion of GNPs. This effect can be utilised in appropriate
material (i.e. materials with low optical anisotropy) for
the tuning of the steepness of the T–V curves.

It is important to mention here that there are sev-
eral publications where an increase of TNI has been
reported due to the dispersion of ferroelectric nano
particles and possible theoretical explanations are also
reported [31, 32]. However, to the best of our knowl-
edge there is no report indicating an increase of TNI

due to the dispersion of GNPs. Prasad et al. studied
the effect of GNP dispersion in 5CB but they found
the opposite effect on TNI, i.e. it decreases due to the
presence of GNPs [12]. Further, they observed almost
no change in the dielectric parameters due to the dis-
persion of GNPs. In the present work, we have taken
the size of GNPs to be ∼2.4 nm [24] in contrast to the
size of 15–20 nm in earlier studies in order to make it
comparable with the size of the molecules of 5CB. It
is important to mention that in the present case nano
particles are functionalised with almost 10 alkyl chains
(five on each side of the GNP) [23]. This may increase
the effective chain length of the molecules and be
responsible for the increase in the nematic to isotropic
transition temperature of the LC–GNP composite.

Now we come to the explanation of the change
in various parameters. The static dielectric parame-
ters of the nematic phase are governed by the Maier
and Meier theory [33]. The longitudinal (ε′

‖) and trans-
verse (ε′

⊥) components of the dielectric permittivity are
given as
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Table 1. The nematic to isotropic transition temperature (TNI), the threshold volt-
age (V th), the dielectric anisotropy (�ε′

⊥), the ratio of the dielectric anisotropy to the
transverse component of the dielectric permittivity (�ε′/ε′

⊥), the relaxation frequency
(f r) and the activation energy (Ea) for the nematic phase corresponding to flip-flop
motion of molecules about their short axes (at 23.0◦C).

Sample TNI (◦C) V th (V) �ε′⊥ �ε′/ε′⊥ fr (MHz) Ea (kJ/mol)

Pure 5CB 34.7 0.85 12.93 2.11 3.8 81
GNP dispersed 5CB 38.0 0.33 5.07 0.83 5.7 74

ε′
‖ = 1 + NHF

ε0

{
αav + 2

3
S�α + Fg‖

μ2

3kT

[
1 − (

1 − 3 cos2 β
)

S
]}

,

(3)

ε′
⊥ = 1 + NHF

ε0

{
αav − 1

3
S�α + Fg⊥

μ2

3kT
[

1 +
(

1
2

− 3 cos2 β

)
S
]}

.

(4)

Equations (3) and (4) yield the dielectric anisotropy

�ε′ = NHF
ε0

[
�α − F

2kT
μ2(1 − 3 cos2 β)

]
S. (5)

Further, Equations (3) and (4) reduce to give the
dielectric permittivity of the isotropic phase (ε′

i),

ε′
i = 1 + NHF

ε0

{
αav + F

μ2

3kT

}
, (6)

where N is the number density of molecules and
S is the order parameter. �α is the anisotropy of
the polarisability, αav the average polarisability, μ

the resultant dipole moment of the molecule and β

the angle between the dipole moment and the long
axis of the molecule. F is the feedback factor and
H = 3ε(0)/(2ε(0)+1). According to Maier and Meier
theory, the parameters mentioned above significantly
depend upon N, S, μ and β. Here, it is possible that
due to the dispersion of GNPs, a decrease of the
number density of 5CB molecules may be the cause
of the decrease of ε′

‖, ε′
i and �ε′. However, it does

not appear the appropriate reason because firstly a
change in N due to GNP dispersion is very small and
cannot account for the large change observed in the
above parameters. Secondly, a change has not been
observed in ε′

⊥. Prasad et al. have also not observed
any significant change in these parameters for the
GNP concentration as high as 5%. The same factors
rule out any possibility for a decrease in S. Similarly,

we do not expect a change in β as well. However,
it is most reasonable to accept that the presence of
functionalised GNPs decreases the longitudinal com-
ponent of the effective dipole moment by producing
a strong dipole moment anti-parallel to the longitu-
dinal component of the dipole moment of the 5CB
molecules but without affecting the transverse com-
ponent of the dipole moment of the 5CB molecules.
Development of such an anti-parallel dipole moment
due the presence of GNPs is responsible for the stabil-
isation of the nematic phase thereby increasing TNI as
proposed by Lena and Jonathan [32]. Here it is impor-
tant to mention that in the work of Lena and Jonathan
[32] it has been proposed that, under the strong electric
field of ferroelectric nano particles, LC molecules align
anti-parallel. However, in the present case, it is sug-
gestive that under the influence of the electric field of
the longitudinal component of the dipole moment of
5CB molecules, functionalised GNPs develop a strong
anti-parallel dipole moment due to the displacement
of conduction electron charge clouds relative to the
nuclei as in the case of localised surface plasmons
[34, 35]. One should keep in mind that, in the case
of 5CB molecules, the longitudinal component of the
dipole moment is very much larger than the transverse
component. However, such an effect can be observed
only if the size of the GNPs is comparable with the
molecular size of 5CB as in the present case.

The presence of spherically symmetric GNPs in
between the anisotropic 5CB molecules is responsible
for the decrease of K11 as observed earlier in a sin-
gle wall carbon nano tube (SWCNT) doped nematic
system [11].

Although in the case of planar oriented molecules
we have not observed any relaxation mode in the pure
as well as in the GNP dispersed samples up to 10
MHz, in the case of homeotropic aligned molecules
we have detected a relaxation mode in the MHz fre-
quency region (see Figure 3), which corresponds to
flip-flop motion of the molecules about their short
axes. However, it has been observed that, in the case
of GNP dispersed samples, the relaxation frequen-
cies go up when compared to the pure sample (see
Table 1). This happens because of the increase in the
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Figure 3. Frequency dependence of (a) the longitudinal
component of the relative dielectric permittivity (ε′

‖) and (b)
the corresponding loss in the homeotropic aligned samples
at different temperatures: (1) 11.0◦C, (2) 15.0◦C, (3) 19.0◦C
and (4) 23.0◦C for GNPs dispersed in 5CB. Hollow circles
represent the raw experimental data, while filled circles rep-
resent the data extracted by the process of fitting of Equation
(1). Similar plots but with low relaxation frequencies have
been observed for pure 5CB (colour version online).

availability of the volume for molecular motion due
to the presence of spherical GNPs [36]. GNPs work as
spacers without occupying much space as compared to
5CB molecules. The relaxation frequencies (fr) follow
the Arrhenius equation,

fr = A exp
( −Ea

NAkT

)
, (7)

where NA is the Avogadro number, k is the Boltzmann
constant and Ea is the activation energy correspond-
ing to the flip-flop motion of the molecules about
their short axes. The slopes of the plots of log (fr)
versus the inverse of the temperature were obtained
by the method of least-squares fit. With the help of
the slopes of the straight lines, the activation energies
(Ea) were obtained for the pure and dispersed systems
(see Table 1). It can be observed that Ea decreases due

Figure 4. The temperature dependence of the ionic con-
ductivity in the directions parallel and perpendicular to the
director of (1) the pure 5CB sample on the primary axis and
(2) the GNPs dispersed in 5CB on the secondary axis (colour
version online).

to the presence of GNPs in the sample. This also sug-
gests that the presence of GNPs facilitates the flip-flop
motion of the molecules thereby decreasing Ea.
The temperature dependences of the ionic conductiv-
ity of the pure as well as the composite of GNPs with
5CB, both parallel and perpendicular to the molec-
ular axes, are shown in Figure 4. It is found that
the ionic conductivity of the GNP dispersed 5CB
increases approximately seven to eight times compared
to that of the pure sample. The electrical conductivity
anisotropy defined as �σ = σ || – σ⊥ is also apparent
in Figure 4. Prasad et al. also found that the inclusion
of GNP increases the electrical conductivity by more
than two orders of magnitude for the 5% concentra-
tion of GNPs in the LC system. The inclusion of GNPs
in 5CB affected both the components of the electrical
conductivity. They suggested that the GNPs behave
like an ionic additive to the LC system. However,
another reason may be the availability of extra space
in the sample due to the presence of spherical GNPs in
the closely packed 5CB molecules. The availability of
the additional space will facilitate the motion of ions
in the sample.

4. Conclusions

It has been observed that the presence of function-
alised GNPs in the nematic matrix of 5CB increases
the nematic to isotropic transition temperature signif-
icantly, and decreases the threshold voltage required
for switching of molecules from the planar (bright
state) to the homeotropic (dark state) configuration
and the ratio of the dielectric anisotropy to the trans-
verse component of the permittivity. The presence of
functionalised GNPs also decreases the effective longi-
tudinal component of the dipole moment of the system
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due to the formation of anti-parallel dipoles thereby
increasing the stability of the nematic phase and caus-
ing a consequent increase in the nematic to isotropic
transition temperature.
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