
electronic materials

Article

Carbon Nanotubes Blended Nematic Liquid Crystal for Display
and Electro-Optical Applications

Bhupendra Pratap Singh 1, Samiksha Sikarwar 2, Kamal Kumar Pandey 3, Rajiv Manohar 1, Michael Depriester 4

and Dharmendra Pratap Singh 5,*

����������
�������

Citation: Singh, B.P.; Sikarwar, S.;

Pandey, K.K.; Manohar, R.; Depriester,

M.; Singh, D.P. Carbon Nanotubes

Blended Nematic Liquid Crystal for

Display and Electro-Optical

Applications. Electron. Mater. 2021, 2,

466–481. https://doi.org/10.3390/

electronicmat2040032

Academic Editor: Roberto Centore

Received: 15 August 2021

Accepted: 28 September 2021

Published: 8 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Liquid Crystal Research Lab, Department of Physics, University of Lucknow, Lucknow 226007, India;
bhupendraphy@gmail.com (B.P.S.); rajiv.manohar@gmail.com (R.M.)

2 Integrated Basic Science, School of Physical and Decision Sciences, Babasaheb Bhimrao Ambedkar University,
Lucknow 226025, India; samiksha9.2009@gmail.com

3 Department of Physics, Shri Jai Narain Misra Post Graduate College, Lucknow 226001, India;
kamalpande27@gmail.com

4 Université du Littoral Côte d’Opale, UR 4476, UDSMM, Unité de Dynamique et Structure des Matériaux
Moléculaires, 145, Av. Maurice Schumann, 59140 Dunkerque, France; Michael.Depriester@univ-littoral.fr

5 Université du Littoral Côte d’Opale, UR 4476, UDSMM, Unité de Dynamique et Structure des Matériaux
Moléculaires, F-62228 Calais, France

* Correspondence: dharmendra.singh@univ-littoral.fr; Tel.: +33-(0)3-21-46-57-58

Abstract: In this paper, we investigate a commercial nematic liquid crystal (LC) mixture namely E7
dispersed with small concentrations of multi-walled carbon nanotubes (MWCNTs). The dielectric and
electro-optical characterizations have been carried out in the homogeneously and vertically aligned
LC cells. The electro-optical response of LC molecules has been enhanced by 60% after the addition
of MWCNTs, which is attributed to the reduced rotational viscosity in the composites. MWCNTs
act like barricades for ionic impurities by reducing them up to ∼34.3% within the dispersion limit
of 0.05 wt%. The nematic–isotropic phase transition temperature (TNI) of the E7 LC has also been
shifted towards the higher temperature, resulting in a more ordered nematic phase. The enhanced
birefringence and orientational order parameter in the LC-MWCNTs are attributed to π-π electron
stacking between the LC molecules and the MWCNTs. The outlined merits of the LC-MWCNTs
composites evince their suitability for ultrafast nematic-based electro-optical devices.
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1. Introduction

Liquid crystal (LC) materials are ubiquitous in everyday life. It has a wide range of
commercial applications such as reliable displays for the several electronic devices [1],
tunable filters and lenses for ophthalmic applications [2,3], smart windows [4], various
components of medical equipment [5], sensors for chemical, biological and satellite appli-
cations [6–8], and many more. Generally, thermotropic LCs, in which phase transition is
achieved as a function of temperature, are used for aforementioned applications. The ne-
matic phase is the most prevailing phase of thermotropic LCs, which appears just below
the isotropic phase upon cooling. At the isotropic–nematic phase transition, the molecular
symmetry is reduced from spherical to cylindrical showing an appearance of the long-
range orientational order. The concept of Guest–Host mode has been proposed to enhance
the physical properties of the pristine LCs [9]. With this consideration, the coupling of
nanotechnology with that of the soft condensed mesogens (i.e., LC–nanomaterial compos-
ites) have drawn a significant interest from researchers for obtaining superior display and
nano-display applications [10].

Based on their ordered structure, carbon nanotubes (CNTs) offer many fascinating
properties like polarization, high dielectric constant, etc., that could be utilized in vari-
ous mechanical and electronic devices [11–14]. During the last two decades, the physical
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interactions between the LCs and CNTs has obtained an immense research interest world-
wide [15–20]. The addition of small amount of CNTs into the LCs could lead to some
fascinating phenomena. Prasad et al. [21] demonstrated that the doping of a small amount
of CNT in host nematic LC induces a layered smectic A phase and has also shown the
nematic–smectic–nematic re-entrant phase sequence. A combined theory of Flory–Huggins
and Landau–de Gennes has been predicted to support these results. In another study,
Dolgov et al. [22] have investigated an electro-optical (E-O) memory effect for multiwalled
carbon nanotubes (MWCNTs)-doped negative dielectric anisotropic nematic LC system.
They noticed that the efficiency of E-O memory depends on morphological networking of
CNTs and the efficiency of electro-hydrodynamic flow in LC. Petrov et al. have studied the
external magnetic field-induced orientational transitions in nematic-CNT suspension and
described the segregation effect of CNTs on the orientation and magneto-optical response of
CNTs doped nematic LC [19,23]. The suppression of screening field in the nematic LC-CNT
composites has been reported by Chen et al. [24]. The authors stated that, for the lower
transient current, the LC-CNT hybrid system has the ability to decrease the moving-ion
density; and subsequently, the suppression of the undesired field screening takes place,
leading to a reduced driving voltage. CNT-LC composites have also been utilized as
microfluidic sensors, and lubricants due to their boundary layer rheological properties.
Qiao et al. [25] have investigated the boundary layer and bulk viscosities for CNT-doped
5CB system. The authors have disclosed the existence of electroviscous effects on the
boundary layer viscosity in the nematic and isotropic phases. Besides, the effect of CNTs
on the dielectric and electro-optical properties has also been investigated. Gupta et al. [26]
have described the influence of single-walled carbon nanotube (SWCNT) on ferroelectric
LC; whereas, Malik et al. [27] have reported that the presence of multi-walled carbon nan-
otube (MWCNT) decreases the nematic–isotropic phase transition temperature (TNI) and
could enhance the response time by ∼80% along with an improvement in the contrast
ratio (CR) and lower threshold voltage. A series of papers by Basu et al. has provided a
comprehensive overview on LC-CNT composites describing various aspects like nematic
anchoring on CNT [16], orientational coupling [15], field induced nematic switching [28],
electroclinic effect in achiral LC [29] and dielectric response as a function of an externally
applied alternating field [30]. CNT-doped LC systems have been extensively studied by
many other researches for the fundamental and technical applications. The ionic transport
and screening in nematics with the addition of CNTs is an important field of scientific
research that requires more attention; nevertheless, few attempts have already been men-
tioned in the literature [17,31]. This field requires more serious and systematic investigation
as this fundamental aspect is essentially required for electro-optical devices.

Herein, we investigate the dielectric and electro-optical properties of a commercially
available nematic mixture, namely E7, and their composites with different concentrations
of multi-walled carbon nanotubes (MWCNTs). The dielectric parameters such as dielectric
permittivity, anisotropy and splay elastic constant have been calculated from dielectric
spectroscopic measurements. This investigation has revealed that up to a certain concentra-
tion, CNTs act as an ion catcher with higher ion trapping efficiency. Therefore, LC-CNT
composites yield lesser free ions, leading to an enhancement in the dielectric anisotropy, de-
crease in the rotational viscosity and hence a faster electro-optical response in the composite
system. The threshold limit of CNT concentration in composites has been also optimized
after which the LC-CNT composite system renders slower switching. This investigation
confers its utility for many fast-responsive electro-optical devices. The improvement in
TNI , dielectric anisotropy, electro-optical response time, birefringence, order parameter
with varying concentrations of MWCNTs have been exhaustively studied and discussed.

2. Materials and Methods

The nematic LC namely E7 (Merck@ KGaA, Darmstadt, Germany, TNI = 60.5 ◦C) has
been used in the present investigation (CAS No. 40817-08-1). This compounds is basically
a mixture of different LC monomers as follows: 5CB (51%), 7CB (25%), 8OCB (16%), and
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7CT (8%) (Figure 1a). The E7 LC mixture exhibits a positive dielectric anisotropy (∆ε) of
14.1, birefringence (∆n) of 0.22, nematic-isotropic phase transition temperature (TNI) of
60.5 ◦C, rotational viscosity (γ) of 232.6 mPas, elastic constants K11, K22, and K33 values of
11.1, 5.9, and 17.1 pN, respectively, at 20 ◦C. A highly purified MWCNTs (impurity <5%
Metal Oxide) were obtained from Sigma-Aldrich, St. Louis, MO, USA (CAS No. 308068-56-
6) and had average diameter of 9.5 nm, inner diameter of 0.5–1 nm and an average length
of 1.5 µm (Figure 1b). The LC-CNT composites were prepared by dispersing the MWCNT
powder directly into the LC without any solvents; then the mixture was ultrasonically
stirred for 30 min at room temperature (RT) in the isotropic phase. Then, 5 µm-thick cells,
composed of two indium tin oxide (ITO) glass substrates, were constructed. The detailed
process of sample cell fabrication could be obtained in our previous articles [10,32]. The cell
thickness was estimated via the optical interferometry and found to be ∼5.3 ± 0.05 µm.
The CNT concentration was set to 0.001, 0.005, 0.010 and 0.050 wt%. The LC mixtures were
heated above the isotropic temperature to fill in the empty cells via capillary action and
successively cooled down to the room temperature. Notably, the selection of cell thickness
and length of CNT is very important because a high electric field across the CNT can
cause a resistance blow-up effect [33]. Hence, in the present investigation, we have chosen
MWCNTs exhibiting an average length of 1.5 µm, which is much smaller than the cell gap
(∼5.3 µm) so that the LC cells could not short in the vertical configuration.

Figure 1. (a) represents the wt% constituents of the different monomers in the E7 LC mixture;
whereas, (b) depicts the schematic of top and front views of MWCNTs (designed via Avogadro
software [34]).

Various instruments and experimental techniques have been employed to consummate
this investigation. Polarized optical microscope (DM EP, LEICA, Wetzlar, Germany) inte-
grated with temperature controller (T95-PE, Linkam, Epsom, UK) was used to record the
optical texture and to observe TNI of the pure E7 and LC-MWCNT composites. The trans-
mission spectra with the variation of wavelength was recorded using computer operated
commercial software ISM-Lux by Isuzu Optics corp. Taiwan, integrated with a white
light source. The response time was calculated by using an optical switching technique of
the pure E7 and LC-MWCNT composites at room temperature (RT). Experimental setup
and measurement techniques for voltage dependent transmission curve (V-T curve) and
response time have already been reported in our previously published articles [10,32].
Crystal rotation method [35] was used to calculate the pre-tilt angles of the homogeneously
(HA or ECB) and vertically aligned (VA) LC cells filled with the pure E7 and LC-MWCNT
composites. The polar anchoring energy coefficients, Wpolar, of the MWCNT-doped LC
cells were calculated by using the high electric field techniques [36]. The values of pre-
tilt angles and polar anchoring energy coefficients are listed in Table 1. The Wpolar of
MWCNT-doped LC cells is slightly increased as compared to the pristine E7. The dielectric
spectra of the pure E7 and LC-MWCNT composites in the HA and VA configuration were
measured using a LCR meter (Hioki 3532-50, Tokyo, Japan) with an applied alternating
field of 0.01 V/µm in the frequency regime of 42 Hz to 5.5 MHz to obtain the real and
imaginary parts of complex dielectric permittivity. The ∆n of the LCs was determined by
using the phase retardation technique [32,37].
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Table 1. The anchoring energy and pre-tilt angles in the pure E7 and its mixtures having different
MWCNTs proportions.

MWCNTs wt%
/Parameters 0 wt% 0.001 wt% 0.005 wt% 0.010 wt% 0.050 wt%

Wpolar (10−4 J/m2) 1.20 1.32 1.46 1.57 1.72
Pretilt in HA cell (degree) 2.55 2.42 2.36 2.16 2.00
Pretilt in VA cell (degree) 88.40 88.52 88.66 88.76 88.96

3. Results and Discussion

Figure 2 shows the polarized optical micrographs (POMs) of the pristine E7 LC and its
mixtures exhibiting various concentrations of MWCNTs. In the POMs, rubbing direction
was at 45◦ from the transmission axis of the polarizer. Figure 2a–e represent the bright
states of the pristine E7 LC and their composites having 0.001, 0.005, 0.010 and 0.050 wt%
concentrations of MWCNTs. It is noticed that the dispersion of MWCNTs has not affected
the dark state of the E7 molecules; therefore, only a single dark state image, corresponding
to the pristine E7 LC, has been depicted in Figure 2f. The homogeneous dispersion of
MWCNTs in the E7 LC is evident from POMs. Any visible agglomerations or significant
defects have not been observed. The uniformity of POM color in the entire bright state
has also confirmed that the LC molecules are uniformly aligned in the nematic matrix
of the E7 LC [37–41]. However, the dispersion of MWCNTs in the E7 LC into different
concentrations leads to the change in color of POMs, which is associated to the change in
refractive index and/or birefringence (∆n) as reported previously [42–44]. Besides, all the
POM images have also been processed by ImageJ software to analyze the uniformity of
color within a POM image. An intensity of ∼7 a.u. has been obtained via this processing,
which further confirms that the LC molecules are homogeneously oriented towards long
molecular direction in the cells.

Figure 2. Bright state polarized optical micrographs (POMs) of (A) pristine E7 LC and (B) 0.001,
(C) 0.005, (D) 0.010 and (E) 0.050 wt% MWCNTs dispersed E7 system. (F) represents the the dark
state POM of the pristine E7 LC.

Figure 3 illustrates the “International Commission on Illumination (CIE)” chromato-
graphic diagram and corresponding ‘x’ and ‘y’ coordinates are tabulated in Table 2, which
represents the stimuli-induced color changes. The luminescence properties of the host
E7 LC indicate that the intensity and luminescence color remain at the same position with
increasing MWCNTs concentrations. This indicates that the MWCNTs dispersion in the
E7 LC does not cause any color shifts in the LC cell despite having the absorbance for
shorter wavelengths.
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Table 2. CIE color coordinates (x,y) of MWCNTs doped E7 LC at room temperature.

MWCNTs wt% x y

Light source 0.4302 0.4206
Empty Cell 0.4612 0.4266

Pure E7 0.4597 0.4279
0.001 wt% 0.4599 0.4277
0.005 wt% 0.4594 0.4272
0.010 wt% 0.4593 0.4278
0.050 wt% 0.4593 0.4275

Figure 3. (a) CIE color chromaticity diagram and (b) CIE chromatographic coordinates of the pristine
E7 LC and its composites with MWCNTs.

Figure 4 shows the room temperature (RT) V-T curves of the pristine and MWCNT-
doped LC cells. No significant shift in V-T curves has been observed with increasing
MWCNT concentrations, indicating that the petty amount of MWCNT dispersion does not
affect the threshold voltage (Vth) and operation voltage (Vop) significantly. For the small
applied field, the maximum transmission via E7 LC has been slightly reduced after the
addition of MWCNTs, which might be attributed to the enhanced scattering of light and/or
change in refractive index. Four different techniques have been used to analyze the Vth:

1. By V-T curve: Vth is defined as the voltage corresponding to which initial transmission
of the V-T curve starts changing; however, this method is not so accurate as one can
be confused between the Vth and distortion of transmitted light.

2. By phase curve: To define the Vth for MWCNT-doped LC composites, the V-T curves
were transferred to voltage-dependent phase retardations in which Vth is described
as the voltage required for the change in phase retardation from 100% to 90% of
maximum value.

3. By POM image: The Vth is determined via POMs of the MWCNT-doped LC cells
recorded at different voltages. The Vth is termed to be a particular voltage at which we
observe a color change in POM. This color change evinces distortions in the LC cell.

4. By C-V curve: The Vth via C-V curves in MWCNT doped homogeneously aligned LC
cells is defined as the voltage at which capacitance begins to increase. Among all four
techniques, we have observed approximately the same value of Vth (∼0.96 Volts) for
the pure E7 LC and LC-MWCNT composites at RT.
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Figure 4. Variation of transmittance as a function of applied voltage (V-T curves) of the pristine
E7 LC and its composites with different concentration of MWCNTs at room temperature (RT).

Contrast ratio (CR) is also an important parameter for an electro-optical display
device. It is defined as: CR = Ton/To f f ; where, Ton is maximum transmission and To f f is
the minimum transmission of the pure E7 and MWCNT doped homogeneously aligned
LC cells [41]. The calculation of CR has been done by processing the bright (on-state) and
dark (off-state) states POMs using ImageJ software. Carefully taking the same scale of
bright and dark state textures, we have calculated the average value of Ton and To f f of
the pure E7 and MWCNT composites; which in turn gives the value of CR. In general,
the contrast ratio of LCs could be enhanced by adding a guest material via refractive index
matching [45]. LC/polymer-dispersed systems are somehow better for enhancing the
CR [46]; however, in the present investigation, we have observed a reduced CR for the
LC/MWCNTs composites due to the scattering of transmitted light from the MWCNTs
and refractive index mismatching. On the other hand, ferroelectric LCs could render
an enhanced CR with the addition of MWCNTs by enhancing the alignment [47]. The
calculated values of Vth, Vop, and CR are listed in Table 3.

Table 3. Calculated values of threshold voltage (Vth), operating voltage (Vop), and contrast ratio (CR)
of homogeneously aligned LC cells with the variation of MWCNTs concentrations at RT.

MWCNTs wt% Vth (in V) Vop (in V) CR

Pure E7 0.96 2.01 27.25
0.001 wt% 0.96 2.01 25.88
0.005 wt% 0.96 2.00 24.68
0.010 wt% 0.96 2.00 23.83
0.050 wt% 0.96 2.00 22.75
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The low-frequency dielectric properties of the E7 LC and its composites with different
concentrations of MWCNTs are plotted in Figure 5. These properties have been analyzed
using the Uemura model which can be represented as [48,49]:

ε′( f ) = A× f−3/2 + B (1)

and
ε′′( f ) = C× f−1 (2)

where, A = 2nq2D3/2

εo
√

πdkBT ; B = ε∞; and C = 2nq2D
εokBT

Using Equations (1) and (2), the diffusion coefficient (D) can be calculated as:

D =
2nA2π · d2

C2 (3)

The ion concentration, n, can be determined using the following relation:

n =
CεokBT

2q2D
(4)

where, n is the ionic concentration, D is the diffusion constant of the ions, q is the electronic
charge, kB is the Boltzmann constant, T is an absolute temperature and d is the thickness of
the LC sample holder. The Equations (1) and (2) do not describe the formation of electric
double layer (EDL) however; the effect of space charge polarization can be explained using
these equations. The EDL may strongly be dependent on the adsorption and desorption
efficiencies of the impurity ions [50]. Here, the study of dielectric parameters is confined
within the range 50 Hz to 1 kHz. DC conductivity can be represented in terms of diffu-
sion constant and ionic concentration as: σdc= nq2D/kBT; whereas, AC conductivity is
associated to dielectric loss as follows: σac= εoωε′ ′. In general, LCs contain a significant
amount of free ions. The ionic presence increases the rotational viscosity by slackening the
response of the nematic director under the application of an external field. The MWCNTs
act as barricades for ions with a high ion-trapping constant; consequently, the ions are
trapped at the adsorbing sites of MWCNTs. Thus, the suspension of an adequate amount of
MWCNTs in the LC medium lowers the free ion concentration and subsequently, decreases
the rotational viscosity in the composites. The combined effect of enhanced dielectric
anisotropy and lowered rotational viscosity of the E7 LC/MWCNTs composite system
render a faster molecular response with the applied electric field, which could be used
to develop the fast-responding LCDs. In the present study, we have also optimized the
threshold limit of MWCNT concentration (0.05 wt%) above which the composite system
gets perturbed and MWCNTs start aggregating. At this stage, additional generation of
ions takes place and ion-trapping is no longer valid. Besides, a decreased birefringence
and lower order parameter of the LC system would be achieved. In this investigation, we
found the best results for 0.05 wt% of MWCNTs, which are listed in Table 4.

Table 4. The fitted values of the constants A, B and C and corresponding calculated values of ionic concentration (n),
diffusion constant (D), dc conductivity (σdc) and mobility of ions (µ) of the pure and MWCNTs dispersed E7.

MWCNTs wt% A B C n
(×1019 m−3)

D
(×10−10 m2/s)

σdc
(×10−9 S/m)

µ
( ×10−9 m2/V·s)

Pure E7 1962.41 5.53 1803.37 1.28 1.01 7.98 3.89
0.001 wt% 2002.23 5.45 1768.59 1.16 1.09 7.83 4.21
0.005 wt% 3653.13 5.51 2393.83 0.866 1.98 10.6 7.64
0.010 wt% 4514.48 5.18 2747.96 0.858 2.29 12.2 8.86
0.050 wt% 5301.61 5.04 3040.79 0.843 2.58 13.5 9.97
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Figure 5. (a) Dielectric permittivity and (b) dielectric loss as a function of the frequency for the pure
E7 LC and its composites with varying concentrations of MWCNTs. (c,d) represent the linear fitting
of the experimental data of the corresponding dielectric permittivity and dielectric loss of the E7 LC
at different doping concentrations of MWCNTs at RT.

Figure 6 shows the dielectric spectra of homogenously (HA) and vertically (VA)-
aligned MWCNTs dispersed E7 LC cells. Figures 6a,c show the variation of perpendicular
and parallel components of dielectric permittivities (ε′⊥ and ε′‖) as a function of frequency
for the pure E7 and MWCNT doped E7 at RT. Interestingly, the MWCNT doping decreases
the dielectric permittivity of HA cells (ε′⊥) and increases the dielectric permittivity of VA
cells (ε′‖). Consequently, the dielectric anisotropy (∆ε = ε′‖ − ε′⊥) found to be increased
with increasing MWCNT concentration.

For an effective dispersion of MWCNTs in LCs, a polar LC is required as MWCNTs
render strong dipole–dipole interaction with it due to their greater polarizability along the
CNT axis. The E7 LC/MWCNTs composites follow the same criteria. LCs exhibiting a
large dipole moment depict strong interactions between the LC molecules and MWCNTs.
It consists of a negative effect too. Very strong interactions lead to anti-parallel orientations
which restrict the possibility of good dispersion of CNTs in the host LCs. Therefore,
the optimization of a threshold concentration of CNTs in the LC media is an important
factor; henceforth, a LC material with a moderate dipole moment is opted to take as
a host for making the composites with CNTs. A particular orientation of CNTs can be
obtained by inflicting the self-organization of LC molecules. The intrinsic orientation
of LCs can also be tuned with CNTs. The free energy of the LC-CNT composite would
be minimum, when CNTs are aligned along the director (see Supplementary Figure S1).
Besides these factors, π-π staking is another parameter that is vital in deciding the strong
interaction between CNTs and LC molecules. A strong anchoring energy, due to π-π
stacking of phenyl parts of the LC and carbon ring of MWCNTs, results in an increase in
the ∆ε (listed in Table 2) for the composite system; indicating a remarkable enhancement
in the orientational order parameter. Herein, only very small concentration (≤0.05 wt%)
of MWCNTs in the LCs is found to be well dispersed; however, higher concentrations
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(>0.05 wt%) cause the formation of agglomeration because of strong van der Waals forces
(in case of direct dispersion, i.e., without any organic solvent).

Figure 6d shows that the peak frequency, fp, close to the 106 Hz, for the VA cells has
slightly decreased and shifted towards the higher frequency region with the increasing
MWCNTs concentrations. This relaxation mode is analogous to the reorientation of LC
molecules around the short axis. The relaxation time (τ‖) of LC molecules belongs to the fp
of the dielectric loss, as shown in the following equation:

τ‖ =
1

2π fp
(5)

The addition of MWCNTs provides a noteworthy shift in the fp of dielectric loss for
the LC mixtures; and hence, decreases the relaxation time of the LC molecules. Further,
Meier and Saupe indicated that the relaxation time, τ, in the vertically aligned cell, is
associated to the potential barrier parameter, η, as follows [51]:

η =
b

RT
(6)

where, b is the rotation barrier height of the flip-flops of the molecules around the axis, R
is the gas constant, and T is the temperature. The barrier height prevents the molecular
rotations; hence, the relaxation time (τ) becomes slower in comparison to a situation at
b = 0. A retardation factor (g) is introduced, of which the (η) represents a proportionality
with the relaxation time (τ) as follows [52]:

g =
τ

τ0
=

exp(η)− 1
η

(7)

where, τ0 is termed to a hypothetical state with b = 0.
As shown in Figure 7a,b, the addition of MWCNTs remarkably decreases the τ along

with a decrease in the rotation barrier height around the short axes of the LCs. Subsequently,
the associated rotational viscosity, γ, for the LC-MWCNTs composites also decreases [53].
The reduction in rotational viscosity for the composite results in a faster molecular response
as a function of MWCNT concentrations. One should remember that the exact value of
relaxation frequencies is always higher than those measured in the LC cells due to the
hampering of cell relaxation [54,55]. The exact values of relaxation frequencies have not
been evaluated due to the absence of information about the accurate ITO resistance and
inductance of the wire; nevertheless, the influence of MWCNTs dispersion on the different
parameters of the E7 LC could be explained.

Figure 7a,b represent the variation of rotational viscosity and dynamic response, re-
spectively, for the pure E7 with different MWCNTs concentrations. The theoretical and
experimental analysis indicates that the rotational viscosity of the E7 LC has been decreased
with the addition of MWCNTs (∼35% for 0.05 wt%). Importantly, we found that the re-
laxation processes are not only governed by the rotational viscosity, but also affected by
concentration of ionic impurities. Our observations reveal that an appropriate amount of
MWCNTs (from 0.005 to 0.05 wt%) significantly reduces the ion concentration (∼34.3% for
0.05 wt%) via the ion trapping mechanism. The diminished ionic concentration offers a re-
duced field-screening effect. The reduced ionic concentration suppresses the image-sticking
in the absence of an externally applied voltage resulting in the faster relaxation process.
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Figure 6. Room temperature dielectric spectra of the E7 LC and its composites with different
concentrations of MWCNTs. (a) Dielectric permittivity and (b) dielectric loss of the homogeneously
aligned LC cells; whereas, (c,d) represent the dielectric permittivity and dielectric loss of the vertically
aligned LC cells, respectively.

Figure 7. (a) Variation of rotational viscosity and (b) dynamic response of the pure E7 with different
MWCNTs concentration.

Figure 7b shows the field-induced switching response for the pure E7 LC and LC-
MWCNT composites at various doping concentrations. The dynamic response has been
measured at a voltage higher than the threshold switching voltage. The rise and fall times
could be described as the time needed for change in transmission from 90% to 10% and 10%
to 90%, respectively, with respect to the maximum transmission when the applied voltage
on the LC cell is turned on from 2 to 10 V (or turned off from 10 to 2 V). In general, the rise
time (electric torque-driven reorientation) is always smaller as compared to the fall time
(reorientation under free relaxation). The rise times of the pure E7 and MWCNT-doped LC
cells have been found to be ∼0.886 ms, 0861 ms, 0.843 ms, 0.827 ms and 0.801 ms at RT, due
to the different turn-on voltages (driving voltage) ranging from 2.12 V to 1.89 V. Notably,
the fall time of MWCNT-doped LC cell decreases with increasing MWCNT concentration,
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which is attributed to the decreased value of γ for the LC-MWCNTs composites. Interest-
ingly, the 0.05 wt% MWCNT-doped LC cell emerges the ∼58% faster fall time as compared
to the pure E7 LC at RT. If the Vapp � Vth, the relationships between fall time (τo f f ), rise
time (τon), Vth, and γ can be written as [42]:

τo =
γd2

K11 · π2 (8)

τon =
τo∣∣(Vapp/Vth)2 − 1

∣∣ (9)

τo f f =
τo

|(Vbias/Vth)2 − 1| (10)

where τo is the relaxation time when the LC cell is turned off from Vapp to slightly higher
than Vth, K11 is splay elastic constant, Vbias is the bias voltage, and d is known to be
cell thickness.

The presence of MWCNTs in the E7 LC has significantly decreased the τo f f due to the
reduced γ and Vth. Notably, MWCNT doping decreases τo f f and K11 and hence γ, which
confirms the conjecture of Equations (8) and (10). It is really interesting to explore the reason
that why the presence of MWCNTs remarkably reduces the switching time of nematic
molecules. For a planar cell, the response of nematic director under an external applied field
could be understood by Equations (8)–(10). These equations express the field-induced ne-
matic switching, which is not only the optical response. This is the time taken by the nematic
director to switch between planar to homeotropic orientations. Since an optical response
principally arises due to the rotation of the director in the presence of an applied field, we
can write τon ∝ τo, by overlooking the cell backflow. Hence, from Equations (8)–(10), for a
constant d, Vapp and Vth, the faster response could be obtained for LC-MWCNT composite
system with a reduced γ (∼35%), enhanced ∆ε (∼3.5%), and reduced K11 (∼24%). We
have additionally performed experiments to find out γ and ∆ε for the pure E7 LC and
LC-MWCNTs composites. Table 5 shows that MWCNT dispersiong has increased the TNI
of the LC mixture, measured by POM from N→ Iso (nematic to isotropic) phase with a
heating rate of 0.25 ◦C/min. Moreover, MWCNT dispersion in the E7 LC has increased the
order parameter S and ∆n of composites following to Equations (1) and (5) [56,57].

Table 5. MWCNTs concentration-dependent birefringence (∆n), nematic–isotropic temperature (TNI),
and estimated orientational order parameter (S) of the pure E7 LC and its composites at RT.

MWCNTs wt% ∆n TN I (in ◦C) S

Pure E7 0.216 60.50 0.583
0.001 wt% 0.219 61.50 0.592
0.005 wt% 0.226 63.00 0.611
0.010 wt% 0.232 65.00 0.627
0.050 wt% 0.248 66.50 0.670

The concentration dependence of the birefringence (∆n), nematic–isotropic tempera-
ture (TNI), and estimated second order orientational order parameter (S) of the pure LC
composites are listed in Table 5. The birefringence increases with the dispersion of MWCNT
in the E7 LC (up to 0.05 wt%). For 0.001, 0.005, 0.01 and 0.05 wt%, we have observed the
increment of 1.38, 4.63, 7.1 and 14.82 %, respectively. This enhancement of birefringence
can be attributed to the increased TNI , and S of LC-MWCNT composites.

Haller’s extrapolation technique was adopted to calculate the orientational order
parameter [58–60].

∆n = ∆no

(
1− T

T∗

)β

(11)
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where, ∆no, T∗ and β are the adjustable parameters, which are listed in Table 5. ∆n is the
temperature dependent birefringence, ∆no is the extrapolated birefringence in the perfectly
ordered state (i.e., T = 0 K), T∗ is the temperature which is about 1–4 K higher than the
isotropic temperature (TNI) and b is the critical exponent value close to 0.25, which depends
on the molecular structure of the material. Equation (11) holds its validity if T is sufficiently
smaller than TNI [61]. This method allows us to evaluate ∆n at absolute zero temperature
and to determine ∆no.

The variation of order parameter (S) can be presented as:

S =

(
1− T

TNI

)β

(12)

Equation (12) is only valid when, T� TNI [48,49]. Though, MWCNT dispersion has
significantly increased the TNI (measured by POM) and hence the associated ∆n and S of the
pure and MWCNT doped LC have also been increased according to
Equations (11) and (12) [56,57]. The birefringence ∆n is linked with the order parameter
(S) of LC as follows:

S =
∆n
∆no

(13)

Here, ∆n is the birefringence at a particular temperature and ∆no is the birefringence
at the absolute zero temperature for the perfect ordering as assumed in the Haller’s
approximation for the order parameter S. Our investigation reveals that the value of ∆no is
about 0.37 for λ = 633 nm at RT, which is in accordance with the available literature [62–64].
In the LC-MWCNT composite system, the inherent order of the LC can be transferred to
MWCNTs. The anisotropic elastic forces of the LC lead to a situation at which the minimum
free energy for the MWCNT-LC matrix is reached for a configuration where the MWCNTs
align along the director of LC molecules. The LC-MWCNTs coupling renders a positive
impact on the LC’s orientational threshold and elasticity, which permits the director of
nematic molecules to orient quickly along with MWCNTs [65,66]. If the MWCNTs are
well dispersed in the nematic LC, the anisotropic elastic forces try to minimize the free
energy of the system. The free energy of the MWCNT-LC matrix is minimized when
the MWCNTs align along the director of E7 LC (i.e., α = 0, π, 2π, etc.); where, α is the
angle between the long axis of MWCNTs and director, n̄, of the LCs [38]. As anticipated,
the order parameter increases with increasing MWCNT’s concentration. The increment in
the order parameter is possibly due to the enhanced anchoring effect by π-π interaction
between the LC molecules and MWCNTs. It is also worth mentioning that the TNI of
the LC mixture has been enhanced by the dispersion of MWCNTs, which indicates the
improvement of nematic order and broad nematic range [15,67]. Since MWCNTs used in
the present investigation are not ferromagnetic; therefore, the additional ordering must not
be because of the electronic coupling between the permanent dipole moment of MWCNT
and the dielectric anisotropy of the LC molecules [68]. Hence, the enhancement in ∆ε and
subsequent improvement in S is attributed due to the anisotropic structure of MWCNTs and
enhanced anchoring energy (since ∆ε ∝ S). In the present investigation, the enhancement
in the order parameter has been found to be 1.54%, 4.80%, 7.55% and 14.92% for the 0.001,
0.005, 0.01 and 0.05 wt% MWCNTs, respectively.

The elastic constants in the LC media characterize the elastic interactions between
the LC molecules. When MWCNTs are dispersed in LCs, the elastic constant (K11) also
renders an interaction between the LC molecules and the MWCNT dopant [69]. For the
LC-MWCNT composite, K11 can be roughly estimated by a well-known relation:

Vth = π

√
K11

εo∆ε
(14)

where, Vth is the reorientation threshold voltage for Fréedericksz transition. The K11 is esti-
mated using the experimentally observed values of Vth and ∆ε by putting it in Equation (14).
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Notably, K11 ∝ Vth
2 and ∆ε. Since the dispersion of MWCNTs does not significantly affect

Vth, it is approximately constant (Vth
(LC+CNT) ≈ Vth

LC), i.e., the increasing value of ∆ε leads
to an increased K11 for MWCNT dispersed composites; i.e., K11

(LC+CNT) > K11
LC. It is worth

noting that,
√

KLC
11 /∆εLC ≈

√
KLC+CNT

11 /∆εLC+CNT = 0.91; which gives K11
(LC+CNT) = 1.11

K11
LC for 0.05 wt% MWCNTs. Therefore, the surface anchoring seems to be accountable for

the strong elastic interaction between the LC molecules and MWCNTs, which increases the
elastic energy in the LC-MWCNT composites providing an increase in K11.

4. Conclusions

In summary, a well-known nematic LC mixture namely E7 has been dispersed with
MWCNTs into different concentrations ranging from 0.001 to 0.05 wt%. The dielectric and
electro-optical investigations were carried out in the homogeneously and vertically aligned
ITO cells. Due to the small dispersion concentration, MWCNTs have been well-dispersed
into the nematic matrix, which was confirmed with POMs; however, the transmission via
LC cells was found to be slightly reduced due to the scattering of light from the edges of
MWCNTs. Within the dispersion limit, MWCNTs act like barricades for ionic impurities by
reducing them up to ∼34.3%. The ionic screening leads to an enhanced ∆ε and K11 for the
LC-MWCNTs composites. Consequently, a drastic decrement in the rotational viscosity and
hence an increase of about ∼60% in electro-optical response has been noticed. Moreover,
the dispersion of MWCNTs in the E7 LC also offered an enhancement about ∼15% in
the S and ∆n due to the increased TNI and anchoring energy via π-π electron stacking
between the LC molecules and MWCNTs. The obtained results have demonstrated that the
dispersion of a small amount of MWCNTs in the LC could significantly enhance the device
parameters, which is useful for the development of futuristic electro-optical devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/electronicmat2040032/s1, Figure S1: Illustration of the E7 LC molecules/MWCNTs composite
showing the minimum free energy condition when the MWCNTs are aligned along with the director.
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