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Abstract: The applications of liquid crystals in the field of renewable, clean and sustainable tech-
nologies of energy storage are of utmost importance at present. This paper delves into dielectric
spectroscopic studies of a weakly polar nematic liquid crystal (NLC) enriched with an anthraquinone
dye. The primary objective is to assess the impact of increasing dye concentrations on various
properties. Anthraquinone dye has been found to increase the dielectric permittivity of weakly polar
NLC, leading to a 4.7-fold increase in dielectric anisotropy. Simultaneously, a reduction of around
11% in threshold and operating voltages of the NLC has also been recorded after using dye as the
guest material. The added dipolar contributions provided by dye molecules have been attributed to
this surplus permittivity. The NLC has been found to have an approximately 54% faster response to
the applied field. The intrinsic polarization field of dye molecules accelerates nearby LC molecule
reorientation, leading to a 56.5% faster fall time and a 29.8% faster rise time in a 3.0 wt% dye-doped
LC cell. These experimental results have been validated via computational studies as well. The
simulation results about dipole moment and polarizability provide robust support for our experi-
mental results. Such composites evince their potential for energy storage and 5G communication
technologies with adjustable impedance and permittivity.

Keywords: liquid crystal; response time; capacitance; dielectric properties; tunability; density functional
theory; dye-doped liquid crystal; energy storage; tunable material; anthraquinone dyes; computational
studies

1. Introduction

The very first published finding of dye orientation in a nematic host sparked widespread
interest in using dye molecules in liquid crystal devices, and innumerable modes of guest–
host-based device operation have since been proposed [1–3]. These devices work on the
concept that the guest chromophore aligns with the liquid crystal (LC) host, changing the
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orientation of the matrix from an absorbing (colored) state to a transmitting (colorless)
one by applying an electric field. This is due to the dye’s absorption transition being
oriented along a certain axis. The alignment of dye within the LC medium is of ultimate
relevance for the visible characteristics of a system since it is determined by the color and
absorption coefficient of the dye, its solubility in the host and the contrast ratio between
the absorbing and transmitting states. To give an acceptable operation lifespan to a device,
the system must also be stable concerning external factors such as heat, light and electricity.
Consequently, selecting the right dye and an appropriate host liquid crystal, in addition to
ensuring that they work well together, is essential for designing an effective device. Azo
dyes were initially proposed for usage in LC-based guest-host applications because of their
elongated, rod-shaped molecules and dichroic behavior which aids in better alignment with
an LC host composed of rod-like molecules [4]. Even though azo dye’s well-established
synthetic chemistry facilitates a wide range of colors, the restricted photochemical and
electrochemical stabilization could be an obstruction to their utilization in commercial
devices [5].

Anthraquinone dye has been recommended as an alternative option as guests in a
host LC matrix since it is more stable than azo dye. Anthraquinones are tricyclic organic
molecules with unique fluorescent characteristics and exhibit higher resistance to photo-
bleaching [6]. Nevertheless, generally, its molecular form is often less rod-like, resulting
in a comparatively disordered alignment in a constraint medium such as a liquid crys-
talline one [7]. Although it has been shown that many anthraquinone dyes align well
inside the liquid crystal hosts, their typically lower dichroic ratios in comparison to azo
dyes [8,9] limit their useful applications. According to several theories, this effect is caused
by an inadequate alignment of the electronic transition dipole moment (TDM) with the
anthraquinone dye’s long molecular axis, which results in changing the substantial angle
(β) [10]. Notably, some anthraquinone dyes have superior alignment within liquid crystal
(LC) hosts; however, acquiring a broad spectrum of colors with higher adsorption coef-
ficients, on the other hand, has proven to be challenging [8,11]. Moreover, the reported
literature depicts a number of anthraquinone dyes that have been prepared and tested
for guest–host applications. A variety of colors can be produced by altering the position
and type of the substituents. Numerous different dyes including tetrazine [12], naph-
thalene [13], perylene [14] and acenequinone [15] have been synthesized for prospective
use in guest–host applications, demonstrating the broad spectrum of compounds that are
potential candidates for these applications. To build a suitable guest–host liquid crystal
device, multiple design parameters referring to several interlinked characteristics must be
met simultaneously. The overall goal is to address the design of liquid crystal hosts and
dyes individually; however, the major drawback is the complexity of dyes meeting the
stringent standards. Prior investigation has shown that anthraquinone dye is a promising
candidate for guest–host-based LC devices.

To be used successfully in real-world display and non-display technologies it is preferable
to use a framework based on the logical design of both guest–host material, taking into
account the many conditions that guest–host systems must satisfy. To support a strategy
for the possible applications, a scientific knowledge of the characteristics that describe the
behavior is a necessary prerequisite. In these applications, the host system also plays a crucial
role. Therefore, the dispersion of dyes in different mesophases such as nematic [16–18],
cholesteric [19,20], ferroelectric [21,22] and smectic [23–25] systems have already been
tested for different application purposes. Nematic systems are the most fundamental and
thoroughly investigated out of all other host mesophases. Additionally, it is reported
that the chiral nematic phase can enhance optical efficiency, whereas the smectic A (SmA)
phase may offer superior bi-stability [26,27], providing the possibility of devices with a
lower power consumption as compared to other guest–host based devices. However, their
primary application in display devices has received the most attention. Nevertheless, the
dyes in liquid crystal hosts have been proposed as the building blocks for a wide range
of non-display applications including, advanced textiles [28,29], augmented reality (AR)
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and virtual reality (VR) systems [30,31], optical shutters [32,33], biosensing [34,35], liquid
crystal lasers [36], liquid crystal lenses [37,38], soft actuators [39,40], smart windows [41,42]
and optical storage devices [43,44].

Research and development in the arena of advancement towards clean and sustainable
strategies for energy storage, such as batteries, supercapacitors, fuel cells, etc., has been
receiving overwhelming interest in recent years towards storing energy in a sustainable
way [45–49]. A great potential in the empowerment of portable electronics has been ex-
hibited by electrochemical energy storage systems. The main components of any energy
storage device consist of electrodes and electrolytes to provide a suitable transportation
of ions through anode to cathode during the process of charge storage and its eventual
discharging. Ionic liquids (ILs) possessing fair ionic conductivity, thermal stability and
electrochemical stability deliver good performance when used as the prime component
of energy storage devices. Compared to ILs, ionic liquid crystals (ILCs) bestowed with
synergistic properties of both liquid crystals and ionic liquids are nowadays given much
greater importance in flexible electronics to prove its efficient candidature for advanced
functional applications such as stimuli-responsive conductors for energy storage devices,
flexible batteries, etc. [50–52]. Liquid crystals are promising functional materials to be used
in a variety of different renewable technologies as they are capable of interacting with
external stimuli such as electric and magnetic fields, incident light or different frequencies,
etc., and responding to them. These external stimuli are capable of tailoring the anisotropic
properties of liquid crystals. Furthermore, the addition of nanostructures and organic
dopants tend to enrich the features of liquid crystals for device applications. Various re-
searchers have found different mesophases and different guest–host composites systems
suitable for such applications [53–57]. The inclusion of dye in even a trace amount enhances
the electrical properties of LCs considerably and thereby improves the performance of
the concerned devices. Wu. et al. found that ionic impurities can be easily suppressed
by adding methyl red dye in LCs, which leads to a better voltage holding ratio in the
system [58]. Different reports are available that show the dispersion of different dyes leads
to improved electro-optical and mechanical properties of LCs and reduces the operating
voltage considerably [59–62]. The interdependency of electro-optical characteristics of
azo-dye and anthraquinone dyes in polymer-dispersed liquid crystals (PDLCs) has been
studied by P. Kumar et al. They found that at lower dye concentrations, anthraquinone
tends to offer a better contrast ratio as compared to the azo-dyed-LC systems [63]. Recently,
a report has been published by S. Agarwal et al. about a tunable optical filter based on the
attributes of dye-dispersed nematic liquid crystal. The photoisomerization induced in the
dye in the constraint medium was attributed to the device performance. The functional
material also displayed notable energy and charge storage capability [64]. Henceforth, it
can be seen that different dyes have been explored in liquid crystalline matrix for a variety
of applications. However, the effect of anthraquinone dye on weakly polar nematic liquid
crystals (NLCs) is yet to be extensively investigated.

This study endeavors to investigate the interaction between anthraquinone dye and
weakly polar liquid crystal (LC) molecules, elucidate their integration within the structural
framework of weakly polar LCs, and explore their influence on the physical, dielectric
and electro-optical characteristics of the host nematic LCs. The research employs voltage-
dependent transmittance measurements to examine the threshold and driving voltages of
both pure LC systems and LCs dispersed with the dye. Additionally, dielectric spectroscopy
is employed to ascertain the dielectric anisotropy of the LC material. To gain insights into
the response of anthraquinone dye-doped LC systems to an applied field, the response time
of LC cells containing the dye is assessed. Furthermore, the study delves into the potential
utility of the ideal LC–dye combination for applications such as energy harvesting and
other technological uses. In conjunction with experimental investigations, computational
studies are also conducted in the isolated gas phase, focusing on LC and dye molecules.
These computational simulations aim to provide a deeper understanding of the geometric
alterations that transpire within the LC when doped with the appropriate dye. Additionally,
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they seek to unravel the molecular-level interactions between the guest dye molecules and
the host LC molecules.

2. Materials and Methods
2.1. Details of the Host and Guest Materials

As the host material, a weakly polar nematic LC 4,4′-di-pentyl-azoxy-benzene (D5AOB)
LC (Frinton Laboratories, Hainesport, NJ, USA) was used. The D5AOB LC exhibits positive
dielectric anisotropy (∆ε = +0.30) and the phase sequence is as follows.
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The molecular structure of D5AOB mesophase is shown in Figure 1a. The 4,4′-di-alkyl-
azoxy-benzenes (DnAOB) are roughly symmetric and have a nonpolar configuration. In the
structure of D5AOB, the long molecular axis deviates from the field direction, offering an
advantage in the structure of D5AOB. The dipole moment of the host nematic LC is 1.70 D, and
the angle between the dipole and the long molecule axis is 64.9◦ [65]. We present investigations
on the mentioned host NLC doped with an anthraquinone dye (guest); a 2,6-disubstituted
anthraquinone dye (26B3OH) synthesized by using a technique reported by Goodby et al. [66],
the molecular structure of the dye being depicted in Figure 1b, which is particularly interesting
as an LC guest dye due to its relatively rod-like molecular shape which helps it in achieving
better molecular alignment in the nematic LC host (a concept of anisotropy matching). Also,
the electronic transition dipole moment (TDM) vector of 26B3OH dye becomes highly aligned
with the director of nematic LC [67], as shown in Figure 2.
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2.2. Experimental Techniques

To design the optimum characteristics for dyes in weakly polar liquid crystal hosts, we
present a novel computational method that combines density functional theory (DFT) calcu-
lations with experimental data from the system under consideration. For the measurement
of dielectric properties, the indium-tin-oxide (ITO)-coated glass substrates have been used
for the preparation of sample holders having parallel-plate capacitor-type configuration.
Horizontal alignment polyimide has been coated on the inner side of these substrates for
providing planar alignment to the LC molecules. The detailed procedure for preparing
such sample holder is described in our earlier published articles [68,69]. The thickness of
these sample holders was confirmed to be ∼5.2± 0.05 µm using optical interferometry.

LC–dye mixtures were prepared with concentrations of dye fixed to 0.5, 1.0, 1.5, 2.0
and 3.0 wt%. An adequate amount of dye was mixed into a fixed quantity of the host LC,
and the mixtures were vigorously stirred at temperature above isotropic point of LC. No
solvent has been used for dispersing dye into the LC. Conventional capillary action has
been employed for filling the composites in the sample holders meticulously. The highest
possible concentration of dye that was uniformly dispersed into the LC was observed to be
3.0 wt% due to challenges in achieving effective mixing at higher concentrations, which
resulted in the dye settling at the bottom of the container.

The measurement of dielectric properties as a function of frequency and voltage has
been performed by employing a computer-controlled impedance/Gain phase analyzer
(HP4194A) for a frequency range from 100 Hz to 10 MHz at an applied alternating field
of 0.01 V/µm. The storage component (real part) ε′ and the loss component (imaginary
part) ε′′ of complex dielectric permittivities along with dielectric anisotropy were obtained.
To yield voltage-dependent dielectric parameters, a fixed dc bias of 20 V was applied on
the samples.

The voltage-dependent transmittance (VT Curve) and electro-optical dynamic re-
sponse time for the pure and dye-dispersed D5AOB were recorded in the following manner:
Sample holder was placed between crossed polarizers such that the director made an angle
of 45◦ with the transmission axis of each of the polarizers. This system was irradiated
with He-Ne laser light of power 10 mW (wavelength 632.8 nm) after providing adequate
attenuation by the neutral density (ND) filter. A square wave input signal of frequency
1 kHz was applied on the sample cell and the transmission spectra was recorded as a
function of input voltage with the aid of photodiode with a detection time of 100 µs. Fur-
thermore, an amplitude modulated signal with carrier frequency 1 kHz and amplitude 20 V
modulated by a square wave of frequency 50 mHz was applied to the same sample holder
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to test the electro-optical dynamic response. Signal generator (Agilent 33220A) was used to
feed this signal at the inputs of the sample holder and the data were recorded on a digital
oscilloscope (Tektronix TDS 2024C) and averaged 32 times to filter out background noise.

2.3. Density Functional Theory (DFT) Simulation

Density functional simulations were performed to investigate the structure and linear
and nonlinear optical properties of the liquid crystal D5AOB, 26B3OH anthraquinone dye
and their complex. Since the structure of D5AOB is already known, its input structure
was taken from the PubChem repository (CID: 10736623). The structure of 26B3OH dye
was built by using Gauss view 5.0 software [70]. These structures represent gas phase
D5AOB and 26B3OH dye molecules. To study the interactions and possible structure
between two molecules, a gas phase simulation is sufficient. As such, we optimized both
structures to minimum energy at the wB97XD/6-311++G(d,p) and APFD/6-311++G(d,p)
levels of theory using the Gaussian 16 program package [71]. The functional wB97XD is
a range-separated function known accurately to predict energies especially when non-
covalent interactions are involved. In addition to that, it includes Grimme’s D2 dispersion
model, which additionally improves its performance to predict non-covalent interactions.
These interactions play important role in envisaging the correct structure of the molecules
having several electronegative elements such as LC and dye involved in this work. A
more accurate description of the structures and energies can be obtained by using a double-
hybrid functional APFD, which is a nine-parameter functional that uses spherical atomic
model to calculate dispersion interaction. Therefore, it avoids artificial long-range attractive
forces that are present in other DFT functionals due to their design. An APFD can calculate
the bond length as accurately as the CCSD(T)/aug-cc-PVTZ level of theory, which is very
close to the experiments [72]. Basis set 6-311++G(d,p) is adequate for elements up to the
third row of the periodic table. Also, due to a lack of computational facility, we cannot
test a basis set larger then set 6-311++G(d,p), but together, these two theory levels are
sufficient to provides near experimental accuracy [73,74]. To build the structure of the
dye–LC complex, we arranged the LC and Dye structure in such a way that rings in LC
and dye stack on top of each other. The input structure of the dye–LC complex is shown in
Supplementary Information Figure S1. In such a structure, we aim to simulate the π − π
stacking interactions, and these were optimized similarly as well. After the optimization,
analytical frequency calculations were performed at the same level of theory to infer the
nature of optimized structure. All the structures have positive frequencies only. Thus,
they represent minimum energy structures. Optimized structures are shown in Figure 1.
UV-Vis spectra were calculated from the optimized structure by applying Tamm–Dancoff
approximation. Polarizability and dielectric constants were calculated at the default setting
using the “polar” keyword as implemented in Gaussian 16.

3. Results and Discussion
3.1. Experimental Findings

Dielectric spectroscopy was performed in order to obtain better insights into the molec-
ular dynamics of the LC–dye composites and to yield information about the orientation of
molecular dipoles present in the guest dye molecules in the host LC system. Figure 3 illus-
trates the dielectric spectra corresponding to homogeneously aligned (HA) and vertically
aligned (VA) dyed-LC cells as a function of frequency. Figure 3a,c show the variation in
perpendicular and parallel components of dielectric permittivity (ε′⊥ and ε′‖), respectively,
as a function of frequency for the pure and dye-dispersed D5AOB systems. The figures
express three distinct features: (i) the amount of permittivity and dielectric loss have both
increased with an increasing concentration of dye in the system for HA as well as VA cells
with a greater upsurge for VA cells as compared to HA ones; (ii) the dielectric anisotropy
has increased significantly by 4.7-fold from 0.23 (for pristine nematic LC cell) to 1.10 (for
optimum concentration, i.e., 3.0 wt% dye); and (iii) a shift in the relaxation frequency has
taken place towards the longer-frequency edge from 0.70 MHz to 1.10 MHz for the parallel
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component. Also, the average permittivity ε =

(
ε′‖+2ε′⊥

)
3 intensifies with the rise in dye

concentration in the composites, as can be seen in Figure 3e. The enhancement of average
permittivity points towards augmentation of capacitance of these systems, as illustrated
in Figure 3f.
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The increment in ε′ and ∆ε points towards an additional dipolar contribution resulting
from the presence of dye molecules into the weakly polar NLC matrix. The anthraquinone
dye molecules, when added in the LC system, enhance the molecular ordering by aligning
the dipoles and thereby tend to provide an increment in permittivity. Here, the TDM of
guest 26B3OH molecules tends to align parallel to the direction of director of host molecules
and hence provides a significant contribution to the dipole moment of host molecules which,
in turn, modifies the collective behavior of composite systems.

The capacitance of the composite systems (CP) estimates the ability of these materials
to store electronic charges. Thus, it becomes a vital parameter for the determination of the
extent of utility of a composite system in energy storage devices. It is related to dielectric
permittivity (ε′), which is a deciding factor for probing the storage capabilities of any
system, as shown by the equation

CP =
Aεoε′

d
(1)

where A is the active area of the cell
(

A = 0.0004 m2), and d is the cell thickness(
d = 5.2× 10−6 m

)
. The variation in the average capacitance for pure and dye-dispersed

LC system has been illustrated in Figure 3f, which is observed to be exhibiting an increasing
trend with an increasing dye concentration.

To further explore this behavior, we examined the variation in dielectric properties
of pure and dye-added composites at 20 V. The corresponding spectra are presented
in Figure 4a,b, while Figure 4c,d show the trend of capacitance variation at 0 V and
20 V, respectively, with varying concentrations of dye in the composites. As expected, the
increment in permittivity as well as capacitance is quite noticeable, and the results are
summarized in Table 1.
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Table 1. Values of capacitance of planar-aligned LC cell for pure D5AOB and dye-dispersed D5AOB
systems at 0 V and 20 V, at 1 kHz frequency of applied AC field.

Concentration of Dye Capacitance of LC Cell (in nF)
At 0 V At 20 V

Pure D5AOB 2.41 2.54
0.5 wt% Dye + D5AOB 2.42 2.75
1.0 wt% Dye + D5AOB 2.43 2.77
1.5 wt% Dye + D5AOB 2.44 3.01
2.0 wt% Dye + D5AOB 2.45 3.16
3.0 wt% Dye + D5AOB 2.46 3.19

From Table 1, it is clearly seen that the addition of dye molecules into the weakly
polar nematic LC system provides an additional molecular dipole to the system, thereby
enhancing its capability to store electronic charges and henceforth making it a suitable
choice for energy storage applications.

Furthermore, the tunability factor [75] for dielectric spectra has also been measured at
1 kHz for pristine D5AOB and dye-dispersed systems and is defined in Equation (2) as

τ =
ε‖ − ε⊥

ε‖
(2)

where ε‖ and ε⊥ measure the dielectric permittivity for VA and HA cell, respectively. It has
been observed to be fostered significantly from 0.061 for pure nematic LC to 0.127, 0.169,
0.198, 0.264 and 0.293 for 0.5 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt% and 3.0 wt% concentrations
of dye in the host nematic LC. This high value of tunability of capacitance of LC media
containing optimum concentration of dye molecules indicates its potential application not
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only in energy storage devices but also as tunable media and beam steering devices. Also,
the high value of the tunability factor approaching the desired mark of 0.30 opens new doors
of practicality for the designed guest–host combination in 5G technologies [75]. Though
we acknowledge that some other experimental validations are needed to confirm the
effectiveness of this material for 5G technologies and shed more light on the mechanisms
involved, it is subjected to measurements of the desired frequency range of tunability
along with details about its driving voltage with suitable antenna designs, which will be
performed in the future [76,77].

Furthermore, the alterations in the permittivity of system for homogenous and homeotropic
alignments depicted in Figure 3 indicate a substantial enhancement of dielectric anisotropy
(∆ε), which points towards a noteworthy decrement of the threshold voltage (Vth) of
pristine D5AOB system provided that the two quantities are related in accordance with the
relation [5,78] given in Equation (3),

Vth = π

√
K11

εo.∆ε
(3)

where K11 is the splay elastic constant and εo is permittivity of free space.
The capacitance of a system describes its capability of storing the charges. It has

been observed that the addition of dye increases the effective capacitance of the nematic
system. Figure 5a depicts that the capacitance of the nematic dye composite increases
with an increasing dye concentration in the host D5AOB NLC. To ensure this, V-T curves
of dye-blended LC cells were measured at room temperature (RT) and are depicted in
Figure 5b, which shows the decrement in threshold and operating voltage of the LC cells as
apparent from the shifting of curve towards a lower-voltage edge under the influence of
an increasing concentration of the dye in the system. The determination of the threshold
voltage was performed using different techniques already discussed in our previously
published articles [79,80], and a remarkable reduction of around 11% has been observed
in them from 2.75 V for pristine D5AOB cell to 2.45 V for that containing the optimum
concentration (3.0 wt%) of dye. The changes in threshold voltage and dielectric anisotropy
with concentration of dye into the composites are shown in Figure 5c. This lowering of
the threshold voltage and a substantial enhancement in the dielectric anisotropy (∆ε) also
direct towards a decrement in K11.

The response time is a critical parameter for tunable LC components as it determines
the performance of these materials with applied field. The rise time (fall time) is defined as
the time duration required for any LC cell to change its transmission from 10% to 90% (90%
to 10%) of its maximum transmission when it is turned on from 2 V to 10 V (turned off
from 10 V to 2 V) and is a decisive parameter for governing how fast any LC material can
respond to applied field. The turning-on process of such materials encompasses electric
torque-driven reorientation of dipoles under the influence of the applied field, whereas
the turning-off process involves their free relaxation reorientation. This tends to keep the
rise time significantly smaller than the fall time. The variation in the rise time and fall
time of dye-blended NLC cells with an elevating concentration of dyes into the system has
been illustrated in Figure 5d. Notably, a 56.5% faster fall time and a 29.8% faster rise time
were exhibited by the 3.0 wt% dye-doped LC cell. A lower turn-on voltage is required by
the system with increasing concentrations of dye owing to the reduction in its threshold
voltage and the molecular dipoles tending to reorient faster, as depicted by the decreasing
rise time and fall time of the systems. The relationship of the rise time (τon) and fall time
(τo f f ) with the applied voltage (Va) and threshold voltage (Vth) can be expressed [81] as
seen in Equations (4) and (5):

τon =
γd2

K11π2.
∣∣∣∣( Va

Vth

)2
− 1
∣∣∣∣ (4)
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τo f f =
γd2

K11π2.
∣∣∣∣(Vbias

Vth

)2
− 1
∣∣∣∣ (5)

Here, K11 signifies the splay elastic constant, Vbias is the bias voltage and d denotes the
thickness of LC cell. The presence of phenyl groups in the anthraquinone dye is capable
of reducing the viscosity of the system and therefore contributes to reducing the response
time of these composite materials. Apart from this, the cause of a large decrement in fall
time in comparison to rise time can be understood as follows: Each dye molecule behaves
as a dipole which tends to align with the director of the host nematic LC. However, the
direction of the resultant dipole moment surrounding the local regions of the anthraquinone
dye could be different from the LC director as the alignment does not occur perfectly. In
the absence of an external electric field, the LC molecules near these local regions of dye
molecules orient along the resultant dipole moment direction, but those far away from
these regions align parallel to the glass substrates under the effect of the anchoring energy
of surface. Consequently, a slight alignment imperfection could be observed in the LC
matrix. On the application of sufficiently high electric field, the LC molecules in the cell
tend to reorient themselves in the direction of the applied field, irrespective of their position
from the local regions. Now, if the field is again switched off, the intrinsic polarization
field of the dye molecules reorients the LC molecules in local regions to their previously
preferred dipole moment direction, creating an additional restoring force in the system
which increases with increasing concentration of the dye and hence decreases the fall time
of the LC cells more rapidly.
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Figure 5. (a) Variation in capacitance as a function of dye concentration in the composites, for HA
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3.2. Computational Validations

In order to validate the calculated structures, we compared the UV-Vis spectra of all three
structures, namely the LC, dye and LC–dye complex, calculated by us to the experimentally
measured one. The results are shown in Figures S2–S4 in the Supplementary Information. The
calculated UV spectra shows excellent agreement with the experimental one especially at
the APFD/6-311++G(d,p) level of theory. However, it should be noted that no significant
structural difference was observed when structures were calculated with wB97XD/6-
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311++G(d,p) and APFD/6-311++G(d,p) level of theories. Several optical parameters like
molecular polarizability (α), polarizability anisotropy (∆α) and dipole moment (µ) were
obtained with the help of DFT by using Equations (6) and (7) given below:

α =
αxx + αyy + αzz

3
(6)

∆α = αxx −
αxx + αyy

2
(7)

and
β =

√
β2

x + β2
y + β2

z (8)

Here, αxx describes the molecular polarizability parallel to the long molecular axis,
whereas αyy and αzz signify the molecular polarizabilities perpendicular to the long molec-
ular axis. The terms βx, βy and βz signify the vector components of hyperpolarizability
along the x, y and z-axis, respectively. These theoretically calculated values are tabulated
below in Table 2.

Table 2. Dipole moment, polarizability, polarizability anisotropy and first hyperpolarizability
for D5AOB and anthraquinone dye (26B3OH) molecules calculated from optimized structures at
wB97XD/6-311++G(d,p) and APFD/6-311++G(d,p) level of theory.

Molecular
Systems

Dipole Moment (µ)
(Multiple of 10−18 debye)

Polarizability (α)
(Multiple of 10−24 esu.)

Polarizability Anisotropy
(∆α) (Multiple of 10−24 esu.)

Hyperpolarizability (β)
(Multiple of 10−30 esu.)

wB97XD APFD wB97XD APFD wB97XD APFD wB97XD APFD

Pure D5AOB 2.050 2.045 48.809 48.055 32.026 32.353 18.421 16.855

Pure 26B3OH 0.281 0.221 64.839 69.660 3.393 11.028 3.770 3.520

D5AOB + 26B3OH 1.874 1.576 106.729 106.729 29.626 42.733 31.672 28.927

The calculated result for the optical parameters shows no significant improvement
between the two functionals. Thus, the less computationally expensive wB97XD can be
used to for the investigation of the optical properties of liquid crystals. Quantum chemical
calculations owe much value to the charge distribution of the molecules due to the fact that
dipole moment, polarizability and many other parameters are correlated with the atomic
charge strongly. The statistics about three-dimensional charge distributions and its net
electrostatic effect on a molecule can be yielded and represented by a molecular electrostatic
potential (MESP) diagram of the systems. It maps electrostatic potentials onto the constant
electron density surface. It predicts how interactions occur between the molecules, helps in
the analysis of the nature of bonding between them and assesses the reactivity of molecules
towards positively or negatively charged reactants. The MESP maps for the pure D5AOB
molecule, pure anthraquinone dye (26B3OH) molecule and that for D5AOB + 26B3OH are
illustrated in Figure 6a–c, respectively, where the respective color schemes from deepest
red to deepest blue are also shown.

MESPs also represent the electronic density sites for electrophilic and nucleophilic
reactions, and the extent of the red or blue color measures the electronegativity differences
as the red color appears in the regions of electrophilic reactivity, whereas blue color appears
in the regions of nucleophilic reactivity with green color for neutral regions. This extensively
depends upon the dipole moments, chemical reactivity, partial charges and others; therefore,
total electric dipole moment (µ) was determined. Table 2 testifies that the magnitudes of
total atomic dipole moment (µ), polarizability (α) and polarizability anisotropy (∆α) were
the largest for D5AOB + 26B3OH system, which further affirms that this system possesses
strong linear optical properties. This supports the fact that the anthraquinone dye doping
has increased the permittivity and dielectric anisotropy (∆ε) of LC mixture significantly, as
represented in Figure 3 and as discussed in section A, and the better alignment of the TDM
of the 26B3OH dye molecules with the axis of molecular alignment of liquid crystal, often
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described as the minimum moment of inertia (MOI) axis, can be attributed to it, which is
presented in Figure 7. However, the hyperpolarizability (β) of D5AOB decreases by 7% in
the D5AOB + 26B3OH system when the dye interacts with the NLC, thus limiting the non-
linear optical behavior of the D5AOB + 26B3OH system. This behavior, however, needed to
be tested further as CPHF, as a two-state model, is used to calculate the hyperpolarizability
(β), which gives only 80% of accuracy [82].
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The molecular orbital transitions between HOMO and LUMO are presented in
Figures 8–10. The energy gaps (∆E) between the HOMO and LUMO of D5AOB and
26B3OH molecules were calculated using DFT with the wB97XD/6-311++G(d,p) and
APFD/6-311++G(d,p) level of theory. The energy gap is considerably answerable for the
charge transfer, chemical reactivity and thermodynamic stability of molecules [83]. The
different quantum chemical parameters [84] used to describe the chemical reactivity of the
systems, such as chemical hardness η, softness S, electronegativity χ, electronic chemical
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potential µ and index of electrophilicity ω, have been calculated using the relations given
in Equations (9)–(13) and tabulated in Table 3:

χ = −1
2
(ELUMO + EHOMO) (9)

µ = −χ =
1
2
(ELUMO + EHOMO) (10)

η =
1
2
(ELUMO − EHOMO) (11)

S =
1

2η
(12)

ω =
µ2

2η
(13)

Table 3. Calculated values of different quantum chemical reactivity descriptors, viz. EHOMO, ELUMO,
∆E, χ, µ η, S and ω for pure D5AOB, 26B3OH and D5AOB +26B3OH calculated at wB97XD/6-
311++G(d,p) and APFD/6-311++G(d,p) level of theory.

Quantum Chemical
Descriptors (in eV)

Pure D5AOB Pure 26B3OH D5AOB + 26B3OH

wB97XD APFD wB97XD APFD wB97XD APFD

EHOMO −7.942 −6.227 −8.186 −6.443 −7.878 −6.165

ELUMO −0.653 −2.213 −1.642 −3.311 −1.452 −3.091

Energy Gap ∆E 7.289 4.014 6.543 3.133 6.425 3.074

χ 4.297 4.220 4.914 4.877 4.665 4.628

µ −4.297 −4.220 −4.914 −4.877 −4.665 −4.628

η 3.645 2.007 3.272 1.566 3.213 1.537

S 0.137 0.249 0.153 0.319 0.156 0.325

ω 2.533 4.437 3.690 7.592 3.387 6.967
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As is apparent from Table 3, we observe that the isolated dye molecule possesses the
highest HOMO energy, whereas the isolated NLC molecule possesses the lowest LUMO
energy. This high energy of dye molecules allows it to be the best electron donor, whereas
the low energy of the NLC makes it a suitable electron acceptor. Furthermore, the NLC–dye
composite system exhibits the lowest energy gap ∆E with the smallest value of hardness
and greatest value of softness. It favors the system in being the softest molecule with more
polarizability, high chemical reactivity and low kinetic stability. However, these quantum
calculations deal with molecules in vacuum, whereas the real-time experimental condi-
tions involve the studies in a liquid crystalline environment. Under these circumstances,
molecular reorientation occurs followed by localization of electric charges that provides
a sufficient amount of polarization energy to the system stabilizing ionic species in it. In
effect, the HOMO and LUMO energy levels become substantially shallower and deeper,
respectively [9].

As evident from figures, the computed energy gap obtained for LC–dye composite
was much smaller than that for individual LC and dye molecules. A low value of ∆E causes
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a highly polarized electronic structure and therefore tends to increase the dielectric constant
and permittivity of the system. This is ensured by considering the values of ε‖ provided in
Table 1. Also, the dependence of the dielectric constant ε (q) on the energy gap (∆E) can be
given as [85]

ε (q) = 1 +
1
V

16π

q2 ∑i ∑a
|〈ϕi(r)|exp(iq.r)|ϕa(r)〉|2

Ei − Ea
(14)

Here, ε is the dielectric constant, q signifies the wave vector, the indices i and a
denote the occupied and unoccupied orbitals, respectively, with Ei and Ea representing
the corresponding orbital energies of ϕi and ϕa states, and V is the volume of target
molecule. In our case, the difference Ei − Ea = ∆E is found to be decreasing. This provides
a theoretical validation to the experimentally found increment of the dielectric constant ε
and permittivity (ε‖).

4. Conclusions

In this study, we investigated the dielectric and electro-optic properties of an organic
anthraquinone dye (26B3OH) dispersed within a weakly polar nematic liquid crystal
(D5AOB). The major findings of this study are a manifold increment (almost 4.7 times)
in the dielectric anisotropy of the weakly polar NLC on the inclusion of anthraquinone
dye (26B3OH). This effective increment in the permittivity of the system also indicates
towards a substantial enhancement of its charge storage capabilities. Furthermore, a re-
duction in the threshold voltage up to 11% was observed from the recorded V-T curves.
The dyed-LC system was found to be exhibiting a 55% faster response time for the con-
centration of dye to be optimized at 3 wt%. This enhancement can be attributed to the
additional restoring force generated by the intrinsic polarization field originating from
the 26B3OH dye molecules. Additionally, the quantum chemical calculations indicated
that the dispersion of the anthraquinone dye led to an increased polarizability, dipole
moment and polarizability anisotropy (∆ε) within the mixture. These enhancements, in
turn, contributed to elevated permittivity and dielectric anisotropy in the system, aligning
with our experimental findings. In conclusion, this study underscores the potential of an
optimal combination of weakly polar nematic LC and organic dye for applications in energy
harvesting and emerging 5G technologies due to their wide tunability range. However, it
is imperative to emphasize that further in-depth research is required to fully harness the
practical potential of this system for such applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs7110470/s1, Figure S1: Initial structure of the dye-NLC complex
used in the DFT calculations; Figure S2: A comparison between the UV-Vis spectra of pure D5AOB
liquid crystal obtained experimentally and those calculated at different levels of theory. To facilitate
comparison, all three spectra have been normalized. Notably, a 20 nm shift is observed between
the experimental and wB97XD/6-311++G(d,p) calculated spectra. However, this shift decreases to
2 nm in the spectra calculated using the APFD/6-311++G(d,p) level of theory, which falls within an
acceptable range; Figure S3: A comparison of UV-Vis spectra for the anthraquinone dye (26B3OH),
showcasing both experimental and calculated spectra. All three spectra have been normalized for
ease of comparison. Notably, there is an approximately 76 nm shift between the experimental spectra
and those calculated at the wB97XD/6-311++G(d,p) level of theory. However, when employing the
APFD/6-311++G(d,p) level of theory, this shift decreases to just 1 nm, well within an acceptable
range; Figure S4: Comparison of experimental and calculated UV-Vis spectra for D5AOB + 26B3OH
complex. All three spectra are normalized to unity for comparison purposes. A shift of about 24 nm
from the main peak and 20 nm from the shoulder peak from experimental spectra can be seen in the
spectra calculated at wB97XD/6-311++G(d,p) APFD/6-311++G(d,p) level of theory. In the case of the
Dye-LC complex, both calculated spectra are identical thus they are overlapping in the above figure.
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