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This work presents theoretical investigations into the electro-optical response of an aroylhydrazone 

liquid crystal (LC) N-[2-Hydroxy-4-dodecylidene]-N′-[4′-dodecyloxybenzoyl]hydrazine (2HDDH) 

under the influence of terahertz (THz) range electric fields, a regime rarely explored for this class of 

materials. While previous studies on LC molecules have predominantly focused on static or low-

frequency fields, the effect of high-frequency (THz) electric fields on their electro-optical properties 

remains largely unexplored, limiting the understanding of their potential in next-generation photonic 

and optoelectronic technologies. Using a theoretical framework originally developed for organic 

compounds and extended here to THz device contexts, we computed order parameter, birefringence, 

director angle, vertical electronic transitions, frontier molecular orbitals (HOMO–LUMO), and 

molecular electrostatic potential (MEP) surfaces. The finite field approach was employed to evaluate 

order parameter, birefringence, and magic angle, while DFT and TD-DFT calculations revealed high 

anisotropic polarizability (Δα = 466.45 Bohr³), a moderate dipole moment (μ = 5.67 D), and strong 

UV absorption. These results identify 2HDDH as a thermally stable, electro-optically active material 

with significant promise for THz-frequency optoelectronic applications, including advanced displays, 

sensors, and OLEDs. 
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1. Introduction 

      Besides the ordinary phases of matter, gas, liquid, and 
solid, a few substances exhibit other types of phases, which 
are in between the isotropic liquid phase and the most 
ordered solid phase. These mediatory phases are referred 
to as liquid crystal phases, and they possess orientational 
order as liquids and positional order as solids. Fluidity of 
such materials in liquid crystalline phases is like liquids, and 
anisotropic properties like solids [1-3]. Liquid crystal 
molecules have a unique structure that promotes the 
formation of supramolecules through self-assembling 
features of molecules. Calamatic LCs have a mesogenic rigid 
core formed by the connection of aromatic rings by linking 
groups and flexible side chains.  The liquid crystalline 

character of liquid mesogens is influenced by various non-
bonding interactions like ionic dipolar interactions, 
hydrogen bonding, and charge transfer [4-8]. These 
interactions have a key role in the diverse properties and 
relevance of liquid crystals, particularly in soft condensed 
materials, which are of great interest in fields ranging from 
electronics to biomedicine [9-10]. 

      Aroylhydrazone liquid crystals (LCs), a notable class of 
LC-materials having (–C(O)-NH-N=CH-) core, have garnered 
considerable attention in optoelectronics due to their 
distinctive electro-optical properties [11,12]. The presence 
of a hydrazone functional group attached to an aromatic 
ring allows these materials to appear in diverse liquid 
crystalline phases, as well as nematic, smectic, and 
columnar phases. These are the critical phases for their use 
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in applications such as liquid crystal displays (LCDs), smart 
materials, and sensors [13,14]. Thus, the non-covalent 
interactions driving the mesogenic behavior of liquid 
crystals directly contribute to the functionality of materials 
like aroylhydrazone LCs in a variety of advanced 
technological applications. The ability of aroylhydrazone 
LCs to exhibit such mesomorphic behavior makes them 
ideal candidates for next-generation electronic devices. The 
mesophase formation and properties of aroylhydrazone LCs 
are influenced by a combination of subtle and 
intramolecular factors. Subtle factors, like molecular length, 
shape, and flexibility, play a key role in how the molecules 
align and pack together, which directly impacts their 
mesophase behavior. Additionally, intramolecular factors 
like hydrogen bonding, conjugation within the aromatic 
rings, and the overall symmetry of the molecules are crucial 
in determining the stability and electro-optical 
characteristics of these liquid crystals [15-17]. These factors 
contribute to the unique ability of aroylhydrazone LCs to 
interact with external electric fields, making them valuable 
for display technologies and sensing applications. 
Recognizing the importance of the functional properties and 
synthetic versatility of aroylhydrazone derivatives, our 
research group has begun to explore the structure-
mesophase property relationship of these compounds [16]. 
      The nature of the LC molecules may be polar or non-
polar depending on their physical structure [18-20]. LC 
molecules may have more electric dipole moment, either 
along the long molecular axis or perpendicular to it. 
Comparatively high eternal dipole moments along long 
molecular axes fortify the dielectric anisotropy, and such 
kinds of LCs orient along the applied electric field. Molecules 
having a low dipole moment across the long molecular axis 
orient perpendicular to the applied electric field [21]. 
Calamatic Nematic mesogens are attentive to the external 
electric field and easily rotate their long molecular axis 
along the electric field. Calamatic mesogens have burly 
electron conjugation that is essential for display devices and 
other applications. Dielectric anisotropy is responsible for 
the reorientation of molecules in electric fields. The 
reorientation of LCs plays an important role in electro-
optical devices. The orientational order parameter of LCs 
alters in the applied external electric field, and the director 
angle or magic angle reorients in an external field. The LC 
molecules collectively respond to the applied external field, 
which results in fluctuation of the director angle [22]. In this 
study, we have computed the order parameter, 
birefringence, and director angle in the presence of an 
electric field. We have constructed HOMO-LUMO to 
investigate electro-optical properties, and MEP, which is 
useful in interaction studies by predicting the reactive sites 
of a molecule [23]. 

Liquid crystals (LCs) often exhibit significant absorption, 
which requires extremely thin LC layers for experimental 
measurements. In the ultraviolet region, the required layer 
thickness can be as small as 0.1 microns. Even slight 
irregularities in layer thickness can impact spectroscopic 
characteristics, leading to a diminished overall response 
[24,25]. High dipole moment chromophores, known for 
their strong interactions, play a crucial role in forecasting 
spectral shifts in UV-Vis spectroscopy. Computational 
simulations of UV-Vis spectra are highly effective at 

achieving accurate predictions. To study UV-Vis spectra, we 
have used time-dependent density functional theory (TD-
DFT), which is particularly reliable in providing precise 
results [26,27]. This method enables the calculation of 
energies linked to electronic transitions between ground 
and excited states. Accurate determination of excitation 
energies and corresponding dipole moments is essential for 
designing spectroscopic probes with desired optical 
features [28,29]. 

2. Methodology 

      In the present study, the B3LYP/6-31G** functional has 
been selected for ground-state geometry optimization and 
initial electronic property evaluations due to its well-
established reliability for main group elements, cost-
effectiveness, and widespread validation in literature for 
modeling organic molecules, including liquid crystals. 
However, B3LYP may not always offer the best accuracy for 
excited-state properties. Therefore, to enhance the 
reliability of excited-state predictions, we employed the 
M06-2X functional in combination with the 6-31G** basis 
set for the TD-DFT calculations. 

2.1.  Order Parameter, Birefringence, and Director 
Angle 

The structure of N-[2-Hydroxy-4-dodecylidene]-N′-[4′-
dodecyloxybenzoyl] hydrazine (2HDDH) molecule is 
optimized in the ground state (in vacuo) through the 
B3LYP/6-31G** technique. We have utilized Gaussian16 
[30] software for optimization and Gauss View 6 [31] for 
visualization. We have used B3LYP/6-31G** functional for 
theoretical study due to its credibility for main group 
chemistry, and quantification of non-covalent interactions 
along molecular structure prediction [32-35]. After 
optimizing and checking for any imaginary frequency, we 
applied an electric field along the long molecular axis (X-
axis) and perpendicular to it in the plane of the molecule 
(Y-axis) in a range of 0.0000 (a.u) to 0.150 at regular 
intervals of 0.002 (a.u). At the atomic level, electric field 
and frequency are related as 1 a.u = 5.14 × 10 11 V/m = 6.5 
× 1015 Hz [36]. In the presence of different applied electric 
fields, we have evaluated the molecular polarizability of 
2HDDH molecules. In our consideration, polarizability 
along the X-axis (long molecular axis) is extraordinary 
molecular polarizability (αe) while polarizability along the 
Y-axis is ordinary molecular polarizability (αo). Order 
parameters, birefringence, and director angle are evaluated 
utilizing the finite field technique. The total energy of a 
molecular system in the presence of a homogeneous 
electric field in the light of a finite field approach can be 
given as:  

𝐸 = 𝐸𝑜 − 𝜇𝑖𝐹𝑖 −
1

2
𝛼𝑖𝑗𝐹𝑖𝐹𝑗 −

1

6
𝛽𝑖𝑗𝑘𝐹𝑖𝐹𝑗  (1) 

where Eo and E are the total energy of the molecule before 
and after the application of the electric field, respectively. 
μ, α, β, and F are equivalent to dipole moment, 
polarizability, first-order hyperpolarizability, and the 
component of the electric field, while subscripts i, j, and k 
indicate X, Y, and Z direction. By numerical differentiation 
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concerning the finite electric field, we have utilized the 
formula given in equations (2), (3), and (4) for order 
parameter, birefringence, and director angle, respectively 
[37-38].  
      Order parameter, 

𝑆 =
Δα ̃

∆𝛼
=

(𝛼𝑒 − 𝛼𝑜)

(𝛼𝑒 + 𝛼𝑜)
 (2) 

Birefringence, 

∆ 𝑛 =  
(𝛼𝑒 − 𝛼𝑜)

6.3631
  [𝑅3 − (

2𝛼𝑜 + 𝛼𝑒

20.244
)]

−1

 (3) 

where R is the radius of the liquid crystal molecule. 
Director angle, 

𝜃 =  cos−1 [
(2𝑆 + 1)

3
] (4) 

2.2. HOMO-LUMO and MEP Study 

A molecule of liquid crystal of N-[2-Hydroxy-4-
dodecylidene]-N′-[4′-dodecyloxybenzoyl] hydrazine is 
optimized (Fig. 1) in the ground state using density 
functional theory in conjunction with the basis set 6-31G**. 
Further, HUMO-LUMO and MEP of the molecule are 
constructed. B3LYP/6-31G** technique ensures an 
accurate depiction of the electron density distribution and 
provides reliable insights into the molecule’s electronic 
properties [27,39]. The molecular geometry was optimized 
before the ESP calculation to ensure structural accuracy 
and minimize artifacts. 

  

  
Fig. 1. Optimized molecular geometry of 2HDDH obtained using the B3LYP/6-31G** method, showing the spatial arrangement of functional groups 
and the extended alkyl chains. 

 

2.3. Electro-Optical, electronic, and thermal Parameter 
study 

      The optimized structure of the molecule is utilized to 
evaluate electro-optical properties like mean polarizability, 
isotropic polarizability, dipole moment, and molar 
refractivity. Molecular orbital energies EHOMO and ELUMO 

have been utilized in the calculation of global parameters 
like electron affinity, ionization potential, electronegativity, 
electrophilicity index, and chemical hardness [40-43]. 

2.4. UV-Vis spectra study 

      To predict the UV-Vis absorption spectra, TD-DFT 
calculations were utilized. The M06-2X functional, known 
for its accuracy in describing excited-state properties, was 
employed in conjunction with the 6-31G** basis set. The 
resulting excitation energies and oscillator strengths were 
used to construct the absorption spectrum using OriginPro 
2024. 

3. Results and Discussion 

We have applied the electric field in the range from 0.00 
to 0.150 a.u. in steps of 0.002 a.u and investigated the order 
parameter, birefringence, and magic angle (director angle). 
The nature of variation of the order parameter, 
birefringence, and magic angle in the range 0.000 a.u to 
0.092 a.u is different from the range 0.092 a.u to 0.150 a.u. 
At higher field strengths (particularly beyond 0.092 a.u = 
4.7 × 10⁹ V/m), the molecular response is expected to enter 
a nonlinear regime. This may lead to enhanced 
hyperpolarizability and significant deviation from linear 
behavior, especially in anisotropic polarizability. Such 
nonlinearities are important for applications involving 

intense THz fields, indicating the molecule’s potential for 
third-order nonlinear optical (NLO) applications. Further 
computational and experimental work will be needed to 
quantify hyperpolarizability and confirm these predictions.  

 
3.1. Order parameter 

We applied an external electric field in the range of 
0.000 to 0.150 a.u. and evaluated the order parameter 
using equation (1). As shown in Figure 2, the order 
parameter increases from 0 to a peak value of 0.61 between 
0.000 and 0.022 a.u., indicating progressive alignment of LC 
molecules along the field direction. Between 0.022 and 
0.092 a.u., the order parameter remains nearly saturated 
with minor fluctuations, suggesting a stable smectic A 
phase, where molecules are arranged in layers with their 
long axes roughly perpendicular to the layer planes and 
aligned with the field. However, beyond 0.092 a.u., a sharp 
decline in the order parameter is observed. This abrupt 
transition is attributed to the electric-field-induced 
disruption of the smectic A phase. At this critical field 
strength, the torque exerted by the field surpasses the 
cohesive intermolecular forces (van der Waals and dipole-
dipole interactions) that maintain the layered structure. As 
a result, the molecular alignment becomes unstable, 
leading to the collapse of positional and orientational 
order. The liquid crystal begins to exhibit isotropic-like 
behavior, where molecules lose their directional alignment 
and the order parameter approaches zero. This phase 
disruption is consistent with prior findings where strong 
electric fields are known to induce phase transitions in LCs 
from ordered to disordered states [44]. At higher fields 
(beyond 0.100 a.u.), the induced torque can overcome 
stabilizing intermolecular interactions and cause 
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realignment perpendicular to the initial orientation or field 
direction, leading to a negative order parameter. 

3.2. Birefringence 

      The variation of birefringence (Δn) with applied electric 
field is shown in Figure 3. At low fields (up to ~0.022 a.u.), 
Δn is minimal (≈0.01), reflecting the random orientation of 
molecules. As the field increases, molecular alignment 
improves, leading to a gradual rise in birefringence. 
Between ~0.022 a.u. and ~0.092 a.u., birefringence reaches 
a plateau around 0.025, signifying a stabilized smectic A 
phase with high optical anisotropy. 
At~0.092 a.u., the birefringence starts to decrease abruptly, 
consistent with the drop in the order parameter. This 
marks the onset of field-induced disruption of the smectic 
phase, where the alignment and layer structure are 
compromised. As the field continues to increase, the optical 
anisotropy diminishes due to the breakdown of molecular 
order [45]. With a further increase in the electric field 
strength, the molecular orientation undergoes significant 
reorganization. This reorientation enhances the 
polarizability component perpendicular to the long 
molecular axis. As a result, the difference between the 
refractive indices along and perpendicular to the field 
direction (Δn = n∥ − n⊥) becomes negative, leading to 
negative birefringence. The observed transition from 
positive to negative birefringence with increasing field 
strength reflects a gradual shift in the dominant direction 
of electronic polarization, suggesting a molecular 
realignment away from the initial field-induced 
orientation. This behavior is indicative of a field-induced 
destabilization of the ordered phase and is consistent with 
anisotropic polarizability responses in highly aligned liquid 
crystal systems. 

 
Fig. 2. Variation of order parameter with applied electric field using 
B3LYP/6-31G** method. 

 

3.3. Director angle 

The director angle is calculated with the help of 
mathematical equation 3 in the presence of the external 
electric field. The max and min values of the director angle 
are 83.6° and 42.2°, respectively (Fig. 4). When the applied 
electric field is very low, molecules are randomly 
orientated, and the average orientation of the molecule 
(director angle) from the applied electric field is about 70°.    

As the electric field increases, the alignment of the smectic 
layer parallel to the electric field increases progressively; 
hence, the director angle decreases progressively with the 
increment of the applied electric field. In the Smectic A 
phase, its lowest value is 42.2°, and it slowly increases with 
the extension of the applied electric field up to 0.092 a.u. On 
further extension of the applied electric field director angle 
increases rapidly due to the collapse of positional and 
orientational order. 

 
Fig. 3. Variation of birefringence with the electric field using B3LYP/6-
31G** method. 

 

 
Fig. 4. Variation of director angle with applied electric field using 
B3LYP/6-31G** method. 

3.4. HOMO-LUMO and Electrostatic Potential Surface 

The HOMO and LUMO play a crucial role in determining 
the electro-optical behavior of the 2HDDH molecule. As 
shown in Figure 5, the HOMO is predominantly localized 
over the electron-rich aromatic rings, while the LUMO is 
distributed over the electron-deficient regions, suggesting 
an efficient intramolecular charge transfer. The calculated 
HOMO-LUMO energy gap reflects a balance between 
molecular stability and electronic excitability. A moderate 
gap facilitates optical absorption in the near-UV region, 
consistent with the UV-Vis results, and supports efficient 
charge transport under an external electric field. This gap 
also influences the molecule’s polarizability and switching 
behavior, which are key parameters for its potential use in 
optoelectronic and liquid crystal display (LCD) 
applications. The electrostatic potential (ESP) surface of 



  Y. Kushwaha / Progress in Physics of Applied Materials 6 (2026) 35-42                                                39 
 

the liquid crystal molecule (Fig. 6) visualizes charge 
distribution, crucial for understanding intermolecular 
interactions, alignment, and self-assembly in liquid 
crystalline phases. Red regions (high electron density) 
arise from oxygen atoms, acting as hydrogen-bond 
acceptors or dipole–dipole sites. Blue regions (low electron 
density) near nitrogen indicate positive potential, serving 

as hydrogen-bond donors. Green–yellow zones represent 
intermediate potential, typically carbon-rich alkyl chains, 
which impart amphiphilicity, fluidity, and promote 
hydrophobic interactions for stable layered mesophases. 
Aromatic cores with polar substituents (red/blue) enable 
π–π stacking, dipole alignment, anisotropy, and enhance 
responsiveness to external fields, key for LCD applications. 

 
Fig. 5. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 2HDDH obtained using the B3LYP/6-
31G** method, illustrating the electron density distribution in the frontier molecular orbitals. 

 
Fig. 6. MEP of the molecule anticipated at 0.004 electrons per bohr3 isodensity surface using method B3LYP/6-31G**. 

3.5. UV-Vis spectra Results: TD-DFT 

The UV-Vis spectrum shows one intense and two weak 
electronic transitions. The most intense transition occurs at 
295.04 nm (oscillator strength f = 1.0), attributed mainly to 
HOMO → LUMO (87.75%) and HOMO → LUMO+1 (4.89%) 
excitations. A weak transition at 250.17 nm (f = 0.2) arises 
from multiple excitations, primarily HOMO–1 → LUMO 
(50.0%) and HOMO–6 → LUMO+3 (24.0%). Another 
negligible transition is observed at 257.17 nm (Fig. 7). The 
strong absorption at 295 nm, located in the near-UV region, 
aligns well with the operational range of UV-responsive 
liquid crystal displays and UV filters, which typically 
function around 280–400 nm. The high oscillator strength 
and molar absorptivity suggest potential for applications in 
optoelectronic devices such as OLEDs and UV-
photodetectors, as well as photovoltaic and 
photoconductive materials. Furthermore, the molecule’s 
absorption properties in the UV-B region (280–320 nm) 
make it a suitable candidate for optical coatings or 
sunscreen formulations [46]. 

3.6. Electro-optical and Thermal Parameters 

Electro-optical and thermal parameters are listed in 

Table 1. High dipole moment and polarizability anisotropy 

(Table 1) are prerequisites for electro-optical devices, as 

they improve the ability of molecules to align under an 

external field.  

 

Fig. 7. Simulated absorption spectrum of 2HDDH calculated using the 

TD-DFT/M06-2X/6-31G** method, showing the electronic transition 

peaks and their corresponding wavelengths. 

Highly anisotropic polarizability enhances optical 
switching frequency and contrast ratio. The liquid crystal 



40                                                                Y. Kushwaha / Progress in Physics of Applied Materials 6 (2026) 35-42 

2HDDH has a moderate dipole moment (μ = 5.67 D) and a 
large anisotropic polarizability (Δα = 466.45 Bhor³), 
suggesting it is a strong candidate for electro-optical 
applications. Moreover, the large Gibbs free energy 
(~514.84 kcal/mol) and enthalpy (320.36 cal/mol-K) 
values indicate robust thermal stability. Such stability 
ensures that the material can operate over a wide 
temperature range without structural or phase changes. 
This is essential for advanced displays and sensors, which 
may experience high operating temperatures or rapid 
thermal cycling [47]. A thermally stable liquid crystal will 
maintain its alignment and optical properties under these 
conditions, leading to consistent device performance and 

long operational lifetime. High ionization energy (I = 5.557 
eV) and moderate electron affinity (A = 1.476 eV) suggest 
resistance to oxidation and some ability to accept electrons, 
indicating potential for interaction with electron-donating 
species. The balanced electrophilicity index (ω = 3.026 eV) 
and chemical hardness (η = 2.040 eV) imply a favorable mix 
of reactivity and stability; moderate hardness means the 
molecule can engage in intermolecular interactions (e.g., 
for nanoparticle doping) without compromising its 
integrity. Finally, the low electron-accepting capability (ω⁺ 
= 1.526 eV) and high electron-donating capability (ω⁻ = 
5.043 eV) make this material well suited for optoelectronic 
devices like OLEDs [48]. 

Table 1. Electro-optical, Thermal, and Global parameters of the 2HDDH molecule. 

Electro-Optical & thermal parameters Global Descriptors (eV) 
Dipole moment (μ) 5.67 Debye Ionisation Potential (I) 5.557 
Mean Polarizability (α) 526.88 (Bhor3) Electron affinity (A) 1.476 
Anisotropic Polarizability (Δα) 466.45 (Bhor3) Electronegativity(χ) 3.516 
Molar refractivity 196.98 (esu) Chemical hardness (η) 2.040 
Enthalpy (H) 320.36 cal/mol-k Chemical potential (φ) -3.516 
Gibbs free energy (G) 514.84 kcal/mol Electrophilicity index (ω) 3.026 
Zero-point energy  577.95 kcal/mol Electron donating capability(ω-) 5.043 
Heat capacity (Cv) 184.02 cal/mol-k Electron accepting capability(ω+) 1.526 

 

4. Conclusions 

The theoretical investigations elucidate the potential of 

the compound 2HDDH for advanced optoelectronic 

applications. High anisotropic polarizability (Δα = 466.45 

Bohr³) and moderate dipole moment (μ = 5.67 D) of 

2HDDH LC, making it suitable for electro-optical devices. 

Order parameter analysis and birefringence conform to its 

responsiveness in the external electric field. High Gibbs 

free energy and enthalpic value confirm its thermal 

stability. Global descriptors affirm the optical stability. The 

high value of electron-donating and moderate value of 

electron-accepting capabilities underlines its potential for 

OLED applications. The computational findings establish 

2HDDH as a thermally stable and electro-optically 

responsive liquid crystal, promising for advanced 

applications in display technologies, sensors, and 

optoelectronic devices. Future work will investigate device 

integration and the bio-functional potential of the 

compound, aiming to advance next-generation materials 

for innovative technologies. Planned studies include 

quantifying hyperpolarizability under strong electric fields 

to evaluate suitability for third-order nonlinear optical 

applications. Additionally, device-level simulations and 

molecular docking will be employed to assess the 

compound’s integration into optoelectronic devices and its 

potential in bio-functional applications such as biosensing 

and targeted delivery. It should be noted that this study is 

based exclusively on theoretical DFT calculations, which, 

while providing reliable predictions, are inherently subject 

to methodological approximations and the absence of 

direct experimental validation. Consequently, 

experimental studies are crucial to verify the predicted 

electro-optical properties and thermal stability of 2HDDH, 

as well as to evaluate its practical integration into 

optoelectronic and bio-functional devices. 
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