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ABSTRACT

Under the impact of an external electric field, the birefringence and order
parameter, dipole moment, and refractive index express an even-odd effect. The
molecular polarizability is responsible for an even-odd effect of the optical parameters.
The electric field is an alternative of temperature to determine the liquid crystal (LC)
series's optical parameters. The birefringence and transition temperature enhance for the
odd member and reduce for the even alkyl chain members. The LC has nematic to
smectic phase stability under an external electric field with adverse birefringence and
order parameter. The refractive index reveals stability in the smectic, nematic, and
isotropic phases. The director angle maintains stability for the nematic phase in the
adverse order and smectic phase stable in positive order. The density functional theory
(DFT) methods (B3LYP and M062X) reveals the same nature of optical characteristics
for all the series, however, with different values. The odd carbon atom numbers present
higher value as a comparison with the even carbon atom numbers of the alkyl chain
length for the phase transition temperature.

Chapter 1 contains a brief introduction to the liquid crystals. Chapter 1 also has a
historical background with the latest applications of liquid crystal. This chapter also
explores the different types of liquid crystals with different phases.

Chapter 2 represents a brief description of the methodology which has been used
in the present work. The description of DFT and Ab initio methods are also given in
chapter 2.

Chapter 3 represents the studied of the effect of an external electric field on the
nCB liquid crystal series with an extension of the liquid crystal molecules' alkyl chain.
The C-C and C-H atom's stretching contributes to the anisotropy of polarizability for the
new molecular compound of the nCB series. The molecular polarizability is responsible
for an even-odd effect of the optical parameters. The electric field is an alternative of
temperature to determine the optical parameters of the LC series. Under the effect of an

external electric field, the birefringence and order parameter express an even-odd effect.
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The birefringence and transition temperature enhance for the odd member and reduce for
the even alkyl chain members.

Chapter 4 represent an investigates of the N-(p-hexyloxy-benzylidene)—p-
toluidine (HBT) liquid crystal molecule having maximum absorbance due to the O-C
stretching during the intermolecular interaction. Under an external electric field
extension, the HBT LC has nematic to smectic phase stability with adverse birefringence
and order parameter. The refractive index reveals stability in the smectic, nematic, and
isotropic phases. The director angle maintains stability for the nematic phase in the
adverse order and smectic phase stable in positive order.

Chapter 5 represents the homologous series of the organic compound N(p-n-

Heptyloxy-Benzylidene) p-Toluidine (70.m) reveals the odd-even effect under the impact
of an external applied electric field by density functional theory (DFT) methods. The

order parameter, dipole moment, and birefringence exhibit an odd-even effect.
Simultaneously, the Isotropic polarizability and HOMO-LUMO gap do not exhibit any
odd-even effect under the impact of an external applied electric field. The HOMO-
LUMO gap remains constant for the homologous series of 70.m (m=1-10). The
refractive index and isotropic polarizability continuously increase with an extension of
alkyl chain length. The density functional theory (DFT) methods (B3LYP and M062X)
reveals the same nature of optical characteristics for all the series but with different
values.

Chapter 6 represents the electric field effect on 4-(trans-4’-n-alkyl-cyclohexyl)
isothiocyanate-benzene (nCHBT) liquid crystal molecules. Under the impact of an
electric field, the order parameter, magic angle, HOMO-LUMO gap, range of director
angle, isotropic polarizability, and the refractive index does not express any even-odd
effect while the birefringence reveals the even-odd effect. The extension of the nCHBT
LC molecule's alkyl chain length represents the even-odd effect of the temperature
variation from nematic to isotropic phase transition and dipole moment HOMO-LUMO
gap remains constant. Still, isotropic polarizability, order parameters, and refractive index
have continuously increased. The odd carbon atom numbers present higher value as a
comparison with the even carbon atom numbers of the alkyl chain length for the phase

transition temperature. The NCHBT liquid crystal molecule reveals the birefringence and
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order parameter are reciprocal to each other. For the whole, series the order parameter has

continuously increased, and the birefringence decreased. The external electric field's

influence is an alternative to the temperature for the optical parameter of nCHBT LC.
Chapter 7 contains a summary and conclusion of the entire work. This work also

includes future prospects of unknown optical properties of liquid crystal molecules.
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CHAPTER 1

Introduction

The states of matter are mainly classified into three categories: solid, liquid and gas.
Different properties are exhibited by these states of matter like solids have a definite
shape, liquids are able to flow, and gases do not have fixed shape or volume [1]. The
concept of liquid crystal lies between a crystalline solid and an isotropic liquid. The
interconversion between different states can be achieved by increasing or decreasing
temperature [2]. But a peculiar phenomenon happened with Austrian botanist Reinitzer
when he was studying the properties of some esters of cholesterol. In 1888, an
intermediate state of matter between the solid and liquid state was discovered by the
Friedrich Reinitzer which is known as liquid crystal state [3]. After reviewing the sample
under the polarizing microscope, the conclusion came as a new state of matter, which has
properties totally different from the isotropic liquid [4]. This new state is perfectly
ordered like the arrangement of molecules in a solid but has a tendency to flow like an
isotropic liquid, so these are named as liquid crystals [5]. The ordering in a liquid crystal
is of two types: positional and orientational, depending upon the lattice position acquired
by molecules and alignment of molecules in a specific direction, respectively [6]. In the
isotropic liquid, both types of order are present. In a plastic crystal, only positional
ordering is present [7]. In liquid crystals, orientational ordering is present while positional
ordering disappears either fully or partially, as shown in Fig. 1.1. These liquid crystals
show some characteristics of a crystalline solid, which can be seen through X-ray
diffraction, and some flow properties similar to liquids [8]. The general structure of liquid
crystal contains two aromatic benzene rings connected by a linkage group, and the

aromatic ring also connected with the X and Y terminal group because they provide




stability to the liquid crystal. The lateral substitute enhances the anisotropy of the liquid

crystals due to the polarity, as shown in Fig. 1.2.

Crystalline solid——Liquid crystal——>Isotropic liquid

i
i

Figure 1.1 The phase transformation from crystalline to Isotropic phase

Z g
| |

X— Ring A— Ring —Y

Aromatic or saturated benzene ring
X & Y are terminal groups

A 1s linkage between ring systems
Z and Z’ are lateral substituents

Figure 1.2 General Skelton of liquid crystal



Table 1.1 Description of rigid core, linking group flexible chain and lateral substituents

of liquid crystal

Rigid Core or o ) _ Lateral
Ring Linking Group Flexible chain Substituents

2,5-Pyrimidinyl -C=C- Alkyl chain CN
1,4-Phenyl -CH2-CHz- Alkoxy chains F/CI/Br/I
2,6-Naphtyl -COO- NCS CH3
1,4-Biphenyl -CH=CH- F/CI/Br/I CN
1,4-Cyclopentyl -(CH=CH),- CN NO:2
1,4-Cyclohexyl -COS- CF3

-N=N- CHs

-CH=N- NO2

-O-CH2-CH-O

-CH=CH-COO-

Figure 1.3 Classification of liquid crystal




Based on the structure, two types of liquid crystals are:

1.1.1 Calamitics: In this, the liquid crystals are shaped in the form of a rod having one

axis longer than the other [9].

1.1.2 Discotics: In this, the liquid crystals are shaped in the form of a disc having one
axis shorter than the other [10]. In between these two above, there exist lathlike species.

Another class is a thermotropic liquid crystal, where a change in temperature exhibits the
change. The calamitic thermotropic liquid crystals are classified into nematic and smectic
liquid crystals [11]. The subsequent class is discotic nematic and columnar. By the
influence of solvents, the liquid crystals are named as Lyotropic liquid crystals. The role
of a surfactant is very crucial in this case [12]. The liquid crystals in the nematic phase do
not change their direction of propagation while going through the sample. But positional
order is absent [13]. If we take the case of isotropic liquid—nematic transition, the

translational symmetry is maintained while the rotational symmetry is lost [14].
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Figure 1.4 Types of Smectic liquid crystals



The liquid crystals in the smectic phase are obtained when the crystalline order is absent
in two dimensions. By this, we get a stack of two-dimensional liquid. These have well-
defined structures with well-defined interlayer spacing [15]. The Classification of liquid
crystal as shown in Fig 1.3. In smectics, the positional and orientational ordering remains
intact. This helps in translation in two directions and rotation in one direction [16]. The
strength of interlayer attractions was weak in comparison to lateral forces, so the layers of
the molecules can slide over one another [17]. This enhances the fluidity of smectics over
the nematics as smectics have higher viscosity. Another key feature of the smectic phase
is it has periodicity along one direction [18]. One can find a large number of smectic
phase as no point group is forbidden [19]. From layer formation, one smectic phase is
different from the other one another. Smectic A phase is considered to be the simplest
phase in which the average molecular axis is perpendicular to the smectic layers [20].
There is a random arrangement of different layers of the smectic phase, and they are
capable of translating and rotating along their axes [21]. One can observe optical patterns
arising due to the distortion caused by the flexibility of layers [22]. For getting a phase
having a bit lower symmetry, the temperature must be decreased up to a certain level.
These phases produce a crystalline structure when the long-axes of the molecule are
orthogonal to the plane of the layers [23]. One of the exceptions is the smectic D phase,
which is a cubic phase but does not contain layers. Some smectic phases possess 2D
character like smectic B, smectic I, and smectic F as shown in Fig. 1.4. The higher-order

smectic phase possesses 3D character smectic L and smectic J [24].

The subsequent classification is given in following sections as;
1.1.3 Chiral Calamitic Mesophase

Some chiral compounds have a structure similar to non-chiral compounds, and these are
capable of forming liquid crystals [25]. But the chiral and non-chiral compounds have
totally different properties. An optically active material whose long molecular axis is
varying continuously throughout the medium at a steady rate forms a helical structure
known as twisted nematic or chiral nematic [26]. This is first observed in derivatives of

cholesterols, so the name cholesteric was given to this category. Being helical in nature,



these phases have special optical properties and are useful in many practical applications
[27]. Due to symmetrical properties, these are non-ferroelectric in nature. When the
temperature of these phases was lowered to the clearing point, an anomalous phase called
the blue phase appeared [28]. The temperature range was practically very narrow, and

these are in between cholesteric and isotropic phase [29].

The tilting in the chiral smectic phase leads to the ferroelectric properties. They have
lower symmetry; therefore show spontaneous polarization and piezoelectric behavior, so
these are ferroelectric liquid crystals [30]. The types of interaction between molecules or
with any applied electric field changes due to permanent dipoles present in the phase. As
the ferroelectric smectic C phase forms the helical structure, it is optically active in nature

[31]. The chiral nature of liquid crystal molecules shown in Fig. 1.5.

Z. axis

i ,ILayer
. Pitch

, v
/KPolarization Vector

Chiral Smectic Molecule

Figure 1.5 Chiral Calamitic Mesophase director orientation
1.1.4 Cubic Mesophases

These phases usually occur in Lyotropic systems and are very less frequent in

thermotropic liquid crystals. The cubic structures are formed due to the formation of the



micelle, a kind of structure having hydrophilic ionic end and hydrophobic alkyl chain in
the Lyotropic systems [32]. One of the examples of cubic structure in thermotropic liquid

crystals is substituted alkoxy biphenyl carboxylic acids [33].
1.2 Liquid Crystal Polymers

The liquid crystals having low molecular mass are taken as a monomer to form liquid
crystal polymers. One of the types of liquid crystals form due to the presence of a rigid
macromolecule, and another is due to the presence of a large number of monomer
forming a rigid chain segment [34]. For the formation of a rigid main-chain liquid crystal
polymer, the low molar mass molecules must be joined together in the form of a chain.
To get a semi-flexible polymer, the linking units must be long and flexible [35]. The

molecular arrangement of liquid crystal polymers shown in Fig. 1.6.

(A) 3 (B)

SCB

Figure 1.6 Different molecular arrangement of Liquid Crystal Polymers

1.3 Lyotropic liquid crystals

This consists of different molecules having a non-mesogenic liquid; it is always present

in the solution form. Usually, the mixture is formed by amphiphilic molecule and water

7



for e.g., soap and water [36]. The concentration of water shows different mesophases like
lamellar, hexagonal, and cubic phase. When the amphiphilic molecules are arranged in
the form of a layer, then the lamellar phase arises [37]. The polar heads of subsequent
layers contain water in between, whereas the alkyl chain is in the non-polar region. The
hexagonal phase composed of micelle arranged in the form of a cylinder, giving rise to
the hexagonal pattern. In the cubic phase, the micelle forms an emulsion in water shaped
in a sphere having an alkyl chain in the interior and polar head groups on the exterior
[38].

1.4 Phase Identification

To identify a liquid crystalline phase, the textures of the phase must be analyzed with a
polarized optical microscope. If the texture of the phase changes even in a narrow
temperature range, then this indicates that the phase transition has occurred [39]. This is a
reversible phenomenon as one can get previously observed phase by altering the heating
or cooling rates. The phase identification under the impact of temperature as shown in
Fig. 1.7.

e
0

)
()

0
W
{

Crystal (Cr) ~ Smectic (Sm) ~ Nematic (N)  Isotropic (I)
structure Phase Phase liquid

Figure 1.7 Phase Identification under the impact of temperature



1.5 Physical Properties due to Anisotropic Behaviour

Most of the physical properties of the liquid crystals are not direction-dependent, i.e.,
anisotropic. Due to anisotropic behavior and interaction of liquid crystal with
environment results in many spectacular phenomena [40]. One of the examples is the
properties of liquid crystal are affected due to changes in the value of the electric field.
With the help of this, liquid crystals are being used in optical display devices. Some of
the important phenomena are field-induced domain patterns, flexoelectric distortion,
ferroelectric switching, etc. One of the essential physical properties by which the liquid
crystal mixture is optimized is optical anisotropy [41]. The material can be birefringent
due to optical anisotropy. In-display devices, liquid crystals are aligned in such a way that

it can control the amount of polarized light [42].
1.6 Dielectric Anisotropy

The interaction of matter with the electric field results in the dielectric properties of the
material. Dielectric permittivity is the measure of this phenomenon. For a material having

non-polar molecules, induced polarization is of two types:
(a). Electronic polarization
(b). lonic polarization

Materials consisting of polar molecules also have orientational polarization in addition to
the above polarization [43]. A theoretical study of liquid crystal having anisotropic

behavior reveals that the anisotropy arises due to individual molecular entities.

A dipole-dipole correlation in smectic phases is different from the nematic phases. It
arises due to the different types of interaction with the surrounding dipoles of molecules.
This leads to a change in the value of dielectric anisotropy [44]. The Dielectric
permittivity (¢) of liquid crystal under the impact of temperature (°C) is represented by
the Fig. 1.8.
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Figure 1.8 Dielectric permittivity (g) of LC under the impact of temperature (°C)
1.7 Diamagnetic Anisotropy

A property most widely used in the study of liquid crystals is magnetic susceptibility as
liquid crystals gave a quick response to change in the magnetic field. Like, many of the
organic substances, liquid crystals are diamagnetic in nature [45]. The magnetic
properties of individual molecular components result in diamagnetic behavior. Magnetic
susceptibility is the measure of response occurred when external magnetic field changes
in a liquid crystal. The nature of the response is linear when the value of the magnetic
field is small [46]. Magnetic susceptibility has a negative value for diamagnetic material
and does not depend on field strength and temperature. Liquid crystals containing
aromatic ring have positive dielectric anisotropy; with the substitution of every
cyclohexane ring with a benzene ring, the value decreases. A negative value is observed
in cycloaliphatic LC [47].
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1.8 Transportation in Liquid Crystal

1. Coefficient of Viscosity: The obstruction of a fluid to flow when shear stress is
applied is known as viscosity. The different layers of a fluid offer internal friction
due to their velocity gradients. The viscous force is directly proportional to the
area and velocity of the fluid layer and inversely proportional to the separation
between the layers [48]. A proper distinction between dynamic viscosities and
kinematic viscosities is not possible in the case of the nematic liquid crystal [49].
The anisotropic behavior of viscosity is observed in liquid crystals. It is a
collective property that results due to the interaction of different molecules with
one another [50]. The rotation of a molecule around a particular axis gives rise to
rotational viscosity. In the presence of an electric or magnetic field, the
reorientation of the director axis changes the value of rotational viscosity.

2. Mass Diffusion: In liquid crystalline phase, the mass diffusion is anisotropic in
nature.

3. Electrical Conductivity: The conduction of electricity in a liquid crystal is due to

residual impurities [51].
1.9 Elastic Constants

The liquid crystals show elastic behavior if the uniform alignment of the director and
layer are tried to be deformed. A uniform strain can cause a change in distance between
adjacent layers, and this is opposed by restoring forces. But in nematic liquid crystals,
permanent opposing forces are absent [52].

1.10 Nematic Liquid Crystals

The molecules of a uniaxial nematic phase have their long axes parallel to each other, and
they have complete rotational symmetry. The aromatic and alicyclic core units combined
to form a nematic phase, but there is no specific rule to decide the core unit [53]. The
short terminal chain leads to the formation of the nematic phase. Normally the core

consists of two or more 1, 4 di-substituted rings having six members. But an exception of

11



acyclic and one ring structures forms nematic phase on dimerization exists [54].
Hydrogen bonding is the main key factor in the formation of the nematic phase. The
intermolecular hydrogen bonding generates a central core structure with an elongated
chain. The core structure having a phenyl ring is replaced by the alicyclic ring; this
increases the stabilization of the nematic phase as they arrange themselves in a better
space-filling manner [55]. This leads to anisotropic polarizability as the liquid crystalline
order is still maintained. In the selection of a material for a particular application, the
physical properties play an important role [56]. For fast switching applications, the
material should have a low value of viscosity. The linking groups in a nematic liquid
crystal are very important, one of which is the ester group. This group is versatile and is
used more commonly because of its stability, easy synthesizing methods [57]. By using
ester as a linking group, the liquid crystals have a lower value of the melting point. The
cyano group and alkyl group are used as a terminal group, and this eases the generation
of a liquid crystal. These groups provide flexibility and anisotropy in the physical
properties of a mesogen [58]. Proper molecular orientation is very necessary for the
generation of mesophases, and this is made easy by a proper terminal unit. The physical
properties of a mesogen are also dependent on this terminal group [59]. The molecular
length of a mesogen is increased by the alkyl chain, and this helps in the interaction of a
mesogen with one another. But this decreases the melting point of the molecule, so to
overcome this van der Waal interaction plays an important role. Also, a peculiar
phenomenon is observed, the namely odd-even effect [60]. The chain length odd in
number facilitates the transition in the nematic phase as compared to the even length of
the molecular chain. The branching of the molecular chain causes chirality [61]. The
molecular arrangement of liquid crystal as shown in Fig. 1.9.

12
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Figure 1.9 Molecular arrangement of ordinary Nematic LC

1.11 Smectic Liquid Crystals

In this phase, long molecular axes are ordered orientational and positional order is
reduced. Two types of phases arise due to different orientations. One is orthogonal, and
the other is the tilted phase as shown in Fig 1.10. With the help of optical instruments,
one can distinguish one phase from the other [62]. Smectic liquid crystals are
characterized by their periodicity in the space in one direction. A very large number of
smectic phases are present due to group symmetry. One of the simplest is smectic A
formed by the disordered liquid stacking in two dimensions [63]. For the smectic C
phase, the molecules must be aligned in a tilted direction as compared to the stacked
layers of liquid crystal. Another point of differentiation between smectic A and smectic C
is optical alignment, the former is uniaxial, and the latter is biaxial [64]. From the
uniaxiality of smectic liquid crystal, the focal-conic texture arises. They sometimes

aligned to form a polygon-shaped structure and sometimes homeotropic textures. But it is

13



difficult to differentiate between homeotropic smectic A and homeotropic nematic texture
[65].

Figurel.10 Molecular arrangement of Smectic LC
1.12 Smectic With Ordered Layers

X-ray diffraction reveals that the three-dimensional positional order exists in smectics,
and these are different from crystals as they have the ability to realign themselves. In the
smectic G and smectic J phase, the molecules are free to rotate about their long molecular
axis. But, this type of rotation is not allowed in the case of the smectic E phase [66]. In all
these cases, there is no focal conic texture, but some mosaic textures are observed in
some regions. Due to the lamellar structure of the smectic phases, the molecules of this
phase must be capable of attracting laterally with each other [67]. The cores of the
molecules are straight, narrow, and have a similar type of units tend to form smectic
phase more easily. Biphenyl core is the best-suited example for this phase as it helps in

lateral attractions [68]. The ordered layers of Smectic liquid crystal as shown in Fig. 1.11.

14
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Figure 1.11 Smectic LC With Ordered Layers
1.13 Discotic Liquid Crystal

The first disc-like molecule showing liquid crystalline behavior is benzene-hexa-n-
alkanoates; it consists of translational periodicity. Two types of discotic phases exist, and
they are discotic nematic and discotic columnar. The side chain of a molecule hinders the
formation of a discotic phase [69]. The Discotic liquid crystal with molecular

arrangement of the molecules as shown in Fig. 1.12.
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Figure 1.12 Discotic Liquid Crystal with molecular arrangement

1.13.1 Discotic Nematic Phase

The simplest discotic phase is a discotic nematic phase as it has a low value of viscosity,
and it is least ordered. The anisotropic nature of discs helps them to align along the
director axis with their short axes. There are a limited number of physical properties that
can be measured in a discotic phase, but the values of elastic constant showed a similar
order for discotic as well as calamitic [70]. The The molecular arrangement of discotic

Nematic liquid crystal as shown in Fig. 1.13.
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Figure 1.13 The molecular arrangement of discotic Nematic liquid crystal

1.13.2 Discotic Columnar Phase

This phase consists of discs placed one over the other forming columns of a liquid
crystal, and this constitutes two-dimensional lattices. The distance between the two
nearest neighboring species of this phase is equal and is independent of direction [71].
The central core of a discotic phase is generally a benzene ring or polyaromatic, but for
columnar phases, alicyclic cores are required. The homologous series of discotic phases
showed that the lower members of the series are discotic nematic; the transition members
are both discotic and discotic nematic, lastly the higher homologous transit from discotic
to isotropic phase [72]. The molecular arrangement of Discotic columnar Phase as shown
in Fig. 1.14.
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Figure 1.14 Molecular Arrangement of Discotic Columnar Phase
1.14 Polymer Liquid Crystal

A basic unit repeats on itself, forming a macromolecule, results in the formation of
polymer liquid crystal. The Polymer liquid crystal with different arrangement of
molecules as shown in Fig.1.15. There are two types of polymer liquid crystal:

1. Homopolymer liquid crystal: These consist of similar repeating units.

2. Copolymer liquid crystal: These consist of one or more different repeating units.

Network

Figure 1.15 Polymer Liquid Crystals with different arrangement
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The chain length can vary in a polymer liquid crystal, and it is independent of the basic
units from which it is constituted [73]. The degree of polymerization is known as the
average size of the individual chain. The property of a particular polymer liquid crystal
depends on the type of synthesis by which they are obtained. For the synthesis of a
polymer liquid crystal, a mesogen having a low value of molar mass can be utilized as a
monomer [74]. To synthesize a macromolecule, a monomer is generated first by the
conventional methods, and then polymerization of that monomeric unit forms liquid
crystal polymer. The properties of a polymer, in combination with the properties of a

liquid crystal, make it usable in a very wide variety of applications [75].
1.15 Chiral Liquid Crystal

A molecule and its mirror image do not superimpose each other; they are known as chiral
molecules. It tends to the asymmetric property of the molecule, and this leads to either
right-handed chirality or left-handed chirality [76]. One of the important consequences of
chirality is spontaneous polarization, which leads to ferroelectric properties and makes
liquid crystal to be used in electro-optical applications. In the case of achiral liquid
crystals, there is no spontaneous polarization just as in the nematic phase [77].

1.15.1 Chiral Nematic Phase

This is also known as a cholesteric phase because cholesterol derivatives are the first
thermotropic liquid crystals showing this phase. The texture of a chiral nematic is in
resemblance with the nematic phase as shown in Figure 16. To introduce chirality in a
liquid crystal material, one has to add chiral dopant molecule, and it is not necessary that
they are mesogens [78]. The Chiral Nematic phase with different director orientation of

the molecules shown in Fig. 1.16.
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Chiral Nematic

Figure 1.16 Chiral Nematic Phase with different director orientation
1.16 Physical as well as Optical Properties of Liquid Crystal

The physical properties of a liquid crystal are classified in two fields; scalar and non-
scalar physical properties [79]. The scalar physical properties are transition temperature,
transition enthalpy, entropy changes [80]. The non- scalar properties are dielectric,

diamagnetic, optical, elastic, and viscous coefficients [81].

1.16.1 Transition Temperature: The temperature difference of melting and clearing points
of a phase of a liquid crystal decides the stability of that liquid crystal. As in polymorphic
substances, the higher-ordered phase has a lower transition temperature [82]. Due to the
increase in the alkyl chain, the clearing point of a mesogen decreases. The mesogen
containing an odd number of the alkyl chain, show a decrement in clearing point, this
leads to odd-even effect [83]. If clearing is taking place in a very narrow range of
temperature, the compound is more likely to be a pure one. The presence of an impurity

in a compound increases the range of temperature of clearing [84].

20



1.16.2 Transition Enthalpy: In the process of melting, the enthalpy (energy) is
supplied from outside, and in the process of crystallization, the enthalpy is released to
the surroundings [85]. This causes a structural change in the compound, but only
change in enthalpy cannot determine the type of phase in a liquid crystal. An
approximate range of change in enthalpy from 30 to 50kJ/mol is required to change a
crystalline phase into an isotropic phase [86]. Some smaller enthalpy changes also
arise in the transition from the nematic to isotropic phase. In some cases, it is very
difficult to detect the smaller enthalpy changes as they are nearly equal to 300kJ/mol
[87].

1.17 Anisotropic Physical Properties

1.17.1 Refractive Index: This arises due to optical anisotropy in the mesogen, and it is
helpful in the optimization of the mesogen so makes it better to be used in display
devices [88]. The liquid crystals having two refractive indices are called birefringent,
and this birefringence is dependent on two factors; the wavelength of the incident
light and temperature of the surrounding. An instrument Abbe’s refractometer is
helpful in the determination of refractive indices of a mesogen [89]. The refractive

index of general liquid crystal as shown in Fig. 1.17.
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Figure 1.17 Refractive index of general liquid crystal
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1.17.2 Dielectric Permittivity: The dielectric property of a mesogen is dependent on
the application of the electric field. The electric field polarizes the mesogen, and
hence the capacitance increases [90]. In the case of nonpolar molecules, two types of
polarization exist electronic and ionic polarization. In the case of polar molecules,
other than these two polarizations, one additional type of polarization exists, i.e.,

orientational polarization [21].

1.17.3 Diamagnetic Anisotropy: To study the behavior and properties of liquid
crystals, the sensitivity of liquid crystals towards the magnetic field have been
exploited from the earlier times [19]. Like most of the organic materials, liquid
crystals are also diamagnetic in nature. When a cyclohexane derivative ring
substitutes a benzene ring, the value of diamagnetic anisotropy decreases [91]. In a
pure cycloaliphatic liquid crystal, diamagnetic anisotropy has a negative value. To
define the orientational order of a mesophase, this can be used as an order parameter
[92].

1.18 Order Parameter

This differentiates the mesogen from one another on the basis of the configuration of
molecules, as they are more ordered or less ordered [93]. For different causes, this
order parameter behaves differently. It sometimes considered as a scalar quantity as
in liquid-vapor transition and sometimes as a vector quantity as in ferromagnetic
transitions. For the measurement of the order parameter, infrared and Raman
spectroscopies play an important role [94]. Also, birefringence is directly related to
the order parameter. In the case of rod-like molecules, the mean directions of long
axes are parallel to one another [95]. Due to the orientational order present in the
liquid crystal, the anisotropic properties are found in liquid crystal. These direction-
dependent properties are affected due to the presence of the electric field, magnetic
field, and shear strain [96]. We can calculate the orientational order parameter by
taking the orientation of long molecular axis as a unit vector a; then the orientational

distribution function is represented as
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(0,®).f(6,D)dQ
Where dQ = sinfd0d® and dQ is the solid angle.

For isotropic phase f (6, @) is constant and in uniaxial crystals f = f(8), which shows
it only depends on polar angle 6 [97]. The order parameter is zero for an unordered
phase at high temperature and is non zero for an ordered phase at low temperature.
Also, it can be positive or negative. If two order parameters shows similar absolute
value, but they are opposite in signs, then they belong to different states [98]. In the
case of the second-order phase transition, the order parameter increases from zero as
the temperature is being lowered up to a value of transition temperature. Around
transition temperature, the order is very low in value. For a magnetic system,
magnetization is considered as an order parameter. The highest value of the order
parameter is 1 [82]. The order parameter of general liquid crystal as shown in Fig.
1.18.

Crystal (S)=1
Liquid (S)=0
Liquid Crystal (S)=0.3-0.8
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Figure 1.18 Order parameter of general liquid crystal
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1.19 Elastic Properties of Liquid Crystals

The liquid crystal director n can vary with space due to the presence of an external
electric field. This variation of the director is directly linked to the energy, and it is
called the deformation of the director. It is concluded that elastic energy is
proportional to the square of the spatial rate of variation [22]. In the case of nematic
liquid crystals, the possible deformations are splay, twist, and bend. When an
observable change in director is observed across the length L, then the angle between
the average directions of long molecular axes is changed through a/L as ‘a’ is
molecular size [19]. In the case of cholesteric liquid crystal, the director twists in
space, and the axis around which it twists is known as the helical axis. These
cholesteric liquid crystals are also known as chiral nematic liquid crystals. By mixing

nematic hosts with a chiral dopant, the cholesteric liquid crystal can be obtained [99].

The smectic liquid crystals have partial positional order along with orientational
order, as in the above two cases. The compression in the smectic layer is directly
proportional to the elastic energy [100]. The twist and bend deformations of the
director are not allowed in case of smectic liquid crystals as it changes the thickness
of the layer and requires a lot of energy [101]. If the temperature is lowered, some of
the chiral liquid crystals change their phases from isotropic-cholesteric-smectic A.
One observable phenomenon occurs when the temperature is changed that is the color
of liquid crystal changes [102]. This leads to a new type of liquid crystal known as
thermochromic liquid crystal, and this phenomenon is used in the manufacturing of
thermometers. The resistivity of the liquid crystal is very high, and dipole moments

are induced in them with the help of an external electric field [103].
1.20 Magnetic Susceptibility

The magnetic interaction between the molecules is weak, and the localized magnetic

field of all the molecules is nearly similar to the applied external magnetic field [104].
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In the case of uniaxial liquid crystal, the shape of the molecule is considered to be
cylindrical. The angle between the long molecular axis and the applied external field
decides the response of liquid crystal [105]. The decomposition of the magnetic field
into parallel and perpendicular components occurs. The liquid crystal rotates due to
the thermal motion [106].

1.21 Anchoring Energy

When there is no externally applied field, the anchoring condition decides the
orientation of the liquid crystal. The LC's anchoring energy is considered on the
molecular level. The interaction energy between LC layers to explain the
experimental values of anchoring energy. The polar terminal and azimuthal

anchoring energy depends upon the order parameter [107].
1.22 Structural Properties of Liquid Crystals

The molecules containing a certain degree of rigidity have well defined molecular
structure. Like n-alkanoic acids are present in the form of extended conformers, but
due to flexibility, they cannot form thermotropic liquid crystals [108]. The molecular
electronic structure is responsible for the molecular shape and hence rigidity. The
carbon bond having sp? hybridization when it comes in contact with the double
bondhinders the internal rotation of the molecule and provides rigidity, and hence the
formation of the nematic phase becomes easier [109]. The linearity is provided by the
linkage groups, and some chemical changes alter the electronic structure [110].

1.23 Birefringence

The difference between the refractive indices of a given liquid crystal leads to the
birefringent nature. The orthogonal polarization in the optical radiation is responsible
for the birefringence [111]. Like nematic liquid crystals have birefringence in the
range of 0.1 to 0.2. The electronic structure and energy levels affect the optical
properties of the liquid crystal [112]. The ring units of a liquid crystal and their
electronic structure are responsible for the polarisability, refractive indices, and light
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absorption [80]. Most likely, the ring units are cyclohexane and phenyl rings having
bonded carbon atoms. The polarized absorption spectra are found in the liquid crystal
having biphenyl units. Also, the changes in the alkyl chain are also responsible for the
change in birefringence [113]. The birefringence of general liquid crystal as shown in
Fig. 1.19.

Birefringence

Liquid Crystal
O-ray

v

Unpolarized

Figure 1.19 Birefringence of general liquid crystal
1.24 Elasticity

The deformations of a solid are different from the liquid crystal in the way as there is
an absence of translational displacement of molecules [114]. This arises due to the
slipping of the liquid layers of the liquid crystal. The conservation of elastic energy
holds during the shear deformation of the liquid crystal [115]. The change in density
is directly proportional to the elasticity of the liquid crystal. One can determine the
change in density with the help of a particular modulus, but elasticity is dependent on
the orientational order [116]. The order parameter remains constant while the director

field changes with the externally applied electric field direction. The deformation
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corresponding to the splay, bend, and twist affects the elastic energy, and the rest are
forbidden [117].

1.25 Tensor Properties of Liquid Crystal

Like non-cubic crystals, the properties of a liquid crystal depend on the direction
along which they are measured. This is known as tensor properties, and it changes
with the change in orientation of the defined axis. A scalar rank tensor property does

not depend on the direction for e.g. density [118].
1.26 Applications of Liquid Crystal

(a) Temperature sensors

(b) Medical use (cancer medicine)

(c) Electrical devices

(d) Solar Cell

(e) Liquid Crystal Display (LCD)

(F) Chromatographic separations

(g) LC thermometer

(h) Optical Imaging
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CHAPTER 2

Methodology

2.1 Quantum Mechanics

Quantum mechanics calculate the properties of atoms, molecules, clusters, surfaces,
crystalline solids, and disordered solids by solving the quantum mechanical equations
that describe the positions and energies of electrons around nuclei. Quantum mechanics is
capable of calculating the total energies of molecules with different distances between the
atoms. But the calculations are still too time-consuming to calculate the many vibrational
modes of large molecules. In chemistry, molecular mechanics is a set of tools for
calculating the shapes and properties of molecules. Molecular mechanics is semi-
empirical. Quantum Mechanics is a theory to describing a single particle. A molecule is
made up of many atoms with many protons, neutrons, and electrons; therefore, Quantum
Mechanics does not describe molecules. Quantum Mechanics includes either the
Schroedinger equation (non-relativistic) or perhaps the Dirac or even the Klein-Gordon
equations (relativistic), while Quantum Field theory includes or can include all three. An
electron is described by the Dirac equation while a photon by the Klein-Gordon equation.
Quantum Electrodynamics is a theory that explains how electrons and photons interact.
Quantum mechanical (QM) methods are suitable for theoretically determining the
molecular, electronic structures and optical properties of the molecules. The Schrodinger
equation solution is mostly portable with the QM theory because QM theory contributes
to the biological system's QM calculations and etc. The procedure involved in its rigorous
formulation is known as Ab Initio molecular orbital theory. Ab Initio means from the
beginning. The primary aim is to calculate the molecular properties of the molecule

without considering any experimental parameters. We can describe the molecular system
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at the atomic level (molecular mechanics) and the electronic level (QM) by molecular
modeling. QM calculation is one of the oldest and most used mathematical formalisms of
theoretical chemistry. According to QM, all possible information on a molecular system
can be obtained from wave function, ¥, which is obtained by solving the Schrodinger
wave equation. The Schrodinger equation is the fundamental equation in QM and

provides the basis for providing a complete electronic description of the molecule [1, 2].

Quantum chemical methods have been divided into two main classes: semi-empirical
methods (such as PM7, AM1, MNDO etc.) and non-empirical (ab initio, DFT etc.)
methods. Semi-empirical methods use some parameters derived from experimental data
to simplify the calculations, and it is less demanding than ab initio methods. In contrast,
ab initio calculation uses the correct Hamiltonian. It does not use the experimental data
other than some physical constants' values such as the speed of light, the masses, charges
of the electrons and nuclei, Plank’s constant, etc. [3-5].

2.2 Hartree-Fock Approximations

The Hartree-Fock (H-F) is a method of approximation for measuring the wave function
at the stationary state. The H-F method is also known as the self-consistent field method
(SCF). The Hartree equation as an approximation solution of the Schrédinger equation.
The H-F theory by considering a single determent for the wave function and neglect the
electron correlation. Therefore H-F theory gives an inadequate description of the
electronic structure. The H-F theory is insufficiently accurate to correlate accurate

quantitative predictions.
In H-F theory, the energy has the form:
Enr =V + (hP) + 1/2(PJ(P)) — 1/2(PK(P)) 2.1
Where all the terms have the following meanings: V is nuclear repulsion energy.
P is the density matrix. (hP) is the one-electron (kinetic plus potential) energy.

1/2(PJ(P)) is the classical coulomb repulsion of the electrons. -1/2(PK(P)) is the

exchange energy resulting from the quantum (fermion) nature of electrons.
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In the Kohn-Sham formulation of DFT, the exact exchange (H-F) for a single determinant
has changed by a more general expression. The exchange-correlation functional, which
can include terms calculating for both the exchange and the electron correlation energies,
the exchange-correlation functional not present in H-F theory.

Exks =V + (hP) + 1/2(PJ(P)) + Ex[P] + Ec[P] 2.2

Where Ex[P] is the exchange of functional energy, and Ec[P] is the correlation functional
energy.
By the Kohn-Sham formulation, the H-F theory can be regarded as a particular case of
DFT, with Ex[P] given by the exchange integral -1/2<PK(P)> and Ec=0. The functionals
commonly used in DFT are integrals of a few function of the density and possibly the
density gradient:

Ex[P] = If(pu(r), pp(r), Vpu(r), Vpp(r))dr 2.3
Where the function f has been used for Ex and Ec. The pure DFT methods, Gaussian
supports hybrid methods in which the exchange functional is a linear combination of the
HF exchange and a functional integral of the above form. Proposed functionals lead to
integrals that cannot be evaluated in closed form and are solved by numerical quadrature
[6].

Hartree—Fock exact exchange functional represented by the Eq. 2.4.

1 RN
EX" = __Z“‘//i (w5 () =y (r)y; (r;)drdr,
2% r, 2.4

2.3 Density Functional Theory

The density functional theory (DFT) presents the most successful approach to compute
the electronic structure of solid, liquid, and gas state of matter. The DFT applicability
ranges from atoms to molecules, and solids to nuclei and quantum and classical fluids.
The original formulation of the density functional theory provides the ground state
properties of a system, and the electron density plays a vital role. The DFT predicts a
great variety of molecular features: vibrational frequencies, molecular structures,
ionization energies, atomization energies, magnetic and electric properties, reaction

paths, etc. The DFT has been generalized to deal with many different situations:
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multicomponent systems such as nuclei and electron-hole droplets, time-dependent
phenomena and excited states, spin-polarized systems, free energy at finite temperatures,
superconductors with electronic pairing mechanisms, relativistic bosons, electrons,

molecular dynamics, etc. [4] The time-independent Schrodinger equation is

9, (R % R R Rov Ry ) = B (% R By, R Ry Ry) -
n 1 N 1 M 1 N M Z N N 1 M M Z Z
T e RT3 00 3 I 30 2

23 2%M, iTaala T A Ras 26

Here A and B compute over the M nuclei while i and j indicate the N electrons in the

system.

The first two terms express the kinetic energy of the electrons and nuclei. Another three
terms indicate the attractive electrostatic interaction between the electrons and nuclei and,

respectively, potential due to the electron-electron and nucleus-nucleus interactions.

The DFT methodology contrast to a wave function that describes the energy as a
functional of the electron density. Kohn et al. have derived a set of one-electron equations
that enable one to determine the electron density and, therefore, the system's total energy.
The exchange-correlation (Exc) functional is unknown, and therefore, approximate
equations have been set-up to estimate its contribution. Generally, Exc breaks into an
exchange functional (Ex) energy and a correlation functional (Ec) energy. The exchange
functional essentially describes two ferromagnetic spins' interactions in different orbital,
whereas the correlation energy is the pairing energy of electrons in the same orbital [8,
9].

2.3.1 The Physical Significance of Hohenberg and Kohn Theorem
(@) The ground state density of the system has been calculated with the help of

variational methods.
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(b) The energy of a stationary quantum mechanical system has a function of ground state
energy.

The energy functional of DFT is the sum of two terms. First, representing the interaction
energies of all the electrons with external potential Vex(r), it is contributed by Coulomb
interaction with nuclei. The second term F[p(r)] represents the summation of all the
electrons' kinetic energies and the influence of inter electronic exchange represented by
Eq. 2.7 [10].

EL(N)]= [Veo (1) p(r)dr + Fo(1)] )7

There is a limitation of the electron density by way of the number of electrons (N) is

fixed by the equations given which are given below [11]

N :jp(r)dr -

N—jp(r)drzo ) g

To minimize or ground state, energy has been introduced by the Lagrange multiplier (n)

given by the Eq. 2.10.

E[p(r) - us[ p(r)dr =0 2.10

E[p(r) _ _
j W5p(r)o|r L j Sp(r)dr =0 -

The given equation is representing the chemical potential of electrons, which has

correlated with the electronegativity of the system.

According to the Kohn and Sham theorem F[p(r)] contains a set of three terms represent

by the Eq. 2.12.

FLo(r]=ToLo(N]+E, [o(N]+ Exc[o(N)] 212
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Where the kinetic energy of the electron is indicating by To[p] and represented by the Eq.

2.13, which does not include electron-electron correlations [12].

Tolel=> [vi (r)(—%]wi(r)dr
=1 2.13

The second term En[p(r)] is called Hartree electrostatic energy represented by the Eq.

2.14, which arises from the classical interaction between the two charge densities.

Eulo(r]= 5 [ [ 2 E2  arr,
170 2.14

The third term is known as Exc[p(r)] as exchange-correlation energy. Hence the total

energy of the system can be written as

ELo(1)] = [Vou (N () +To[p(1)] + Ew [(N]+ Exc [p(1)] )15

According to the Kohn and Sham, the density p(r) of the system as square moduli of a set

of one-electron orthogonal orbitals is given below in Eq. 2.16.

p(r) =Z|!//i(r) i

2.16
For the one-electron K-S equation is represented by Eq. 2.17.
Azl - Za p(r,)dr,
- 7_ ZI’_ +J.r—+vxc[r1] v () =&y (r)
ATt T 12 2.17
V. (r)= éEg ()]
Where AAr) is the functional derivative of exchange-correlation energy.

For the K-S equation solution, a self-consistent approach executes the number of times

for convergence of the system.
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The K-S theory gives the exchange-correlation functional. In Local Density
Approximation (LDA) the density is considered as the uniform electron gas. In LDA, the

functional Exc[p] has been taken from the Dirac formula and represented by the Eq. 2.18.

Ex [P0 = [ p(Nec (p)dr 2.18

Where €XC(p) is the sum of exchange-correlation energy per electron consistent with the

electron gas of density p. Most probably a(up) and B(down)

In general, for a spin-unpolarized system, a local density approximation for the exchange-

correlation energy is written as

Exe[o]= [ p(N)e,c (p(n)dr 2.19

Where p is the electronic density, and exc is the exchange-correlation energy per particle
of a homogeneous electron gas of charge density p. The exchange-correlation energy is

the summation of exchange and correlation terms linearly.
Exc=Ex + Ec 2.20

The extension of density functional to spin-polarized systems is straightforward for
exchange, where the exact spin-scaling is known, but further approximations must be
employed for correlation. A spin-polarized system in DFT operates with two spin
densities, pqandpgwith p=p.+pp, and the form of the local-spin-density

approximation (LSDA) is represented by Eq. 2.21.

Ex o, pp]= [drp(Nec (o, pp) > o1

Becke suggested an extensively used correlation (B88) for the LSDA exchange energy is

represented by the Eq. 2.22.

ESSB — E)IZDA +AE)I?88 222
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the fitting of known atomic data estimates [3

yo, 2.24

Commonly used correlation energy functional EZ"" is due to Vosko, Wilk, and Nusair
[13] and represents the correlation energy per electron in gas &. [pf’ pf] with spin
densities p;* and p/

E(\:/WN = Ipl(rl)gc [pla(rl)vplﬂ(rl)}jrl 2.25

A combination of Slater exchange and Vosko-Wilk-Nusair correlation both are directly
derived from the homogenous electron gas (HEG) equations, gives the Local Density
Approximation. However, to correct the non-local terms, other (better) exchange and
correlation functional have been developed. Lee, Yang, and Parr (LYP correlation
functional) [14] gives the popular approaches for electron correlation and other
approaches are provided by Perdew and Wang (PW91 correlation functional), [15];
however, there is much more functionality available but each with their qualities and
drawbacks.

The Becke benchmarked DFT methods against a test set of experimentally known
ionization energies, electron affinities, and proton affinities with high accuracy[16]. He
came up with a three-parameter (hybrid) DFT to estimate the exchange and correlation
functions' contributions.

Becke-3-LYP (B3LYP) uses a different mixing scheme involving three mixing
parameters is represented by the Eq. 2.26.

Exc= 0.8*Ex(LSDA) + 0.2*Ex(HF) + 0.72*DEx(B88) + 0.81*Ec(LYP) +
0.19*Ec(VWN) 2.26

Essentially the hybrid density functional method B3LYP has the following form is
represented by the Eq. 2.27.
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2.27
ELSPA : . N
Here, =% is the exchange energy under the local spin density approximation,
E HF i . . E LYP .
X is the K-S orbital based HF exchange energy functional, —¢ is the Lee-Yang-Paar

VWN
correlation function, Ec is the vosko, Wilk, Nusair correlation functional, ao, ax, and ac

are the empirical coefficients obtained by least-square fitting to experimental evidence
[4].

The commonly used B3LYP method foils to predict dispersion energy. DFT application is
limited and used for the systems where the dispersion part is the dominant part. In that
case, the calculated interaction energy values are always underestimated. A breakthrough
in computational chemistry, in general, appeared when Becke developed the hybrid
density functional procedures [16-17].

2.4 M062X

The Density Functional Theory (DFT) method M062X is also known as Minnesota
functionals (Myz). It is exchange-correlation energy functional in the DFT. The M062X
has a 54% Hartree Fock (HF) exchange. Prof. Donald Truhlar develops this method at the
University of Minnesota. The MO062X functional is based on the meta-GGA
approximation. The M062X functional was used in quantum chemistry and solid-state
physics calculations. The Myz functionals are mostly used in quantum chemistry.
According to the literature survey, the old Minnesota functionals are given the poor
performance on atomic densities. However, nowadays, Minnesota functionals are found
to be suitable for computational calculations. The Minnesota functionals are most ideal
for the diatomic densities as a comparison with atomic densities. The Minnesota
functionals are available in all computational programs. The revMO06-L functional, not

available in Gaussian 09 or Gaussian 16 [18, 19].

2.5 Born-Oppenheimer Approximation

Due to the higher masses of nuclei, move much slower than the electrons. We can
consider the electrons as moving in the field of fixed nuclei. The nuclear kinetic energy is
zero, and their potential energy is exclusively constant. Thus, the electronic Hamiltonian

reduces to
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The solution of the Schrodinger equation with Helec is the electronic wave function Welec
and the electronic energy Eelec. The total energy Etot is the sum of Eelec and the constant

nuclear repulsion term Enyc [20].

Helec\Pelec - Eelec\Pelec 229
Etot = Eelec + Enuc 230
i i ZnZg
ai6oa Rag 2.31
2.6 Basis Set

Basis sets have the first time demonstrated by J. C. Slater. The usual expression for a

basis function is given as:

Basis Function = N*g(alpha*n 2.32

Where: N = Normalization constant, alpha = Orbital exponent, r = radius in angstroms

The basis set is a set of functions that serves as an electronic wave function in the HF or
DFT methods. A basis is a set of mathematical functions that are used to describe the
shape of orbitals in an atom, which is used to approximate theoretical calculation or
molecular modeling. The basis set has been used in the theoretical and computational
chemists. The basis set may be composed of atomic orbital's. The atomic orbital's plays
an essential role in the quantum chemistry simulation. The plane wave has been used in
the solid-state community. Several types of atomic orbital's are Gaussian type orbital's
numerical atomic orbital's or Slater type orbital's. In the basis set, the wave function has
indicated as a vector. The one-electron operators correspond to the matrices with rank
two tensors; thereby, two electrons operators have rank four tensors. During molecular
calculation, the basis is composed of atomic orbital's with the nucleus at the center of the

molecules. The most common basis set is Slater type orbital's (STO), which are the
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solution of the Schrddinger equation of hydrogen-like atoms. The smallest basis set, also
known as a minimal basis set (a basis set that illustrates only the essential aspects of the
orbital's). In HF calculation, each atom of the molecule has a single basis function used
by each orbital's. [21-23]

2.6.16-31G

In a 6-31G basis set, the carbon has one basic function and representing the 1s atomic
orbital's. The polarization basis function has been expressed by an asterisk (*). The
double asterisk (**) indicated polarization functions on hydrogen and helium. The 6-
31G** basis set is exceptionally usual, where the hydrogen atom acts as a bridging atom
[24-25].

The number of
Gaussian functions

The number of Gaussian
functional summed to describe

the inner shell orbital summed in the
‘ second STO

31 G ** 1 [Potarization

function

The number of

Gaussian
functions  that

comprise the
first STO of the
double zeta

Figure 2.1. Description of 6-31G** basis set

The Pople basis set is other families of basis sets written as 6-31G. It has indicated that
each core orbital mentioned by a single contraction of six GTO primitives, which defines
each core orbital and two contractions, of which one with three primitives and other with
one primitive describe each valence shell orbital. These types of basis sets are prevalent
for organic molecules. It has denoted as 6-31G* or 6-31G**, as shown in Fig. 2.1. A
single asterisk (*) indicates a set of d primitives has been added to atoms other than
hydrogen, while double asterisks (**) means a set of p primitives has been added to
hydrogen as well. These are called polarization functions because they give the wave
function more flexibility to change shape. One or two plus signs can also be added, such

as 6-31+G* or 6-31++G*. A single plus sign indicates that diffuse functions have been
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added to atoms other than hydrogen. The second plus sign indicates that diffuse functions

are being used for all atoms [26-27].

2.7 Working Scheme

All the molecules are optimized by the Gaussian 09 Software package [28] with the help
of density functional theory (DFT) method B3LYP [14,16] and M062X [18] by 6-31G**
basis set [26-27]. After the simulation of all the molecules, we are applying the electric
field (a.u) to the homologous series along the molecular axis (x-axis) and perpendicular
axis (y-axis), as shown in figure 2. The range of applied electric field is 0.0000 (a.u) to
0.1000 (a.u) at the interval of 0.0020 (a.u) where 1 a.u=5.14 x 10! V/m [29] where 1
a.u.= 6.5 x 10'® Hz. After an applied electric field, we have calculated the molecular
polarizability of the molecular series. The x-axis is considered extraordinary molecular
polarizability (ae), and along the y-axis is considered ordinary molecular polarizability
(0o). With the help of ae and ao, We have calculated the birefringence (2.40), order
parameter (2.39), refractive index (2.45), and magic angle (2.41)as per the equations
given below. Where o, u, and B equivalent to the components of the polarizability (2.33),
dipole moment (2.35), and first-order hyperpolarizability (2.34) [30-31].

1
a 25(05)(X +a, +a,)

2.33
12
ﬂ: [(ﬂxxx +ﬂxyy +ﬂxzz)2 +(:Byyy +ﬂxxy +ﬂyzz)2 +(/Bzzz +ﬂxxz +ﬂyyz)2]1 234
_ 2 2 2\1/2
o=y ) 2.35
_ /2

Ao =2 1’2[(ocxx —o,)? + (o, —0,,)? + (o, —OLXX)Z]l 236
Ao=o,—0a, 2.37
Aa =SAa 2.38
Order Parameter (S):-
S: ae OLO

o, +0, 2.39

Birefringence (An):-
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An:(ae_a’o) R3_ 20(‘0+0(‘e
6.3631 20.244

Where, R is the radius of the liquid crystal molecule.

Magic angle (0):-

0= cos‘l[@}

Refractive index (n):-

20, + 0, 2((15 —(Xo) (ae —a
=0 Y=okt =a
3 N
o7 [2/10/5kNa  (4410/15)iNS(y, -v,)
- 2\/E 1_@ 1- 4nNa
3 3

7 (2J10/5}Na (2410 /15)NS(y, - v,)
210 1_@ 1- AnNo
3 3

nO

7 (2410/5)iNa

N 2,10 * 1- 4nNo
3

Where N is the number of liquid crystal molecules.
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2.8 Electric Field on Liquid Crystal

N\

Perpendicular Axis (Y-axis)

Electric field

Angle (0°)

Molecular Axis

Figure 2.2 11CB liquid crystal under the influence of an external electric field

The presence of an influence the wave function leads to the induced dipole and
quadrupole moment, as shown in Fig. 2.2 and Fig. 2.3. For the dipole moment, this may

be written as
1, 1
,u=,uo+aF+E/)’F +€7F Forrerenns 2.46

Where po is the permanent dipole moment, o is the polarizability, B is the first

hyperpolarizability, y is the second hyperpolarizability, etc.

E field

‘%3 Ey

Induced dipole by
electromagnetic wave
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Figure 2.3 An ordinary wave of the electric field applied on the LC molecule

Extraordinary Wave

Induced dipole by
electromagnetic wave

Figure 2.4 An extraordinary wave of the electric field applied on the LC molecule

For a homogeneous field (i.e., field gradient and higher derivatives are zero), the
molecule's total energy may be written as Taylor expansion, where all the derivatives
have evaluated at F=0. There will be derivates of each field component that leads to a
broad no. of indices and summations in a proper mathematical formulation. To avoid this
notational cluttering, we are adopted a slightly nonstandard notation where the field is
expressed by a vector notation, implying that derivatives should be taken along all the

individual field components.

16°E, [, 1B s 10 .

EaF_2|F:0 +6E|FZO +ﬂaF—4|FIO F o 2.47

oE
E(F)= E(O)+¥|F:O F+
Where OE/OF=-pu, where the expression gives p in eq(a). Differentiation of eq (b)

concerning F gives.

oE 0°E 10°E , 10°E

:Elpzo —_aFZ |F:0 F _EﬁlFZO —g—aF4 |F:O F3+ ........ 2.48

7,

Comparing Egs. (2.46) and (2.48) shows that the first derivative is the dipole moment po,
the second derivative is the polarizability a, the third derivative is the hyperpolarizability
B, etc.
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The molecular polarizability is enhanced with an increased number of electrons and

increases as the electrons become less tightly held by the nuclei. The non-linear

polarization of the molecule, that is a function of the applied electric field and is revealed

by the power series expansion. Molecular geometry has not allowed changing during the

calculation of polarizability. The electric field has started at 0.000 a.u. With an increment

of 0.0020 a.u. Polarizability has been calculated from the trace of polarizability tensor

[32].
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Chapter 3

Spectroscopy Existing Behind the Electro-Optical
Properties with an Even-Odd Effect of nCB Liquid

Crystal Molecules

3.1 Introduction

The electro-optical response depends on the physical property and molecular structure of
the LC molecules. The cyanobiphenyl (nCB) LC's are highly polar, so it has very high
thermal and electrochemical stability. The external electric field sufficiently affects rod
shape LC's optical properties through both ends of molecules' polarization. Under an
external electric field, the one end of the nCB molecule has favorable charges. In
contrast, the other end is negatively charged and formed an electric dipole. The LC
molecules director will reorient along the direction of the applied external electric field
[1-2]. The molecular polarizability increases with an increment of carbon atom number of
the alkyl chain of the tail of the nCB LC molecules [3]. The nCB LC's family first
synthesized by Gray et al. [4-5] for the display technology's electro-optical application.
The nCB LC is colorless and stable to the moisture that is the best feature of these
molecules. The nCB LC have a unique property for the alkyl chain length is changed,
then the molecular properties of the mesophase changes [6-7]. The nCB LC molecules
are indicated an even-odd effect under the extension of the alkyl chain. The optical
polarizability of the nCB LC molecule has followed the even-odd effect and gives the
interchange polarizability. The order parameter also exhibits the even-odd effects for the

even-odd number of the alkyl chain's carbon atom in the tail of the nCB LC [8].
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The birefringence is an electro-optical phenomenon used to determine the Kerr effect
under the electric field's impact. The birefringence is a fundamental property of the LC,
which gives LC's valuable information to use in various optical device applications. The
electric field to the LC molecules has a rapid method to calculate birefringence and
polarizability for the display technology's electro-optical application. The electro-optical
effect is used to study the pretransitional behavior (related to the order parameter) of the
nCB LC. The nCB LC has a positive Kerr constant because of the intense, permanent
dipole moment and highly conjugated =-electrons [9-11]. The polarization of LC
molecules induced by an applied electric field to the molecule depends on the applied
field's direction. The electric field corresponds to an essential parameter to determine the
electro-optic property of the LC molecules [12-13]. Rod shape LC molecules are lesser
tilted as a comparison to the bent-core type LC molecules. The electrically induced tilt
effects are observed in several types of bent-core and hockey-stick type LC molecules
[14]. The polarization and bending plane of the molecules are parallel in the absence of
an electric field, and it will be perpendicular to the plane in the presence of an electric
field. The smectic phase of the LC molecule tilted continuously with the increased
electric field [15-18]. The switching behavior of the even-odd numbered carbon atom in
the tail of the LC is different [19]. The notation of nCB refers to the number of carbon
atoms in the alkyl chain of nCB LC molecules. The Kerr constant measured with
exploiting of birefringence under the impact of electric field. The birefringence is equal
to the product of light wavelength, Kerr constant, and the square of the electric field
(An=\AKE?), where A=wavelength of light, E= strength of the electric field, K=Kerr
constant [20-22]. Karat et al. [23] reported that even members of the nCB series make a
larger angle with the long molecular axis. It will reduce the anisotropy of the molecule
and thereby minimize the order parameter and nematic to the isotropic phase transition
temperature. However, the odd member of the nCB series makes the least angle with the
molecule’s long molecular axis. Thus, it will enhance the molecule's anisotropy, thereby
increasing the order parameter and transition temperature. The present work also reveals
the order parameter, and birefringence decreases for the even member. However, the
order parameter and birefringence increase for the odd member of the nCB LC series.

The nCB LC is a widely studied molecule, and all the optical parameters are readily
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available for comparison. With the help of the described method, we are explained that
the electric field is another method to achieve the all-optical properties and phase
transitions. Which is shown in Fig. 3.1 by the variation of temperature to the LC. Electric
polarizability is the most crucial factor in finding optical parameters.

3.2 Computational Methodology

All the molecules are optimized by the Gaussian 09 software package [24] with the help
of density functional theory (DFT) method B3LYP [25-26] and M062X [27] with 6-
31G** basis set [28-29]. After optimization of all the molecules, we have applied the
electric field to nCB LC along the molecular axis (x-axis) and perpendicular (y-axis) to it
from 0.0000 (a.u.) to 0.2000 (a.u.) at the interval of 0.0020 (a.u). After the applied
electric field, we have calculated the molecular polarizability of the nCB LC molecules.
The X-axis has considered as extraordinary molecular polarizability (oe), and Y-axis has
considered as ordinary molecular polarizability (ao). With the help of ae and oo, we have
calculated the order parameter (3.1), birefringence (3.2), and refractive index (3.4) as per
the given formula. The finite-field approach framework predicts the total molecular
energy under the impact of the electric field is given below [30,31];

1 1
E=E,-uF _EaijFiFj _gBiijiFij
Where E, is the total energy in the absence of the electric field. Fi, pi, aij, and Pijk
equivalent to the electric field components, dipole moment, polarizability, and first-order
hyperpolarizability. Respectively directions specified along with the subscripts i, j and
k=x, y and z. The a, B, 1, and Aa are represented as numerical differentiation with an

electric field of magnitude 0.002 (a.u). respectively equations are given below [32-34];

a :%(05XX +a, +a,,)

B=Bow+ By + Ba)’ +(Byy + By +Ba) +(Brn + B + B )]
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1/2

w= (S +oy” 4
Ao = 2‘1/2[(ocxx — o) + (o, —a,,)’ + (ay, —Otxx)z]u2
Ao =0, -a,
Aa = SAa

where @ is mean isotropic polarizability.

Order parameter (S):-

o, +0, 3.1

Birefringence (An):-

(o0, —t,) 2a, +a, )|
AN = e 0 R3 _ 0 e
6.3631 20.244

3.2
where R is the radius of the liquid crystal molecule.
Magic angle (0):-
0= cos‘l[ (25+ 1)}
3 3.3

Refractive index (n):-

20, + o
=—0 ¢ =a+

“ 3 e 33
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3 (34)

where N=1, is the number of liquid crystal molecules studied with the variation of

temperature and external electric field to find out the different phases of LC series. The

LC's temperature range is 300K to 400K used to study the LC series phases, as shown in

Fig. 3.1.

3.3 Results and Discussion

3.3.1 Effect of the temperature with an extension of alkyl chain length

This subsection describes the different phase transition of nCB liquid crystal with the
variation of temperature. The red line is indicating the crystalline to the nematic phase
transition from 1CB to 7CB. The 8CB to 12CB showing crystalline to smectic phase A
transition indicated by the pink line. The 8CB to 9CB leading smectic A to nematic phase
transition marked by the green line. Nematic to the isotropic phase transition of 1CB to
9CB shown by the blue line, and lastly, smectic A to the isotropic phase transition of
10CB to 12CB indicated by the brown line. The temperature variation expresses the
even-odd effect for the phase transition of the nCB series [35-36]. Which is also shown
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by the application of the electric field on the nCB series. Dalmolen et al. [37], Dunmur et
al. [40], and Lin et al. [46] are reported the nCB series expresses an even-odd effect
under the impact of the temperature of LC. The nCB LC molecules reveal an even-odd
effect under the temperature's influence by extending alkyl chain length. Karat et al. [24]
already reported that even member of the nCB series is making a larger angle with the
long molecular axis. Thus, it will reduce the molecule's anisotropy and thereby minimize
the nematic to the isotropic phase transition temperature. However, the odd member of
the nCB series is making a lower angle with the molecule's long molecular axis. Thus, it
will be enhancing the anisotropy of the molecule, thereby increasing the transition
temperature as shown in Fig. 3.1. The C-C symmetric scissoring in the benzene ring is
responsible for crystalline to the nematic phase transition. Because the IR frequency
corresponds to the absorbance is continual increases from 1CB to 7CB as shown in Table
1.1 to 1.7. However, the absorbance decreases for the 8CB because it is expressed
crystalline to the smectic A phase transition indicates by the pink line. The C-C and C-H
atom's stretching has contributed to the anisotropy of polarizability for the new
compound compared with the previous molecule [41].

100 .—'—Cr-N '
—P-Cr-A
VAN
80 —¥—N-Iso
o | ~W—A-lso|
o
Py
5 60
=1
o
@
g
o 40
l—
20

2CB 4CB 6CB 8CB 10CB 12CB
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Figure 3.1 Effect of temperature under the expansion of alkyl chain length {red line

indicates crystalline to nematic phase (Cr-N), the blue line indicates nematic to isotropic

phase transition (N-iso), the green line suggests smectic A to nematic phase transition (A-

N), the pink line indicates crystalline to smectic A phase transition (Cr-A), the brown line

indicates smectic A to isotropic phase transition (A-1s0) [35]}

Table 3.1. Molecular spectroscopy of 1CB

S. |Frequency ) ) Infrared
No. (cm ) Vibrations of 1CB bsorbance
1. 593 C-H atom wagging 12.6801
2. 827 C-H atom wagging 41.7097
3. 1066 H atom wagging in linkage group 15.2187
4. 1211 Scissoring in H atom 10.9267
5. 1532 In-plane H atom wagging in both benzene ring 45.3713
6. 1647 In-plane H atom wagging in both benzene ring 67.9165
7. 2266 C-N atom stretching 62.5656
8. 3028 C-H symmetric stretching in the alkyl chain 33.7266
9. 3089 C-H asymmetric stretching in the alkyl chain 19.9984
10. 3186 C-H asymmetric stretching in benzene ring2 24.9623
Table 3.2. Molecular spectroscopy of 2CB

S. |Frequency ) ) Infrared
No. (cm ) Vibrations of 2CB Absorbance
1. 568 C-H atom wagging 13.8951
2. 838 C-H atom wagging 56.3054
3. 1081 H atom wagging in linkage group 19.4971
4. 1431 Stretching in C-H atom 10.7469
5. 1532 H atom rocking in both benzene ring 42.2867
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6. 1646 H atom rocking in both benzene ring 66.2492
7. 2267 C-N atom stretching 63.7949
8. 3035 C-H symmetric stretching in the alkyl chain 35.8324
9. 3110 C-H asymmetric stretching in the alkyl chain 47.4022
10. 3184 C-H asymmetric stretching in benzene ring2 22.9844
Table 3.3. Molecular spectroscopy of 3CB

S. |Frequency ) ) Infrared
No. (cm ) Vibrations of 3CB - bsorbance
1. 565 C-H atom wagging 12.7295
2. 845 C-H atom wagging 30.7864
3. 1017 C-C symmetric scissoring in the benzene ring 10.9862
4. 1431 Stretching in C-H atom 10.8979
5. 1532 H atom rocking in both benzene ring 45.2558
6. 1646 H atom rocking in both benzene ring 71.9543
7. 2267 C-N atom stretching 65.1890
8. 3030 C-H symmetric stretching in the alkyl chain 81.8526
9. 3098 C-H asymmetric stretching in the alkyl chain 54.7674
10. 3184 C-H asymmetric stretching in benzene ring2 22.5195
Table 3.4. Molecular spectroscopy of 4CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 4CB bsorbance
1. 567 C-H atom wagging 14.4115
2. 841 C-H atom wagging 32.7990
3. 1017 C-C symmetric scissoring in the benzene ring 10.6536
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4. 1431 Stretching in C-H atom 10.6063
5. 1531 H atom rocking in both benzene ring 47.1805
6. 1646 H atom rocking in both benzene ring 75.5904
7. 2266 C-N atom stretching 66.0374
8. 3029 C-H symmetric stretching in the alkyl chain 49.9012
9. 3098 C-H asymmetric stretching in the alkyl chain 56.5727
10. 3184 C-H asymmetric stretching in benzene ring2 18.9294
Table 3.5. Molecular spectroscopy of 5CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 5CB bsorbance
1. 569 C-H atom wagging 14.2067
2. 843 C-H atom wagging 38.8640
3. 1017 C-C symmetric scissoring in the benzene ring 11.3704
4. 1531 H atom rocking in both benzene ring 47.7280
5. 1646 H atom rocking in both benzene ring 77.6846
6. 2266 C-N atom stretching 66.6334
7. 3026 C-H symmetric stretching in the alkyl chain 51.4412
8. 3096 C-H asymmetric stretching in the alkyl chain 60.4378
9. 3184 C-H asymmetric stretching in benzene ring2 19.0613
Table 3.6. Molecular spectroscopy of 6CB

S. | Frequenc ) ) Infrared
No. |y (em ) Vibrations of 6CB bsorbance
1. 569 C-H atom wagging 14.3463
2. 845 C-H atom wagging 32.6777
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3. 1017 C-C symmetric scissoring in the benzene ring 11.5199
4. 1531 H atom rocking in both benzene ring 48.4753
5. 1646 H atom rocking in both benzene ring 78.8627
6. 2266 C-N atom stretching 66.9738
7. 3027 C-H symmetric stretching in the alkyl chain 69.0056
8. 3096 C-H asymmetric stretching in the alkyl chain 60.9689
9. 3184 C-H asymmetric stretching in benzene ring2 18.6464
Table 3.7. Molecular spectroscopy of 7CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 7CB bsorbance
1. 569 C-H atom wagging 14.4318
2. 844 C-H atom wagging 30.2113
3. 1017 C-C symmetric scissoring in the benzene ring 11.9051
4. 1531 H atom rocking in both benzene ring 48.7830
5. 1646 H atom rocking in both benzene ring 79.8968
6. 2266 C-N atom stretching 67.2729
7. 3027 C-H symmetric stretching in the alkyl chain 52.4092
8. 3076 C-H asymmetric stretching in the alkyl chain 78.0385
9. 3184 C-H asymmetric stretching in benzene ring2 18.7277
Table 3.8. Molecular spectroscopy of 8CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 8CB bsorbance
1. 570 C-H atom wagging 14.0818
2. 844 C-H atom wagging 32.6066
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3. 1017 C-C symmetric scissoring in the benzene ring 11.3718
4. 1531 H atom rocking in both benzene ring 49.1511
5. 1646 H atom rocking in both benzene ring 80.3690
6. 2266 C-N atom stretching 67.4233
7. 3027 C-H symmetric stretching in the alkyl chain 68.0403
8. 3076 C-H asymmetric stretching in the alkyl chain 84.3813
9. 3184 C-H asymmetric stretching in benzene ring2 18.7214
Table 3.9. Molecular spectroscopy of 9CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 9CB bsorbance
1. 570 C-H atom wagging 14.1481
2. 844 C-H atom wagging 32.2473
3. 1017 C-C symmetric scissoring in the benzene ring 12.0875
4. 1531 H atom rocking in both benzene ring 49.3004
5. 1647 H atom rocking in both benzene ring 80.8472
6. 2266 C-N atom stretching 67.5816
7. 3027 C-H symmetric stretching in the alkyl chain 103.2722
8. 3064 C-H asymmetric stretching in the alkyl chain 107.3792
9. 3184 C-H asymmetric stretching in benzene ring2 18.9479
Table 3.10. Molecular spectroscopy of 10CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 10CB bsorbance
1. 570 C-H atom wagging 141221
2. 844 C-H atom wagging 32.1331
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3. 1017 C-C symmetric scissoring in the benzene ring 11.3436
4. 1532 H atom rocking in both benzene ring 49.3276
5. 1646 H atom rocking in both benzene ring 80.9406
6. 2265 C-N atom stretching 67.6449
7. 3026 C-H symmetric stretching in the alkyl chain 72.6780
8. 3064 C-H asymmetric stretching in the alkyl chain 135.1362
9. 3184 C-H asymmetric stretching in benzene ring2 19.6324
Table 3.11. Molecular spectroscopy of 11CB

S. |Frequency ) ) Infrared
No. (cm) Vibrations of 11CB bsorbance
1. 570 C-H atom wagging 14.2334
2. 844 C-H atom wagging 31.6043
3. 1017 C-C symmetric scissoring in the benzene ring 9.3491
4. 1531 H atom rocking in both benzene ring 49.5608
5. 1646 H atom rocking in both benzene ring 81.3196
6. 2266 C-N atom stretching 67.7372
7. 3027 C-H symmetric stretching in the alkyl chain 109.3245
8. 3065 C-H asymmetric stretching in the alkyl chain 163.9189
9. 3184 C-H asymmetric stretching in benzene ring2 19.8023
Table 3.12. Molecular spectroscopy of 12CB

S. | Frequency ) ) Infrared
No. (cm ) Vibrations of 12CB bsorbance
1. 570 C-H atom wagging 14.2432
2. 844 C-H atom wagging 31.5740
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3. 1017 C-C symmetric scissoring in the benzene ring 11.6812
4. 1531 H atom rocking in both benzene ring 49.64089
5. 1646 H atom rocking in both benzene ring 81.4398
6. 2266 C-N atom stretching 67.7678
7. 3027 C-H symmetric stretching in the alkyl chain 96.2863
8. 3065 C-H asymmetric stretching in the alkyl chain 193.9285
9. 3184 C-H asymmetric stretching in benzene ring2 20.5369

3.3.2 Birefringence

We have calculated birefringence with the help of Eg. No. 2 under the external electric
field with an extension of the alkyl chain length. Coles [12] reported the birefringence is
decreasing under the influence of the external electric field with an extension of alkyl
chain length. In this chapter, the birefringence is falling continuously with an extension
of the alkyl chain, as shown in Fig. 3.14. Dunmur et al. [40] have reported under the
impact of temperature, the dielectric anisotropy, and birefringence decreased. And the
nCB series are showing an even-odd effect with the extension of the alkyl chain length.
Under the influence of an electric field, the birefringence of nCB LC molecules decreases
with the even-odd effect, as shown in Fig. 3.14. The stability of the nematic and smectic
phase is given in Fig. 3.2 to Fig. 3.13. Wu et al. [45] reported the birefringence of 5CB is
0.22. The birefringence of 5CB is 0.20, given in Table 3.5. From 1CB to 5CB, the
birefringence steadily decreases but does not show the even-odd effect. Still, after the
5CB LC, the birefringence exhibits the perfectly even-odd effect express by the DFT
methods B3LYP, as shown in Fig. 3.14. However, the even-odd effect is expressing by
the DFT method M062X. The odd carbon atom number of the alkyl chain has a higher
birefringence as compared to the even member of the alkyl chain. The birefringence
decreases with an increase of carbon atom numbers of the alkyl chain length. The C-H
asymmetric stretching corresponds to IR absorbance in the benzene ring, an improvement

for the odd member, and falls for the even member of the alkyl chain. The 10CB LC is an
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even member of the nCB series. The IR absorbance is increasing instead of decreasing of

10CB LC that is the reason for sharply reducing birefringence given in Table 3.10.
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Figure 3.2 Birefringence of 1CB LC under the impact of an electric field
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Figure 3.3 Birefringence of 2CB LC under the impact of an electric field
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Figure 3.4 Birefringence of 3CB LC under the impact of an electric field
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Figure 3.5 Birefringence of 4CB LC under the impact of an electric field
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Figure 3.6 Birefringence of 5CB LC under the impact of an electric field
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Figure 3.7 Birefringence of 6CB LC under the impact of an electric field
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Figure 3.8 Birefringence of 7CB LC under the impact of an electric field
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Figure 3.9 Birefringence of 8CB LC under the impact of an electric field
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Figure 3.10 Birefringence of 9CB LC under the impact of an electric field
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Figure 3.11 Birefringence of 10CB LC under the impact of an electric field
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Figure 3.12 Birefringence of 11CB LC under the impact of an electric field
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Figure 3.13 Birefringence of 12CB LC under the impact of an electric field
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Figure 3.14 Calculated birefringence of nCB series under the external electric field's
effect with an extension of the alkyl chain length using B3LYP (red line) and M062X

(green line) methods.
3.3.3 Order Parameter

Karat et al. [24] reported the even members of the nCB series is making a larger angle
with the long molecular axis. Thus, it will reduce the polarizability of the molecules and
thereby minimize an order parameter. This section is also expressing 10CB LC reduces
larger molecular polarizability, and it is abruptly decreasing. Horn et al. [36] reported the
order parameter of 5CB and 8CB is 0.61 and 0.67. The order parameter of 5CB and 8CB
is 0.60 and 0.71. The stability of the order parameter is shown in Fig. 3.15 to Fig. 3.26.
Dalmolen et al. [37] and Sherrell et al. [38] are reported the order parameter increases
with an extension of alkyl chain length. The order parameter is continuous increases with
an extension of the nCB LC molecules' alkyl chain, as shown in Fig. 3.27. The order
parameter is also exhibiting the even-odd effect with minor deviation. Park et al. [42]
reported that the order parameter is determining from C-N and C-C stretching. The order
parameter is continual increases because of the C-N atom stretching, and H atom rocking
of the benzene ring corresponds to IR absorbance continuously increases. The C-H atom

asymmetric stretching in the alkyl chain is steadily increasing. Which is also responsible
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for the increment in the order parameter. The order parameter with an extension of the
alkyl chain continuously is going to the crystalline state because the range of liquid
crystal is 0.3 to 0.8. Sen et al. [44] reported under the effect of temperature, the order
parameter of 5CB is 0.62. The order parameter calculated under the effect of the electric
field is 0.60. The order parameter is an optical property of the nCB LC. Based on the
order parameter, we can examine the molecular behavior of the nCB LC molecules. The
C-H asymmetric stretching of the benzene ring at the frequency of 1532 cm™ shows
higher IR absorbance for odd members and lower IR absorbance for even members of the
alkyl chain. The C-C symmetric scissoring in the benzene ring is responsible for
molecular phases. At the frequency of 2266 cm, the C-N atom stretching corresponds to
absorbance is continual increases. Which is accountable for an increment of the order

parameter.
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Figure 3.15 Order parameter of 1CB LC under the impact of an electric field
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Figure 3.16 Order parameter of 2CB LC under the impact of an electric field
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Figure 3.17 Order parameter of 3CB LC under the impact of an electric field
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Figure 3.18 Order parameter of 4CB LC under the impact of an electric field
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Figure 3.19 Order parameter of 5CB LC under the impact of an electric field
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Figure 3.20 Order parameter of 6CB LC under the impact of an electric field
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Figure 3.21 Order parameter of 7CB LC under the impact of an electric field
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Figure 3.22 Order parameter of 8CB LC under the impact of an electric field

oCB

Order Parameter (S)

(0] 0.02 0.04 0.06 0.08 0.1
Electric Field (a.u.)

72



Figure 3.23 Order parameter of 9CB LC under the impact of an electric field
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Figure 3.24 Order parameter of 10CB LC under the impact of an electric field
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Figure 3.25 Order parameter of 11CB LC under the impact of an electric field
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Figure 3.26 Order parameter of 12CB LC under the impact of an electric field
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Figure 3.27 Calculated order parameter (S) of nCB series under the effect of the external
electric field with an extension of the alkyl chain length using B3LYP (red line) and
MO062X (green line) methods.

3.3.4 Refractive Index

Chirtoc et al. [39] reported under the impact of temperature, the refractive index is
increasing with an extension of alkyl chain length. The refractive index is continual

increases with an extension of the alkyl chain length, as shown in Fig. 3.40. The stability
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of the refractive index is given in Fig. 3.28 to Fig. 3.39. The C-H atom asymmetric
stretching in the alkyl chain is continuously increasing. Which is also responsible for an
increment of refractive index. In the 10CB LC, the refractive index abruptly rises.
Because the C-H asymmetric stretching corresponds to an IR absorbance is growing
instead of decreasing in the benzene ring given in Table 3.10. The refractive index does
not express any even-odd effect; it is continual increases. The H atom rocking in both
benzene rings corresponding to IR frequency 1532 cm™ increases only in 10CB LC.
Which is responsible for abruptly increased refractive index. The IR spectrum of 10CB

LC also indicates the absorbance due to the H atom rocking in the both benzene ring.
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Figure 3.28 Refractive index of 1CB LC under the impact of an electric field

2CB

1.5725

1.572

1.5715

1.571

1.5705 -

1.57

Refractive Index (n)

1.5695 |

n=1.5724
1.569 |-

1.5685 |-

1.568 , ; , ,
0.02 0.04 0.06 0.08 0.1

Electric Field (a.u.)

Figure 3.29 Refractive index of 2CB LC under the impact of an electric field
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Figure 3.30 Refractive index of 3CB LC under the impact of an electric field
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Figure 3.31 Refractive index of 4CB LC under the impact of an electric field
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Figure 3.32 Refractive index of 5CB LC under the impact of an electric field
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Figure 3.33 Refractive index of 6CB LC under the impact of an electric field
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Figure 3.34 Refractive index of 7CB LC under the impact of an electric field
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Figure 3.35 Refractive index of 8CB LC under the impact of an electric field
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Figure 3.36 Refractive index of 9CB LC under the impact of an electric field
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Figure 3.37 Refractive index of 10CB LC under the impact of an electric field

1.579

1.578

1.577

1.576

1.575

Refractive Index (n)

1.574

1.573

11CB

0.02

0.04 0.06 0.08 0.1
Electric Field {(a.u.)

Figure 3.38 Refractive index of 11CB LC under the impact of an electric field
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Figure 3.39 Refractive index of 12CB LC under the impact of an electric field
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Figure 3.40 The calculated refractive index of nCB series under the external electric
field's effect with an extension of the alkyl chain length using B3LYP (red line) and
MO062X (green line) methods.

3.4 Conclusion

In this chapter, it has been found that the electric field's effect on the nCB LC series.
Which is reveals an even-odd effect in optical applications. It has been found that the
electric field is another method to find out the optical parameters of the nCB series. The
optical parameters are obtaining using derived equations from Vuk's theory. The
birefringence of nCB series is decreased continuously and showing an even-odd effect
with the extension of the alkyl chain length of the nCB LC molecules. The order
parameter of the nCB is steadily increasing with an extension of the alkyl chain length of
the nCB series. The stretching of C-C and C-H atom corresponds to higher IR absorbance
for odd members and lowers IR absorbance for even members of the nCB series. The C-
C and C-H, atom stretching, is contributing to the anisotropy of polarizability. The order
parameter and birefringence of the nCB LC molecules are inversely proportional to each
other. Under the electric field effect, the birefringence and order parameters are different

for different carbon atom numbers. The order parameter, birefringence, and transition
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temperature of the nCB series reveal a higher value for odd carbon members, which

corresponds to the benzene ring's C-H asymmetric stretching. Our results help to

investigate the optical parameters of LC, which can be obtained through electric field and

temperature. It is also explaining the correlation between microscopic parameters to

mesoscopic parameters of LC, which can be obtained by variation of external electric

field and temperature of liquid crystals.
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CHAPTER 4

Molecular Spectroscopy and Adverse Optical

Properties of HBT Liquid Crystal Molecule

4.1 Introduction

The Liquid crystal (LC) phase represents a different state of matter characterized by the
molecule’s mobility and order. All the particles in the crystalline state possess an
orientational and three-dimensional (3D) positional order. Liquid crystal phases possess
both orientational order and, in some cases, positional order in one or two dimensions
(1D & 2D) [1]. The LC behavior of molecules is responsible for the different types of
intermolecular interaction acting between planes, sides, and ends of a pair of the
molecule [2]. LC phases are formed by anisotropic molecule, having one molecular axis
which is different from the other two [3]. The rod-like molecules are the most common
type of LC molecular shape. The nematic phase reveals long-range orientational order
but no positional order of the molecule [4]. The effect of the external electric field on LC
can be studied and analyzed the polarizability of the molecule [5-6]. In LC's, the
molecular polarizability and its anisotropy are important inherent molecular properties
because the intermolecular interaction energies depend on them [7]. LC materials may
consist of polar and non-polar molecules that depend upon LC's physical structure [8].
The LC molecules can possess permanent dipole along the long molecular axis (x-axis),
enhancing LC's dielectric anisotropy. The dipole moment parallels the long molecular
axis, then Ae>0, and the molecules tend to orient along the electric field direction
because LC possesses more significant dielectric anisotropy along the x-axis (long

molecular axis). If the LC molecule carries fewer dipole moments along the molecular
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axis, then Ae<0 and fragment tend to orient perpendicular to the electric field direction
because the polarity of the molecule is negligible [9]. The orientational order of the LC
molecule does not change in the applied external electric field. The applied external
electric field to the LC molecule causes the reorientation of the director angle. The LC
molecule responds to the applied external electric field E collectively, causing the

director angle to fluctuate [10].

Luckhurst et al. [11] reported that the Schiff base compound enhances the molecule's
polarity, enhancing the dielectric anisotropy. The dielectric anisotropy is suitable for the
electro-optical effect in display applications. Alkyl chain also increased the LC
properties, such as the nematic-isotropic (N-1so) or nematic, to a smectic phase transition
temperature [12-13]. According to different theoretical models, the molecular
polarizabilities and the anisotropy of LC molecules are considered essential characteristic
inherent molecular properties because the intermolecular interaction energies, according
to different theoretical models, are dependent on them. The refractive index of HBT LC
is 1.58. The birefringence decreases with the increased temperature of the HBT LC
molecule. The birefringence in the nematic phase exists between 0.2 to 0.1. The OBT has
a smectic B phase. [14-16]. Rao et al. [17] reported that the order parameter increases
with an increment of the magnetic field. The nematic to the smectic phase (N-Sm)
transition, the order parameter decreases. The HBT LC has an adverse order parameter
within the range of 0.45 to 0.58. The ao increases, and ae decreases with increased
temperature. The HBT is more stable as a comparison with other molecules. The HBT
has a -0.6 order parameter, and OBT has a -0.5 order parameter. The HBT LC has strong
intermolecular forces that are responsible for the alignment of molecules. The HBT LC is
also having greater translational flexibility, which is dominant in the nematic phase. The
HBT LC is an excellent molecule for high-speed optical switching devices, which is the

reason for choosing this molecule [18].

4.2 Computational Methodology

HBT LC molecules are optimized by density-functional theory (DFT) method B3LYP
[19-20] by 6-31G** [21] basis set using NWChem software package [22]. After the
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optimization of all the molecules, we have applied the electric field to the HBT LC along
the molecular axis (x-axis) and perpendicular (y-axis) to it from 0.0000 (a.u) to 0.1500
(a.u) at the interval of 0.0020 (a.u). After the applied electric field, we have calculated
the molecular polarizability of the HBT LC molecule. X-axis considered as extraordinary
molecular polarizability (ae), and Y-axis considered as ordinary molecular polarizability
(ao) then we have calculated the order parameter, birefringence, refractive index, and

magic angle as per the formula is given below [23];

a :%(axx +a, +a,,),

B=|Bos + By + Bt +(Bryy + By + Boua)? + Brs + B + B )2}

1/2

= (e’ + g1, + 11,)"?,
Ao = 2‘1/2[(05Xx —ay) +(ay, —a,,) +(a, —OCXX)Z]UZ,
Aa=a,-a,,
Aa =SAa,

Where & is mean isotropic polarizability.

Order Parameter (S):-

° 1)
Birefringence (An):-
( ) 2 N
AN = Qe —Q R3_ a, T & ’
6.3631 20.244

()
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Where R is the radius of the liquid crystal molecule.

Magic angle (0):-

6 = cos{@}

@)
Refractive index (n):-
a:2a0+ae’ 7e:a+2(ae_a°), yoza_(ae_ao)’
3 3S 3S
7 [210/5)Na (4410/15)2NS (.- 7,)
* 2410 1 A7Na 1 4zNa :
3 3

7 (2410/5)zNa (2510/15)NS (7, -,

:2\/E+ l—w 1_47[Na
3 3

nO

7 [2A0r5)iNa
2./10 1 47Na
3 €

Where N is the number of liquid crystal molecules.
4.3 Result and discussion
4.3.1 Order Parameter

The order parameter has been calculated under the influence of an external electric field
by the mathematical Eq. no. 1. Rao et al. [17] reported that the order parameter increases

with an increment of the magnetic field. The nematic to the smectic phase transition, the
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order parameter decreases in the present chapter; the order parameter decreases from
nematic to smectic phase transition, as shown in Fig. 4.1. The HBT LC has an adverse
order parameter; current work also indicates an adverse order parameter at the electric
field 0.0480 (a.u). Sarn et al. [15] reported the ao increases and oe decreases with an
increment of temperature in the present work also, the ap increases and oe declines under
the influence of an external electric field. Sarn et al. reported the positive order parameter
of HBT LC is 0.68 in the present work; the positive order parameter is 0.67. The
theoretical prediction is very accurate with the experimental evidence. The maximum
order parameter of HBT LC is 0.6788, and the minimum is -0.3865.

HBT
0.8
0.6
S, =0.6788
[72)
T 047 S . =-0.3865
ﬁ min
Q
£
g
[
o
y
=]
A
o}
0.4 ‘
0 0.05 0.1 0.15

Electric Field (a.u.)

Figure 4.1. Calculated order parameter under the influence of an external electric field
by DFT

4.3.2 Birefringence

The birefringence has been calculated under the influence of an external electric field by
the mathematical Eq. no. 2. Sarn et al. [15] reported the birefringence decreases with
increased temperature of the HBT LC molecule. The birefringence in the nematic phase

exists between 0.2 and 0.1; current work also indicates that the nematic phase's
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birefringence is 0.1119, as shown in Fig. 4.2. The oo increases, and ae decreases with an
extension of temperature; the current work indicates adverse or negative birefringence of
HBT LC molecule. The HBT nematic phase is stable at the electric field 0.0220 (a.u) and
0.0240 (a.u) and the smectic phase stable at the electric field 0.0580 (a.u). The maximum
birefringence of the HBT LC molecule is 0.1119, and the minimum is -0.0814.

HBT

0.15

Birefringence (An)

-0.1

0 0.05 0.1 0.15
Electric Field (a.u.)

Figure 4.2. Calculated birefringence under the influence of an external electric field by
DFT

4.3.3 Refractive Index

The refractive index has been calculated under an external electric field's influence by the
mathematical Eq. no. 4. Sarn et al. [15] reported the refractive index of HBT LC is 1.58;
the present chapter also indicates the refractive index of HBT LC is 1.58, as shown in
Fig. 4.3.
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Figure 4.3. Calculated refractive index under the influence of an external electric field
by DFT

4.3.4 Director angle or magic Angle

The director angle or magic-angle has been calculated under an external electric field's
influence by the mathematical Eq. no. 3. The director angle decreases in the nematic
phase and increases in the smectic phase with an expansion of the external electric field
as shown in Fig. 4.4. The magic angle of all the liquid crystals is 54.7°; the current
chapter also indicates the magic angle of HBT LC is 54.73°. The maximum range of the
director angle is 74.03°, and the minimum range is 27.56°. The director angle is stable for

the nematic and smectic phase.
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Figure 4.4. Calculated director angle or magic-angle under the influence of an external
electric field by DFT

4.3.5 IR spectroscopy of HBT LC

The C-0O stretching reveals the maximum absorbance because the oxygen atom transfers
the charge to the benzene ring during the intermolecular interaction, as shown in Fig. 4.5
and 4.6, also given in Table 4.1. Zhang et al. reported [24] oxygen atom transfer the
proton to the nitrogen atom during an intermolecular interaction, which is responsible for
the maximum transmittance of the molecule.
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Figure 4.5 Calculated IR spectrum by DFT

Table 4.1 Vibrational mode of HBT LC calculated by DFT methodology

Frequency (cm™) Modes of vibration
565 C-H wagging in benzene
845 Out of plane wagging of the hydrogen atom
976 O-C stretching (carbon atom of alkyl chain)
1178 In-plane scissoring of C-H atom
1232 O-C stretching (carbon atom of benzene ring)
1342 C-C stretching in benzene
1426 C-H Out of plane wagging
1539 C-H In-plane scissoring in benzene
1631 C=N Stretching and In-plane scissoring of C-H atom
3030 C-H Symmetric stretching in the alkyl chain
3092 C-H Asymmetric stretching in the alkyl chain
3191 C-H Asymmetric stretching in benzene
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Figure 4.6 Charge distribution of HBT LC molecule

The HBT LC molecule is suitable for sensing and filtering applications because it
exhibits a broad range of frequencies given in Table 4.1 and shown in Fig. 4.5. The
whole molecule shows Out of plane wagging of Hydrogen atom about the frequency of
845 cm™. The entire molecule expresses In-plane scissoring of C-H about the frequency
of 1178 cm™. The whole molecule reveals O-C stretching (carbon atom of alkyl chain)
about the frequency of 976 cm™. The entire molecule shows C-C stretching about the
frequency of 1342 cm™. The whole molecule reveals O-C stretching (carbon atom of
benzene ring) about the frequency of 1232 cm™. The entire molecule expresses In-plane
scissoring of C-H about the frequency of 1539 cm™. The whole molecule represents Out
of plane wagging of C-H about the frequency of 1426 cm™. The molecule as a whole
shows the Symmetric stretching of C-H atom about the frequency of 3030 cm™. The
entire molecule reveals C-N stretching and C-H In-plane scissoring about the frequency
of 1631 cm™. The whole molecule expresses the Asymmetric stretching of C-H atom

about the frequency range from 3092 cm™to 3191 cm™.
4.4 Conclusion

In this work, it has been found that the HBT LC molecule has maximum absorbance
during the intermolecular interaction because of charge transfer by an oxygen atom to the
benzene ring. The birefringence and order parameter have adverse orders with an
expansion of the external electric field. The HBT LC molecule is suitable for sensing and

filtering applications because HBT LC has a broad range of frequencies. With this
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methodology's help, we can predict an unknown organic molecule's optical and sensing

properties. B. Bahadur reported HBT LC is diamagnetic, so it is suitable for the

diamagnetic material applications. Molecular polarizability is the most crucial parameter

in this chapter, which is responsible for the optical properties of the organic molecule.

This theoretical model predicts the optical parameters of the unknown organic molecule.

The novelty of the current work is modified mathematical equations as a comparison

with previously reported results. This theoretical model predicts 97 to 100% accuracy

with the experimental evidence.
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CHAPTER 5

Electro-Optical Odd-Even Effect of the Homologous
Series of 70.m Liquid Crystal

5.1 Introduction

The electronegative oxygen atom plays a crucial role in the compound series of N(p-n-
Heptyloxy-Benzylidene) p-Toluidine nO.m (n=7, m=1-10); the presence of an oxygen
atom in the series of 70.m is responsible for the nematic phase. On increasing the length
of alkoxy or alkyl chain, then the dipole moment increases with the liquid-crystalline
range of molecules [1-2]. The nematic to smectic-A (N-A) phase transition has been
observed if the alkyl chain length increased. The nO.m compound series shows the odd-
even effect under the applied Temperature [3]. The order parameter (S) has been studied
by the optical birefringence and molecular polarizability [4]. The removal of an oxygen
atom from both sides of the NO.Om compound series is responsible for the reduction of
dipole moment and transition temperature. The presence of oxygen atoms on both sides
of the compounds NO.Om causes the growth of the clearing temperature and liquid
crystalline range [5-8]. The Schiff base compounds are (NO.O.m, nO.m, and n.m) very
sensitive to the atmosphere [9]. The nO.m compounds show the orthogonal phase for the
n<6, and m>7, and they exhibit the smectic-F and smectic-G phases. The 70.1 liquid
crystals molecules express the nematic and monotropic-A and smectic-B phase under the
effect of temperature. The 70.1 N(p-n-heptyloxy-benzylidene)p-toluidine (HyBT) liquid
crystal compound is a weakly polar compound. It exhibits the nematic phase in heating
while cooling of the sample expresses the smectic-A and smectic-B phases. With reduced
temperature, the density and ultrasonic velocity in the isotropic phase linearly increases.

No hysteresis loop has been observed in the density during heating and cooling cycles
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[10-11]. The alkoxy and alkyl-substituted Schiff bases liquid crystal molecules express
the liquid crystalline behavior above the room temperature [12-13]. The compound series
is denoted by nO.m where n and m equivalent to the numbers of carbon atoms in the alkyl
and alkoxy groups, respectively linked with the benzylidene-aniline frame in the para-
positions. The n=7 number is fixed, and m numbers vary from 1 to 5, which is showing
the nematic phase, and m=6 indicating only smectic phases (smectic-A, smectic-C,
smectic-F, and smectic-G). The n=7 and m>5 exhibit the nematic and smectic phase
while the m>8 does not express any nematic phase. They exhibit only a series of smectic
phases [14-15]. The extended homologous series (m>8) represents the smectic-A phase at
a higher temperature and a narrow range of smectic-C or smectic-B and finally smectic-G
phase at a lower temperature [16-17]. The 70.4 compound expresses the ultrasonic
velocity in the isotropic phase, which is enhanced linearly with decreasing temperature.
The peculiar decrease in the ultrasonic velocity has been observed in the environs of the
isotropic-nematic (I-N) phase transition. The ultrasonic velocity firstly reduces in the
isotropic phase adjacent to the transition temperature, and further enhanced with
decreased temperature in the nematic phase [18-19]. The nematic phase liquid crystal
molecules possess long-range orientational order. At the same time, the smectic
molecules contain three, two, or one-dimensional periodic order addition with the
orientational order. The ultrasonic velocity and molecular volume in a range of
temperatures predict the phase transition and also predict molecular packing and
molecular interaction [20-25]. In 70.5, the compound's density decreases linearly, with
increases in the smectic-G phase's temperature. The smectic-G to the smectic-B phase
transition is the first-order transition in which the structures changed abruptly. The
density change at the transition temperature is due to the structural deformation from
three dimensional (3D) with smectic-G phase to two dimensional (2D) smectic-B phase
[26-31]. The smectic-C to smectic-A phase transition expresses the second-order phase
transition because the density changes continuously from smectic-A-smectic-C [32-35].
In the smectic-A phase, the density decreases linearly with the enhancement of
temperature continuously. The smectic-A to the nematic phase transition is the first-order
phase transition because of the molecules' parallel arrangement [36-40]. The present work

theme is searching for the new liquid crystals, which is maybe suitable for the optical
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shutters, beam steerers, limiters, and switchable optical filters applications. The current
work shows the correlation between the theoretical prediction of the electric field's

external effect with the experimental evidence under the impact of temperature.
5.2 Computational Methodology

All the molecules are optimized by the NWChem Software [41] with the help of density
functional theory (DFT) method B3LYP [42-43] and M062X [44] by 6-31G** basis set
[45-46]. After the simulation of all the molecules, we are applying the electric field (a.u)
to the 70.m liquid crystal compound series along the molecular axis (x-axis) and
perpendicular (y-axis). The range of applied electric field is 0.0000 (a.u) to 0.2000 (a.u)
at the interval of 0.0020 (a.u) where 1 a.u=5.14 x 10! V/m [53]. We have calculated the
molecular polarizability of the 70.m liquid crystal molecule series after the applied
electric field. Along the x-axis, molecular polarizability is considered extraordinary
molecular polarizability (ae), and along the y-axis, it is considered ordinary molecular
polarizability (ao). With the help of ae and ao, we have calculated the order parameter,
magic angle, birefringence and refractive index [48-49] as per the formula given below;
The o, B, 1, and molecular anisotropy in polarizability Ao can be revealed as numerical
differentiation with an electric field of magnitude 0.002 (a.u). Respectively, equations are
given below. Where o, 1, and B are equivalent to the polarizability, dipole moment, and

first-order hyperpolarizability components.

1
0525(05)(X +ta, +a,

B=[(Bo+ By +B)’ + By + Bay + Br) + (B + B + B ]
w= 0y )
Aa = 2_1/2[(axx - OLyy)z + (O('yy - OLzz)z + (O(’zz B axx)z:rlz

Aa=a, —o,
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Ad = SAa

Order Parameter (S):-

e T 0 (5.1)

Birefringence (An):-

=]
An:(ae_ao) RS _ 20(‘0+ae
6.3631 20.244

(5.2)
Where, R is the radius of liquid crystal molecule.
Magic angle (0):-
o COSl{(23 + 1)}
3 (5.3)
Refractive index (n):-
20, + 0, Z(OLe —OLO) (ae —a
o= Ye =0+ Yo =0 —
3 (31 33 ,(3.2) 35

7 +(2@/5)nl\|a+(4@/15)71Ns(ye—y0)
"0, dmNa | 4nNo

3 3 (5.4)

ne

7 [10/5hNa (210 /15)NS(y, —7,)

o~ 210 * 1- 4nNo 1- 4nNo

3 3 (5.5)

7 [2/10/5}Na
2,10 1_4nNoc
3

(5.6)
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Where, N=300 is the number of liquid crystal molecule and ve, Yo IS representing the
extraordinary and ordinary internal field constant. The difference of ye-yo is t0 serve the
differential molecular polarizability. The ne and no are representing the extraordinary and
ordinary refractive index respectively.

5.3 Results and Discussion

The 70.m compound series expresses a perfectly odd-even effect by an order parameter,
birefringence, and dipole moment under the electric field effect. But the isotropic
polarizability, Homo-Lumo gap, and refractive index do not express any odd-even effect.
The 70.m compound series has low birefringence and small order parameter in the
presence of an electric field. The Homo-Lumo gap remains constant during the extension
of the alkyl chain length of the 70.m compound. The refractive index and isotropic
polarizability are continuously enhanced with the extent of the alkyl chain. The DFT
methods reveal the same nature of characteristics for all the parameters but different
values. The M062X method expresses the higher values for the refractive index, HOMO-
LUMO gap, birefringence, and order parameter compared with the B3LYP method, while
isotropic polarizability and dipole moment having higher values for the B3LYP method
as compared with the M062X method. The B3LYP and M062X are the most excellent
methods for the organic compound; they express good accuracy with the experimental
results [50-52]. The 70.m compound series has a 54.74° magic angle, and it is calculated
by Equation number 3.

5.3.1 Order parameter

The order parameter has been calculated with Eqg. no. 1 under an external electric field's
influence. The 70.1 and 70.2 (m>2) liquid crystal molecules do not exhibit any odd-even
effect, and after the 70.2 molecule, the odd-even effect is observed correctly, as shown in
Figure 5.1. The order parameter of the 70.m series sharply decreases for the 70.6 liquid
crystal molecule expressed by both methods B3LYP and M062X, as shown in Fig. 1.
because bond orientational order breaks rotational symmetry and represents the smectic-F
phase. Rao et al. [25] have reported that the order parameter of 70.1 exists between 0.42
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and 0.63. The order parameter of 70.1 is 0.41, shown by the B3LYP method. Gasparoux
et al. [35] have reported the order parameter of 70.4 existing between 0.42 to 0.63, and
by the Vuks methods, the order parameter of 70.4 is 0.41. The order parameter of 70.4 is
0.40, shown by the B3LYP method, which is approximately equal to the experimental
evidence. Rao et al. [26] reported the experimental order parameter of 70.5 is 0.44. in the
current work, the order parameter of 70.5 is 0.46. The B3LYP method is suitable for
m<5, and the M062X method suitable for m>5. Godzwon et al. [19] reported the
transition temperature nematic to isotropic (N-Iso) phase transition also reveals the odd-
even effect under the impact of temperature. In contrast, the present work also indicates
the odd-even effect under the influence of an electric field's external effect. The impact of
temperature on the liquid crystals is correlated with the external impact of the electric
field.

0.55 ' ' :

0.50 [

0.45 |

0.40 [

0.35 1

Order Parameter (S)

0.30 1

0.25 L L I I
0 70.2 70.4 70.6 70.8 70.10

Figure 5.1 Order parameter generated under the applied electric field (a.u) by the B3LYP
and M062X methods.
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5.3.2 Birefringence

The birefringence has been calculated with Eq. no. 2 under an external electric field's
influence. The 70.m series's birefringence has expressed a perfectly odd-even effect
under the applied electric field, as shown in Fig. 5.2. Rao et al. [31] have reported by
experimentally calculated birefringence of 70.2 and 70.3 is 0.124 and 0.103. In the
current work, the birefringence of 70.2 and 70.3 is 0.120 and 0.110. Gasparoux et al.
[35] have reported the birefringence of 70.4 an existing between 0.10 to 0.15. In the
current work, the birefringence of 70.4 is 0.10. The theoretical prediction is
approximately near to the experimental evidence. The 70.6 liquid crystal molecule
decreases the birefringence because the bond orientational order breaks rotational
symmetry and exhibits the smectic-F phase. Smith et al. [28] reported the 70.6 and 70.8
LC not having a nematic phase, which is the reason for the sharp decrement of
birefringence indicated by the method B3LYP as shown in Fig. 5.2.

0.14 T ' ' '
—WY—B3LYP
0131 @—M062X| |
0.12
0.117
0.10
0.09

0.08 |

Birefringence (An)

0.07 |
0.06 |

0.05" : :
0 70.2 704 70.6 70.8 70.10

Figure 5.2 Birefringence generated under the applied electric field (a.u) by the B3LYP
and M062X methods.
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5.3.3 Isotropic polarizability

The isotropic polarizability of the 70.m series increases continuously, with the extension
of the alkyl chain length. Both the methods B3LYP and M062X reveals a perfectly linear
graph of isotropic polarizability, as shown in Fig. 5.3. The B3LYP method reveals higher
values of isotropic polarizability as a comparison to the M062X method. Fakruddin et al.
[4] reported the molecular polarizability is continuously increasing with an extension of
the alkyl chain. The liquid crystal's molecular polarizability is continually rising under
the impact of temperature; however, the molecular polarizability is continuously
increasing under the external electric field's influence in the current work. So we are
predicting the impact of temperature on the liquid crystal correlated with the electric

field's external effect.
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Figure 5.3 Isotropic polarizability generated with an extension of the alkyl chain length
5.3.4 Homo-Lumo energy gap

The highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) gap of 70.m series do not express any odd-even effect. In
contrast, the Homo-Lumo gap calculated by both B3LYP and M062X methods remains
constant for all the 70.m compound series, as shown in Fig. 5.4. The 70.10 liquid crystal
molecule a little bit increase in the B3LYP method. The HOMO-LUMO energy gap
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remains constant with an extension of the alkyl chain length for the whole series of 70.m
liquid crystal compounds. The HOMO-LUMO energy gap is broader for the entire series
of 70.m liquid crystal compounds, which is maybe suitable for the dielectric
applications. Most of the dielectric materials have been used for terahertz applications.
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Figure 5.4 Homo-Lumo Energy gaps calculated with an extension of the alkyl chain
length

5.3.5 Dipole Moment

The dipole moment perfectly reveals the odd-even effect by increasing the 70.m
compound series' alkyl chain length. The characteristic of the dipole moment of 70.m
series calculated by two DFT methods B3LYP and M062X, is the same but with different
values. In the 70.m compound series, the dipole moment increases for the Odd carbon
atom number (3,5,7) of the alkyl chain and express the odd-even effect slightly-slightly
the dipole moment decreases with the alkyl chain length increases. Still, after the 70.7
liquid crystal molecule, the odd-even effect does not observe. Still, the dipole moment
decreases continuously as the alkyl chain's length increases, as shown in Fig. 5.5. Latha
et al. [15] experimentally reported in the 70.m series the odd carbon atom number of the
alkyl chain increased the transition temp., and even number decreased the transition

temperature because the even member of the 70.m series is making a larger angle with
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the long molecular axis; thus, it will reduce the anisotropy of the molecule, and it will
reduce the nematic to the isotropic phase transition temperature. However, the odd
member of the 70.m series is making a lower angle with the molecule's long molecular
axis; thus, it will enhance the molecule's anisotropy, thereby increasing the transition
temperature of 70.m series. In the current work also express the dipole moment increased

for odd members and decreased for even members.
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Figure 5.5 Dipole moment calculated with an extension of the alkyl chain length

5.3.6 Refractive index

The odd-even effect does not observe in the refractive index calculated by the B3LYP
method. A little bit of odd-even effect is observed in the refractive index calculated by
the M062X method, as shown in Fig. 5.6. The refractive index has been calculated by
B3LYP and M062X methods under the electric field's impact continuously increase with
the alkyl chain's length but with different values. The M062X method reveals a higher
amount of refractive index as a comparison to the B3LYP method. Gasparoux et al. [35]

have reported the refractive index of 70.4 is 1.56; however, the theoretical prediction of
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70.4 is 1.57, indicating by the B3LYP method. The theoretical prediction approximately

correlates with the experimental evidence.
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Figure 5.6 Refractive index is calculated under the influence of an external applied
electric field (a.u) by the B3LYP and M062X methods.

5.3.7 Birefringence versus order parameter by M062X Method

The M062X method does not have any sharp edge, but the B3LYP method has a sharp
edge as shown in Fig. 5.8. The 70.1, 70.2, 70.3, and 70.4 have the same order
parameter; after the 70.4 molecule, the order parameter fluctuates with the birefringence.
The order parameter and birefringence of 70.6 LC molecule sharply decreases because

the bond orientational order breaks rotational symmetry and exhibit the smectic-F phase.
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Figure 5.7 Birefringence versus order parameter calculated under the influence of an

external applied electric field (a.u) measured by the M062X method.
5.3.8 Birefringence versus order parameter by B3LYP method

The order parameter versus the birefringence graph of the 70.m series, as shown in Fig.
5.8, is exhibiting the odd-even effect perfectly. The order parameter varies with the
birefringence by this method, but this type of character has not been observed in the
MO062X method shown in Figure 5.7.
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Figure 5.8 Birefringence versus order parameter calculated under the influence of an

external applied electric field (a.u) measured by the B3LYP method.

5.4 Conclusion

In this work, it has been found that the 70.m compound series express a perfectly odd-
even effect by order parameter (S), birefringence (An), and dipole moment under the
impact of the electric field. But the isotropic polarizability, Homo-Lumo gap, and
refractive do not express any odd-even effect in the 70.m series. This compound series
has low birefringence and order parameter. The HOMO-LUMO gap remains constant on
increasing the length of the alkyl chain. The isotropic polarizability and refractive index
continuously improve with an extension of the alkyl chain length. The M062X method
produces higher values for the refractive index, HOMO-LUMO gap, order parameter, and
birefringence, while dipole moment and isotropic polarizability having higher values
which have been calculated by the B3LYP method. The DFT method expresses the
perfectly electro-optic and odd-even effect under the applied electric field computed
using Eq. 1, 2, 3, and 4. Most probably, it has been found that when the alkyl chain length
increased, then the HOMO-LUMO gap some time increased or some time decreased, but
in the series of 70.m compound, the HOMO-LUMO gap remains constant. The
homologous series of 70.m liquid crystal molecules may be suitable for the THz
applications. The 70.m liquid crystals are also ideal for the limiters, optical shutters,
beam steerers, and switchable optical filters applications.
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CHAPTER 6

Even-0dd Effect of the Homologous Series of nCHBT
Liquid Crystal Molecules

6.1 Introduction

The general structure of NCHBT consists of one phenyl ring attached by the cyclohexane
ring with the chair conformation and the isothiocyanate (—NCS) group linked with the
phenyl ring and the alkyl chain (CnH2n+1) attached to the cyclohexane ring. Based on
technological applications, it has been found that the nematic liquid crystals (LC) possess
orientational order due to which they have been used for the extensive applications in LC
display (LCD) devices [1-2]. The birefringence and refractive index depend upon the
temperature, wavelength, and structure of the particular material. But for the use of LC in
the form of a display device, the temperature factor is essential [3]. A simulation using
computational techniques have used to know the transport properties of a particular LC.
The transfer of momentum gives rise to shear viscosity. In CHBT LC, viscosity is
independent of the velocity gradient, whether it is nematic or isotropic phase [4]. The
strength of the odd-even effect has undetermined with the increase in the alkyl chain of
the compound. The clearing temperature also depends on the alkyl chain length. On
increasing the temperature, the value of the extraordinary refractive index decreases
while the ordinary refractive index's value increases [5]. With the introduction of the
NCS group, the value of polarizability increases in the case of CHBT, as phenyl ring
combines with © electron. In the nematic phase of CHBT, the antiparallel association of
the molecule is not present. The antiparallel conformation has generated the dipole
between the cyanobiphenyl (CN) group; however, the NCS group does not create any
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dipole [6]. The infrared spectrum of the isotropic LC is similar to the IR spectra of the
nematic phase. The nematic LC's are capable of scattering light to a greater extent; its
special appearance makes it more visible, among others [7]. The NCS group exposed to
UV radiation, it has found that it resist exposure. Their color, conductivity, and phase
transition temperature remains the same. These contain a smectic layer spacing, which is
similar to the length of one molecule. Its mixture with the CN group yields a high value
of dielectric anisotropy [8]. The increased melting point observed when the number of
carbon atoms in the alkyl chain is odd. The small changes in the rigid core structure lead
to the change in attractive and repulsive forces [9]. The transfer of momentum in liquids
is different from the transport phenomenon in solids. The rigid core in CHBT is known as
the mesogenic core. The ratio of apparent molecular length and calculated the molecular
distance indicates that some biomolecule associates with CHBT. Short-range associations
are highly dependent on the structure of the molecule. Quantitatively, founded by a
Kirkwood correlation factor, and this reveals that correlation is less in the isotropic phase
[10-11]. When two LC have a resemblance in structure and length, but their polarity is
different, then dielectric relaxation spectroscopy is required to study their orientational
order. For the comparison between two LC compounds, the relative temperature is
generally used [12]. Buchecker et al. [13] have revealed that the isothiocyanates group
and the side chain could help form a homologous series in which a rigid core is free from
double bonds. The compounds having an odd number of alkyl groups, the range of
mesogenic state temperature is broad compared to the compounds having an even number
of alkyl groups. The mechanical properties of an LC-like elasticity depend upon the
dipolar interaction. Schulz et al. [14] have reported that the LC is thermally stable or not;
it relies on its terminal group's nature. The nCHBT compounds are having —NCS as the
terminal group, which is more fluctuates in the high-temperature range. The objective of
this chapter is to find out an unknown LC molecule for electro-optical applications. The
present work's motivation is to search for a new unknown LC molecule suitable in the
terahertz (THZz) applications because we are applying a very high electric field of 0.001

a.u, which is equal to 6.5 THz.

6.2 Computational Methodology
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All the nCHBT molecules are optimized by the NWChem Software [15] with the help of
density functional theory (DFT) method B3LYP [16-17] and M062X [18] by 6-31G**
basis set [19-21]. After the optimization of all the molecules, we have applied the electric
field to the nCHBT LC compound series along the molecular axis (x-axis) and
perpendicular (y-axis). The applied electric field range is 0.000 a.u to 0.100 a.u at the
interval of 0.0020 a.u [22] where 1 a.u. = 5.14 x 10'* V/m. We have calculated the
molecular polarizability of the nCHBT LC molecule series after an applied electric field.
The molecular polarizability along the x-axis is considered extraordinary molecular
polarizability (ae), and along the y-axis is considered ordinary molecular polarizability
(0o). With the help of ae and o, We have calculated the order parameter, refractive index,
magic angle, and birefringence [23-30]. The finite-field approach framework predicts the
total molecular energy under the impact of the electric field is given below [31];

1

E= Eo _“iF ——(lijFiFj _%B FFF

)

ijk" it jtk

Where E, is the total energy in the absence of the electric field, and Fi, wi, oij and Bijk
equivalent to the components of the electric field, dipole moment, and polarizability and
first-order hyperpolarizability and respectively directions specified along with the
subscripts 1, j and k=x, y and z. The molecular anisotropy in polarizability (Aa) can be
revealed as numerical differentiation with an electric field of magnitude 0.002 a.u.

Respectively, equations are given below [32];
Aot = 27201y, —0y)? + (et — 00,)? + (0t — 01 )]
Aa =0, -0,
Aa. = SAa.
Where d is the mean isotropic polarizability.

Order Parameter (S):-
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S — e (0]
o, +0a, (l)
Birefringence (An):-
-1
AN = (ae _ao) R3 — 20Lo T,
6.3631 20.244 @)
Where R is the radius of the liquid crystal molecule.
Magic angle (0):-
0 COS_1{(25 + 1)}
3 3)
Refractive index (n):-
a:2a0+ae ye:a+2(ae_ao) yo:()L_(Ote_OLo)
3 , 3S , 3S
7 (2410/5)Na | (4410 /15)NS(y, - 7,)
n, = + +
2J10 ,_ 4mNa L 4nNo
3 3

7 [210/5)Na (2410 /15)NS(y, —7,)

+

° "5 /10 1 4nNo 1 4nNo
3 3
7 [2J10/5)Na
2./10 1 4mNa
3 @)

Where, N=300 is the number of liquid crystal molecules and ve, Yo IS representing the

extraordinary and ordinary internal field constant. The difference of ye-yo IS to serve the
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differential molecular polarizability. The ne and no is representing the extraordinary and

ordinary refractive index.

6.3 Results and Discussion

The birefringence, transition temperature, and dipole moment reveal an even-odd effect
due to the increment of the alkyl chain of CHBT LC; however, the HOMO-LUMO gap is
not affected. The present chapter is indicating birefringence is inversely related to the
order parameter. However, the refractive index, order parameter, range of director angle
(A6°), and refractive index continuously increase with an increment of alkyl chain length
while birefringence steadily decreases. Rozga et al. [36] have reported an unusually high
electric field used for ion separation, which increases the propagation rate of streamers to
be at least 10° V/m; the present chapter used 10*° V/m electric field for the charge
separation of the molecules. Baran et al. [6] have reported that the nematogen nCHBT
series displayed a very high electrical resistance 10° Q cm, which is why applied an

unusually high electric field 10'°V/m in the present chapter.

6.3.1 Transition Temperature

The transition temperature from the nematic to isotropic (N-1so) phase reveals the even-
odd effect as shown in Fig. 6.1. Dabrowski et al. [8-9] have reported the increased
amount of the melting point observed when the number of carbon atoms in the alkyl
chain is odd, and the small changes in the rigid core structure lead to the change in
attractive and repulsive forces. Buchecker et al. [13] reported the nCHBT compounds
having an odd number of alkyl groups; the range of mesogenic state temperature is broad
compared to the compounds having an even number of alkyl groups. The transition
temperature reveals the even-odd effect under the extension of the alkyl chain length of
NCHBT LC. The odd carbon atom number has a higher prospective; however, even the

carbon atom number has a lower prospective. The odd carbon atom number of the alkyl
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chain length increases the transition temperature, and even number decreases the
transition temperature because the even member of the nCHBT series is making a larger
angle with the long molecular axis; thus, it will reduce the anisotropy of the molecule,
and it will also reduce the nematic to the isotropic phase (N-1so0) transition temperature.
However, the odd member of the nCHBT series is making a lower angle with the long
molecular axis; thus, it will enhance the molecule’s anisotropy, thereby increasing the

transition temperature.

Temperature (°0C)

Figure 6.1 Transition temperature of nCHBT LC under the extension of alkyl chain
(Crystalline to Nematic phase transition (Cr-N) and Nematic to Isotropic phase transition
(N-1s0) expresses the odd carbon atom number has a higher melting point; however, even

the carbon atom number has a lower melting point [8])
6.3.2 Dipole Moment

Wang at el. [22] have reported the dipole moment of the molecule opposite the applied
electric field; the present chapter also expresses the dipole moment increases for the even
carbon atom number of the alkyl chain. However, under the electric field effect, the
birefringence increases for the odd carbon atom number, as shown in Fig. 6.5; the

experimental evidence also increases for the odd carbon atom number as shown in Fig.
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6.1. The dipole moment reveals the even-odd effect with the increased alkyl chain length,
as shown in Fig. 6.2. The even carbon atom number of the alkyl chain reveals the higher
value of dipole moment while the odd carbon atom number shows a lower value because
the C-H atom wagging and C-C twisting frequency increases for the even carbon atom
number of the benzene ring but twisting frequency decreases for odd carbon atom
number. The C-S stretching frequency is also responsible for the even carbon atom in the
upward direction and odd carbon atom number in the downward direction. The dipole
moment variance indicates that the CHBT LC molecules are changing shape and size due

to the alkyl chain length's increment.
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Figure 6.2. Dipole moment has been calculated under the extension of the alkyl chain
(The dipole moment expresses an even-odd effect under the expansion of the alkyl chain
length of CHBT LC. The dipole moment studied by DFT methodology (B3LYP &
M062X) and the nature of both the methods is similar. B3LYP and M062X methods are

suitable for the organic molecules that are the reason for selecting these methods.)
6.3.3 HOMO-LUMO gap

The HOMO-LUMO energy gap does not affect the increment of alkyl chain length, as
shown in Fig. 6.3. The DFT methodology B3LYP and M062X express the same nature of
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characteristics. The HOMO-LUMO energy gap remains constant for 6.25 eV in the
B3LYP method, and by the M062X method, the energy gap remains constant for 8.20
eV. All kinds of molecular stretching do not deflect the HOMO-LUMO energy gap, and
it does not exhibit any odd-even effect; it remains constant for all the series because of
the nCHBT LC is an insulating material. Baran et al. [6] have reported the nematogen
NCHBT series displayed a very high electrical resistance of 10° Q cm. The number of
monomers of the nCHBT series does not affect the insulating behavior, which is the
reason for the constant bandgap.

8.5
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Figure 6.3. HOMO-LUMO gap has been calculated under the extension of the alkyl
chain (The HOMO-LUMO gap studied by DFT methodology (B3LYP & M062X) under
the extension of alkyl chain length of CHBT liquid crystal. HOMO-LUMO gap is not
considered under the effect of an electric field; it is considered only under the extension

of alkyl chain length. The nature of both methods is similar.)
6.3.4 Refractive Index

The refractive index was calculated with the help of Eqg. no. 4. The refractive index
continuously increases with the alkyl chain length, as shown in Fig. 6.4. Devi et al. [3]
reported the birefringence and refractive index to depend upon the particular material's
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temperature, wavelength, and structure. Still, the refractive index also depends upon the
electric field (current chapter). Baran et al. [6] have reported the refractive index
increases under the impact of temperature; the current chapter also expresses refractive
index increases under the electric field's impact, as shown in Fig. 6.4. The 9CHBT
reveals the refractive index sharply increased because the IR absorbance was very high in
the 9CHBT LC because of the benzene ring's C-H wagging frequency. The rocking
frequency corresponds to IR absorbance is very high in the tail of 9-CHBT. The C-N
stretching corresponds to the IR absorbance is continual increases for the nCHBT series,
but C-N stretching decreases in the 9CHBT LC that is the reason for the enhanced
refractive index. The 5CHBT and 6CHBT have the same refractive index predicted by
MO062X methodology because they have one transition state (i.e, ready to react to any
material). Still, the refractive index continuously increases in B3LYP methodology. The
9CHBT does not have any transition state, although the 5CHBT and 8CHBT, and
10CHBT LC also have one transition state. The refractive index is an optical parameter

used for the measurement of an electro-optical effect of LC.
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Figure 6.4 Refractive index has been calculated under the extension of the alkyl chain
(The refractive index studied by DFT methodology (B3LYP & MO062X) under the

extension of the alkyl chain length of CHBT liquid crystal. The refractive index was
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calculated by Eq. 4 under the effect of the electric field. The nature of both methods is

similar.)

6.3.5 Birefringence

The birefringence was calculated with the help of Eq. no. 2. Dabrowski et al. [35]
reported the birefringence of 5CHBT, and 6CHBT LC is 0.19 and 0.15 under the impact
of temperature in the present chapter the birefringence of 5CHBT, and 6CHBT LC is
0.21 and 0.18 which is very close to the experimental evidence [6] as shown in Fig. 6.5.
Sielezin et al. [2] have reported the birefringence decreases with an extension of the alkyl
chain length. In the present chapter, birefringence decreases and reveals an even-odd
effect due to alkyl chain length increment. The C-C symmetric and asymmetric stretching
correspond to IR absorbance increases for the odd carbon atom number and decreases for
even carbon atom number of benzene and cyclohexane ring. Buchecker et al. [13] have
reported the dielectric anisotropy, birefringence, and elastic constant increases for the odd
number and decreases for the even number of carbon atoms the alkyl chain length; the
present chapter also predicts the same evidence as shown in Fig. 5. The M062X method
shows a more even-odd effect as compared with the B3LYP method because of the
MO062X method predominant the nonbonded molecular interactions; however, the B3LYP
method predominant the Vanderwall forces and hydrogen bond interaction. The
birefringence continuously reduces with the extension of the alkyl chain length.
According to the M062X method, the 2CHBT & 3CHBT, 6CHBT & 7CHBT, and
8CHBT & 9CHBT having the same birefringence because of the dispersion interaction
contribute by the molecules, but according to the B3LYP method, 4CHBT & 5CHBT
having the approximately same value of birefringence because of an equal amount of
intermolecular forces. The birefringence is an optical parameter used for the

measurement of an electro-optical effect of liquid crystal.
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Figure 6.5 Birefringence has been calculated under the extension of the alkyl chain (The
birefringence studied by DFT methodology (B3LYP & MO062X) under the extension of
the alkyl chain length of CHBT liquid crystal. The birefringence calculated by Eg. 2

under the effect of the electric field. The nature of both methods is similar.)

6.3.6 Order Parameter:

The order parameter of LC exists in the range of 0.3 to 0.8; below the range of 0.3 it is
entirely liquid, and above the range of 0.8, it is perfectly crystal. The order parameter was
calculated with Eq. no. 1 under an external electric field's impact. Bauman et al. [33]
have reported the order parameter of 7CHBT LC 0.61 under the effect of temperature; the
present chapter also shows the order parameter of 7CHBT LC is 0.64, which is close to
the experimental value [34] as shown in Fig. 6.6. (a) Raszewski et al. [37] have reported
the order parameter of 6CHBT LC is 0.68; the present chapter also reveals the order
parameter of 6CHBT is 0.68, which is supports the experimental evidence as shown in
Fig. 6.6. (a) The DFT method M062X represents the nematic phase stability due to the
contribution of molecular anisotropic. Sarkar et al. [11] have reported the order parameter
increases with the extension of alkyl chain length under the impact of temperature in the

present chapter; also, the order parameter continuously increases with alkyl's extension
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chain length under the impact of an electric field. The order parameter continuously
increases with the increment of alkyl chain length because C-N and C-C atom stretching
correspond to the IR absorbance continually increases for the nCHBT series. The order
parameter has expressed the even-odd effect with minor deviation. The order parameter is
an essential parameter for calculating the physical state of liquid crystal; with this
methodology's help, we can predict unknown molecules' state. The extension of alkyl
chain length under the electric field's impact reduces the range of nematic phase stability,
as shown in 3D Fig. 6.6.(b)
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Figure 6.6 (a) Order parameter has been calculated under the extension of the alkyl chain
(The Order parameter studied by DFT methodology (B3LYP & MO062X) under the
extension of the alkyl chain length of CHBT liquid crystal. The Order parameter was
calculated by Eq. 1 under the effect of the electric field. The nature of both methods is

similar.)
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Figure 6.6(b) The order parameter has been calculated under the extension of the alkyl
chain length (The order parameter studied by DFT methodology (B3LYP) of nCHBT
liquid crystal. The order parameter is calculated by equation no. 1 under the effect of the

electric field.)
6.3.7 Magic Angle

Dabrowski et al. [9] have reported 1CHBT not having the LC's property; however,
2CHBT to 10CHBT has the property of the LC because the present chapter expresses the
magic angle of 1CHBT LC is higher and very close to 54.80° as shown in Fig. 6.7. The
magic angle was calculated with the help of Eq. no. 3. The standard value of the magic
angle is 54.7° for all LC molecules. The magic angle of LC depends upon the order
parameter. The 1-CHBT LC molecule expresses an approximate 54.8° magic-angle, but
the series represents a 54.7° magic angle AS shown in Fig. 6.7. The magic angle
decreased continually with the increased alkyl chain, but the magic angle increased again
in 10CHBT; however, the nCHBT maintains a 54.7 magic-angle for all the series. The
magic angle of the LC molecule depends upon the molecular anisotropic. The molecular
anisotropic continuously decreases with an extension of alkyl chain length, which is why
the magic angel's decrement. The nCHBT LC series are uniaxial; however, 9CHBT is
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biaxial. The magic angle of the 9CHBT decreases, and 10CHBT increases due to the

LC's biaxial and uniaxial behavior.
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Figure 6.7 The magic angle has been calculated under the extension of an alkyl chain
(The Magic angle was studied by DFT methodology (B3LYP & MO062X) under the
extension of the CHBT liquid crystal length. The Magic angle is calculated under the
effect of the electric field by Eq. 3. The nature of both methods is approximately similar.)

6.3.8 Range of Director Angle

Eq. no. 3 calculates the range of director angle (A8°) under the electric field's influence.
The range of director angle (A6°) considers from the magic angle, as shown in Fig. 6.8.
The range of director angle (A6°) continuously increases with an extension of the alkyl
chain length. The C-N and C-C atom stretching contribute to enhancing frequency due to
the range of director angle (A6°) increases continually. The minimum director angle
(6°min) continuously decreases with the extension of alkyl chain length; however, the
maximum director angle (0°max) remains constant with alkyl chain length. The maximum
director angle remains constant for 55° because the C-H atom stretching of the benzene

ring remains constant for all the series; however, the minimum director angle decreases

124



from 35° to 25°. The difference of director angle (A0°) is continually increased from 19°

to 29° and reveals the broad range of director angle due to the alkyl chain's extension.
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Figure 6.8 Range of director angle has been calculated under the extension of alkyl chain
(The range of director angle (magic angle) studied by DFT methodology (B3LYP) under
the extension of the alkyl chain length of nCHBT liquid crystal. The range of director
angle calculated by Eq. 3 under the impact of the electric field. The difference of director
angle (A6°) continually increases, but the minimum director angle (6°min) continuously

decreases; however, the maximum director angle (0°max) remains constant.)
6.3.9 Isotropic Polarizability

Baran et al. [6] have reported that the m-electron conjugation of the phenyl ring with
terminal -NCS group gives stronger polarizability than the -CN group. Jadzyn et al. [34]
have reported the external electric field to align the nematogen molecules in the applied
axis with maximum polarizability, and the parallel molecular axis (x-axis) gives a
minimum moment of inertia of the molecule. The 6CHBT LC shows three absorption
bands with a 0.61 order parameter for the nematic phase; the present chapter also

supports the experimental evidence. The isotropic polarizability increased continuously
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with alkyl chain length because C-N atom stretching corresponds to IR absorbance
continuously increases. The C-C twisting frequency of benzene continuously increases,
so the isotropic polarizability increased continuously with alkyl chain length. Both the
DFT methodology expresses the same prediction with minor deviation shown in Fig. 6.9.
Baran et al. [6] have reported that isotropic polarizability continually increases with the
alkyl chain length because the alkyl chain contributes to the molecular polarizability with
the phenyl ring's help NCS terminal group; that is the reason for the continues
enhancement of isotropic polarizability.
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Figure 6.9 Isotropic polarizability has been calculated under the extension of the alkyl
chain (The Isotropic Polarizability was studied by DFT methodology (B3LYP & M062X)
under the extension of alkyl chain length of CHBT liquid crystal. The Isotropic
Polarizability is not calculated under the electric field; it is estimated only under the
extension of alkyl chain length. The nature of both methods is similar.)

6.4 Conclusion

In the present work, it has been found that under the extension of alkyl chain length, the
transition temperature, dipole moment, and birefringence exhibits the even-odd effect. At

the same time, the HOMO-LUMO energy gap remains stable due to insulating behavior.
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The range of director angle, order parameter, refractive index, and isotropic polarizability
of the CHBT molecule increases gradually with an extension of alkyl chain length
because C-N atom stretching corresponds to IR absorbance continuously increases. The
order parameters and birefringence are inversely related to each other. Hence the
birefringence decreases and the order parameter increases of the CHBT series due to the
continuous extension of alkyl chain length under an electric field. The birefringence and
magic angle continually decrease with the increment of alkyl chain length. The influence
of an electric field is an alternative to the temperature for optical applications. The
present chapter strategy can predict all the optical parameters of the unknown molecules.
The current chapter strategy can predict the physical parameters isotropic polarizability,
dipole moment, state density, and Intermolecular interactions of the unknown molecules.
This work's motivation is to search for new liquid crystal molecules that are suitable

under the terahertz (THz) applications.
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CHAPTER 7

Conclusion and Future Prospects

The work's motivation has studied the reason behind the even-odd effects obtained by
temperature and electric field variation. The temperature and electric field both
parameters are shown the odd-even effect in the LC series. Hence, the study's interesting
part is the correlation between the electric field and temperature to cause the even-odd
effect in the LC series. This strategy is useful for the electro-optical effect of future
molecules. The present theoretical model predicts the optical parameters of the unknown
organic molecule. The novelty of the current work is modified mathematical equations as
a comparison with previously reported results. This theoretical model predicts 97 to
100% accuracy with the experimental evidence.

Chapter 3: In this chapter, it has been found that the electric field's effect on the nCB LC
series. Which is reveals an even-odd effect in optical applications. It has been found that
the electric field is another method to find out the optical parameters of the nCB series.
The optical parameters are obtaining using derived equations from Vuk's theory. The
birefringence of nCB series is decreased continuously and showing an even-odd effect
with the extension of the alkyl chain length of the nCB LC molecules. The order
parameter of the nCB is steadily increasing with an extension of the alkyl chain length of
the nCB series. The stretching of C-C and C-H atom corresponds to higher IR absorbance
for odd members and lowers IR absorbance for even members of the nCB series. The C-
C and C-H, atom stretching, is contributing to the anisotropy of polarizability. The order
parameter and birefringence of the nCB LC molecules are inversely proportional to each
other. Under the electric field effect, the birefringence and order parameters are different
for different carbon atom numbers. The order parameter, birefringence, and transition
temperature of the nCB series reveal a higher value for odd carbon members, which

corresponds to the benzene ring's C-H asymmetric stretching. Our results help to
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investigate the optical parameters of LC, which can be obtained through electric field and
temperature. It is also explaining the correlation between microscopic parameters to
mesoscopic parameters of LC, which can be obtained by variation of external electric
field and temperature of liquid crystals.

Chapter 4: In this chapter, it has been found that the HBT LC molecule has maximum
absorbance during the intermolecular interaction because of charge transfer by an oxygen
atom to the benzene ring. The birefringence and order parameter have adverse orders
with an expansion of the external electric field. The HBT LC molecule is suitable for
sensing and filtering applications because HBT LC has a broad range of frequencies.
With this methodology's help, we can predict an unknown organic molecule's optical and
sensing properties. B. Bahadur reported HBT LC is diamagnetic, so it is suitable for the
diamagnetic material applications. Molecular polarizability is the most crucial parameter
in this chapter, which is responsible for the optical properties of the organic molecule.
This theoretical model predicts the optical parameters of the unknown organic molecule.
The novelty of the current work is modified mathematical equations as a comparison
with previously reported results. This theoretical model predicts 97 to 100% accuracy

with the experimental evidence.

Chapter 5: In this chapter, it has been found that the 70.m compound series express a
perfectly odd-even effect by order parameter (S), birefringence (An), and dipole moment
under the impact of the electric field. But the isotropic polarizability, Homo-Lumo gap,
and refractive do not express any odd-even effect in the 70.m series. This compound
series has low birefringence and order parameter. The HOMO-LUMO gap remains
constant on increasing the length of the alkyl chain. The isotropic polarizability and
refractive index continuously improve with an extension of the alkyl chain length. The
MO062X method produces higher values for the refractive index, HOMO-LUMO gap,
order parameter, and birefringence, while dipole moment and isotropic polarizability
having higher values which have been calculated by the B3LYP method. The DFT
method expresses the perfectly electro-optic and odd-even effect under the applied
electric field computed using Eq. 1, 2, 3, and 4. Most probably, it has been found that
when the alkyl chain length increased, then the HOMO-LUMO gap some time increased
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or some time decreased, but in the series of 70.m compound, the HOMO-LUMO gap
remains constant. The homologous series of 70.m liquid crystal molecules may be
suitable for the THz applications. The 70.m liquid crystals are also ideal for the limiters,
optical shutters, beam steerers, and switchable optical filters applications.

Chapter 6: In the present chapter, it has been found that under the extension of alkyl
chain length, the transition temperature, dipole moment, and birefringence exhibits the
even-odd effect. At the same time, the HOMO-LUMO energy gap remains stable due to
insulating behavior. The range of director angle, order parameter, refractive index, and
isotropic polarizability of the CHBT molecule increases gradually with an extension of
alkyl chain length because C-N atom stretching corresponds to IR absorbance
continuously increases. The order parameters and birefringence are inversely related to
each other. Hence the birefringence decreases and the order parameter increases of the
CHBT series due to the continuous extension of alkyl chain length under an electric field.
The birefringence and magic angle continually decrease with the increment of alkyl chain
length. The influence of an electric field is an alternative to the temperature for optical
applications. The present chapter strategy can predict all the optical parameters of the
unknown molecules. The current chapter strategy can predict the physical parameters
isotropic polarizability, dipole moment, state density, and Intermolecular interactions of
the unknown molecules. This work’'s motivation is to search for new liquid crystal

molecules that are suitable under the terahertz (THz) applications.
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