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Preface

Generally, matter exists in three common phases namely solid, liquid and vapour (gas).
Some organic compounds exhibit a number of intermediate phases between ordered
solid and isotropic liquid. In the intermediate phases, they can flow like fluids and
have anisotropic properties similar to that of crystals. Organic compounds showing
this behavior are called liquid crystals. They are composed of anisotropic molecules
with variety of shapes, for example, rod-like, bent-like or disc-like etc. The mesophases
exhibited by them can be identified by polarizing optical microscope (POM), calori-
metric measurements and scattering techniques (X-ray, light scattering).

They have various applications, ranging from liquid crystal displays (LCD) to spacial
light modulators (SLM), tunable lences, holographic devices etc. The electro-optic
responses of the liquid crystal display depends upon the viscoelastic properties. The
spacial responses of nematic LCs to electric or magnetic fields are determined by three
curvature elastic constants namely, splay, bend and twist. The temporal response
is determined by the rotational viscosity (71), which is linearly proportional to the
response time. The elastic constants and the rotational viscosity depends upon the
shape of the constituent molecules, interactions and the orientational order.

In this thesis, we have studied optical, dielectric and viscoelastic properties of some
calamitic and a discotic nematic liquid crystals. We find that the temperature depen-
dence of the physical properties are strongly influenced by the short-range orders in
the respective phases. The thesis is organized as follows.

Chapter I
Introduction

In this chapter, we have given a brief introduction to the various types of liquid crystals
and the description of some of their physical properties, which are relevant for the later
chapters.

Chapter II
Experimental techniques

In this chapter, we describe all the experimental techniques for measuring various
physical properties of the liquid crystals. We describe experimental procedures for cell
preparation, and measurement of birefringence, static dielectric constants, splay and
bend elastic constants, and rotational viscosity.



Chapter III

Unusual temperature dependence of splay and bend elastic constants of a
discotic nematic liquid crystal

Discotic nematic liquid crystals are very useful for wide and symmetrical viewing
angle of LCDs and various applications in organic electronics. The physical studies on
discotic nematic LCs are meager and more over in these compounds, the nematic phase
mostly exists much above the ambient temperature. In 2000, Kumar et al. reported the
first synthesis of room temperature discotic nematic L.Cs. However physical properties
of these compounds have not been investigated.
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Figure 1: (a) Chemical structure and phase transition temperature of the discotic com-

pound. (b) Variation of splay (K71) and bend (K33) elastic constants as a function of
shifted temperature. (Inset) Variation of K7, /K33 as a function of shifted temperature.

In this chapter, we report studies on the birefringence, dielectric and viscoelastic prop-
erties of an ambient temperature discotic nematic liquid crystal. Chemical structure
and phase transition temperature of the compound is shown in Fig.1(a). The birefrin-
gence is negative i.e., (An = n, —n,) < 0, and approximately equal to -0.2 at room
temperature. The dielectric anisotropy (Ae) is very small and negative. Fig.1(b)
shows the temperature variation of splay and bend elastic constants. Interestingly
we observe K17 > Ks3 at all temperatures and they show very different temperature
dependence. For example, as the temperature is reduced from the NI transition point,
both the elastic constants increase but Kj; increases more rapidly than Ks3. Below
T —Txn; = —45°C, Ky saturates whereas K33 shows a kind of diverging behavior. The
temperature variation of K41/K33 is also shown in the inset of Fig.1(a). It is observed
that the ratio increases as the temperature decreases and reaches a maximum around
T — Ty; = —40°C. Below this temperature it reduces rapidly as the ambient temper-
ature is approached. The rotational viscosity (7;) is three orders of magnitude larger



than the convenctional calamitic nematic liquid crystals. The unusual behavior of the
elastic constants and the high rotational viscosity suggests the presence of temperature
dependent columnar short-range order in the discotic nematic phase. We proposed a
simple model to explain the unusual temperature dependence of Ki; and Kss.

Chapter IV

Experimental studies on the phase diagram and physical properties of mix-
ture of calamitic and discotic nematic liquid crystals

In this chapter, we report phase diagram, and measurement of several physical prop-
erties of mixtures of calamitic (E18) and discotic molecules. The mixtures studied in
this chapter are (E18), a multicomponent calamitic mixture and the discotic nematic
LC that was studied in chapter-III. The calamitic mixture E18 and the disc like com-
pound having the phase transition temperatures: Cr-10°C N 60°C I and Glass -35°C N
83°C I respectively. E18 was choosen because its birefringence of equal magnitude and
opposite sign. Appropriate mixture of these compounds may shoe zero birefringence.
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Figure 2: (a) Phase diagram of the mixtures with the variation of wt % of the
discotic compound. (b) Variation of splay (K1) and bend (K33) elastic constants of
the mixtures as a function of shifted temperature.

The E18 has a short isotropic nematic coexistence region, and the temperature width
of the co-existence region increases with increase in wt % of discotic compound. Phase
diagram of the mixtures with the variation of wt % of discotic compound and corre-
sponding textures are shown in Fig.2(a). Both the birefringence and the dielectric
anisotropy decreases with increasing wt% of the discotic compound. Both the elastic
constants decreases with increasing wt % of discotic compounds (Fig.2(b)). For ex-
ample K33 and Ki; decreases approximately 22.4% and 20.0% respectively at room
temperature. Rotational viscosity (71) increases with the increase of wt% of discotic
compound. For example, v, of E18+7.5 wt % (disc-molecular) is approximately 74%
larger than the value of E18 at room temperature. These results are discussed based



on the individual properties and their mutual alignment.
Chapter V

Effect of smectic short range order on the discontinuous anchoring transi-
tion in nematic liquid crystals

In the recent past, Dhara et al. observed a discontinuous anchoring transition of a
liquid crystal, 4'-butyl-4-heptyl-bicyclohexyl-4-carbonitrile (CCN-47) from planar to
homeotropic with a large thermal hysteresis on perfluoropolymer treated cells. They
also demonstrated some new applications of this transition. However, the temper-
ature dependent alignment and orientational properties of the homologous series on
perfluoropolymer have not been investigated.

CN

CnH2n+1
H2m+1Cm

Figure 3: Chemical structure of CCN-mn compound.

Table 1: Phase transition temperatures, anchoring transition temperatures and ther-
mal hysteresis of the compounds. K — Crystal, SmB — Smectic-B, SmA — Smectic-
A, T — Isotropic, T,. — anchoring transition temperature while cooling, T,;, —
anchoring transition temperature while heating, thermal hysteresis, AT, =T,,-T,.

Sample  Phase transition (°C) nematic range (°C) T,.(°C) T (°C) AT,(°C)
CCN-35 K384 N4931 10.9 No anchoring transition 0
CCN-38 K 41 SmA (23) N49.51 26.5 414 43.7 2.3
CCN-46 K 30 SmB (26) N 54.7 I 28.7 44.7 47.8 3.1
CCN-47 K 25.6 SmA 28.2 N 57.3 1 29.1 44.5 49.8 5.3
CCN-55 K 25 SmB 30 N 66.4 1 30.4 27.3 36.8 9.5
CCN-73 K 38.6 SmB (38) N 50.2 1 12.2 No anchoring transition 0

In this chapter, we studied the temperature dependent alignment behavior of the ho-
mologous series of CCN-mn on perfluoropolymer treated cells. The chemical structure
of the CCN-mn compound is shown in Fig.3. Among six compounds in the series,
one (CCN-35) has only nematic phase and the remaining five have either smectic-
A or smectic-B in addition to the nematic phase (see Table 1). We simultaneously
performed temperature dependent dielectric measurements and optical polarizing mi-
croscope observations. It is found that except for CCN-35 and CCN-73, the remaining
four compounds exhibit discontinuous anchoring transition from planar to homeotropic
and vice versa with increasing thermal hysteresis. It suggested that smectic short range
order is responsible for the anchoring transition. We developed a simple theory taking
into account the effect of smectic short-range order at the substrates to explain the



experimental observation. The calculated anchoring transition temperatures in cool-
ing (T,.), heating (T,;,), and the thermal hysteresis (AT},) from theoretically are given
below. By considering the case of CCN-47, substituting the approximate values, the
estimated parameters agree well with the experimental observations.

36D°¢" Y53

[B11 + (B21 — 4|B22|/3)S]?
36D%¢" &3

(811 + (Ba1 + 2|P22]/3)5]?

and the thermal hysteresis is given by

Tonh = Tna+Tna

Tac = TNA + TNA

ATy, =Ty — Tye (3)
Chapter VI
Structure-property correlation of bicyclohexane nematic liquid crystals

To get more insight into the physical properties of these bicyclohexane liquid crystals,
we measured birefringence, dielectric anisotropy, splay and bend elastic constants are
reported in this chapter. The dielectric anisotropy is found to be large and negative
(Ae < 0) in all the compounds. The birefringence is very low in all the compounds,
and near the room temperature, An ~ 0.03 (Fig.4(a)).
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Figure 4: (a) Variation of birefringence as a function of shifted temperature. (b)
Variation of K33/K;; of the homologoes series as a function of temperature.

We find that in all the compounds K33 < K7;, which is in contrast to the conventional
calamitic liquid crystals. Variation of K33/ K77 of the homologous series as a function of
reduced temperature is shown in Fig.4(b). Interstingly, we observe that K33/K;; ~ 0.7,
except very close to the SmA phase transition temperature (of CCN-47). The low
birefringence, high negative dielectric anisotropy and the unexpected elastic constants
ratio are discussed based on the optimized molecular structure obtained from density
functional calculations.



Chapter VII

Birefringence, permittivity, curvature elasticity and rotational viscosity of
ambient temperature, high birefringent nematic liquid crystal mixtures

Recently, J. Herman et al. synthesized novel high birefringent nematic liquid crystals
containing quarterphenyl and phenylethynyltolane cores with isothiocyanate terminal
group. These LCs have various applications ranging from display to non-display such
as in the visible, ultraviolet regions and in long wave length radio frequency appli-
cations (GHz/THz frequencies). For the purpose of applications, we prepared some
binary mixtures (Fig.5(a)) and measured the temperature variation of some physi-
cal properties such as birefringence, permittivity, curvature elasticity and rotational

viscosity.
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Figure 5: (a) Molecular structure, wt% of the individual compounds and the phase
transition temperatures of the mixtures. (b) Variation of birefringence (An) and
orientational order (S) of the mixtures as a function of shifted temperature. (c) The
frequency dispersion of the real part of the dielectric constants, i.e., ¢)(f) and €, (f)
at various temperatures of Mix-2.

The birefringence (An) jumps to ~ 0.22 from zero at the nematic-isotropic (NI)
transition and reaches to a high value ~ 0.4 at room temperature and varies as
Anpiz—1 > Anppie—o > Anpie 3 (Fig.5(b)). Parallel component of dielectric constant
(EH) measured at 4111 Hz shows unusual temperature dependence, i.e., it increases up
to certain temperature and then decreases with decreasing temperature. To under-
stand this we measured the frequency dispersion of the real parts of the dielectric con-
stant, i.e., g|(f) and €, (f) at various temperatures (Fig.5(c)). The unusual behaviour
is due to decrease of dielectric relaxation frequency with decreasing temperature. Both



splay (K711) and bend (K33) elastic constants increase with decreasing temperature and
these values are comparatively larger than many common nematic liquid crystals. The
rotational viscosity (71) increases very rapidly with decreasing temperature. At room
temperature 7; ~ 1 Pa s, which is about two orders of magnitude larger than conven-
tional nematic liquid crystal such as 4-n-pentyl-4'-cyanobiphenyl (5CB). The figure of
merit (FoM), (which characterizes the performance of liquid crystal) of the mixtures
at high temperature is reasonably large but reduces at room temperature.
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Introduction

n general, with variation of temperature, matter transforms from ordered solid phase
I to isotropic liquid phase at some characteristic temperature (melting point). In the
solid phase, there exists long-range three dimensional positional (center of mass) and
orientational order, whereas in liquids both orders disappear and possess only short-
range order among the molecules. In 1888, an Austrian botanist Fredrich Reinitzer
observed two transition temperatures in some organic materials. At the first transition
temperature it transforms to a turbid liquid and in the next transition it transforms to a
clear liquid. The class of compounds exhibiting these intermediate phases were named
as liquid crystals by Lehman, in 1889. In the intermediate phases they have zero or one
or two dimensional positional order in addition to orientational order. In these phases
they exhibit liquid-like behavior such as surface tension and viscosity and solid-like
properties such as optical anisotropy (birefringence), conductivity anisotropy, dielectric
and diamagnetic susceptibility anisotropy [1, 2]. Due to a lack of 3-D positional order
and large response to electric and magnetic fields, they are quite useful in display
and non-display applications. Mainly liquid crystals are classified as thermotropic and
lyotropic liquid crystals. Thermotropic LC exhibits various phases with the variation
of temperature where as in lyotropic, they appear with variation of concentration in the
solvent [3, 4]. In this thesis, we measure various physical properties of some nematic
liquid crystals and investigate effect of short range order. In this chapter, we discuss
various LLC phases and physical properties which are relevant to the later chapters.



1.1. Classification of liquid crystals

1.1 Classification of liquid crystals

Thermotropic liquid crystals can be classified based on the shape of the molecules,
namely [5, 6]

(i) calamitic made up of rod like molecules,

(ii) bent-like made up of bend core molecules,

(iii) discotic made up of disc shaped molecules.

(@) (b)

Figure 1.1: Schematic representation of (a) calamitic, (b) discotic and (c) bent-core

molecules.

1.1.1 Calamitic

Calamitic liquid crystals are made up of rod-shaped molecules with rigid core and
flexible side chains. The physical properties are influenced by the nature of both rigid
core and flexible chains. They exhibit various phases. Some of the phases relevant to
the present thesis are discussed here.

Nematic (N)

Nematic phase is the simplest and common phase among all the liquid crystalline
phases. In this phase, center of mass of the molecules are randomly distributed (fluid
like, no positional order) and long axes of the molecules are aligned on an average
along a direction. It is represented by a unit vector, called director f which is apolar
in nature, i.e., 1 and —f are equivalent (indistinguishable) hence it does not lead to
any macroscopic polarity. Rotational symmetry exists along the director, so usually

they are uniaxial in nature.

Order Parameter (S)

When phase changes from disorder to order, the symmetry is reduced and orderness
appears. To put it in quantitatively, a parameter is defined which is zero in disorder
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Figure 1.2: Schematic representation of nematic phase of rod like molecules. The

arrow (J) represents the director (7).

phase and non zero in ordered phase called order parameter. In the nematic phase, the
average orientation of the long axes of the molecules is along the director. To define the
local orientation of the director at a point 7(z,y,z), consider the unit vector a along
the long axis of the molecule [4]. The thermal average of a over a microscopic volume
around 7. The average (a.4) is a scalar constant and is not useful. This average is
ensemble average. The value of (@) is zero since nematic director is apolar in nature.

The next choice of order parameter is second rank tensor S, and the elements are given
by

1
SOI/B = <a’aaﬁ> - §5aﬁaa>ﬁ =I,Y, %, (11)

where z, y and z are the laboratory fixed coordinate system. The addition of Kronecker
delta term ensures zero value of order parameter since (a?) = 1/3. This is symmetric
and traceless and contains five independent elements. In the principal coordinate
system, this tensor can be diagonalised. The distinct diagonal elements represent
biaxial phase, where as two equal diagonal elements lead uniaxial phase. In the uniaxial
nematic phase, the general form of order parameter field is given by

Susl() = 8 (na(P)a(7) = 50as). (1.2

where S is a measure of the degree of alignment of long axes of the molecules along
A(7) and the expression in the parenthesis defines the spacial variation of #/(7) from
point to point. In the well aligned nematic phase, n is independent of 7. For the
cylindrically symmetric molecules, the scalar order parameter is given by
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5 3(605229) — 17

where the angular brackets represent ensemble average, and 6 is the angle made by

(1.3)

the long axis of the molecule @ with the director n. For a perfectly aligned sample,
6 = 0 or 7, then (cos?§) =1, thus S = 1. In isotropic phase, 6 varies from 0 to 7, then
(cos*0) =1/3, thus S = 0. Usually it varies from 0.3 to 0.8 in the nematic phase with
variation of temperature. The order parameter is related to the physical properties
such as diamagnetic and dielectric anisotropy, birefringence etc [3].

Cholesteric

Cholesteric phase is formed when the molecules are chiral or chiral dopants are added
to the nematic phase. If the orientational order rotates in space then it leads to helical
structure. By moving along the helix axis, the director rotates. Hence helix axis is
perpendicular to the local director. A full rotation of director completes through a
distance p called pitch. Since 7 and —n are equivalent, the pitch repeats through a
distance p/2. Nematic phase can be assumed as cholesteric phase having pitch infinity.
Here uniaxial optic axis is the helix axis. A schematic representation of cholesteric
phase is shown in Fig.1.3.

2
3
N\
A\

Figure 1.3: Schematic representation of arrangement of rod like molecules in the
cholesteric phase. The red arrow indicates director (72) in respective layers. Half-pitch
is denoted by p/2.

Smectic

In smectics, in addition to the orientational order it shows layered structure of the
molecules [1]. So, it exhibits 1-dimentional translational order and 1-D density wave

W
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along the layer normal. Within the layers, the center of mass of the molecules are
random (fluid-like). The layered structure (periodic) is described by a density wave
and is given by

p = po[l + Re{|W|eil®0+o1], (1.4)

where p, is the back ground density, [¢)| complex amplitude of the density wave,
¢o(= 2m/d), d is the layer thickness, ¢ is an arbitrary phase. The layers in the xy-
plane and layer normal n along z-axis. Based on the orientation and arrangement of
the molecules in the layers, smectics are classified as Smectic-A, Smectic-B, Smectic-C
etc.

Smectic-A (SmA)

AN
TN
i)

Figure 1.4: Schematic representation of layer structure of the molecules in the smectic-
A phase. The director (72) is along the layer normal.

In the smectic-A phase, the long axes of the molecules are parallel to the layer normal.
Each layer is like a two dimensional fluid. The interaction among the layers are
relatively weak. Even though smectic phase is more turbid than nematic, due to weak
interactions among the layers, they can slide relatively easy one over the other. This
SmA phase shows uniaxial symmetry. If the molecules are composed of symmetric and
non polar then layer spacing (d) in smectic phase is approximately equal to molecular
length (1). Otherwise, if the molecules consist of longitudinal dipole moment then near
neighbour anti-parallel correlations can affect the structure [7].

Smectic-C (SmC)

In the smectic-C, the molecules form layers and the center of mass are random within
the layer similar to SmA arrangement, but the molecules are tilted at an angle 6 with
the layer normal. Due to the tilt angle 6, the layer thickness is less than the molecular
length.
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Figure 1.5: Schematic representation of layer arrangement of rod like molecules in the

smectic-C (SmC) phase. The director 7w makes an angle 6 with the layer normal.

Smectic-B (SmB)

In the smectic-B phase, the molecules form layers and the long axes of the molecules
are parallel to the layer normal. SmB phase is more ordered than SmA and SmC. In
SmB, the molecules form hexagonal order within the layer. There is a small correlation
among the hexagonal networks and the hexagonal lattices repeat positional order over
a large length scale around 150-600 A [8]. The side view and top view of the molecular
arrangement in the SmB phase is shown in Fig.1.6.

m
i’

side view top view

Figure 1.6: Schematic representation of the arrangement of the molecules in the side
and topview in the smectic-B (SmB) phase.

1.1.2 Discotic

About forty years ago, S. Chandrashekhar and his colleagues from Raman Research
Institute, India reported the discovery of discotic liquid crystal. In discotic liquid
crystals the disc-shaped molecules are composed of flat rigid core and is surrounded
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by flexible chains [9]. Due to van der Waals interaction and overlapping of 7 electrons
of the neighbouring aromatic cores they tend to self-organize into 1D column and then
organize into various 2D lattices. The motion of the side chains give the fluidity of the
disc in 3D and is one of the reason for the mesomorphic behavior [10]. The discotic LCs
exhibit various sub-phases [11]. Some of the common phases are nematic, columnar
ete.

1.1.3 Nematic phases of discotic NLCs

Discotic NLCs exhibit various nematic phases. They are discotic nematic (Np), colum-
nar nematic (Ngo), chiral nematic (N})) etc. A schematic representation of some of
the discotic nematic phases are shown in Fig.1.7.

(a) (b)

Figure 1.7: Schematic representation of arrangement of discotic molecules in the (a)
discotic nematic (Np), (b) columnar nematic (Ngy) and (c) chiral nematic (N}))
phases. The red arrows indicates the director n.

Discotic nematic is the simplest phase formed by the discotic liquid crystals. The
center of mass of the discs are random and the short axis (disc normal) of the discs
on an average points in direction known as a director. So, in this phase it has net
orientational order but no positional order. Due to interactions among the discs,
they tend to form columnar stacks. These columnar rods as building blocks and
show columnar nematic phase (N¢y). In this phase, it exhibit short range positional
order and long range orientational order. Similar to chiral calamitic (N*), it forms
chiral discotic nematic phase (Nj;). Similarly, due to strong interactions they form
aggregates. If these aggregate superstructures act as building block then it forms
nematic lateral phase (V).

1.1.4 Columnar phases of discotic LCs

Columnar phase is the most common phase exhibited by the discotic LCs. The disc
molecules are self assembled into columns. These columns self-organise into various
2D lattices and form columnar phase. In the columns, the disc molecules may be
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(a) (b) (c)

Figure 1.8: Schematic representation of arrangement of discotic molecules in (a) hexag-
onal columnar (Col,), (b) rectangular columnar (Col,) and (c) columnar lamellar
(Coly) phases.

arranged in periodic or aperiodic manner. Based on the order, orientation of the disc
molecules and symmetry of the columns, various columnar phases are formed. They
are columnar hexagonal phase (Coly,), columnar rectangular phase (Col,), columnar
lamellar phase (Colr) etc. The schematic representation of some of the columnar
phases is shown in Fig.1.8.

1.2 Optical properties

1.2.1 Refractive index (n)

Refractive index is the property of the medium, which is determined by the relative
speed of light in the medium. In the nematic liquid crystals, the optic axis is along
the liquid crystal director n. In the uniaxial nematic liquid crystals, if the polarization
of the electric field vector of light is along and perpendicular to the director then
corresponding refractive indices are n and n, respectively, where || and L represent
direction in relation to the director n. The average value of refractive index of the
nematic phase is given by

(n?) = %(nﬁ +om?).
1.2.2 Birefringence (An)
Optical anisotropy or birefringence (An) is given by
An =mn, —n, =n; —ny.

It is positive and the value varies from 0.01 to 0.8 for calamitic liquid crystals [4, 12],
and negative for discotic liquid crystals. The birefringence of the liquid crystal can be
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Figure 1.9: Schematic representation of arrangement of calamitic and discotic
molecules along the director and representation of polarization of electric field of light
ﬁ perpendicular and along the optic axis.

used to estimate order parameter (S) by using the Haller extrapolation [13].

NAn

SNAnO’

where An, is the birefringence of the perfectly aligned state of the LC.

1.3 Dielectric constants (¢ and ¢ )

Dielecric properties are related to the response of the given material to the external
electric field. Dielectric constants depend upon the charge distribution in the molecules
and intermolecular interactions. The value of dielectric constants will vary with the
variation of both temperature and the frequency of the electric field. In liquid crystals,
parallel (g)) and perpendicular (¢,) components of the dielectric constants are mea-
sured when the electric field is along and perpendicular to the director respectively.
The dielectric anisotropy is defined as Ae = ¢ — ¢.

According to the Maier and Meier’s theory, the dielectric constants are given by [14]

+ ZAVES+ F

— 144
I e 3 3kpT

pNahF [<7E> 2 L {1 —(1— 300525)5}] , (1.5)

2

_1A7E5+F a {1+1(1—3cos26)5}],(1-6)

gL = 1+47T 3 3nT 5
B

PRl [<7E>
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Figure 1.10: Schematic representation of principal components of the polarizabilities
of the molecule.

where M is the molecular weight, N4 is the Avogadro number, p the density, kg is
the Boltzmann constant, (y”) = (y{f +2v{)/3 is the average molecular polarizability,
AyE = fyﬁ: — ~v¥ is the polarizability anisotropy, h = 3(g)/(2(g) + 1) is the cavity
field factor, ' = 1/(1 — f(vF)) where f = ((¢) — 1)/[2ma3(2(e) — 1)] is the reaction
field factor for spherical cavity and a® = 3(u/4m)N4, is the cavity volume and J3
is the angle between the molecular dipole moment and the axis of the maximum
polarizability of the molecule and S is the order parameter. From the Eq.(1.5)
and Eq.(1.6), the parallel (¢)]) and perpendicular (¢;) component of the dielectric
constants depends upon the order parameter (.5).

The average dielectric constant () is given by

(e) = (el —|—326J_) 1 +47TpNJI\L>[hF [<7E> +F3:BT] ) (1.7)

The average dielectric constant (¢), is independent of both order parameter (S) and
the angle  between the polarizability anisotropy and dipolemoment.
The dielectric anisotropy (Aeg) is given by

pNAhF
M

12

2kgT

Ace=¢)—e =4r [AVE - F (1-— 300325)] S. (1.8)

From the Eq.(1.8), the dielectric anisotropy (Aeg), is proportional to order parameter
(S). The sign of the dielectric anisotropy (Ae) is determined by the relative magnitude
of the two terms in the square bracket of the Eq.(1.8). When the angle 5 < 55°, then
the two terms in the bracket will be added up and give positive dielectric anisotropy.
For 3 « 55°, the second term will be zero and left with polarisability anisotropy (A~y®).
For 5 > 55°, the sign of the dielectric anisotropy (Ae < 0 or > 0), is determined by
the relative strength of the polarisability anisotropy (Ay%) and dipolar contribution.
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1.4. Curvature elastic constants

1.3.1 Response of LC to an electric field

The electric displacement B induced in the nematic liquid crystal by an external
electric field ﬁ is given by [15, 16],

D =cpe  E +e,Ae(i E )i (1.9)

The total electric energy of the nematic liquid crystal medium can be written as
E
Wete = / D.dE, (1.10)
0

and it is given by
1 1 1

Wele = —éﬁﬁ = —QeoeLE2 — 550A5E2(ﬁ.ﬁ)2. (1.11)
In Eq.(1.11), the first term is independent of liquid crystal orientation and dielectric
anisotropy of the medium. So, from the second term, the minimization of the electric
energy depends upon the dielectric anisotropy Ae of the medium and relative orien-
tation of the director (72) in relative to the electric field E For positive dielectric
anisotropy (Ae > 0), energy will be minimized if ﬁ||ﬁ and for negative dielectric
anisotropy (Ae < 0), then energy will be minimized if n L F.

1.4 Curvature elastic constants

Nematic liquid crystals have orientational order, they exhibit curvature elasticity. In
a single-domain and uniformly oriented nematic liquid crystal, the director n is in-
dependent of position 7. When the distortion is induced by means of electric or
magnetic field in the director 7(7), then the derivative of #(7") exists. The liquid
crystal medium opposes such deformation since one needs to do work against the
inter-molecular forces. So an elastic restoring torque comes in to play that tends to
bring back ﬁ(?) to the undisturbed state. Any deformation can be constructed as the
combination of three basic independent curvature deformations, namely splay, twist
and bend distortions. A schematic representation of elastic deformations are shown in
Fig.1.11.

The elastic free energy per unit volume is given by [1, 2, 17],

1
=73 [Ku(Vﬁ)z + Koo (.V % 71)* + Kgz(f X V % ﬁ)Q] ’ (1.12)

where K7y, Koo, and K33 represents the splay, bend, and twist elastic constants re-
spectively. These are positive and generally K33 > Ki; > Ko for rod-like molecules,
and Ky > Kj; > K33 for disc-like molecules [18]. Energy density fy has the units of
energy /vol, and 7 is dimensionless so elastic constants have units of force, i.e, newton
(N). The typical value of the elastic constants are approximately equal to the order of

11



1.5. Rotational viscosity (v1)

Splay Twist Bend

Figure 1.11: Schematic representation of splay, twist, and bend distortions.

nematic interaction energy per unit molecular length. At the isotropic-nematic transi-
tion, thermal energy (kgTy;) per molecule is comparable to the interaction energy of
the molecule in the nematic phase. For eg. Ty ~ 330 K, molecular length a ~ 104,
kp ~ 10724 JK=1, then elastic constant, K; «» KgTyr/a v« 10712N.

1.5 Rotational viscosity (1)

Rotational viscosity (71) is one of the important parameter for electro-optical appli-
cations in the liquid crystal devices. The response time of the device is proportional
to the rotational viscosity. It is an internal friction experienced by the liquid crystal
directors while rotating. The magnitude of (7;) depends on the constituents, struc-
ture of the molecules, inter-molecular interactions, and temperature. For a positive
dielectric anisotropy NLCs in a planar cell of thickness d, the value of ~; is given by
19, 20]

T, K112
m= %, (1.13)

where 7, is the relaxation time and K7, is the splay elastic constant.

1.6 Types of alignment

In an unaligned liquid crystal sample, the director (72) is oriented randomly, i.e., it
varies from point to point in the medium. In order to measure the physical properties
and also for the application [21, 22], the director 71, needs to be aligned with respect to
the boundary surfaces. The uniform alignment of the director enables us to measure
the physical properties such as birefringence, static dielectric constants, curvature elas-
tic constants etc. Commonly two types of alignments are used namely homogeneous
or planar and homeotropic or perpendicular directions for physical measurements.

12



1.7.  Anchoring transition

= _E' e R R < < .

(i) | (ii)
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i

Figure 1.12: Schematic representation of (i) homogeneous and (ii) homeotropic align-
ment of the rod-like molecules on the substrates.

1.6.1 Homogeneous alignment

If the molecules of the liquid crystals are aligned along one direction in the plane of
the substrate then it is called homogeneous or planar alignment. Here we coat the
glass substrate with a thin layer of polyimide. The interactions among the polyimide
and liquid crystal molecules are such that they give in-plane orientation of the liquid
crystal molecules. To make them align in a particular direction to the surface we rub
the surfaces. The process of rubbing makes micro grooves over the substrate and the
long axis of the molecules are aligned parallel to the grooves (rubbing direction). In
case of uniaxial nematic liquid crystals, the optic axis is along the rubbing direction.
A schematic representation of homogeneous alignment is shown in Fig.1.12(i).

1.6.2 Homeotropic alignment

If the molecules are aligned perpendicular to the plane of the substrate then it is
called homeotropic or vertical alignment. Usually surfactant molecules are used for
this alignment, which have amphiphilic polar groups and aliphatic alkyl chains. When
the surfactant is coated on a glass substrate, the polar groups get attracted and sticks
to the surface and alkyl chains stay perpendicular to the surface. The alkyl chains
interact with liquid crystal molecules and provide vertical alignment of the director
on the surface. A schematic representation of homeotropic alignment is shown in in
Fig.1.12(ii).

1.7 Anchoring transition

When the nematic phase is in contact with another material (solid, liquid, gas), LC
adopts a particular orientation on the contact area of another material. The phe-

13



1.8. Freedericksz transition

nomenon of orientation of LLC by the surface is called anchoring. A particular ori-
entation of the director is due to the balance among various interactions. Generally,
surface imposes a particular direction called anchoring direction or easy direction. So,
anchoring direction is the spontaneous orientation of the LC director. If the anchor-
ing direction changes from one direction to another direction then the phenomenon
is called anchoring transition. In chapter-5, we have studied anchoring transition of
some LCs.

1.8 Freedericksz transition

The transition from an uniformly aligned state to distorted state by the application
of electric or magnetic field is called Freedericksz transition. Consider, the positive
dielectric anisotropy (Ae > 0) liquid crystal is homogeneously aligned on the surface.

S

0}

ﬂ

»:

|

1

|

1
NS
[N

AN}
AN
AN\

< [N\

V
<

Th

Figure 1.13: Schematic representation of director configuration below (V' < Vpy) and
above (V' > Vpp,) the threshold field respectively.

By applying the field the corresponding electric energy is given by
1 1 1
Wele = —iﬁﬁ = —isosLE2 - igerEQ(ﬁ.ﬁﬂ (1.14)

From the Eq.(1.14), the electric energy will be minimized when the director 7 is along
the field direction. When the external field is applied, there exist a competition be-
tween the surface field and the electric energy. At zero and small voltages the director
is uniformly aligned along the surface. By increasing the voltage, at certain value the
director begins to deform i.e., electric energy overcomes the surface energy. At higher
voltage, the director is aligned along the field direction except a very thin regions
near the surface. The corresponding voltage at which the director begins to deform
is called Freedericksz threshold voltage and the phenomenon is called Freedericksz
transition [23]. This transition is field induced second order transition. A schematic
representation of Freedericksz transition is shown in Fig.1.13.
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The threshold voltage is given by

Kll

it 1.15
VAN (1.15)

VTh:TF

where K7, is the splay elastic constant. Threshold voltage is independent of cell
thickness. In case of negative dielectric material (Ae < 0), we take homeotropic
alignment of the molecules and the corresponding threshold voltage is given by

. / K33
VTh =T 60A67 (116)

where K33 is the bend elastic constant.
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Experimental

2.1 Introduction

n this chapter, first we describe experimental procedure for cell preparation. We also

describe all the experimental techniques for measuring various physical properties

of the liquid crystals such as birefringence, static dielectric constants, splay and bend
elastic constants and rotational viscosity.

2.2 Preparation of experimental cell

The experimental cell is made of two glass plate of thinkness around 1mm and have
the dimension 1 cm x 1.5 ecm. The glass slides are coated with transparent indium-tin-
oxide (ITO) layer of thickness 1500 A and have the resistivity 15-20 ©/sq. The required
pattern of ITO can be achieved by chemical etching with hydrochloric acid (HCI) and
Zinc powder (see Fig.2.1(a) and Fig.2.1(b)). These glass plates are cleaned thoroughly
with hexane, acetone and distilled water in ultrasonicator waterbath. Based on the
requirement, appropriate polyimide is spin coated on the glass slides. For homogeneous
or planar alignment, we used polyimide AL-1254, whereas for homeotropic or vertical
alignment, polyimide JALS-204 were used. They were cured in an oven at 180 °C and
200 °C for one hour respectively. The cured glass plates are rubbed unidirectionally
by using a homemade rubbing machine. The rubbed glass plates are arranged such
that their active areas facing each other and rubbing directions are anti parallel. The
glass slides are stuck each other by using UV-curable adhesive glue. The thickness
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2.2. Preparation of experimental cell

& Rubbing directicl»ns ;

S (b)
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ITO J[Active region
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Connecting wire

rGla:ss plate  Glue with spacer

(©)

Figure 2.1: (a) and (b) Schmatic representation of top view of the two glass plates.
(c) Experimental cell.

of the cells is controlled by appropriate size of silica beads of 5-10um size. Electrical
connections are given to the cell by soldering the copper wire by using ultrasonic
soldering machine (sunbounder USM-IV). The schematic top view of the glass slides
and the experimental cell is shown in Fig.2.1.

2.2.1 Measurement of cell thinkness

Optical fiber
‘ Light Source
probe
Computer @
| —_—
Spectrometer Liquid crystal cell

Figure 2.2: Schematic setup for measurement of cell thickness.

The accurate thickness of the cell is very important for the physical measurements. The
thickness of the cell is measured with Ocean optics spectrometer using interferometric
method [1]. The experimental setup for the measurement of thickness of the cell is
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2.3. Dielectric measurements (g and ¢ )

shown in Fig.2.2. The empty cell is kept under spectrometer probe, consists of optical
fibers. The light emitted by the source is illuminated over the cell through outer fibers.
The reflected light from the cell is fedback to the spectrometer through central fibre.
The corresponding spectrum is analysed by computer using spectrasuite software. The
spectrum consists of alternative bright and dark fringes. The thickness (d) of the cell
is measured by using the formula,

AmAn n—m

U WS W

(2.1)

where \,,, A, are corresponding wavelengths of m** and n'* maxima or minima.

2.3 Dielectric measurements (¢ and ¢ )

The plates with an active area (ITO) of A and are separated by a distance d and
forms a parallel plate capacitor. The empty capacitance is given by ¢, = ¢,4/d and
also can be measured by using LCR meter (Agilent E4980A) or Impedance analyzer.
The ratio of capacitance of the cell with liquid crystal to the capacitance of empty cell
gives dielectric constant.

(a) 8

e
ARG, 2
"" "'“"" \"_) 2 - €,
VEEINVMITR Ve & =
| S 6

—_— i 2
== 2 5 g
i::.:i—: '5 £ 'EAM T T T T T
:.‘::::::::-‘ % "(_EH 0.00 0G.04 U1U7>V°|L;.alce 0.0 G.20
== NIRRT

(b) &1 Voltage (V)

Figure 2.3: Schematic representation of director (72) configuration in the measurement
of (a) parallel and (b) perpendicular component of dielectric constants respectively.
(c) Variation of effective dielectric constant as a function of voltage for a material with
negative dielectric anisotropy. (Inset) Extrapolation of dielectric constant at higher
voltages to 1/V = 0 to get €.

Usually we measure ¢|| in homeotropic cell and €, in planar cell. Although occasionally
we have used extrapolation method. In case of positive dielectric anisotropy material,
below the Freedericksz threshold voltage, the dielectric constant is almost constant
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2.4. Experimental setup

and the liquid crystal director is along the plane of the surface and perpendicular
the applied field. This gives the perpendicular component of dielectric constant ¢ .
By increasing the voltage above the Freedericksz threshold voltage, dielectric constant
increases rapidly then saturate. The dielectric constant at higher voltages is plot-
ted against 1/V and by the extrapolation 1/V = 0, the director is aligned along the
electric field direction. This gives the parallel component of the dielectric constant
(¢))- This value is almost equal to that measurement in homeotropic cell. In case
of negative dielectric anisotropy materials, we used the homeotropic cell. Below the
Freedericksz threshold voltage, it gives the parallel component (g)) and by extrapo-
lating the dielectric constant at higher voltages to 1/V = 0 gives the perpendicular
(1) component of dielectric constant. From the above values, the average dielectric
constant (€ = (g +€1)/2) and the dielectric ansiotropy (Ae = (g — 1)) values are
calculated.

2.4 Experimental setup

The experimental set up for measurement of physical properties is shown below.

Figure 2.4: Various instructments and their assembly in (a) front and (b) side view of
the experimental setup used for the measurement of various physical properties.

2.5 Birefringence (An)

The birefringence in an uniaxial system is defined as An = n, — n,, where n, and
n, are the extraordinay and ordinary refractive indices respectively. Here, we mea-
sured by two techniques (i) intensity measurement technique and (ii) phase modulation
technique. We briefly mention here both the techniques.
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2.5. Birefringence (An)

2.5.1 Intensity measurement technique

\ D/\% Multimeter
‘ |
T Anallyzer / LCR meter
Sample Temperature
| e controller
Polarizer
He Ne
/ Y mirro laser

Figure 2.5: Experimental setup to measure birefringence using intensity measurement.

In this technique, the birefringence of the sample can be measured by measuring the
d.c. intensity at the detector. The optical setup for measuring the birefringence of the
sample in the intensity measurement technique is shown in Fig.2.5. The setup consists
of two Glan-Thampson polarizers, a He-Ne laser source and a detector. In the set up,
polariser and analyser are in the crossed position. All the instruments are arranged
in the vertical bench setup, and the sample is kept on a plate with a hole through
which light can pass. The light first passes through the Glan-Thampson polarizer,
then pass through the liquid crystal sample. Here the liquid crystal director making
an angle 45° with the polariser. The transmitted light passes through the second
Glan-Thampson polariser and then to the detector. The detector output given to a
Keithley DC voltmeter to measure the output intensity. Let us assume the polariser
and the analyser are along the z and y directions and the light propagates along the 2
direction. Liquid crystal director n makes an angle ¢ with polariser. The electric field
of the transmitted light intensity at the detector can be represented by Jones matrix
and given by [2]

Eout = PverticalR(_qb)chR(¢)PhorizontalEin> (22)
where, R(¢) rotation matrix about an angle ¢, J). is the Jones matrix of the liquid
crystal. By substituting the Jones matrix for each optical element, we get

E¥ Y (00 cosp —sing e~ Krined 0
Eo Lo 1 sing cosgp 0 e~ X ined
4 (2.3)
« cosp singp 10 B
—sing cosy 00 Er |
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2.5. Birefringence (An)

On simplification,

) - ’ (2.4)
E;ut o iE;rLe%m(vLe+rLo)d Sil’l2(2(p) sin2 (w(ne;no)d) . .

The intensity at the detector is given by

: An(N)d
T = VB = (B2 i (s T500). (25)
In the setup the rubbing direction makes an angle ¢ = 45° with the polarizer, and the

intensity is given by

: (2.6)

Then when An changes, the I,,., goes through several maxima and minima. The

1 = [, sin? <M> .

birefringence is given by

)\ . Imea
An(\) = —aresin < T ) : (2.7)
If the minimum intensity is not zero, the birefringence can be obtained from the
relation:
)\ . Imea - Imln
A?’L()\) = W—darcsm < m) . (28)

The temperature of the liquid crystal sample is controlled by the temperature controller
(Instec mk 1000) with an accuracy of 10 mk. To apply field and to get the capacitance
values, liquid crystal cell is connected through LCR meter (Agilent E4980A). To mea-
sure the voltage dependent birefringence, temperature is kept constant and voltage
varied with finite steps and at each step corresponding intensity is measured at the
detector. To measure the temperature dependent birefringence, voltage is kept fixed
and the temperature is varied in discrete steps and at each step corresponding inten-
sity at the detector and capacitance are measured. All the instruments are interfaced
to the computer through the LabVIEW software.

2.5.2 Phase modulation technique

The optical setup for measuring the birefringence of the sample using phase modulation
technique [3] is shown in Fig.2.6. The setup consists of two Glan-Thampson polarizers,
a He-Ne laser source, a photoelastic modulator (PEM) and a detector. Photoelastic
modulator (PEM) is an optical device used to modulate the polarisation state of light
beam at a certain frequency. A rectangular fused silica bar present in the PEM is made
to vibrate with a natural resonant frequency and these vibrations are maintained
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2.5. Birefringence (An)

by quartz piezoelectric transducer attached to the end of the bar. An oscillating
birefringence occurs at the center of an optical element at a frequency about 50 kHz.
The magnitude of the birefringence is electronically controlled by the PEM controller.
The polariser and the analyser are mounted at an angle 90°. The PEM head and
the liquid crystal cell are placed in sucession to the polariser at an angle 45° with the
polariser. All the optical elements are placed in the vertical setup. The light first passes
through the Glan-Thampson polarizer then the PEM and the liquid crystal sample.
The modulated transmitted light passes through the second Glan-Thampson polariser
and reaches to the detector. The detector output given to a lock-in amplifier for the
detection of the first and the second harmonics of the output AC signal in reference
to the frequency of the PEM controller. The temperature of the liquid crystal sample
is controlled by the temperature controller (Instec mk 1000). To apply voltage and to
get the capacitance, the cell is connected through a Agilent E4980A LCR meter. To
measure the voltage dependent birefringence, the temperature is kept constant and
voltage varied with finite steps and at each step corresponding intensity is measured
at the detector. Similarly, voltage kept fixed and the temperature is varied in discrete
steps, to measure the temperature dependent birefringence. All the instruments are
interfaced to the computer through the LabVIEW software.

D\% Lock-in
: amplifier 1
w ‘ 962 | reference
_)_L,:::_.::'_’_’_' __________ Anallyzer / LCR meter
«__E\ Sample Temperature
e / | T controller
PEM
| \ PEM
/ ---------------- - Polarizer controller

y—y» He Ne
X mirro laser

Figure 2.6: Experimental set-up to measure birefringence using PEM.

The expression for the transmitted electric field of the light is given by

Eout = Puev'ticalR(_90)chJPEMR(QO)PhorizontalEim (29)

where, R(p) rotation matrix about an angle ¢, J;. is the Jones matrix of the liquid
crystal. If the PEM makes an oscillations with an amplitude A, and with a frequency
w, then the retardation can be expressed as A = A,cos(wt). The Jones matrix for
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2.5. Birefringence (An)

PEM is given by [4]

[SIES

vl

e X

e 0
Jpem = ( 0 —2mi ) : (2.10)

By substituting the Jones matrix for each optical element, Eq.(2.9) can be written as

EM YN (00 cosp —singp e=xtned 0 e e 0
I o sing cosgp 0 e=xnod 0 ex'2
o[ cose sin 10 En

—sing cosp 0 0 E;" '

(2.11)
The intensity at the detector is given by
: An(A)d + A
[ =B, +|E,|* = (E™)2sin®(2¢)sin’ <”( n A) i )> . (2.12)

In the setup, PEM and the rubbing direction makes an angle ¢ = 45° with the polar-
izer, then the intensity is given by,

Lnea = Iosin

. <7T(An(AA)d + A)) ' (2.13)

By substituting A = A, cos(wt) and by simplification

1, 2m 2m
I= BY (1 — cos (TAnd + TAO cos(wt)>> . (2.14)

Expressing retardation in terms of phase angle A® = 2T”(An)d, it becomes

Lo

I= ) [1 — cos (A®D) cos (A, cos(wt)) + sin (AD) sin (A, cos(wt))] . (2.15)

On simplification,

I= %[1 —cos (AD) x {J,(A,) + 2(J2(A,) cos(2wt)) + ...}
+ sin (A®) x {2(J1(A,) cos(wt)) + ... }].

where J,, J1,& J5 are various orders of Bessel’s functions. The intensity can be written

(2.16)

as

1 — J,(A,) cos (AD)
2
+ J2(A,) cos (AP) cos(2wt) + ...],

where the coefficients of the 1st and 2nd harmonics of the intensities are given by

I=1, + J1(A,) sin (A®P) cos(wt)

(2.17)

Ilf = IOJI(AO> sin (A@) s
Ly = 1,J5(A,) cos (AD). (2.18)
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2.6. Measurement of elastic constants
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Figure 2.7: (a) A representative variation of 1st and 2nd harmonic intensities with
temperature. (b) Ratio of 1st and 2nd harmonic intensities with temperature. (Inset)
Enlarged image of minimum values of ratio of intensities in Mix-3 sample.

Here A, = 2.405, then the values of J,(A,) =0, J1(A4,) = 0.519 and J5(A,) = 0.4318.
A typical variation of 1st and 2nd harmonic intensities and the corresponding ratio
of intensities with temperature (°C) are shown in Fig.2.7. By taking the ratio and
simplifying the Eq.(2.18), the birefringence is given by

A

. . A [lf X JQ(AO)
An = QWdA(I) 27rdarctcm < (2.19)

By using phase modulation technique, we can measure very small value of birefringence
of order (< 1073) very accurately.

2.6 Measurement of elastic constants

Elastic constants can be measured by two indirect techniques namely electro-optic and
dielectric technique. We can measure splay and bend elastic constants by measuring
the voltage dependent retardation/dielectric values. Consider the nematic liquid crys-
tal having positive dielectric anisotropy (Ae > 0) in the cell of thickness d. The liquid
crystal director (1) is along the y-direction as shown in Fig.2.8. By applying the elec-
tric field F along the z-direction, the corresponding elastic energy can be minimized
by tilting the director along the field direction. Above the Freedericksz threshold volt-
age, the director tend to align along the field direction and the director distortion is
position dependent along the z-direction. So, we can write

n = (0,cos0(z),sind(z)), (2.20)
E =(0,0,E.) (2.21)
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2.6. Measurement of elastic constants

Figure 2.8: Schematic representation of director (72) distribution below and above the

threshold voltage (Viy,).

with 0(0) = 6(d) = 0. (z) is a function of z and is maximum 6,, at the middle of
the cell, z = d/2. The free energy per unit area is the sum of elastic energy, electric

energy and the surface energy. The elastic free energy per unit volume is given by

Fv = [KH(Vﬁ)Q -+ KQQ(ﬁV X ’FL)2 —+ K33(ﬁ x V x ﬁ)2]

1
2

Since the distortion is along the z-axis, we can write

~ 0
V=k—.
0z
The splay term can be written as
V.n = cos Od—e.
dz

The twist term can be written as
) j k
~ j o s Hde
Vxn=|0 0 5. | = isin e
0 cosf sinf
— n.Vxn=0.

So, in this configuration, the twist elastic energy is zero.
The bend term is given by

i ik

~ 0 -~
nxVxn=| 0 cosf sinf| = jsin®— — ksin 6 cos f—,
dz dz

sin Hd—z 0 0
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2.6. Measurement of elastic constants

The electrostatic energy per unit area is given by
1 rd
Fy= —5/ D.Ed-. (2.27)
0

The total Frank free energy per unit area is the sum of elastic, electrostatic and surface
free energy and is given by [5—8]

d 2
F= %‘/0 |:K11 COS29 + Kgg sin2«9 <ﬁ> — Bﬁ

o dz + 21,(6p). (2.28)

where B is the displacement vector, fs(f) is the surface free energy. Since, the liquid
crystal medium is non-conducting, from the Maxwell’s equations, we get

VD =0,VxE=0. (2.29)
We have

D=cE,
— e (e, E + Ac(E 7)7).

D, =¢, {QEZ + (g — 1) E. sin® 6} , (2.30)
=¢c, b, {5|| sin? 6 + ¢ cos® «9} )
Now, the potential, V is given by
d
V= / E.dz
od D,
:/0 £o(€) sin? 0 + €| cos? Q)dz (2.31)

-1

d
=D, =¢V {/ (gsin? 6 + &, cos® 8)_1dz}
0

The electrostatic energy is given by

1 gd 1 e, V?
—5/0 B.de:—§Dzvz— ;

d -1
{/ (g)sin® @ + £, cos® 9)_1dz} . (2.32)
0

Total free energy density obtained from the Eq.(2.28) is given by

1 fd o\’
F = —/ Kiqcos? 0 + Kassin?6 | — dz
2 Jo dz

e V2 [ rd -
-5 / (g sin®0 +¢e, cos®0) 'dzp  +2f(6p). (2.33)
0
By minimizing the free energy using the Euler-Lagrange equation[9], d—dz (%—5) — %—I; =0,

we get
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2.6. Measurement of elastic constants

2
4 ((Ku cos® 0 + Kz sin® Q)d—9> =(K33 — K11)sinf cos 6 <ﬁ>

D? (g —e1)sinfcosb
€o \/5||sin29—|—€l cos? 6 (234)

= (K1 cos® 0 + Ksysin® «9)«9II+(K33 — K1) sin 6 cos «9(«9l)2
D2 (g —e1)sinfcosh
€o \/5||sin2«9+EL cos2 6

/ 7 2
where 0 = ¥ and 0" = L4,
dz dz

Multiplying by 2% and integrating, we get

: D? 1
K 29 K an si 29 0 2 _ C __z .
( 11 COS + {33 SIn )( ) + € Ellsin29—|—5l cos? 6

(2.35)

where C'is the integration constant. By applying the boundary conditions, 6(0) = 0,
9(d> = 0 at d/Q, (9(d/2) = 97,“ and (9/ = d@)d/2 = 07 we get

T dz

D? 1
C=--—2 . 2.
€0 € 8in%0,, + € cos?b,, (2.36)

K-
By substituting v = eIl _ 1,k=—2_1and C in the Eq.(2.35), we get
€L 11
, D2~ sin? §,, — sin? 0
K in?6+1)(f)* = = i .
u(esin®0+1)(0) EofL ((1+vsin28m)(1+vsin2 0)

(2.37)

On simplification, we get

do D. y sin?§,, — sin? @ 3 . (2.38)
dz goc1 K11 \ (1 +7ysin?0,,)(1 + vsin?0)(1 + xsin? 0)

On integration, we get

_ 2 Jeei K 9 /”/2 (14 ~sin?0)(1 + xsin? ) 2 5.0
Dz_d\/i\/(l%-’ysm ) A SR E——y; dg. (2.39)

From Eq.(2.31), the applied voltage is given by

D, rd 1
_D: d
v 60/0 (gsin? 0 + £ cos? ) ?

(2.40)

2D, /2 1
= / —5 A2
g1 Jo (14 ysin®6)
Using Eq.(2.38) and Eq.(2.39) and substituting sin § = sin §,, sin ¢ in the above Equa-
tion, we get
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2.6. Measurement of elastic constants

1% \/— /2 1 + xsin? 0, sin? v 3

= /14 ~sin26,, / do (241
Vin +sin e <(1 + ~ysin? 6, sin? ) (1 — sin? 6, sin? v)) v (241
where © = sin~!(sin 6,/ sin6,,,) and Vy;, = ‘/E[guv is the Freedericksz threshold voltage.

The Eq.(2.41), gives the relation between the director orientation (¢) with respect to
the applied voltage (V). There is no direct method by which we can measure variation
of director 7(#) in the cell. So we need to consider the effect of #-variation in terms of
the external measurable quantities. The two external quantities can be measured are
the retardation and the dielectric constant. Here, we discuss two different techniques
which are used in this thesis.

2.6.1 Electro-optic method

The optical retardation of the cell is given by

2 [d
00 = - /O (es5(2) — no} dz (2.42)
where,
Nnen
Nefr = - ° 2 . (243)
\/nz sin? 0 + n2 cos? 0
By substituting v = %z— — 1, Eq.(2.42) becomes,
27 27 d
0P+ —n,d= —ne/ ——dz 2.44
A A 0 Vvsin?6+1 ( )
By substituting Eq.(2.38) and Eq.(2.39), in the above equation, we have
5 5 w/2 \/(1+/—£sin2 O, sin2 1) (14 sin? 0., sin® 1)) d’l/]
(C] 1—sin? 0y, sin? 1+v sin? 0., sin?
5 + “pgd = Znod ( dl i (2.45)
A A /2 \/(1+/~csin2 O sin? ) (14 sin® Oy, sin? 9) d’l/]
© (1—sin? Oy, sinZ )
On rearranging the above equation, we have
5 7r/2 (1+f£51ré2 Om sn;2 P) (14~ 51152 Om su; 29) w
1—sin® 6, sin 1+v sin® 0, sin
5(V) = Sn.d Lo e o B ) Re (2.46)

7r/2 \/(1+551n29m51n2zp)(l—i-'ysm29msm21/1)dw Ne

1—sin? O, sin? 1)

The above Eq.(2.46) provides the value of retardation in terms of director distortion at
a particular voltage. By using the parametric Eq.(2.41) and Eq.(2.46), we can calculate
the splay and bend elastic constants simultaneously. The algorithm to calculate the
elastic constants is given below.
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2.6. Measurement of elastic constants

Algorithm for calculating bend elastic constant (K33)
(i) Read experimental values An, n,, €|, €1, and Ky,

(ii) Choose appropriate value k, 6, and 6,

(iii) Evaluate voltage (V) and retardation 0®

)
)
(iv) Interpolate the experimental data
(v) Measure the mean square deviation x?

(vi) Adjust s and 6, to get minimum x?

(vii) Measure K33 from x and K7i;

For measuring elastic constants, first we experimentally measure voltage dependent
retardation. Bend elastic constant can be measured by using nonlinear least square
fitting of the experimental data with theoratical Eq.(2.41) and Eq.(2.46). All the ellip-
tical integrals are evaluated by using in-built packages in Mathematica software. For
the fitting, we take experimental values of retardation (A¢), ordinary refractive index
no, parallel and perpendicular components of dielectric constants (g and € ), volt-
age values above the Freedericksz threshold voltage. Initially, we choose approximate
values of k, tilt angle at the surface 6, and maximum tilt angle at the middle of the
cell 6,, to evaluate the theoretical equations. By using above values, theoretically we
evaluated values of voltage and corresponding retardation. The experimentally mea-
sured voltages generally don’t coincide with the theoretically evaluated voltages. So,
we interpolate experimental voltage and retardation data to match with the theoreti-
cal values. At these voltages, we take mean square deviation (y?) of experimental and
theoretical retardation values. For the minimum x?, the best fit parameters © and &
are noted. From the values, k and Ki;, bend elastic constant K33 is calculated. Ex-
perimental variation of retardation along with best fit with the parametric Eq.(2.41)
and Eq.(2.46) is shown in Fig.2.9.

16
12 1
%5
4_
O-
o 5 10 15 20
Voltage (V)

Figure 2.9: A representative experimental variation of retardation along with the best
fit to the theoretical Eq.(2.41) and Eq.(2.46) as a function of voltage.
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2.7. Measurement of rotational viscosity (1)

2.6.2 Dielectric method
In the dielectric technique, the capacitance of the small region of the sample is given
by

dC =¢cA/dz, (2.47)

where dz is the small thickness along the cell seperation. By substituting e from
Eq.(2.30), the total capacitance is given by

dz
i 2.48
C /o Ae,(gsin®f + €, cos?0) (248)
By substituting the value v = z—'l' — 1, we have
1 2 d/2 dz
— = —_— 2.49
C  Ae,e / 1+ sin?6 (2:49)

From Eq.(2.38), we have

L2 L2 3
605LK11 / (14 ~vsin?6,,)(1 + ksin 9) " (2.50)
C D Aeoel (1 + ~ysin? 0)(sin? 0, — sin® )

By substituting D, from Eq (2.39), we get

w/2 (1+k sin? O, sin? )
i . d () \/((l—i-wsin2 Qm:iiQ w)(lisiHQ O, sin> w))dw (2 51)
C N A€O€ ™/2 (1+k sin? Oy, sin? 1)) (14 sin? Oy, sin? 1)) '
! f@ \/( (1—sin? O, siflyl2 ) )dw
On rearranging,
™ in? 0, sin? in? 0y, sin?
f@/2 \/((1+1—ss 0(1ssmg)g$-;;/12sw) Om s )dw
E(V) =g (2.52)

g 2 \/ ( (14~ sinQ(el,: :1:;1% il:;;bgm sin? 1)) ) dip
The above equation gives relation between effective dielectric constant in terms of
director orientation. Experimental variation of dielectric constant along with the best
fit with the parametric Eq.(2.41) and Eq.(2.52) is shown in Fig.2.10. By using the
parametric Eq. (2.41) and Eq.(2.52), following the similar algorithm used in the
optical method, here also, we can calculate K77 and K33 values. We used the dielectric
method for measuring K; and K33 for negative dielectric materials in homeotropic
cell.

2.7 Measurement of rotational viscosity (1)

Rotational viscosity is measured by phase decay time measurement [10] of the ho-
mogeneously (parallel) aligned nematic LC cell under small excitation voltage. The
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2.7. Measurement of rotational viscosity (1)
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Figure 2.10: A representative experimental variation of effective dielectric constant
along with the best fit to the theoretical relations Eq.(2.41) and Eq.(2.52) as a function
of voltage.

setup for measurement of rotational viscosity is shown in Fig.2.11. The setup consists
of two Glan-Thompson polarisers, a He-Ne laser, a photo-diode. Two polarisers are
crossed and the rubbing direction of the cell makes an angle 45°, with the polarizer.
A temperature controller, LCR meter, oscilloscope are used to vary temperature, to
apply the voltage and to collect/see the intensity from the photo diode respectively.

l i
Z \ Oscilloscope

) E—— Analyzer
' ' I
m LCR meter
Sample L7
| \ Temperature
Polarizer controller
" N I He Ne laser
/ mirror SIS

Figure 2.11: Experimental setup for measurement of rotational viscosity.

The equation of motion of the planar aligned cell under an electric field is given by
[11, 12]
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2.7. Measurement of rotational viscosity (1)

9 2
(Kyq cos® 0 + K3z sin® G)M + (K33 — Ky1) sin6 cos <d—9>

2
dz ZZ 5 (2.53)
. d d
+ e,AeE?sin 6 cos ) = N + [ﬁ‘

If the inertial effects and the back flow are ignored, for small angle approximation
sinf ~ 0, cosf ~ 1 and K;; ~ K33. We can write

d*0 5 do
_ = Ay — 2.54
KH d2 + +50A6E 0 Y1 a ( )
If the field is swiched off (E = 0), then
d*0 do
B 2.55
Wo2 = M (2:55)

The solution of the above equation is given by

0(z,t) = 0, sin (%) exp <_—t> : (2.56)

P
where 7, = v,d?/ K117 and 6, is the tilt angle at the center of the cell gap.
The experimental procedure consists of two steps. First we measure voltage depen-
dent transmitted intensity at a fixed temperature. Secondly, measurement of time
dependent transmission intensity after the bias (V}) voltage is switched off.

3
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Figure 2.12: A representative voltage dependent transmitted intensity.

A representative variation of voltage dependent transmitted intensity is shown in
Fig.2.12. The voltage dependent transmitted intensity has successive maxima and
minima. It shows sharp transition at Freedericksz threshold voltage. A small bias
voltage (V}), corresponding to first maxima (minima) is applied and switched off at
time t = 0. The time dependent transmitted intensity can be calculated using the
relation

I(t) = Lsin*{[Aw — 6(8)]/2}, (2.57)
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2.7. Measurement of rotational viscosity (1)

where [, is the maximum change in the intensity, A, is the total phase retardation
of the LC cell and 4(¢) is the time dependent phase change. The phase decay time of
the liquid crystal cell is expressed as [13]

2.5+

2.0
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(&)
1

-
o
1 n
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000 005 010 015 020
Time (s)

Figure 2.13: A representative time dependent transmitted intensity once the bias
Vi, = 0 voltage is switched off.
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Figure 2.14: A representative linear variation of In[d,/0(t)] with time.

0(t) = b, exp(—2t/7,), (2.58)

where ¢, is the phase change with and without bias voltage. 7, is the relaxation time.
Here ¢, is equal or close to (N + 1/2)7 and

0(t) = b, exp(—4t/1,), (2.59)

if 0, is equal or close to N7. Once §(t) is obtained, using the plot in[d,/d(t)], relaxation
time 7, is estimated. The representative linear plot In[d,/d(t)] is shown in Fig.2.14.
and the rotational viscosity is calculated using the formula
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Unusual temperature dependence
of elastic constants of an
ambient-temperature discotic

nematic liquid crystal

3.1 Introduction

iscotic nematic LCs are very useful for wide and symmetrical viewing angle of
LCDs and optical compensating film [1]. The physical studies on discotic nematic

LCs are meagre compared to the number of compounds have synthesized. So far
physical properties of a few discotic nematic liquid crystals have been reported. For
example, Heppke et al. have measured the dielectric and elastic properties of hexakis
((4-alkylphenyl)ethynyl) benzene [2, 3]. Raghunathan et al. and Warmardam et al.
measured the elastic properties of truxene ester compounds [4, 5]. Mourey et al. have
reported various physical measurements on the triphenylene hexa (alkoxybenzoate)
nematic discotic compounds [6]. In all these compounds the nematic phase appears
at higher temperature and not useful for practical application. In 2000, Kumar et al.
reported first synthesis of room temperature discotic nematic LCs [7, 8]. The range of
nematic phase is very wide and the nematic to glass transition occurs much below the
ambient temperature. However, so far there is no report on the viscoelastic properties
of these compounds. In this chapter we report studies on the birefringence, dielectric
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3.2. Results and discussions

and viscoelastic properties of a discotic nematic LC.

Np 83°C 1

Figure 3.1: Chemical structure and phase transition temperatures of the discotic com-
pound used in the experiment.

3.2 Results and discussions

3.2.1 Sample and alignment behavior

100 ym

100 ym

Figure 3.2: Photomicrographs obtained in the homeotropic cell at various voltages
using polarising optical microscope. White arrows indicate the rubbing direction.

The chemical structure and the phase transition temperatures of the compound are
shown in Fig.3.1. It is a pentaalkylnylbenzene derivative having a combination of
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3.2. Results and discussions

branched and alkoxy chains and exhibit wide temperature range of nematic phase.
The compound was synthesized as per the reported procedure [7, 8.

The alignment of the sample was checked using a polarizing optical microscope at var-
ious applied voltages and temperatures. Fig.3.2(a) shows typical dark texture where
the short axes of the discs are aligned perpendicular to the plane of the substrate.
When the applied voltage is greater than Freedericksz threshold voltage, the field of
view becomes brighter and the color change indicates increasing retardation with ap-
plied voltage (Fig.3.2(a) to Fig.3.2(d)). This suggests that the director is continuously
tilting from homeotropic to planar state with increasing voltage. This is expected as
the dielectric anisotropy of the material is negative (discussed in the later section).

3.2.2 Optical and dielectric properties

0.001 ]

-0.05 4

-0.10 1

An

-0.15-
N

D

-0.20 4

50 40 30 -20 10 0 10
1. 6

Figure 3.3: Variation of birefringence (An) as a function of shifted temperature.

To measure the birefringence (An) of the discotic nematic phase (Np), we first mea-
sured the voltage dependent birefringence at room temperature. Beyond the Freed-
ericksz threshold voltage, An increases and saturates above 20V. The saturation of
An indicates planar state of the director. We applied 25V (higher than the saturation
voltage) to measure the temperature dependent birefringence of the planar state. The
temperature variation of An is shown in Fig.3.3. The birefringence is negative i.e.,
(ne —n,) < 0 and An jumps to ~ —0.13 from zero at the nematic-isotropic (NI) tran-
sition and gradually decreased as the temperature is lowered. At room temperature
(T — Ty = —55°C) it reaches to approximately -0.2. This is comparable to the other
discotic nematic compounds having similar molecular structures [2].

We first studied the dielectric dispersion at various temperature and observed that the
parallel component (g);) does not show any dielectric relaxation whereas the perpen-
dicular component () exhibits dielectric relaxation and the relaxation frequencies
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3.2. Results and discussions

10°
Frequency (Hz)

T-T,=7°C v T-T =4
o T-T,=24°Ce T-T =53°C
4 T-T,=37°C« T-T =61°C

N

10° 10° 10° 10°
Frequency (Hz)
Figure 3.4: The frequency dispersion of real part of perpendicular component (¢, ) of
dielectric constant at various temperatures. (Inset) Frequency dispersion of real (¢'))

and imaginary (¢']) part of dielectric constant at 7' — Ty = —53°C. Red colour dots
are the theoretical fit to Eq.(3.1).

20}

30 31 32 33
1000/T (K™

Figure 3.5: Variation of In(m/79) as a function of 1/T. The straight line is the theo-
retical fit to equation, 7 = mpexp(U/RT).
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3.2. Results and discussions

varies with temperature in the range 1kHz to 100kHz. The frequency dispersion of
real part of perpendicular component (g,) of dielectric constant at various temper-
atures is shown in Fig.3.4. There are two dielectric relaxations in the perpendicular
component of the dielectric constant with variation of temperature. One in common
(above ~ 1MHz frequency), even present in the empty cell and temperature indepen-
dent, arises due to finite resistance of the ITO plates. Interstingly, another relaxation
is temperature dependent (below ~ 1MHz), where the relaxation frequency decreases
with decreasing temperature. Red colour dots are the theoretical fit to Eq.(3.1) is
shown in (inset) Fig.3.4. The dielectric relaxations present in the frequency dispersion
of e, (f) are fitted with complex dielectric constant (e(w)* = &'(w) — ie”(w)) and is
given by the Eq.(3.1)

o — &1 1 — &2

e(w)*=¢
(w) 2+ 1+ (iU)Tl)l_al + 1+ (Y;ng)l_a27

(3.1)

Where ¢, is the static dielectric permittivity, €; and 7; are the dielectric limits and

relaxation times of i

mode. «; is the cole cole distribution parameter of the respective
mode. It is found that the parameters a; and s having values between 0 and 0.2 at
all temperatures and 7 is independent of temperature as expected. The temperature
dependent relaxation time 7y varies linearly with the inverse temperature (Fig.3.5) and
can be fitted well with the Arrhenius equation, 7 = 1gexp(U/RT'). The corresponding
activation energy U = 57.78 kJmol~!. Here, no electro convection is observed in the

applied voltage and frequency range.

3.4

o Ac .j
(i /ND. |
3.3
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m g
3.1 I
e &

60 50 -40 -30 20 -10 0 10
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Figure 3.6: Variation of parallel (g)) and perpendicular (¢,) component of dielectric
constant as a function of shifted temperature. (Inset) Variation of dielectric anisotropy
(Ag) as a function of shifted temperature.

The dielectric constants were measured at a frequency, (411 Hz) away from the re-
laxation frequency. The variation of ¢ and €, as a function of temperature is shown

41



3.2. Results and discussions

in Fig.3.6. Both the dielectric constants increase with decreasing temperature. In
the Np phase, the dielectric anisotropy (Ae = ¢ — €.) is very small and negative
(Ae ~ —0.18 at T — Ty; = —60°C). This is expected as the permanent dipoles are
mostly confined in the plane of the disc molecules (see Fig.3.1).

3.2.3 Splay (K1) and bend (K33) elastic constants

1.0{+T-T =7C

fe T-T =57C
0.8
w 0.6
<
=
“" 0.4
=
\OJ/CD
0.2
0.0 Splay (Ky,) Bend (Ky,)
0 5 1ol 1N (S| 12a (N 25

Voltage (V)

Figure 3.7: Variation of the normalised dielectric constant (e.;; — ¢€))/Ae at two
representative temperatures. The continuous line is the best fit with the theoretical
Eq.(2.41) and Eq.(2.52). (Inset) Schmatic representation of splay and bend distortions
of the discotic nematic liquid crystal.

To obtain splay (K1) and bend (K33) elastic constants, we measured voltage de-
pendent dielectric constant, e.;¢(V) at various temperatures in the Np phase. The
variations of normalised dielectric constant at two representative temperatures are
shown in Fig.3.7. It is clearly observed that the threshold voltage is increasing with
decreasing temperature. The detailed procedure of measurement of K77 and K3s3 is dis-
cussed in chapter-2. The temperature variations of K7, and K33 are shown in Fig.3.8.
They have the same order of magnitude as that of many calamitic liquid crystals but
K11 > K33 at all temperatures and they show very different temperature dependence.
As the temperature is reduced from NI transition point, both the elastic constants
increase but Kj; increases more rapidly than Ks3. Below T — Ty; = —45°C, Ky
saturates whereas K33 shows rapid increase with decreasing temperature.

The temperature variation of Kj1/K33 is also shown in the Fig.3.9. It is observed
that the ratio increases as the temperature decreases and reaches a maximum around
T — Ty = —40°C. Below this, it reduces rapidly as the room temperature is ap-
proached. To gain more insight on the relationship between the order parameter and
the elastic constants, we plotted variations of K33 and Kj; with An (near NI transi-
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Figure 3.8: Variation of splay (K3;) and bend (K33) elastic constants as a function of
shifted temperature.
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Figure 3.9: Variation of the ratio of K;;/K33 with temperature.
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3.2. Results and discussions

tion), according to the Mean field, K; o< S? oc An?, where S is the order parameter
[9]. The experimental data is fitted with K; o< An®, where z is the fit parameter
(Fig.3.10). Interestingly, it is observed that for Ks3 oc An'l, and K;; oc An*? re-
spectively. Thus, both K7, and K33 exhibit significant deviation from the mean field

prediction.
T-T,, (C)

s| 2 53 10 -163 -245
4

—~ [ )

%. 3 K” o« (An)4'1

¥= 4
21 o
. K., = (an)""

Figure 3.10: Variation of (K1) and (K33) with An. Corresponding temperature range
is also shown in the upper abscissa. Continuous lines are the best fit to the equation

There are a very few reports on the temperature dependence of splay and bend elastic
constants of the Np phase. Sokalski et al. theoretically predicted that for discotic
nematic with long-range orientational order, Kj;/Ks3 > 1 [10]. This has been ex-
perimentally verified by a couple of experiments. For example, Heppke et al. have
measured both the splay and bend elastic constants of a homologous series of non-
polar nematic discotic compounds showing I to Np transition [2, 3]. They reported
that in most of the compounds K;;/K33 > 1. Warmardam et al. measured the elastic
constants of two discotic compounds with polar molecules [5]. In addition to Np phase
these compounds also exhibit two columnar phases. They reported that in the Np
phase, Kj1/K33 > 1. Raghunathan et al. measured the elastic properties of truxene
compounds and found that Ky1/K33 < 1 [4]. In their compounds the nematic phase
appeared between two discotic columnar phases and it was attributed to the short-rage
columnar order. Phillips et al. studied the elastic properties of triphenylene discotic
nematic liquid crystals [11]. These compounds exhibit I to N phase transition. They
found that the ratio, K7;/K33 is very high (~ 5) and decreases (~ 3) as the temper-
ature is decreased [11]. It has been reported that three types of discotic nematic can
be envisaged based on the local organization of the disc-like molecules and they are
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3.2. Results and discussions

known as Np, N.,; and Ny. In the N, and Ny, phases there is a short-range columnar
order and short-range 2D lattice respectively [12]. The effect of short-range columnar
order in the discotic nematic has also been studied by computer simulation [13]. It
was reported that the onset of growth in orientational order in the parent phase is
found to induce translational order, arising from short-range columnar structures.

Figure 3.11: Splay (K1) and bend (K33) distortions in a discotic nematic liquid crystal.
Columnar short range order of the disc molecules is shown using dotted red lines.

We gave simple explanation for the splay and bend elastic constants based on the short
range columnar interaction. A short range columnar interaction does not prevent the
splay distortion hence splay elastic constant does not changed significantly. On the
other side short range columnar order increases the bend stress as it is energetically
unfavorable to bend the columns. This leads to rapid increase in K33 over K1; and may
lead to crossover at much lower temperature with the growth of orientational order.
The elastic properties at higher temperature are due to the long-range orientational
order. The short range columnar order increases as the temperature is decreased and
the elastic constants show unusual temperature dependence.

3.2.4 Rotational viscosity

In this section we discuss the rotational viscosity of the discotic nematic LC. Rota-
tional viscosity is measured by the phase decay time measurement technique. The
detailed procedure is given in the experimental section (chapter-2). We measured the
rotational viscosity (1) of the Np phase as a function of temperature. The normal-
ized transmission intensity at various temperatures is shown in Fig.3.12. It is observed
that at lower temperature (e.g., T'— Ty = —57.4°C) it (intensity) takes about 200s
to decay to zero value. A representative variation of In[d,/d(t)] with time (¢) of ex-
perimental data at a shifted temperature together with the best fit is shown in (inset)
Fig.3.12. Rotational viscosity =, increases very rapidly with decreasing temperature
Fig.3.13. For example, near the NI transition 7v; = 0.1 Pa s and it increases to about
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Figure 3.12: Time dependent normalized transmitted intensity after the removal of
bias voltage (V) for various temperatures. (Inset) Variation of In[d,/d(t)] with time
at T — TNI = —41.5°C.

100F

=3
o

T
[ J

Y. (Pas)

60 -50 -40 30 -20 -10 0
T-T,, (°C)

Figure 3.13: Variation of rotational viscosity (1) as a function of temperature.
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200 Pa s at room temperature. The direct value of v, of discotic nematic has not been
reported before us. Warmerdam et al. directly measured the temperature dependence
of v1/Ax, where Ay is the diamagnetic susceptibility anisotropy [14]. By taking a
typical value of Ay, they estimated that ~; for discotic nematic is about 10 to 100
times larger compared to the rod-like mesogens. In the present compound it is about
three orders of magnitude larger than conventional calamitic liquid crystals. It could
be due to short range columnar order and due to the effect of glass transition below
the room temperature. In this sample glass transition was reported much below the
room temperature [7].

In (y1/An)

1 _. " 1 n 1 n 1 " 1 " 1
2.8 2.9 3.0 3.1 3.2 3.3
1000/T (K™

Figure 3.14: A linear variation of In(y;/An) with 1/T

The rotational viscosity can be written as vy, o< Sexp(W/kgT), where S is the order
parameter and kg is the Boltzmann constant [15]. Since S oc An, we show variation
of the In(y1/An) with 1/T in the inset of Fig.3.14. The estimated activation energy is
about 837 meV, which is about double compared to the values known in conventional

calamitic liquid crystals [16].

3.3 Conclusions

In conclusion, we measured birefringence, dielectric, curvature elastic constants and
rotational viscosity of a discotic nematic liquid crystal with wide nematic tempera-
ture range. Both the birefringence and the dielectric anisotropy are negative. Near
the NI transition, K7, and K33 exhibit quartic and linear variation with tempera-
ture respectively. This is not in accordance with the Mean field prediction. As the
ambient temperature is approached the elastic constants show unusual temperature
dependence. The rotational viscosity is three orders of magnitude high at the room
temperature and the corresponding activation energy is more than double compared
to conventional calamitic mesogens. These results suggest that viscoelastic properties
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at the ambient temperature are influenced by the short-range columnar order.
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Experimental studies on the phase
diagram and physical properties of
mixture of calamitic and discotic

nematic liquid crystals

4.1 Introduction

n the previous chapter we studied various physical properties of a room temperature
discotic LC. This discotic LC showed unusual temperature dependence of physical
properties in comparision to calamitic LCs. Liquid crystals (LCs) used in display de-
vices are mostly the calamitic nematic, which are composed of rod-shaped molecules.
For a desired electro-optic response, the physical properties are required to be opti-
mised, and that is usually achieved in the mixture of several single component liquid
crystals. Here we concentrate on the studies of mixture of a calamitic and a discotic
nematic liquid crystals, which are interesting from several aspects. First, they have the
opposite sign of the birefringence and dielectric anisotropy, which makes it possible to
tune the electro-optic response and elasticity. Second, there may be a region of immis-
cibility of rod-like and disk-like nematics, resulting in a liquid dispersion of one phase
in another. This should result in a dispersion of microdroplets of one liquid crystal
phase in another liquid crystal phase, which could be of great interest for applications
in topological microphotonics [1] and for the fundamental studies of topology in liquid
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4.2. Results and discussions

crystals. In such a liquid crystal-liquid crystal dispersion, individual nematic droplets
might function as tunable optical microcavities [2, 3] and microlasers [4], which could
be elastically bound by topological defects [5, 6] of the other nematic carrier fluid
(continuous phase). Third, immiscible liquid crystalline phases could provide a novel
testbed for studying topological defects in both phases, as well as their interrelation
across the interfaces. Understanding and tailoring of mixtures of rod-like and disc-like
nematic materials is therefore not only of high interest, but could also lead to new
research directions. There are a very few reports on the phase diagram and physical
properties of mixture of calamitic and discotic nematic liquid crystals. For example,
Pratibha et al. experimentally studied the phase diagram and defect structure in the
binary mixture of a calamitic and a discotic nematic LCs [7, 8]. Apreutesei et al.
experimentally showed a complete miscibility of disc-like and rod-like compounds [9].
Andrzej et al. theoretically studied the elastic constants in the binary mixture and
reported a discontinuous change of elastic anisotropy from disc-like to rod-like prop-
erties [10]. A possibility of getting biaxial nematic and smectic phases in such binary
systems was discussed by G J Vroege [11]. Recently, Parthasarathi et al. measured
several physical properties of binary mixtures of a calamitic and a columnar discotic
liquid crystals [12]. They also observed an anchoring transition driven by short-range
ordering in the calamitic-discotic composites. In the above mentioned reports (exper-
imental), the compounds studied exhibit nematic phase above the ambient tempera-
ture. To the best of our knowledge, there are no reports on the phase behaviour and
physical studies on the mixture of ambient temperature discotic and calamitic nematic
LCs. In this chapter, we report experimental studies on the phase diagram, and phys-
ical properties such as birefringence, dielectric anisotropy, curvature elastic constants
and rotational viscosity of the mixture of a calamitic and a room temperature discotic
nematic liquid crystals.

4.2 Results and discussions

4.2.1 Samples and phase behavior

The sample E-18 (a room temperature calamitic nematic mixture) exhibits the follow-
ing phase transitions: Cr. 10°C N 60°C I. The discotic nematic was synthesised in our
laboratory (Fig.4.1(a)) and it has the following phase transitions: N 83°C I. It also
exhibits a glass transition much below the room temperature [13, 14]. We prepared
three different mixtures with increasing concentration of discotic compound, namely;
E-18-+disc(2.5 wt%), E-18+4disc(5 wt%), E-18+disc(7.5 wt%). Physical appearance
of the mixtures is shown in Fig.4.1(b) and the phase diagram is shown in Fig.4.2.
From turbid and white, it becomes brownish in colour with increasing wt% of discotic
compound. In pure E-18, there exists an isotropic-nematic coexistence (I4+N) range
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Figure 4.1: (a) Chemical structure of the discotic molecule. (b) Physical appearance
of the samples with increasing wt% of the discotic compound in E-18.
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Figure 4.2: Phase diagram of the E18 + discotic mixtures with increaing wt% of dis-
cotic compound. The transition temperatures are measured while heating the samples

from the room temperature. Few representative photomicographs at temperatures (a)
30°C, (b) 47°C, (c) 50°C and (d) 60°C of E18 + 7.5 wt% sample.
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4.2. Results and discussions

of approximately 3°C and this range increases with increasing wt% of discotic com-
pound. In case of mixture with 7.5 wt% discotic compound, while cooling, the I+N
coexistence range exists nearly up to 30°C. Below this temperature, it exhibits a mon-
odomain (no coexistence) nematic sample. During heating, the coexistence reappears
at 43°C. Thus, larger temperature range of monodomain nematic is obtained during
heating. Hence we performed all the measurements while heating and the physical
measurements in the I+N coexistence region are excluded.

4.2.2 Optical and dielectric properties

0.2
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Figure 4.3: Variation of birefringence (An) as a function of shifted temperature. The
shaded region indicates the nematic-isotropic (N+I) coexistence range. The downward
arrow indicates the decrease of An with increasing wt% of the discotic compound.

The temperature variation of birefringence (An) of E-18 and various mixtures is shown
in Fig.4.3. The birefringence of E-18 is large and positive whereas in discotic nematic
it is large but negative. For example, at room temperature, in E-18, An ~ 0.21 and
this is consistent with the previous measurements [15]. In pure discotic nematic, at
room temperature, An is negative and large (An ~ —0.2) [16]. In the mixtures,
An decreases with increasing wt% of discotic compound. For example, at a fixed
temperature (e.g., T'— Ty = —26°C), An of the mixture (E-18 + 7.5 wt%) decreases
by 13% compared to the pure E-18. This suggests that the mutual orientation of the
rod and disc-like molecules is such that the polarisability anisotropies are antithetically
related.

The variation of dielectric anisotropy (Ae) of various mixtures as a function of shifted
temperature is shown in Fig.4.4. In pure E-18, Ae is positive and relatively large
whereas in discotic nematic it is small and negative [16]. For example, at room tem-
perature in E-18, Ae = 13.5 and in pure discotic nematic, Ae = —0.18 [16]. It is
observed that Ae decreases with increasing wt% of discotic compound. For example,
at a fixed temperature (7' — Ty = —30.5°C), Ae of the mixture, E-18 + 7.5 wt%
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Figure 4.4: Variation of dielectric anisotropy (Ae) as a function of shifted tempera-
ture. Continuous lines are drawn as a guide to the eye. The shaded region indicates
the nematic-isotropic (N+I) coexistence range. The downward arrow indicates the
decrease of Ae with increasing wt% of the discotic compound.

decreases by 12% compared to the pure E-18. Though Ae of pure discotic compound
is very small and negative, it has a significant contribution in reducing the dielectric
anisotropy of the mixtures.

4.2.3 Splay (K;;) and bend (K33) elastic constants

(@) w| o rep

104 o it

8 12
"] g

44 X 8

24

.. ) 41
0_\ T T T
0 2 4 6 8 K X o
Voltage (V) 30 20 10 0

Figure 4.5: (a) Experimental variation of retardation along with the best fit to the
theoretical Eq.(2.41) and Eq.(2.46) as a function of voltage of E18 + 5wt% mixture
at T — Tyy = —14.5°C. (b) Variation of splay (K7;) and bend (K33) elastic constants
of the mixtures as a function of shifted temperature. Continuous lines are drawn
as a guide to the eye. The downward arrows indicate the decrease of the respective
quantities with increasing wt% of the discotic compound.

The optical phase difference (A®) of the samples was measured as a function of applied
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voltage to measure splay (K1) and bend elastic constants (/33) simultaneously. The
temperature variation of K4; and K33 is shown in Fig.4.5(b). K33 is always greater
than Kj; and both the elastic constants decrease with increasing wt% of discotic
compound. At room temperature, (T — Ty; = —30°C), K;; and Kj3 decreases by
25% and 30%, respectively. According to the mean-field theory, K;; oc S? oc An?.
Since An decreases by about 13% (see Fig.4.2), the decrease of the elastic constants
is consistent with the prediction of the mean-field theory. However, it may be noted
that the relative decrease of K is slightly larger (about 5%) than K;;. This is due
to the fact, that in pure discotic nematic, the elastic anisotropy is negative i.e., Ks3 is
less than K73 [16], and this is opposite to the behaviour observed in pure E-18.

4.2.4 Rotational viscosity and proposed orientation
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Figure 4.6: (a) Time dependent normalised intensity at two representative tempera-
tures after removal of bias voltage (V) of E18 4+ 5 wt% mixture. (b) Linear variation
of In[d,/0(t)] with time at two representative temperatures of E18 + 5 wt% mixture.
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Figure 4.7: Variation of rotational viscosity (1) of the mixtures as a function of
temperature. The upward arrow indicates the increase of v with increasing wt% of
the discotic compound.
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We also measured the rotational viscosity (7;) of the mixtures with temperature (see
Fig.4.7). ~1 increases with increasing wt% of the discotic compound. For example,
near the room temperature (7' — Ty = —30°C), ;1 of the mixture, E-18 + 7.5 wt%
is 73% larger than that of the pure E-18. The rotational viscosity is given by: v, =
7. K11m2/d?, where d is the sample thickness and 7, is the relaxation time. In the
mixtures, v; increases significantly in spite of the decrease of Ky;. So the increase of
~1 is mainly due to the increase of relaxation time of the system. This is expected as
the relaxation time of the pure discotic nematic is very large [16]. The birefringence,
dielectric anisotropy and the elastic properties clearly suggest that the plane of the
disc molecules is parallel to the director as shown schematically in Fig.4.8.

,I I
:’H"' ’g" \\\

Figure 4.8: Schematic representation of mutual orientation of rod-like and disc-like

molecules in the nematic phase.

4.3 Conclusions

In conclusion, we have determined the phase diagram, and measured several physical
properties such as birefringence, dielectric anisotropy, curvature elastic constants and
the rotational viscosity of mixture of E-18 and a discotic nematic liquid crystals. We
find rather broad temperature range of coexistence of the isotropic and nematic phases.
The temperature range of nematic-isotropic coexistence increases with increasing wt%
of discotic nematic compound. At room temperature, with a small (7.5 wt%) addition
of discotic compound, the birefringence and dielectric anisotropy decreases by about
13%. The splay and bend elastic constants decrease by 25% and 30% respectively. On
the other hand rotational viscosity increases by about 73%. We have shown that the
physical properties of the calamitic nematic liquid crystals can be changed significantly
by adding a small amount of discotic nematic compound. This is therefore a very
efficient method of tuning the electro-optic parameters of nematic mixtures. The
experimental results suggest that the planes of the disc-like molecules are oriented
parallel to the nematic director. Future studies should focus on the high concentration
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range of discotic component in the phase diagram (Fig.4.2), where a coexistence region

of two immiscible nematic phases was observed in preliminary experiments above 10

wt% of discotic component.
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Effect of smectic short-range order
on the discontinuous anchoring

transition in nematic liquid crystals

5.1 Introduction

n the previous chapters we have studied the physical properties of ambient tempera-
I ture discotic and mixtures of discotic and calamitic LCs. In this chapter, we study
the anchoring transition in a bicyclohexane based LCs. The alignment of liquid crystal
depends upon physical condition of the surfaces, aligning agents, rubbing strengths,
chemistry of the liquid crystals, and curing temperatures [1-7]. There are some reports
on the change of orientation of the director n from planar to homeotropic and vice
versa continuously or discontinuously with temperature [8-20]. Several theories have
evolved to explain various interactions such as van der Waals interaction [21-23], long
range electrostatic interaction [24], short range dipolar and quadrapolar interaction,
and smectic short range order effect. In the recent past, Dhara et al. observed discon-
tinuous anchoring transition of a liquid crystal CCN-47, from planar to homeotropic
with a large thermal hysteresis on perfluoropolymer treated cells [25]. There are some
interesting applications reported such as re-writable memory device [26-28], optical
wave guiding [29], photo thermal switching [30]. In the above applications director
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5.2. Results and discussion

orientation changes from planar to homeotropic and vice versa with variation of tem-
perature. However, the reason for discontinuous anchoring transition in the CCNs LC
system remained unexplored. In this chapter, we present a detailed study of the align-
ment properties of homologous series of CCNs liquid crystals, anchoring transition
temperatures and present a simple theory for the observed discontinuous anchoring

transition.

CN

CuHan+1
H2m+1cm e

Figure 5.1: Chemical structure of the CCN-mn compound.

5.2 Results and discussion

5.2.1 Liquid crystal samples and phase transitions

Table 5.1: Phase transition temperatures, and nematic range of the compounds. K
— Crystal, SmB — Smectic-B, SmA — Smectic-A, N — Nematic, I — Isotropic.

Sample  Phase transition (°C) nematic range (°C)
CCN-35 K384 N4931 10.9
CCN-38 K 41 SmA (23) N 4951 26.5
CCN-46 K 30 SmB (26) N 54.7 1 28.7
CCN-47 K 25.6 SmA 28.2 N 57.3 1 29.1
CCN-55 K 25 SmB 30 N 66.4 1 30.4
CCN-73 K 38.6 SmB (38) N 50.2 1 12.2

In this chapter, we studied six compounds of a homologous series of trans trans-
4,4 -dialkyl-(1a, 1'a-bicyclohexyl-4-carbonitrile (CCNs) liquid crystals. The generic
molecular structure of the compound is shown in Fig.5.1. These compounds formed by
bicyclohexyl core group with transverse dipolemoment (cyano group -CN) and different
alkyl chains at the two ends. The homologous series of the compounds, and transition
temperatures are shown in Table.5.1. The six compounds are CCN-35, CCN-38, CCN-
46, CCN-47, CCN-55, and CCN-73. Among them, CCN-35 has only nematic phase,
CCN-38 and CCN-47 have both nematic and smectic-A phases CCN-46, CCN-55, and
CCN-T73 have both nematic and smectic-B phases. Physical characterizations such as
X-ray, NMR and dielectric relaxation studies have already been reported [31-34].
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5.2. Results and discussion

5.2.2 Alignment layer

Here amorphous perfluoropolymer, perfluoro(4-vinyloxy-1-butene) also known as CY-
TOP was used as alignment layer. The chemical structure is shown in Fig.5.2. It was
prepared by adding 1 part of CTX-809A to 2 parts of CT-Sol.180 by weight. These
two were obtained from Asahi Glass Co., Ltd. Japan. It has various advantages such
as, it can act as anti reflective coating and high transmittance over a wide wave length
range [35]. It has high thermal and chemical stability. CYTOP was spin coated at
3500 rpm over glass slides and then cured at 100°C for 30 min. It gives the homo-
geneous (planar) orientation to most of the nematic liquid crystal. The experimental
cell used in the experiment having typical thickness 8um.

CF2 —CF —CF_CF2

/N "

0 CF,
N S
CF,

Figure 5.2: Chemical structure of the alignment layer CYTOP.

5.2.3 Optical polarising microscope (OPM) observations:

In this section, we studied temperature dependent textures of the compounds (CCN-
35, CCN-38, CCN-55, CCN-73) in an unrubbed CYTOP coated cell. In CCN-35, after
isotropic-nematic phase transition, a schliren texture with half and integer strength
disclinations are observed (Fig.5.3(a)-Fig.5.3(c)). This implies that the director is
in the plane and any tilt of the director is not allowed topologically [36, 37]. It
shows crystallisation at 38.4°C without any smectic phase. The texture remains the
same in the entire nematic phase indicating no anchoring transition. In CCN-38,
similar kind of texture was observed in the nematic phase (Fig.5.3(d)). On further
cooling in the nematic phase, at a paricular temperature, small dark spots appeared
spontaneously and randomly (Fig.5.3(e)). These dark spots grow in size and the total
region becomes complete dark within temperature range of 1°C (Fig.5.3(f)). This
indicates that on cooling, director orientation spontaneously changes from planar to
homeotropic. In case of sample CCN-55, the texture in the nematic phase (Fig.5.3(g))
is similar to the nematic texture of CCN-38 (Fig.5.3(d)). The sample on further cooling
in the nematic phase, dark spots along with the typical SmB textures (Fig.5.3(h)) were
observed. Finally, dark regions along with SmB textures (Fig.5.3(i)) were remained
in the field of view. In case of CCN-73, the nematic texture (Fig.5.3(j)) is similar
to the nematic textures (Fig.5.3(a), Fig.5.3(d), Fig.5.3(g)) of the above mentioned
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CCN-35

g} ‘{Lﬁé‘j N

CCN- 38

CCN- 55

-

(i) 26 °C

CCN- 73

;

Figure 5.3: (colour online) Typical photomicrographs of four compounds at various

Iﬂ)43 °C

temperatures while anchoring transition from planar to homeotropic during cooling.
(a) CCN-35 at 42°C (b) CCN-35 at 38.3°C (¢) CCN-35 at 37.8°C (d) CCN-38 at
47.7°C (e) CCN-38 at 40.7°C (f) CCN-38 at 38.7°C (g) CCN-55 at 62.1°C (h)CCN-55
at 26.9°C (i) CCN-55 at 26°C (j) CCN-73 at 43°C (k) CCN-73 at 37.8°C (1) CCN-73
at 36.5°C.
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5.2. Results and discussion

compounds. The nematic to SmB phase transition (Fig.5.3(k)) was observed around
37.8°C and it forms SmB phase (Fig.5.3(1)) without any anchoring transition. When
the samples (the samples which exhibited anchoring transition) were heated up, the
dark texture goes to planar texture with characteristic nematic umbilic defects beyond
a certain temperature. This homeotropic to planar transition temperature occurs
at a higher temperature than the temperature observed during cooling. Thus, the
anchoring transition exhibits thermal hysteresis in the nematic phase.

9

8
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Figure 5.4: Temperature variation of effective dielectric constant (e.ss) of CCN-35,
CCN-38, CCN-46, and CCN-47. The solid and open symbols correspond to the data
while cooling and heating, respectively. The phase transition and anchoring transition
temperatures during cooling and heating are indicated with arrows. Nematic-isotropic
phase transition: Tr; Planar to homeotropic transition in cooling: T.; Homeotropic
to planar transition in heating: T,,.

In order to get more insight, we measured anchoring transition temperatures and the
range of thermal hysteresis. For this, we performed the effective dielectric constant
(€eff) measurements with variation of temperature in all the samples. The dielectric
measurements were preferred over optical measurements since they does not need rub-
bing which may alter the surface properties and can change the anchoring transition
temperatures. The dielectric constant was measured by using LCR meter (Agilent
E4980A). A sinusoidal frequency 1kHz at an amplitude 0.2V is applied and temper-
ature is varied step of 0.1°C/min during the experiment. The temperature variation
of dielectric constant as a function of temperature is shown in Fig.5.4 and Fig.5.5.
The effective dielectric constant (e.rs) in nematic phase is greater than the isotropic
phase in all the compounds. This indicates that the all the compounds have negative
dielectric anisotropy Ae = () —e1) < 0, where the subscripts refer to the direction
in relation to the director n. So, the dielectric constant in the planar state is €, and
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5.2. Results and discussion

in the homeotropic state .5y = €. This was confirmed by measuring the dielectric
constants in the independent planar and homeotropic cells (coated with AL-1254 and
JALS-204) respectively [38]. It is observed that in compound CCN-35, there is no ob-
servable change in dielectric constant while heating and cooling cycles in the nematic
phase. For the samples CCN-38, CCN-46, and CCN-47, we observe an abrupt decrease
of e.¢s in the nematic phase at a certain temperature (7,.) (Fig.5.4). Similarly, again
an abrupt increase in .57 is noticed during heating at higher temperature (7). For
example, in case of CCON-38, we notice €.y decreases abruptly during cooling at about
41.4°C (=T,.).

Tah
4+ 2 —e o CCN-55
] —v—~—CCN-73

T ¥ ) ¥ T T

30 40 50 60
Temperature (°C)

Figure 5.5: Temperature variation of effective dielectric constant (e.;r) of CCN-55
and CCN-73. The solid and open symbols correspond to the data while cooling and
heating, respectively. The phase transition and anchoring transition temperatures
during cooling and heating are indicated with arrows. Nematic-isotropic phase tran-
sition: Tyr; Planar to homeotropic transition in cooling: T,.; Homeotropic to planar
transition in heating: T.

Similarly again an abrupt increase in e.ss is noticed during heating at about 43.7°C
(=T,1). So the temperature range of thermal hysteresis ( AT}, = Ty, — T, ) is 2.3 °C.
The temperature variation of €. for both CCN-55 and CCN-73 is shown in Fig.5.5. In
case of CCN-55, the planar to homeotropic transition occurs while cooling just before
the SmB phase transition as discussed previously (Fig.5.3(h)). Interestingly, there
is no anchoring transition noticed in CCN-73. The abrupt decrease of the dielectric
constant in CCN-73 at 37.8°C is due to the N-SmB phase transition (Fig.5.3(k)). The
anchoring transition temperatures (7,, and T,.) and the thermal widths (AT}) of
the hysteresis are listed in Table-5.2. It is observed that CCN-35 does not show any
anchoring transition, CCN-38, CCN-46, CCN-47, and CCN-55 shows discontinuous
anchoring transition in the nematic phase with increasing thermal hysteresis. The
largest thermal hysteresis is observed in CCN-55 (AT,=9.5°C).
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5.2. Results and discussion

Table 5.2:  Anchoring transition temperatures and thermal hysteresis of the com-
pounds. 7T,. — anchoring transition temperature while cooling, 7, — anchoring
transition temperature while heating, thermal hysteresis, AT, =T 4-Ty.

Sample | T,.(°C)  Tw(°C) | AT;,(°C)
CCN-35 | No anchoring transition 0
CCN-38 41.4 43.7 2.3
CCN-46 | 44.7 47.8 3.1
CCN-47 | 445 49.8 5.3
CCN-55 | 273 36.8 9.5
CCN-73 | No anchoring transition 0

There are some experimental studies reported on the anchoring transition in nematic
liquid crystals. In these studies, various types of molecules such as polar, nonpolar,
symmetry such as centrosymmetric with liquid crystalline phases such as nematic and
nematic in combination of smectic-A have choosen in various substrate conditions.
Various theoretical aspects were discussed to understand the experimental observa-
tions. For example, Parsons et al. have shown that the competition between dipolar
and quadrupolar interactions can lead to the anchoring transition [14]. From the
pseudo-molecular model, Barbero et al. have shown that the competition between
nematic-nematic and nematic-substrate interactions based on the angular and tem-
perature dependence can lead to the anchoring transition [17]. Alexe-Ionescu et al.
showed that besides dielectric coupling, the quadrupolar flexoelectric coupling between
nematic liquid crystal-substrate interaction can decrease the anchoring energy and fur-
ther can lead the anchoring transition [12]. By considering the ionic impurities in a
nematic liquid crystal made up of centrosymmetric molecules, Nazarenko and Laven-
tovich proposed balance between direct molecular interaction and the orientational
tendencies of electric double layer at the surface is responsible for the observed second
order anchoring transition [13]. Komitov et al. reported on the anchoring transition in
hybrid aligned cell and gave a model that accounts for the dependence of the elastic
constants on the scalar order parameter [16]. Zhang et al. had shown anchoring tran-
sition on micro-structured surface and suggested that it is due to frustrated boundary
condition in which the elastic energy due to spacial variation of molecular orientation
compromises an increase in the surface anchoring energy [15]. From the above dis-
cussions, several interactions in different experimental conditions give various types
of anchoring transitions. In the present system, based on the high polarity of CCN
molecules Parsons model is more appropriate compared to other models discussed.
Missing of anchoring transition in CCN-35 ruled out the Parsons model, since it is due
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5.2. Results and discussion

to competetion between dipole and quadrapolar interactions. From the Table-5.2, it
appear that the presence of smectic phase and relatively wide temperature range of
nematic is important for the occurrence of discontinuous anchoring transition in the
CCNs homologue. Chakrabarti and Bagchi et al. have shown that onset growth of
the orientational order in the nematic phase induces translational order, producing a
smectic kind of layer in the underlying inherent structures. Interestingly, they observed
that these inherent structures maintain orientational order alone if the initial nematic
phase placed between the high temperature isotropic and low temperature smectic
phases [39]. Based on the surface treatment and associated induced smectic order Sh-
ioda et al. observed continuous anchoring transition from tilted to homeotropic in the
nematic phase while cooling towards the smectic-A phase transition temperature [5].
However, discontinuous anchoring transition from planar to homeotropic with large
thermal hysteresis so far has not been explained theoretically.

5.2.4 Theory

We developed a theoretical model for the observed discontinuous anchoring transition
in the nematic phase. We assume that the nematic liquid crystal exist in a cell of
thickness (d) having identical surfaces. The surfaces are in the zy-plane and the
normal to the surface is along the z-axis. The orientational order is same across the
cell. The Landau form of free energy of the sample per unit area can be written as
[11, 40]

F = F,+2[vnvQuvj + 120QijQji + 721 Qi Qv + va2 (iQiv)?]
d
) / U(2)g* (1 Quv;)dz (5.1)
0

where F), is the free energy in the isotropic phase, v is the outward normal at the
interface, the nematic tensor order parameter, ;; = %S (nin; — %(Lj), where S the
scalar order parameter and n being director in the nematic phase respectively. The
anchoring transition was not observed by the lower homologue in the series CCN-35,
which does not have any smectic phase. So, it is reasonable to assume smectic-like order
developed in the nematic phase itself and is important for the observed discontinuous
anchoring transition. However, the effect of smectic short range order on the anchoring
transition was discussed previously [5, 7]. The constant in each term (v;;) is related
to intermolecular forces in the NLC and NLC-surface interaction. The second, third,
fourth and fifth terms related to various interactions in the nematic liquid crystal and
NLC to the surface field. The last term related to coupling of surface induced smectic
order and orientational order parameter @);;.

We have
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3

1
S (nang = 20i5),

@Doeiqr; q=2m/\

Qij
v

where A = smectic layer thickness,
By substituting Eq.(5.2) and Eq.(5.3); we have

3 1
ViQijVj = U (§S(TLZTLJ — 56”)) I/j,
3 1
= 25 (I/anjl/] 3Vi5ijyj) ,
3 1
3 \? 1 1
QijQji = (55) [(nznj 30i) (njni 5%‘)] ’
9 ol 1 1
= ZS (nynjnmn; — gnm]dﬂ — (Ljnjni + (513(5ﬂ)} ,
_ 9 2 2 1 n2 1 }
- 45 _(nz J 3z 3z+ 6”) ’
9 o 1 1 1
el _]
4 | 3 3 - 3
9 ,[2
- -G? _]
4~ 3]
3
= =52
2
3\ 1 1
Vz‘Qz’ijlVl (§S> Vi (nmj - §5ij)(njnz - 553'1)] Vi,
9 1 1
= ZS Vi |ninin;ng — gnmjéﬂ — géljnjnl + 5(5”5]'[] vy,
9 o 1 1 1
= 152 _I/mz-n?nlm — gymmlw — gymmnl + §V¢5ilm] ,
9 o 1 1 1
= 152 (l/n)l(yn) — g(y.n)2 — g(y.n)2 + 51] ,
9,01 9 1]
= 45 _B(V.n) + ol
3 o 1
= 182 _(I/.?’L)2 + g} .
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(viQyvi)? = (1Qiv)(viQivy),

= 252 ((Vi.nz)2 > :
= 252 ((VZ ng)? ?)(VZ n;)? + %)

Eq.(5.1) becomes,

3 1 3 3 1
F = FO + 2 {’71155[(14774)2 — g} —+ ’720552 -+ ”}/21152 {(V.TL)2 -+ g}

9 2 1 d
+722152 {(Vi-ni)4 - g(’/znz)Q + 5} - D/o ‘I’(Z)QQ(ViQijVj)dZ,

= FO —+ /3115 {(VZTLZ)Q — %} -+ /32052 + 62182[(1/.71)2 -+ %]

B2 S? {(Vi.ni)4 + é} _ qu2 J "Bz {(V.n)2 _ %} iz, (5.4)

Here, 811 = 3711, Bao = 3720, Pa1 = %721, Baa = %7227
and,

3Dq? fél U(2){(v.n)* — %}dz = —6D¢*S&Y,{(v.n)* — %}
Now the free energy can be written as,

F[S>€> (nl/>] = Fo + Fl[S>€] + FQ[Saga (n,lj)], (55)

where, F1[S,£] is the isotropic part of the free energy and is given by

Alsel = |{2eco, - Bhs o {2 B o)
and F5[S, &, (n.v)] is the anisotropic part of the free energy and is given by
B[S, €, (nw)] = A(S, &) (n.v)? + B(S)(n.v)*, (5.7)
where,
A(S,€) = (P11 — 6D¢*h,€)S + {521 - %} s2, (5.8)
and
B(S) = 225 (5.9)

The surface orientation ¢ is given by, ¢ = cos™!(n.v). Now minimization of Eq.(5.7),
gives

B[S, €, (n.v)] = A(S, &) (n.v)? + B(S)(n.v)*, (5.10)
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Fy = A(S,€)cos’p + B(S)cos*e,
Fy= Cil—};z = —A(9)2cospsing — B(S)4cos>psing,

= —A(S)sin2¢ — B(S)2cos*psin2¢,
= —sin2¢[A(S) + 2B(S)cos?d).

Now,
o d*F,  dF,
= —2c052¢[A(S) + 2B(S)cos*¢]
—sin2¢[2B(S).2cosp(—sing)],

The stable orientation ¢, which satisfy both F, = 0 and F}, > 0 relations.

The condition F, = 0, gives

—2.c052¢[A(S) + 2B(S)cos*¢)
+2B(S)sin*2¢.

= F, = —5in2¢.[A(S) + 2B(S).cos*¢] = 0,

either sin2¢ = 0 or A(S) + 2B(S).cos*¢ = 0.
So, it leads to ¢ = 0,7/2, and cos?*¢ = — A(S)

Now,

2B(8)"

¢=0,F, >0 = —2[A(S)+2B(S).1] >0,

= [A(S) +2B(9)] < 0.

p=m/2,F >0 = —2(—1)[A(S)] >0,

“AS)

20
cos” ¢ = 3B(5) 2

>0

4

A(S) > 0.

2B(S)sin*2¢ > 0,

2B(S)4sin*pcos*p > 0,
B(S)sin*¢cos*d > 0,

I

B(S)[1 — cos*¢]cos*p > 0,

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)
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42) 43

{23(51)9?534(5)} <

B(S)
(5.16)
Minimization gives the following conditions,
6=0 = [A(S.€)+2B(S)] <0,
p=m/2 = A(S¢) >0,
_ A5 A(S,§)
(5.17)

From the mean field theory, smectic correlation length,

§=&(T — TNA)/TNA]_l/Q-

As the anchoring transition in our samples occur at temperature far below the IN
transition temperature (Ty;), we assume that the orientational order parameter S
saturates to a constant value and independent of temperature during the anchoring
transition. This is one of the reason, the four compounds which showed anchoring
transition have comparatively large nematic range. The minimization of Eq.(5.7) and
the stability conditions Eq.(5.17) predict a first order transition from ¢ = /2 at
temperature T > T,, to ¢ = 0 at temperature 7' < T,. with thermal hysteresis
between T, and T,. as observed experimentally.

Hence we have,

36D2q4¢2£2
Twn = Tya+T, 920 ,
’ MAT NS+ (Bar — 4]l /3)S)?
36D2q4w2§2
Toe = Tna+T P )
A va [B11 + (Bor + 2|Pa2]/3)S)?
ATy, = Tu — Ty (5.18)

Here, AT}, is the thermal hysteresis. We now estimate Tg,, T,., and AT}, from
Eq.(5.18). By considering the compound CCN-47, the value of smectic layer spacing
A =20 x 10~ %cm, gives ¢ ~ 3 x 107cm~!. By assuming the bare smectic correlation
length & ~ 5 x 107%m and D ~ 3.9 x 1078erg/cm [5]. The anchoring coefficients
B11, Bo1 are expected to be of similar magnitudes. The magnitude of the higher
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order anchoring coefficient 5 is expected to be relatively smaller than ;; and we
assume that || ~ 0.1501;. At temperatures corresponding to anchoring transition
in our samples, we assume that the nematic order parameter S ~ 0.6 and the surface
induced smectic order parameter 12 ~ 0.005. Using the above parameters, Ty, T,
and AT}, are estimated to be 323°K, 318°K, and 5°K, respectively, which agrees very
well with our experimental observations. As reported earlier by Shioda et al. [5] the
surface induced smectic order in the nematic phase can drive an anchoring transition
from the planar to homeotropic orientation which is continuous in nature. Here,
we demonstrated both experimentally and theoretically that such transition can be
of first order with the discontinuous jump in the surface orientation from planar to
homeotropic orientation with a thermal hysteresis.

5.3 Conclusion

We studied anchoring transition in the homologous series of liquid crystals (CCN-mn)
on perfluoropolymer treated cells. The compounds CCN-38, CCN-46, CCN-47 and
CCN-55 exhibit discontinuous anchoring transition and increasing thermal hysteresis.
We observed the compound CCN-35, which has no Smectic A or Smectic B phase does
not show any anchoring transition. In case of compound CCN-73, has smectic B phase,
but short range of nematic phase and does not show anchoring transition. The observed
experimental results show that smectic phase and wide range of nematic phase are
important for the discontinuous anchoring transition. We developed a simple theory
considering the experimental observations and showed the discontinuous anchoring
transition with a finite thermal hysteresis.
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Structure property correlation of
bicyclohexane nematic liquid

crystals

6.1 Introduction

n the previous chapter we have studied the anchoring transition in a homologous
I series of CCN-mn compounds. In this chapter, we study the physical properties of
these compounds. Here, we report on the measurements of physical properties such as
birefringence, dielectric anisotropy, splay and bend elastic constants with temperature.
The results are discussed based on the optimized molecular structure obtained from
the density functional theory (DFT).

6.2 Results and discussions

6.2.1 Samples and phase transitions

The phase transition temperatures of the compounds 4,4'-dialkyl-(1la,1" o-
bicyclohexyl)-43-carbonitrile (CCN-mn) are shown in the Table-6.1. All the com-
pounds have the same bicyclohexane core with varying alkyl chain length on both
sides shown in Fig.6.6. The compound CCN-35 exhibits only nematic (N) phase.
CCN-38 and CCN-47 exhibit nematic and smectic-A (SmA) phases. The remain-
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6.2. Results and discussions

Sample Phase transition (°C)
CCN-35 K 384 N49.31
CCN-38 | K 41 SmA (23) N 49.5 1
CCN-46 | K 30 SmB (26) N 54.7 I
CCN-47 | K 25.6 SmA 28.2 N 57.3 1
CCN-55 K 25 SmB 30 N 66.4 1
CCN-73 | K 38.6 SmB (38) N 50.2 1

Table 6.1: Homologous series of the bicyclohexane compounds and corresponding
phase transition temperatures (°C). K— crystal, SmB— Smectic-B, SmA— Smectic-
A, I— Isotropic.

ing compounds CCN-46, CCN-55 and CCN-73 exhibit nematic and smectic-B (SmB)
phases. Some physical characterisations such as X-ray, NMR and dielectric relaxation
studies on some of these compounds have been reported [1-7].

6.2.2 Optical and dielectric properties

0.03 +
0.02 -
{ om,
3
e CCN-35
o CCN-38
0.01+ 4o ccns
e CCN-47
CCN-55
= CCN-73
G i =R BN AN R R §
-30 -20 -10 0

T-T,(°C)
Figure 6.1: Temperature variation of birefringence (An) measured at A=632.8 nm.

The birefringence of the LCs is measured by phase modulation technique. The detailed
experimental procedure is given in chapter-2. The variation of birefringence (An) of
the compounds with shifted temperature is shown in the Fig.6.1. The birefringence
is very low in all the compounds (An ~ 0.03 near the room temperature). It may be
mentioned that An is more than five times lower than some common liquid crystals, for
example, 5CB (pentyl cyanobiphenyl). The birefringence of bicyclohexane compounds
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6.2. Results and discussions

with longitudinal cyano group such as nCCH (trans, trans-4-n-alkylbicyclohexyl-4-
carbonitriles) has been reported by several authors [8]. It appears that the birefrin-
gence of CCN-mn homologues is about 25% lower than that of nCCH compounds.

oL CCN-38
| —— CCN-46
1 L—* CCN-47
| CCN-55
pL=" CCN-73

—_
_{
T
& Ul - conss
I
W
<

-40 -30 -20 10 0
T-T (°C)

Figure 6.2: Variation of dielectric anisotropy Ae of the compounds as a function of
shifted temperature. Frequency for the dielectric measurement is 4111 Hz.

The variation of dielectric anisotropy (Ae) with shifted temperature is shown in
Fig.6.2. The dielectric anisotropy is negative (Ae < 0) in all the compounds and
exhibits a typical behaviour, i.e., Ae increases with decreasing temperature. At rel-
ative temperature (below T'— Ty; ~ —10°C), the dielectric anisotropy is largest for
CCN-35 and lowest for CCN-47.

6.2.3 Splay (K1) and bend (K33) elastic constants

The splay and bend elastic constants (/17 and K33) were measured from the voltage-
dependent dielectric constant data obtained from the homeotropic cell following the
dielectric method described in the experimental chapter-2. The variation of e.¢s to-
gether with the best fit with the theoretical Eq.(2.41) and Eq.(2.52) is shown in the
inset of Fig.6.3. The variation of splay (/1) and bend (K33) elastic constants as a
function of temperature is shown in Fig.6.3 and Fig.6.4. Both Ki; and K33 of all the
compounds in the nematic phase increase with decreasing temperature. Both the elas-
tic constants of CCN-47 show presmectic divergence. The presmectic divergence of Ky,
is rare as the splay distortion is permitted even in the smectic-A phase. However, there
are a few reports showing presmectic divergence of both K37 and K3z [9, 10]. Similar
behaviour may also be expected in CCN-38 but the N-SmA transition temperature
is below the ambient and beyond accessible temperature range of our temperature
controller. The ratio of K33/K; is shown in the Fig.6.5. Interestingly, it is observed
that K33 is lower than Kii, i.e., K33/Kq; = 0.7, except very close to the SmA phase
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Figure 6.3: Variation of splay elastic constant (K1) as a function of shifted tempera-
ture. (Inset) Effective dielectric constant as a function of applied voltage. Solid black
line is a theoretical fit to the experimental data.
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Figure 6.4: Temperature variation of bend elastic constant (K33).
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6.2. Results and discussions

transition of CCN-47. This is opposite to the behaviour observed in the calmitic liquid
crystals.

—-CCN 35
- CCN 38
— CCN 46
-~ CCN 47
- CCN 55
~-CCN 73

104 %

A ¢4 p o

Figure 6.5: Temperature variation of the ratio, Ks3/K1;

6.2.4 Optimized molecular structure from DFT calculations

In order to understand the structure- property correlation, we performed ground state
electronic structure calculations of all the molecules with the help of the density func-
tional theory (DFT) by using GAUSSIAN-09 suite programming package. All the
calculations are performed in the gas phase and optimisation of the structures is
done by B3LYP level of theory using cc-pVDZ basis set [11]. Fig.6.6 shows the two-
dimensional (2D) projection of optimised structures of the molecules. It is observed
that the molecules are not linear and their 2D projections (keeping the cyano group
along the y-axis and bicyclohexane along the z-axis) are bent-shaped.

The principal components of the dipole moments and polarisabilities are listed in
Table-6.2. The transverse components of dipole moments (u, or j,) are much larger
in magnitude than that of the longitudinal components (). For example, in CCN-35,
fe = 0.276D, p1,, = 3.818D and p, = 0.438D respectively. This explains the origin of
large negative dielectric anisotropy in all the compounds.

The polarisabilities of all the compounds are larger along the long molecular axis (z-
axis) compared to the components in the y and z directions. The birefringence of the
compounds is proportional to the polarisability anisotropy (A«). The polarisability
anisotropy can be defined as Aa & oy, — (o + ;)/2. The average A« of all the
compounds is about 50 (a.u.) and it is about five times lower than that of 5CB [12]
and consistent with five times lower birefringence of CCN-mn compounds. In case of
bent-core nematic liquid crystals, it has been reported that K33 < K71 and occasionally
they exhibit unusual temperature dependence [13, 14]. It was suggested that the strain
in the bend distortion is partly relieved if the molecules are curved or bent shaped
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CCN-35 CCN-38
S
- §
CCN-46 CCN-47
CCN-55 . CCN-73

Figure 6.6: Two-dimensional projection of the energy-minimised molecular structures
obtained by DFT calculations in the gas phase.

Dipolemoment (D) Polarisability (a.u.)

Compounds | i, Ly sy Qg Qlyy Q.

CCN-35 0.276 3.818 0.438 | 262.56 225.34 216.53
CCN-38 0.726 3.757 0.314 | 308.70 259.53 244.50
CCN-46 0.138 3.864 0.159 | 286.48 248.99 239.52
CCN-47 0.165 3.903 0.186 | 304.48 257.39 249.64
CCN-55 0.910 3.639 0.932 | 283.67 256.86 235.70
CCN-73 0.482 2.199 3.158 | 295.61 224.72 262.47

Table 6.2: Components of dipole moment and principal polarisabilities obtained from
DF'T calculations.
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and consequently K33 is expected to be lower than Kj; [15]. The energy-minimised
shapes of the present calamitic molecules are bent type (Fig.6.6) and expected to be
responsible for the similar results (K33/K;; = 0.7 < 1) as that of bent-core nematic
liquid crystals.

It may be useful to discuss and compare the elastic constant ratio with bicyclohexane
nematic compounds such as nCCH with longitudinal cyano groups. It was reported
that the elastic constant ratio of nCCH is always greater than 1 (i.e.K33/K;; > 1) [16].
This is in contrast to the observed effect in the present compounds. The important
structural difference between the two homologous series of nCCH and CCN-mn is
the position of the cyano group (-CN). In case of nCCH, the cyano group is at the
longitudinal position, whereas in CCN-mn, it is in the lateral position. In addition,
the alkyl chains are present on both sides of bicyclohexane. The side chains of CCN-
mn increase the flexibility of the molecules. Apart from the enhanced flexibility, the
transverse dipole moment of CCN-mn molecules can have a significant role on the ratio
of the curvature elastic constants. It was proposed that the effect of dipole moment
on the elastic constants is connected to the local ordering of the dipoles in nCCH
compounds [17]. The effective molecular length could be greater in nCCH compounds
because of the antiparallel local ordering of the molecules with the overlapped group. It
has been shown both experimentally and theoretically that in nematic liquid crystals,
Ks3/Ky1 o< (L/W)? where L is the length and W is the width of the mesogenic
molecule, respectively [15]. Thus, the lower ratio of K33/K7; of CCN-mn compounds
than nCCH compounds partially could be due to the absence of local ordering, apart
from the effect of molecular shape

6.3 Conclusions

In conclusion, in this chapter we have reported the measurement of birefringence,
dielectric anisotropy, splay and bend elastic constants of homologous series of bicy-
clohexane nematic liquid crystals. All the compounds exhibit small birefringence and
negative dielectric anisotropy. The ratio of elastic constants, i.e., K33/Kj; < 1. The
optimized molecular structure obtained from the calculations of DF'T shows that the
molecules are bend shaped with large transverse dipole moments and low polarisability
anisotropy. The low birefringence, high negative dielectric anisotropy and low elas-
tic constant ratio of the compounds are explained based on the optimised molecular
properties.
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Birefringence, permittivity,
elasticity and rotational viscosity of
ambient temperature, high
birefringent nematic liquid crystal

mixtures

7.1 Introduction

n the previous chapter, we studied various physical properties of a homologous series
I of CCNs LCs and its co-relation to the structure. They exhibit very low birefrin-
gence. In the recent times, high birefringent L.Cs have been synthesized and they have
drawn a lot of attention due to its various applications. For example, they are crucial
for laser beam steering [1], directional reflectors [2], infrared special light modulators
[3], tunable focus lenses [4], optical switches for telecommunication etc. They also have
significant importance for radio frequency applications in the GHz and THz frequency
range [5, 6], holographic devices, and broad range filters. Moreover high birefringence
enriches the display brightness and contrast ratio of liquid crystal displays such as
polymer dispersed liquid crystals (PDLC), holographic PDLC, cholesteric LCD, and
liquid crystal gels [7-9]. The birefringence of a liquid crystal strongly depends on the
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7.1. Introduction

structure of the molecule and m-electron conjugation [10, 11]. Generally more linearly
conjugated liquid crystal exhibits higher birefringence [12]. The increase of conjuga-
tion length leads to high melting temperature, decrease of nematic range, enhanced
viscosity, and decrease of solubility to form eutectic mixtures. The nematic range can
be increased by preparing eutectic mixture of high birefringent liquid crystals. There
are some reports on the synthesis and optical measurement of high birefringent nematic
liquid crystals [13-23]. Recently, J. Herman et al. synthesized novel high birefringent
nematic liquid crystals containing quarterphenyl and phenylethynyltolane cores with
isothiocyanate terminal group [11]. In these liquid crystals nematic phase exists much
above the ambient temperature. For ambient temperature applications, we prepared
some binary mixtures. In this chapter, we report detailed study on physical properties
of a few high birefringent mixtures containing quarterphenyl and phenylethnyltolane

cores.
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Figure 7.1: Molecular structure and wt% of the individual compounds and the phase
transition temperature of the mixtures. The physical appearance of the samples in
the bottles at room temperature are also shown.

90



7.2. Results and discussion

7.2 Results and discussion

7.2.1 Samples and phase transitions

We studied three different mixtures using four different nematic liquid crystals. The
chemical structure of the individual compounds and the phase transition tempera-
tures of the mixtures are shown in Fig.7.1. At room temperature they are nematic
and highly turbid. In each mixture, one compound is common and non polar with
larger wt%. The second compound is polar with isothiocyanate terminal group con-
taining laterally alkyl, fluorine, and chlorine substituted and less in wt%. The polar
compounds are mixed with the non polar host with maximum solubility. The four
compounds containing quarterphenyl and phenylethynyltolane cores. All the mixtures
have high clearing point and wide nematic range. The synthesis and phase transition
temperatures of the individual compounds have already been reported [11].

7.2.2 Birefringence and orientational order parameter
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Figure 7.2: Variation of birefringence (An) of the mixtures as a function of shifted

temperature.

The temperature dependent variation of birefringence (An) of the mixtures are shown
in Fig.7.2. An jumps to about ~ 0.22 from 0 at the nematic-isotropic (NI) transition
in all the mixtures and reaches to a high value An ~ 0.4 at room temperature. The
birefringence of the mixtures increases as follows: Anpsiz—1 > ANpgiz—2 > ANpgiz—3.
This can be understood based on the molecular structure of the individual components
in the mixture. In all the compounds, a significant contribution to the An is due to
the presence of -C=C- group and phenyl rings. Usually -C=C- group contributes more
to An than phenyl rings [11]. As we proceed from Mix-3 to Mix-1 we notice that apart
from a small variation in the lateral groups, the number of phenyl rings decreases and
-C=C- groups increases. Thus the effective conjugation length and hence An in the
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Figure 7.3: Variation of orientational order parameter (S) of the mixtures as a function
of shifted temperature.

Table 7.1: Fit parameters of the mixtures.

Mixtures An, T T 15}

Mix-1 0.55 125 121 0.18
Mix-2 0.53 125.4 121.9 0.18
Mix-3 0.49 120 118.3 0.17

mixtures increases.

To estimate the order parameter the temperature variation of An can be approximated
by the Hallar extrapolation formula [24], An = Ang(1 — T/T})?, where 3, Ty are the
adjustable parameters, and Ang is the birefringence of the perfectly aligned sample.
The fit parameters are listed in Table-7.1. T} is slightly higher than Ty, and 3 is
about ~0.18. Similar value of 5 was also reported in many other liquid crystals [25].
The order parameter S of the long molecular axis was estimated using the relation
S ~ An/An,. The temperature variation of S is shown in Fig.7.3. The value of
S increases with decreasing temperature and at room temperature it is quite high (
about S ~0.8) and larger than that of many common liquid crystals. Similar large
order parameter in high birefringent nematic liquid crystals were also reported by
Sekine et al. [26].

7.2.3 Dielectric constants

The variation of parallel (g),) and perpendicular (¢ ;) components of dielectric constants
and the average value of dielectric constant, € (= (g + 2¢.)/3) as a function of
temperature is shown in Fig.7.4. The dielectric anisotropy is positive i.e., Ae( =
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Dielectric constants
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Figure 7.4: Variation of parallel (g)), perpendicular (¢,) components of dielectric
constants and € = (&), + 2 )/3 as a function of temperature. Solid lines are drawn as
guides to the eye.

Dielectric Constant
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Figure 7.5: The frequency dispersion of real part of the dielectric constants, i.e., g
and €, at various temperatures of Mix-2. Solid lines are drawn as guides to the eye.
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g —€1) > 0 and almost the same in all the mixtures. ¢ increases up to a certain
value and then decreases significantly near the room temperature. Similar unusual
behavior of ] was observed in many compounds showing nematic to smectic phase
transition [27, 28]. In addition, in those compounds, it was found that £, also tend to
increase at the same temperature and eventually Ae can change sign. It was shown
that due to the presmectic order, the antiparallel correlation of the dipoles parallel to
the director increases as a result the effective dipole moment reduces in the nematic
phase leading to the decrease of ;. Similar argument was given for increase of ¢, .
However in the present mixtures only Mix-1 exhibits N to SmA transition around 5°C
and Mix-2 and Mix-3 does not show any smectic phase but some kind of solidification
was noted around this temperature. In addition, €, does not show any increasing
tendency at the same temperature. Thus, the the unusual temperature dependence of
g for Mix-1 is not due to the antiparallel correlation of dipoles.

To understood this, we measured the frequency dispersion of both ¢(f) and €, (f)
of one sample (for e.g., Mix-2) in the frequency range of 100 Hz - 10 MHz (Fig.7.5).
We note that in both the components one relaxation is common beyond 1 MHz which
comes from the finite resistance of the ITO electrodes. €, (f) is almost independent
of temperature and does not show any other dielectric relaxation. On the other hand
€)|(f) exhibits another dielectric relaxation below 1MHz and the relaxation frequency
decreases rapidly with decreasing temperature. For example, relaxation frequency
at 90°C is about 237 kHz and reduces to 1 kHz at room temperature (26°C). The
temperature dependent dielectric constant was measured at a fixed frequency of 4.11
kHz. But the relaxation frequency decreases below this value around 50°C. Hence the
decreases of ¢|| is due to the decreases of relaxation frequency below the measuring
frequency.

7.2.4 Splay (K;;) and bend (K33) elastic constants

. A¢
- fit

Ad
[oe]

0 5 10 15 20
Voltage (V)

Figure 7.6: Experimental variation of retardation as a function of applied voltage.
Blue points are the theoretical fit to the experimental data.
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Figure 7.7: Variation of splay (K1) and bend (K33) elastic elastic constants as a
function of shifted temperature. Solid lines are drawn as guides to the eye.

The splay and bend elastic constants (K7, and K33) were measured from the voltage
dependent retardation data as described in Chapter-2. The variation of retardation
together with best fit of theoretical Eq.(2.41) and Eq.(2.46) is shown in Fig.7.6. The
temperature variation of splay (K7j;) and bend (K33) elastic constants is shown in
Fig.7.7. Though K7, is almost the same within the experimental accuracy, K33 appears
to be slightly different in the three mixtures. Both K;; and K33 increase with decrease
of temperature and these values are comparatively larger than that of many common
(lower birefringent) nematic liquid crystals. For instance, in 5CB, Kj; = 5 pN and
K33 = 9 pN whereas in the present mixture (Mix-1) these numbers are 10 pN and 30
pN respectively at room temperature. Since K;; oc S?, [29] the large elastic constant
could be due to the large orientational order of the mixtures.

7.2.5 Rotational viscosity (7;) and figure-of-merit(FOM)

Here, we discuss the rotational viscosity (1) of the mixtures in the nematic phase.
The experimental technique was discussed in chapter 2. The normalized intensities
of the transient response of Mix-1 at two temperatures after removal of bias V}, = 0
field is shown in Fig.7.8(a). A representative variation of In[d,/d(t)] with time(t) is
shown in Fig. 7.8(b). ~; was calculated by measuring the relaxation time 7, and
Ky, of the mixtures. The variation of v; as a function of temperature is shown in
Fig.7.9. ~; increases vary rapidly with decrease of temperature. For instance, at room
temperature this is ~1 Pa s (Mix-2) which is about two orders of magnitude larger
than conventional (low birefringent) nematic liquid crystals.

The rotational viscosity can be written as v, ~ Sexp(W/kgT), W being the activation
energy, S the order parameter and k the Boltzmann constant [27]. Since S o< An, we
plotted In(y;/An) with 1/7 in Fig.7.10. The estimated activation energy for the three
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Figure 7.8: (a) Time dependent normalised transmitted intensity after the removal
of bias voltage (4) for two temperatures of Mix-1. (b) Linear variation of In[d,/d(t)]
with time(t) at various temperatures of Mix-1. Solid lines are theoretical fits to the

experimental data.
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Figure 7.9: Variation of rotational viscosity (;) of different mixtures as a function of

shifted temperature.
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Figure 7.10: Linear variation of In(; /An) with 1/T. Solid lines are theoretical fits to
the corresponding equations as described in the text.

mixtures are 330 meV, 350 meV and 380 meV respectively and these are comparable
to the values reported for many low birefringent nematic liquid crystals [30].

To characterize the performance of the liquid crystal materials, we estimated figure-
of-merit (FoM) using the formula, FoM= K;;An?/v, as a function of temperature.
Fig.7.11 shows the temperature variation of the FoM. Since, K;; o< S? o< An?, the
temperature dependence of FoM can be written as

FoM = A(1 — T/Ty)* exp(—~W/kT). (7.1)

FoM is largest for Mix-1 and reduced in Mix-2 and Mix-3. At higher temperature
the FoM of all the mixtures are reasonably larger than conventional low birefringence
nematic liquid crystals but it decreases at room temperature. For instance, for Mix-
1, at 95°C, FoM is 15 pum?/s and decreases to 1.5 um?/s near room temperature.
The reports on FoM at room temperature, high birefringent nematic liquid crystal is
rare hence not available for comparative discussion. In case of standard liquid crystal
sample like 5CB, by taking Kj;, An and ~; values from the literature [31, 32] and
calculating the FoM from the Eq.(7.1), FOM obtained 2.32 ym? /s at room temperature
T —Ty; = —10°C. In our mixtures, their high value of FoM exist around 95°C. It will
be advantages if it would exist at room temperature. Though the birefringence is large
at room temperature, high viscosity is disadvantageous specially where fast switching
is needed.
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Figure 7.11: Temperature variation of the figure of merit (FoM). Solid lines are theo-
retical fits of the experimental data to Eq.(7.1).

7.3 Conclusion

In conclusion, we measured various physical properties of three high birefringent room
temperature nematic liquid crystal mixtures. The orientational order parameter, both
splay and bent elastic constants are comparatively larger than that of many common
liquid crystal mixtures. The unusual temperature dependence of parallel component
of dielectric constant (¢)) near the room temperature is due to the rapid decrease
of dielectric relaxation frequency with decreasing temperature. The figure of merit
at higher temperature is reasonably larger but reduces at room temperature due to
the very high viscosity. Thus elastic and dielectric properties of high birefringence
materials are suitable but high viscosity is a matter of concern for application.

References

[1] P. F. McManamon, T. A. Dorschner, D. L. Corkum, L. J. Friedman, D. S. Hobbs,
M. Holz, S. Liberman, H. Q. Nguyen, D. P. Resler, R. C. Sharp, et al., “Optical
phased array technology,” Proceedings of the IEEE, vol. 84, no. 2, pp. 268298,
1996.

[2] C. C. Bowley, H. Yuan, and G. P. Crawford, “Morphology of holographically-
formed polymer dispersed liquid crystals (h-pdlc),” Molecular Crystals and Liquid
Crystals, vol. 331, no. 1, pp. 209-216, 1999.

[3] S. T. Wu and D. K. Yang, Reflective liquid crystal displays. Wiley, 2001.

[4] H. Ren, Y. H. Fan, S. Gauza, and S. T. Wu, “Tunable-focus flat liquid crystal
spherical lens,” Applied Physics Letters, vol. 84, no. 23, 2004.

98



References

[5] N. Vieweg, C. Jansen, M. K. Shakfa, M. Scheller, N. Krumbholz, R. Wilk,
M. Mikulics, and M. Koch, “Molecular properties of liquid crystals in the ter-
ahertz frequency range,” Optics express, vol. 18, no. 6, pp. 6097-6107, 2010.

(6] N. Vieweg and M. Koch, “Terahertz properties of liquid crystals with negative
dielectric anisotropy,” Applied optics, vol. 49, no. 30, pp. 5764-5767, 2010.

(7] R. L. Sutherland, V. P. Tondiglia, L. V. Natarajan, T. J. Bunning, and W. W.
Adams, “Electrically switchable volume gratings in polymer-dispersed liquid crys-
tals,” Applied Physics Letters, vol. 64, no. 9, pp. 1074-1076, 1994.

[8] N. Mizoshita, K. Hanabusa, and T. Kato, “Fast and high-contrast electro-optical
switching of liquid-crystalline physical gels: Formation of oriented microphase-

separated structures,” Advanced Functional Materials, vol. 13, no. 4, pp. 313-317,
2003.

9] Y. H. Fan, H. Ren, and S. T. Wu, “Normal-mode anisotropic liquid-crystal gels,”
Applied physics letters, vol. 82, no. 18, pp. 2945-2947, 2003.

[10] A. Spadlo, R. Dabrowski, M. Filipowicz, Z. Stolarz, J. Przedmojski, S. Gauza,
C. Y. Fan, and S. T. Wu, “Synthesis, mesomorphic and optical properties of
isothiocyanatotolanes,” Liquid crystals, vol. 30, no. 2, pp. 191-198, 2003.

[11] J. Herman, J. Dziaduszek, R. Dbrowski, J. Kdzierski, K. Kowiorski, V. S. Dasari,
S. Dhara, and P. Kula, “Novel high birefringent isothiocyanates based on quater-
phenyl and phenylethynyltolane molecular cores,” Liquid Crystals, vol. 40, no. 9,
pp- 1174-1182, 2013.

[12] R. Dabrowski, P. Kula, and J. Herman, “High birefringence liquid crystals,” Crys-
tals, vol. 3, no. 3, pp. 443-482, 2013.

[13] R. Dbrowski, J. Dziaduszek, A. Ziolek, Z. Stolarz, G. Sasnouski, V. Bezborodov,
W. Lapanik, S. Gauza, S. T. Wu, et al., “Low viscosity, high birefringence liquid
crystalline compounds and mixtures,” Opto-Electronics Review, vol. 15, no. 1,
pp- 47-51, 2007.

[14] S. Gauza, H. Wang, C. H. Wen, S. T. Wu, A. J. Seed, and R. Dabrowski, “High
birefringence isothiocyanato tolane liquid crystals,” Japanese journal of applied
physics, vol. 42, no. 6R, p. 3463, 2003.

[15] S. T. Wu, M. E. Neubert, S. S. Keast, D. G. Abdallah, S. N. Lee, M. E. Walsh,
and T. A. Dorschner, “Wide nematic range alkenyl diphenyldiacetylene liquid
crystals,” Applied Physics Letters, vol. 77, no. 7, pp. 957-959, 2000.

99



References

[16]

[17]

[24]

[25]

[26]

S. Gauza, A. Parish, S. T. Wu, A. Spadlo, and R. Dabrowski, “Physical properties
of laterally fluorinated isothiocyanato phenyl-tolane single liquid crystals compo-
nents and mixtures,” Molecular Crystals and Liquid Crystals, vol. 489, no. 1,
pp. 135-461, 2008.

C. Sekine, K. Iwakura, N. Konya, M. Minai, and K. Fujisawa, “Synthesis and
properties of some novel high birefringence phenylacetylene liquid crystal mate-
rials with lateral substituents,” Liquid Crystals, vol. 28, no. 9, pp. 1375-1387,
2001.

S. Gauza, J. Li, S. T. Wu, A. Spadlo, R. Dabrowski, Y. N. Tzeng, and K. L.
Cheng, “High birefringence and high resistivity isothiocyanate-based nematic lig-
uid crystal mixtures,” Liquid crystals, vol. 32, no. 8, pp. 1077-1085, 2005.

S. Gauza, C. H. Wen, S. T. Wu, N. Janarthanan, and C. S. Hsu, “Super high
birefringence isothiocyanato biphenyl-bistolane liquid crystals,” Japanese journal
of applied physics, vol. 43, no. 11R, p. 7634, 2004.

J. Dziaduszek, P. Kula, R. Dabrowski, W. Drzewiski, K. Garbat, S. Urban, and
S. Gauza, “General synthesis method of alkyl-alkoxy multi-fluorotolanes for nega-
tive high birefringence nematic mixtures,” Liquid Crystals, vol. 39, no. 2, pp. 239—
247, 2012.

P. Kula, A. Aptacy, J. Herman, W. Wojciak, and S. Urban, “The synthesis and
properties of fluoro-substituted analogues of 4-butyl-4’-[(4-butylphenyl) ethynyl]
biphenyls,” Liquid Crystals, vol. 40, no. 4, pp. 482-491, 2013.

Y. M. Zhang, D. Wang, Z. C. Miao, S. K. Jin, and H. Yang, “Novel high bire-
fringence bistolane liquid crystals with lateral fluorosubstituent,” Liquid Crystals,
vol. 39, no. 11, pp. 1330-1339, 2012.

Y. Arakawa, S. Nakajima, S. Kang, M. Shigeta, G. Konishi, and J. Watanabe,
“Synthesis and evaluation of dinaphthylacetylene nematic liquid crystals for high-
birefringence materials,” Liquid Crystals, vol. 39, no. 9, pp. 1063-1069, 2012.

I. Haller, “Thermodynamic and static properties of liquid crystals,” Progress in
solid state chemistry, vol. 10, pp. 103-118, 1975.

S. Dhara and N. V. Madhusudana, “Enhancement of the orientational order pa-
rameter of nematic liquid crystals in thin cells,” The European Physical Journal
E, vol. 13, no. 4, pp. 401-408, 2004.

C. Sekine, K. Iwakura, N. Konya, M. Minai, and K. Fujisawa, “Synthesis and
properties of some novel high birefringence phenylacetylene liquid crystal mate-

100



References

rials with lateral substituents,” Liquid Crystals, vol. 28, no. 9, pp. 1375-1387,
2001.

[27] W. H. De Jeu, T. W. Lathouwers, and P. Bordewijk, “Dielectric properties of
di-n-heptyl azoxybenzene in the nematic and in the smectic-a phases,” Physical
Review Letters, vol. 32, no. 2, p. 40, 1974.

[28] P. Sathyanarayana, M. Mathew, Q. Li, V. S. S. Sastry, B. Kundu, K. V. Le,
H. Takezoe, and S. Dhara, “Splay bend elasticity of a bent-core nematic liquid
crystal,” Physical Review E, vol. 81, no. 1, p. 010702, 2010.

[29] J. Prost, The physics of liquid crystals. No. 83, Oxford university press, 1995.

[30] S. T. Wuand C. S. Wu, “Experimental confirmation of the osipov-terentjev theory
on the viscosity of nematic liquid crystals,” Physical Review A, vol. 42, no. 4,
p. 2219, 1990.

[31] P.Sathyanarayana, V.S. R. Jampani, M. Skarabot, I. Musevic, K. V. Le, H. Take-
zoe, and S. Dhara, “Viscoelasticity of ambient-temperature nematic binary mix-
tures of bent-core and rodlike molecules,” Physical Review E, vol. 85, no. 1,
p. 011702, 2012.

[32] A. Bogi and S. Faetti, “Elastic, dielectric and optical constants of 4’-pentyl-4-
cyanobiphenyl,” Liquid Crystals, vol. 28, no. 5, pp. 729-739, 2001.

101



References

102



List of Publications

Publications

Publications related to thesis

1.

Experimental studies on the phase diagram and physical properties of mixture
of calamitic and discotic nematic liquid crystals

D. Venkata Sai, G. Mirri, P. Kouwer, I. Musevic and Surajit Dhara.

Liq. Cryst., 1-5, (2016).

. Unusual temperature dependence of splay and bend elastic constants of a

discotic nematic liquid crystals
D. Venkata Sai, G. Mirri, P. Kouwer, R. Sahoo, I. Musevic and Surajit Dhara.
Soft matter, 12, 2960 (2016).

. Structure-property correlation of bicyclohexane nematic liquid crystals

D. Venkata Sai, K. P. Zuhail, Rudraditya Sarkar and Surajit Dhara
Liq. Cryst., 42, 3 (2015).

. Effect of smectic short-range order on the discontinuous anchoring transition in

nematic liquid crystals
D. Venkata Sai, T. Arun Kumar, W. Haase, Arun Roy and Surajit Dhara
J. Chem. Phys., 141, 044706 (2014).

. Birefringence, permittivity, elasticity and rotational viscosity of ambient tem-

perature, high birefringent nematic liquid crystal mixtures

D. Venkata Sai, P. Sathyanarayana, V.S.S. Sastry, J. Herman, P. Kula, R.
Dabrowski, and Surajit Dhara.

Liq. Cryst., 41,591 (2013).

103



Other publications

. Possible enhancement of physical properties of nematic liquid crystals doping of
conducting polymer nanofibres

R. Manda,V. Dasari, P. Sathyanarayana, M. V. Rasna, P. Paik, and Surajit
Dhara

Appl. Phys. Lett., 103, 141910 (2013).

. Novel high birefringent isothiocyanates based on quaterphenyl and
phenylethynyltolane molecular cores

Jakub Herman, Jerzy Dziaduszek, Roman Dabrowski, Jerzy Kedzierski, Krystian
Kowiorski, Venkata Sai Dasari, Surajit Dhara And Przemyslaw Kula.

Liq. Cryst., 40, 1174 (2013).

104



