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Summary

This thesis presents the experimental investigation o f  the material properties o f  liquid 

crystalline systems composed o f (i) bent-core molecules, (ii) bimesogens composed o f 

rod-like molecules and (iii) dimesogens composed o f  a rod-like and bent-core 

mesogenic unit. Most o f the studies were performed in the nematic phase o f these 

materials. A brief summary o f  the work presented in this thesis is described below.

1. The flexo-elastic properties o f  three bent-core systems belonging to a homologous 

series are investigated. X-ray studies show that Smectic-C like cybotactic clusters 

are present in the nematic phase o f  compounds with longer chain length (C6, C7), 

while it is measurably absent in the shortest chain length material (C4). It is found 

experimentally that regardless o f  the presence/absence o f  clusters, the bend 

elastic constant is always smaller in comparison to the splay (A^n) constant; 

suggesting that the elastic properties are more likely to be influenced by the bent 

shape o f  the molecules rather than the presence o f  clusters. The effective 

flexoelectric coefficients determined using the ULH technique are.found to be 

larger than calamitic systems; however there is no evidence o f  giant flexoelectricity 

in the bent-core system studied (Chapter 3).

2. The elastic constants, effective flexoelectric coefficient and flexoelectric 

polarization are studied for a bimesogenic liquid crystal C B C llC B  exhibiting a 

twist bend nematic phase Results show that K\\ increases with decreasing 

temperature but the value o f  K n  tends to fall steadily as the temperature is reduced. 

The effective flexoelectric coefficient is found to be at least two times higher than 

for bimesogens that do not exhibit the N,b phase. The flexoelectric polarization.



measured using pyroelectric technique, in the Nib phase is almost two times greater 

than in its nematic phase (Chapter 4).

3. A new phenomenon o f  periodic self-assembly is observed close to the N  - N,b phase 

transition temperature in some bimesogens and their mixtures with the monomer 

5CB. This phenomenon is reminiscent o f  the self-deformation and spontaneous 

chirality that appears in the system (Chapter 5).

4. The dielectric behaviour o f  a dimesogen BRl composed o f  a bent-core unit 

combined with a laterally attached rod-like mesogenic core is investigated. The 

material shows dual frequency nematic mode and the sign reversal o f  dielectric 

anisotropy occurs at very low frequencies. Detailed analysis o f  the dielectric spectra 

is carried out using the Maeir-Meier (M-M) model by considering independent 

reorientation o f each constituent mesogen. The dielectric behaviour is interpreted in 

terms o f  the Kirkwood correlation factors in the M-M equation, and the results 

suggest the presence o f  anti-parallel correlation o f  the transverse dipoles in the 

neighbouring layer o f  the SmC like clusters (Chapter 6).
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LC Liquid Crystal

N/Nu Uniaxial Nem atic phase

Nb B iaxial N em atic phase

N,b Tw ist Bend Nem atic Phase
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Ncybc N em atic phase with Sm ectic-C  type cluster

NLC N em atic Liquid Crystal

CLC, N* C hiral/C holesteric Nem atic Liquid Crystal

SrrL4 Sm ectic-A  phase

SmC’ Sm ectic-C  phase

BCN Bent Core Nem atic

Cr Crystal

I Isotropic

“C D egree Centigrade (Celsius)

T Tem perature

Ct C ross-over Tem perature

Tni Transition Tem perature from  Isotropic to N em atic phase

K Kelvin

ITO Indium  Tin Oxide

E Electric Field

vii



dc/DC Direct Current

ac/AC Alternating Current

DFN Dual Frequency Nematic

HTP Helical Twisting Power

ULH Uniform Lying Helix

BC Bent Core

Âi 1, Kj2, Ki3 Splay, Twist, Bend Elastic Constant

e\, Ci Splay, Bend Flexoelectric coefficient

(e\ - es) Effective Flexoelectric Coefficient

Flexoelectric Polarization 

Ps Spontaneous Polarization

£', e" Real, Imaginary part o f  Dielectric Permittivity

Ae' Dielectric Anisotropy

S  Order Parameter

p  Pitch

Vpk Peak Voltage
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Chapter 1 

Introduction

In this chapter, the fundamentals o f  liquid crystals and the theoretical tools required to 

understand the subject matter o f  the various works undertaken in this thesis are 

described.
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1.1 Introduction to Liquid Crystals

Conventionally, there are three states o f matter: solids, liquids and gases. The 

molecules in the solid state have a high degree o f  positional order (i.e. molecules are 

arranged in an ordered lattice) and orientational order (molecules mostly point in the 

same direction), while in the liquid state the molecules have much lower degree o f 

positional and orientational order. In many organic compounds there exists a state o f 

matter intermediate between solid crystal and isotropic liquids known as liquid crystals 

(LCs), whose degree o f  order lies between that o f  a crystal and a solid. This phase was 

first discovered by an Austrian botanist Friedrich Reinitzer in 1888. He observed that as 

the temperature o f  the solid sample (cholesteryl benzoate) was increased, the crystal 

changed into a hazy liquid, and on further heating it changed into a clear, transparent 

liquid. Because o f his early work, Reinitzer is often credited with discovering a new 

phase o f matter -  the liquid crystal phase [1],

Liquid crystals exhibit many physical properties that are intermediate between 

those o f  solids and crystals. For example they possess mechanical properties o f  liquids 

such as viscosity, coalescence o f  droplets etc., and are also similar to crystals as they 

exhibit anisotropy in their optical, electrical, mechanical and magnetic properties. These 

intermediate phases are referred to as liquid crystalline phases or mesophases [1].

Liquid crystals can be classified as being either themotropic or lyotropic. 

Lyotropic LCs exhibit phase transitions as a function o f  both temperature and 

concentration o f  the LC molecules in a solvent, and have applications in biological 

systems. Thermotropic liquid crystals, on the other hand, show phase transition into the 

LC phases as the temperature o f  the material is altered and have use in technical

applications. In this thesis we study the material properties o f  thermotropic LCs.
2
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^High temperature Low temperature ^

a) Isotropic b) Nematic c) Smectic-/i d) Smectic-C e) Crystal

Figure 1.1: Phase sequence in calamitic liquid crystals

The molecular structure has a profound effect on the properties exhibited by the 

LC material and its phase behaviour. Based on the shape anisotropy, thermotropic LC 

molecules can be categorized as (i) rod-like/calamitics, (ii) banana/ bent-core, or (iii) 

discotic LCs.

1.2 Calamitcs

Calamities or rod-like molecules are the most common types o f  LCs. The 

length-to-breadth ratio in calamities is greater than unity, hence providing the required 

shape anisotropy. The typical structure o f calamitic mesogen is composed o f rigid core 

units consists o f linearly linked aromatic or alicyclic rings and flexible terminal 

moieties composed o f  alky, alkoxy or cyano groups connected to both o f its ends [2],

In the LC state, the unit vector n known as the director, defines the average 

direction in which the molecular long axes point. Depending on the degree o f  

orientation and positional order, LCs exhibit different phases. A typical phase sequence 

o f calamitic molecules on cooling from high to low temperature is: Isotropic - Nematic 

-  Smectic-^ -  Smectic-C -  Crystal (Fig. 1.1).
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Optic axis

I

b) c)

111^1127̂ 113

d)

Figure 1.2: Molecular arrangement o f uniaxial (a) and biaxial (c) nematic phases and 

their corresponding indicatrices (b) and (d).

The uniaxial nematic (Â  or Nu) is the simplest LC phase, wherein one axis is 

longer and preferred, and other two being equivalent. In the nematic phase the 

molecules tend to point along the director, but have no positional order; additionally 

the nematic director is apolar i.e., n = -n. Some LCs can also be biaxial, possessing 

D2h phase symmetry, with three mutually orthogonal symmetry axes (n^t 1 m).

In the smectic phase, the molecules possess one dimensional orientational and 

translational order. The molecules tend to align themselves in layers or planes and 

motion is restricted to these layers. These separate layers can flow past each other. In 

the Smectic-^ (Srrt4) mesophase, the director is perpendicular to the layer plane, while 

in the Smectic-C (SmC) phase the director is at a constant tilt angle with respect to the 

layer normal, which is measured normal to the smectic plane.
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I

Figure 1.3: Cholesteric or Chiral nematic liquid crystalline phase

Another common phase is the cholesteric or chiral nematic (A^*) phase, wherein 

the director vector twists in space, resulting in a spiral or helical structure (Fig. 1.3). The 

most important characteristic o f  the cholesteric mesophase is its pitch. The pitch p  is the 

distance required by the director to complete one full turn in the helix. The chiral 

nematic repeats itself at every half pitch, as n = -n, hence the period o f  the N* phase 

corresponds to p/2. Though the cholesteric phase occurs naturally in many LC 

compounds composed o f  chiral molecules, this mesophase can also be induced in 

achiral LCs by introducing a chiral dopant into the host material. The pitch can be 

varied by adjusting the concentration, c , o f the chiral agent using the following 

equation [3];

P =
1

HTP(c)
( 1 . 1 )

where HTP is the helical twisting power, and provides a measure o f  the ability o f  the 

chiral dopant to twist the NLC.

5
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Figure 1.4; Schematic representation o f  (a) nematic phase and (b) hexagonal columnar 

phase exhibited by discotic LCs.

1.3 Discotics

Discotic LCs (DLCs) are composed o f disc-shaped molecules which have an 

aromatic core and a series o f  alkyl side chains [4], In this class o f  LCs the disc-like 

molecules are stacked one above the other to form liquid columns. The disc-like 

molecules can arrange themselves to form a nematic phase (Fig. 1.4(a)), with one

dimensional order. DLCs also exhibit columnar phases (Fig. 1.4(b) shows the hexagonal 

columnar phase) in which the molecules stack one above the other to form a hexagonal 

or rectangular array o f  molecular columns.

1.4 Bent-Cores

Typical structure o f a bent-core liquid crystal consists o f a bent-aromatic core 

connected to flexible tails on both sides (Fig. 1.5(a)). Though bent core molecules 

composed o f  intrinsically achiral molecules were first synthesized by Vorlander as early 

as 1930’s [5]; their special properties were not realized until Niori et al. [6] and Link et 

al. [7] discovered polar switching and spontaneous breaking o f  the achiral symmetry in 

smectic phases. This demonstration led to intense research activity, carried out by 

several groups internationally [8] which got greatly accelerated during the last decade.

6
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A variety o f  orthogonal smectic phases [9] have recently been discovered in several 

bent-core system s and several versions o f  colum nar (Fig. 1.5(c)) and nematic phase 

have also been observed in some system s. In addition to these, com pounds m ade o f  

bent core m olecules are know n to exhibit a variety o f  liquid crystalline phases,

designated as B |, 8 2 ......, where the letter B stands for banana/bent/bow  shaped

m olecules and the suffix indicates the chronological order o f  the discovery [ 10] o f  the 

different B phases.

<
b)

Figure 1.5; (a) Structure o f  a Bent core m olecule, (b) U niaxial nematic and (c) Coir ( Bl )  

phase. Image (b) m odified from  [11].

1.4.1 Short Range Order in Bent-Core LCs

In bent core systems, a deviation from  the rod-like shape and existence o f  large 

transverse dipole m om ent often gives rise to strong interm olecular interactions, leading 

to the form ation o f  sm ectic-like (cybotactic) clusters [12,13]. The short-range structure 

is also described as an extension o f  the “cybotactic g roup” [14] proposed originally by 

de Vries [15]; de Vries suggested that layered m olecular arrangem ents exist on short 

length and tim escales, which are predom inantly associated with pre-transitional

7
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Figure 1.6: Schem atic representation o f  a nematic phase exhibiting tilted (left) and 

norm al (right) smectic fluctuations.

fluctuations near the nem atic-sm ectic transition in calam itic m olecules. A nem atic phase 

with sm ectic-like ordering is described in the form o f  smectic fluctuations, in w hich the 

layer is either titled (Sm C -like clusters) or normal (Snvi-like clusters) to the nematic 

d irector (Fig. 1.6 ). Such a nem atic phase is referred to as cybotactic nem atic or simply 

N c y b -  In case o f  BCNs, such  sm ectic-like clusters, formed as a result o f  the strong 

preference o f  the m olecular shape to  pack into layers [16], could m anifest them selves 

over the entire nem atic range even in the absence o f  an underlying sm ectic phase, as 

evidenced by several experim ental results [9,16-17]. BCNs exhibiting phase has 

garnered a lot o f  attention due to a range o f  interesting properties exhibited by them  

such as field induced biaxiality [18], sign reversal o f  dielectric anisotropy [19] etc. In 

Chapter 3 o f  this thesis, som e bent-core compounds exhibiting the cybotactic nematic 

phase are investigated.

8
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1.5 Bimesogens or Dimers

(i) (ii)

Figure 1.7; Schematic representation o f  bimesogens composed o f  (i) rod + rod and (ii)

Liquid crystalline (LC) bimesogens or dimers or dimesogens are composed o f 

two mesogenic units connected by a flexible spacer [20], These materials are o f  

significant interest due to a range o f interesting phenomena exhibited by them; some o f 

these properties are often different to that o f conventional low molar mass LCs. 

Bimesogens can be symmetric or asymmetric, and are classified into those composed o f 

(a) identical mesogenic units or (b) combining different types o f units: such as the two 

non-identical rod-like molecules or bent-core molecules, or a calamitic unit connected 

to a bent-core or a discotic molecule (example o f  few combinations are shown in Fig. 

1.7). The material properties in the resulting compounds are not only influenced by the 

constituent mesogens, but also the parity o f the spacer connecting the two monomers 

[21]. For example, in LC dimers composed o f  rod-like molecules, even-spaced 

compounds predominantly consist o f  linear conformations [21]; the behaviour o f  the 

material properties, such as elastic constants, in these bimesogens are found to be 

similar to conventional mo no mesogens [22]. Odd-spaced bimesogens have an overall 

bent shape [21], and the behaviour in such compounds is similar to BCNs. In Chapters 

4, 5 and 6 we will present some o f  the unusual properties observed in liquid crystal 

bimesogens.

bent-core + bent-core molecules.

9
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1.6 Physical Properties of Nematic Liquid Crystals 

1.6.1 Order Parameter

The amount o f orientational order in a liquid crystalline state is quantitatively 

specified by the order parameter S  (Fig. 1.8), which can be obtained by averaging the 

macroscopic molecular orientation with respect to the director n.

Figure 1.8: Schematic presentation of the Order Parameter.

The order parameter can be defined as the average of the second Legendre 

polynomial:

the average over all the molecules in the sample. If the molecules are well aligned with 

the director, as in a perfect crystal, then S = \. When the molecules are randomly 

oriented, 5  = 0. In liquid crystals, the order parameter value usually ranges from 0.3 to 

0.9 and is temperature dependent [1]. S can also attain negative values (ranging from 0 

to -0.5) if the molecules, on average, are perpendicular to n.

n
s

(1 .2)

where 6 is the angle between the director and long axis o f the molecule, < > denotes

10
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1.6.2 Dielectric Properties

The dielectric permittivity is an important parameter that characterizes the 

response of a liquid crystal sample to an applied electric field. Because of molecular and 

energy level structures of nematic molecules, the dielectric responses are dependent on 

the direction and frequencies o f the applied field [23]. In nematics the dielectric 

permittivity is a tensorial quantity [2], and the value and sign of the dielectric anisotropy 

play an important role in display technologies employing nematic liquid crystals.

An externa] field when applied to a dielectric medium like liquid crystals 

induces a polarization, P, which is the dipole moment per unit volume. For small fields 

P is proportional to the electric field E:

P = (1.3)

Where S q is the permittivity o f free space and /  is the second rank susceptibility tensor. 

If we assume that the director is along the z-axis, then the above equation can be written

as:

'PA / 0 o ' 'eA
Pr ~ ^0 0 Z i 0 Er

. 0 0 ^11. U J

The electric displacement is:

D = £•(,£ + ? ,  (1.5)

or, D = ^o (1 + ;|̂ )E = £E, ( 1.6 )

1 1
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where e = , and =( 1 + /) is the relative permittivity of the material. Eqn. (1.7) can

also be written in terms of the relative permittivity as:

P = ^ o ( ^ , - l ) E .  (1.7)

The Polarization P comes from two sources:

(i) The relative displacement o f atoms and electronic charge caused by the electric 

field. This contribution is relatively small.

(ii) The permanent dipole moment // o f the molecules, when they possess a 

rotational freedom, which allows them to align along the applied field. Usually 

this contribution dominates the dielectric properties o f LC molecular systems.

The dielectric constant or relative permittivity is also related to the capacitance by:

,̂. = C / Q ,  (1.8)

where C and Q  are the capacitance of the filled and empty cell, respectively. Thus the 

determination o f can be made by measuring the capacitance o f the LC sample.

Nematic liquid crystals possess two principal components o f the permittivity: £|[

- for a field oscillating parallel to the optic axis, and s'̂  - for field oscillating 

perpendicular to the optic axis. The dielectric anisotropy Ae' is then written as:

As' = sl-s '^ . (1.9)

The sign o f the dielectric anisotropy may be positive or negative. A molecule has 

positive Ae' (£:|[ > s'^) if the dipole moment is parallel to the long molecular axis

12
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(which coincides with the optic axis). In this case the molecules tend to align along the 

field direction. If  the dipole moment is more or less perpendicular to the molecular long 

axis, then As'  is negative <£[ )  and the molecules align normal to the field

direction. Thus the sign o f  Ae' dictates whether the molecules will align along the 

applied field or perpendicular to it.

When an electric field is applied to a system with a positive dielectric 

anisotropy, the liquid crystal molecules will realign themselves along the field direction 

in order to minimize the free energy density; or in other words, an applied field will 

cause distortion o f the liquid crystal director. However, for any distortion to occur the 

strength o f the applied field must be greater than a certain threshold. This threshold field 

is called the Freedericksz threshold and the transition from the uniform to the distorted 

state is called the Freedericksz transition. The threshold voltage V,h, which is 

independent o f the cell thickness, is given by:

where Âj, is the elastic constant related to the corresponding deformation. For materials 

with positive Ae', the splay elastic constant Â n can be measured using a planar 

configuration. The director distortion above the threshold involves both Â n and ^33, 

and can also be used to determine This will be described ftirther in Chapter 2 .

1.6.3 Optical Properties

A nematic liquid crystal with uniaxial symmetry exhibits uniaxial optical 

symmetry with two principal refractive indices rie and /7c,; where, rie and rio are the 

ordinary and the extraordinary refractive indices for light with electric field polarization

(l.IO)
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parallel and perpendicular to the director, respectively [1], Thus when light enters a 

NLC it is refracted into two components, fast (ordinary ray) and slow (extraordinary 

ray), each polarized with the vibration directions oriented perpendicular to each other

Incident Light 

(unpolarized)

Extraordinary
ray

Figure 1.9: Schematic o f  Light travelling through a birefringent medium

and travelling at different velocities. The two independent refractive indices are 

quantified in terms o f  their optical anisotropy or birefringence, given by:

t^n = rie- Hq . ( 1 -1 1 )

LCs have rather large birefringence, typically ranging from 0.10 to 0.15 [2]. Because o f 

their dielectric anisotropy, the application o f  an electric field can reorient the director, 

resulting in a large electro-optical effect. This phenomenon is exploited in various LC 

applications.
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Due lo the different velocities at which the rays travel through the sample, the 

waves get out of phase. As a result o f this phase difference, the polarization state of the 

incident light changes when the rays exit the birefringent material. Consequently, the

LC sample acts as a retarder, with the retardation angle given by:

In tm d
S =

A
( 1 . 12 )

where A is the wavelength o f the incident light and d  is the sample thickness. The length 

of the sample is an important parameter as the phase shift accumulates as long as the 

light travels in the birefringent material. With the right combination o f birefringence 

and length, any polarization state can be produced.

Consider the case when a LC sample is placed between crossed polarizers whose 

transmission axis lies at an angle 0 between the slow and fast axis of the material. Due 

to the birefringent nature of the material, the incoming linearly polarized light, given by

cidcnf

' e ; ' E q c o s  9 ^

UJ sin^^
(1.13)

becomes elliptically polarized:

^  sam ple^^^

E^exp(ik^z)^
E ,x^{ ik„ z)

(1.14)

where ke.o is the wave vector given by ke.o=ne,o'^nlk, with n being the refractive index.
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Using the Jones calculus for optical polarizer, given by

J  =
sin 9 -cos6>sin0 

- c o s ^ s in ^  cos^ 9
(1.15)

We can obtain the light, emerging from the second polarizer, as:

(1.16)

= £(, sin(2^)sin(Mflf/2)e)q)[/(A:„ -^k^)d11\
ŝin6>^

y C O S ^ y
(1.17)

And the output intensity becomes.

 ̂Akd^
(1.18)

= sin (2^) sin (------- ).
A

(1.19)

1.6.4 Elasticity

In an undistorted monodomain sample o f a nematic liquid crystal the director n 

is constant everywhere throughout the sample. When the sample is distorted due to an 

external perturbration an elastic restoring torque comes into play and tends to reinstate n 

to the undistorted state. The twist, bend and splay are the three principal director axis 

deformation in nematic liquid crystals and correspond to spatial changes in n(r) [23].
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Splay; (V n O) Bend; ([V x n]x n O)

Twist; ([V xn] n O)

Figure 1.10: Schematic representation o f  Splay, Bend and Twist Deformations.

Following the theoretical formalism developed by Frank [24], the free energy densities 

associated with these deformations are given by:

twist '• ^ 2 2[" ■ ^  ^ n]',

( 1.20 )

( 1.2 1 )

bend '■ f ^ =  — -^3 3 [n x V x n]^, ( 1.2 2 )

where, K\\, K22 and Â 3 3 are the respective Franks splay, twist and bend elastic constants 

respectively. A schematic representation o f  these deformations is shown in Fig. 1.10
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In general m ore than one form  o f  deform ation will be induced by an applied 

external field. I f  all three kinds o f  deform ations are present, then the total free energy 

density o f  the deform ations is proportional to the squares o f  the spatial derivatives o f  

the director and can be w ritten as:

F = i^,,[V-n]'+i^22[n-'^xn]'+^^33[nx'^xn]'-

(1.23)

The elastic constants are positive for m ost calam itic m aterials, with the order 

K.T,i>K\\>K22 followed m ost generally [23]. In some liquid crystal m aterials, such as the 

bent-cores, this effect has been seen to be reversed, with K a <  K \ \ .  The elastic constants 

for different LC system s will be explored in m ore details in Chapters 3 and 4 o f  this 

thesis.

1.6.5 Flexoelectricity

The flexolectric effect in liquid crystals was first predicted by M eyer [25] as a 

m echano-electrical phenom enon analogous to piezoelectricity observed in crystalline 

solids. Usually in the absence o f  d irector deform ation, the packing o f  the m olecules is 

such that the net polarization is zero. How ever, for m olecules possessing perm anent 

dipole m om ents and asym m etric shapes, such as the pear/drop or crescent/banana shape, 

a m acroscopic polarization can be induced by splay and bend distortions o f  the 

director [see Fig. 1.11]. This is referred to as flexoelectric polarization and the

18
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Figure 1.11: A nematic sample consisting o f  pear-shaped molecules with longitudinal 

dipole moments becomes polarized under splay deformation.

phenomenon itself is called flexoelectric effect. The flexoelectric polarization can be 

expressed in terms o f the splay and bend flexoelectric coefficients as follows [25]:

=e | i i (V-n)-e3nx(Vxn) .  (1.24)

Here e\ and a  are the flexoelectric coefficients corresponding to the splay and bend 

deformations, respectively. In this thesis, we follow M eyer’s notation [25], The size and 

sign o f  e\ and are a molecular property. Alternatively, an electric field can align the 

dipole, inducing a splay- bend deformation in the appropriate shaped system - referred 

to as the converse flexoelectric effect.

Prost and M arcelou [26] proposed that flexoelectric effects can also arise in non

polar nematic LCs through the electric quadrupole mechanism. The splay or bend 

deformation could bring about a gradient in the quadrupole density, thereby generating 

a net bulk polarization (see Fig. 1.12).
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Figure 1.12: (a) A  stack o f  quadrupoles; due to the sym m etry o f  the arrangement o f  the 

quadrupoles, the bulk polarization is zero, (b) system  becom es polarized  

when subjected to a splay distortion.

The flexoelectric polarization is d ifficult to obtain from direct m ethods 

involving distortion o f  the director as the screening o f  the polarization charges by ions 

present in the sam ple considerably affects the results. Therefore, usually the converse  

flexoelectric m ethod is preferred, i.e., flexoelectric distortion o f  the director 

configuration using an external field; this technique m easures the com bination o f  the 

flexoelectric coeffic ien t terms {e^—e^) and/or The term ( e , - e ^ i s  m ainly

determined by dipolar contributions and varies as 5  ̂ for rigid m olecular structures [27], 

w hile (e, + e 3 ) i s  related to quadrupolar effects and varies as S  [26]. In som e cases, 

w hen a uniform electric field is present only, the {ê  - e 3 )term  contributes to the director 

torque, since an electric field gradient must be present in order to couple to the 

{ê  + e 3 )term  [2]. This w ill be described later in Chapter 3.
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----------------------- ► R
a) b)

Figure 1.13: Schematic representation o f (a) planar and (b) homeotropic alignment. R 

denotes the rubbing direction and n is the director.

1.7 Surface Alignment

In almost all applications based on liquid crystals, uniform orientation o f  the LC 

molecules is very important. Without uniform orientation the LC sample will have 

many domains, and hence many discontinuities. These multiple domains and 

discontinuities can cause scattering o f  light and cause a reduction in the image quality. 

Factors such as dipolar interactions, elasticity o f the molecules, van der Waals 

interactions, steric factors, surface topology etc influence the alignment o f the LC 

molecules on the substrates. There are two main types o f  LC director alignment at the 

free surface, known as planar and homeotropic alignment. In planar alignment (Fig. 

1.13 (a)) the liquid crystal director is parallel to the surface o f  the substrate. This kind o f  

alignment can be obtained by coating the surface with a thin polymer layer and then 

rubbing the substrate to obtain the desired director orientation. In homeotropic 

alignment (Fig. 1.13 (b)) the liquid crystal director is perpendicular to the substrate. A 

simple way o f  obtaining this alignment is by coating the substrate with a suitable 

polymer layer.
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1.8 Aims and Objectives

The main aim o f this thesis is to study the flexo-elastic and dielectric properties o f 

various liquid crystalline systems. The main objectives are:

■ To investigate the flexo-elastic properties o f  some bent core molecules and to 

study if  their values are modified due to the presence o f smectic-like clusters.

■ To study the material parameters in the ordinary nematic phase o f  odd- 

bimesogens and investigate how these may influence the unusual properties 

exhibited by the second nematic phase present in these materials.

■ To examine the dielectric properties o f  a dimesogen composed o f  a bent-core 

and rod-like unit.

1.9 Thesis Preface

Chapter 1 is a general introduction to Liquid Crystals, which briefly outlines the basic 

concepts such as the various molecular shapes, physical properties and mathematical 

expressions needed to realize the subject matter o f this thesis.

Chapter 2 presents a brief introduction to the various experimental methods used to 

investigate the properties o f the liquid crystals studied in this thesis.

Chapter 3 describes the flexo-elastic measurements carried out on some bent-core 

materials belonging to a homologous series. This study provides usefiil insight into how 

the material parameters behave in these classes o f  materials and in particular if the 

cybotactic clusters have any significant effect on the measured properties o f  the BCNs.
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Chapter 4 presents the flexo-elastic measurements of a bimesogen that exhibits a 

second nematic phase at lower temperatures. These studies are particularly important as 

they could reveal useful information about how the material parameters change close to 

the nematic-nematic transition.

Chapter 5 deals with the experimental studies in some bimesogens that exhibit a 

second nematic phase (N,b). A  brief overview of the various properties exhibited by the 

lower temperature nematic phase is introduced. After which we describe the electro- 

optical effects observed close to the nematic-nematic interface in detail.

Chapter 6 focuses on the electro-optical and dielectric properties o f a dimer material, 

composed of a bent-core and rod-like unit. A brief theoretical background o f the 

dielectric properties is introduced. The experimental results are analyzed in terms of 

Maier-Meier model. A possible model o f the arrangement o f the molecules within a 

cluster is proposed based on the dielectric results and X-ray data.

Chapter 7 contains a summary o f the results and general conclusion drawn from the 

work presented in this thesis.

23



CHAPTER 1

References

[1] P.G. deCennes and J.Prost, The Physics o f  Liquid Crystals, 2"^ ed., Oxford University Press, New 

Yoric, USA, 1993.

[2] D. Dunmur, A Fui<uda, G. R. Lucidiurst, Physical Properties o f  Liquid Crystals: Nematics, Institution 

o f Engineering and Technology, 2001.

3] G. Gottarelli and G. P. Spada, Mol. Cryst. Liq. Cryst., 123, 377 (1985).

4] S. Chandrasekhar, B. Sadashiva and K.A. Suresh, Pramana, 9, 471 (1977).

5] D. Vorlander, Ber. Dtsch. Chem. Ges. 62, 2831 (1929); D. Vorlander and A. Apel, Ber. Dtsch.

Chem. Ges.. 65, 1101 (1932).

6] T. Niori, T. Sekine, J. Watanabe, T. Furukawa and H. Takezoe, J. Mater. Chem., 6, 1231 (1996).

7] D. R. Link, G. Natale, R. Shao, J. E. Maclennan, N. A. Clark, E. Korblova, D. M, Walba, Science,

278 , 1924(1997).

8] H. Takezoe and Y. Takanishi, Jap. J. App. Phys., 45, 597 (2006).

9] C. Keith, M. Prehm, Y. P. Panarin, J. K. Vij and C. Tschierske, Chem. Commun., 46, 372 (2010).

10] G. Pelzl, S. Diele and W. Weisflogg,/It/v. Mater., 11, 707 (1999).

11] J. Extebarria and M.B. Ros, J. Mater. Chem., 18, 2919 (2008,).

12] G. Liao, S. Stojadinovic, G. Pelzl, W. Weissflog, S. Sprunt, and A. Jakli, Phys. Rev. E. 72 , 021710 

(2005).

13] O. Francescangeli, V. Stanic, S. I. Torgova, A. Strigazzi, N. Scaramuzza,C. Ferrero, 1. P. Dolbnya,

T. M. Weiss, R. Berardi, L. Muccioli, S. Orlandi,and C. Zannoni, Adv. Funct. Mater.. 19, 2592 

(2009).

14] C. Bailey, K. Fodor-Csorba, R. Verduzco, J. T. Gleeson, S. Sprunt, and A. Jakli, Phys. Rev. Lett.,

103, 237803 (2009).

15] A. de Vries, Mol. Cryst. Liq. Cryst., 10, 219 (1970); A, de Vries, J. Phys. Colloq.,36, C l - l - C l l  

(1975).

16] S. H. Hong, R. Verduzco, J. C. Williams, R. J. Twieg,E. DiMasi,R. Pindak, A. Jakli, J. T. Gleeson

and S. Sprunt, Soft Matter, 6,4819 (2010).

17] O. Francescangeli and E.T. Samulski, Soft Matter, 6, 2413 (2010).

18] M. Nagaraj, Y. P. Panarin, U. Manna, J. K. Vij, C. Keith and C. Tschierske, Appl. Phys. Lett., 96, 

011106 (2010).

19] Y. Jang, V. P. Panov, A. Kocot, A. Lehmann, C. Tschierske and J. K. Vij, Phys. Rev. E, 84, 

060701(R) (2011).

20] D. Demus, J. Goodby, G.W. Gray, H.W. Speiss and V.Vill, Handbook o f  Liquid crystals, ed.. Vol. 

2A, Wiley-VCH: Weinheim Vol. 1, 1988.

21] C.T. Imrie and P.A. Henderson, Chem. Soc. Rev., 36 , 2096-124 (2007).

22] K. L. Atkinson, S. M. Morris, F. Castles, M. M. Qasim, D. J. Gardiner, and H. J. Coles, Phys. Rev. 

£ .,85 ,012701 (2012).

24



CHAPTER 1

[23] latn-Choon Khoo, Liquid Crystals, 2"‘* ed., John Wiley & Sons, 2007.

[24] F.C. Frank, Discuss. Faraday Soc., 25, 19 (1958).

[25] R, B. Meyer, Ph)>s. Rev. Lett., 22, 918 (1969),

[26] J. Prost and J.P Marcerou, J. De. Phys., 38, 315 (1977).

[27] 1. Dozov, P. Martinot-Lagarde and G. Durand, J. Phys. Lett., 44, L817 (1983).

25



mim

" t' T ' f r -  '>'‘



Chapter 2 

Experimental Techniques

In this chapter, the various experimental methods used fo r  the investigation o f  liquid 

crystal materials are discussed.
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2.1 Introduction

In order to study the material properties o f  LCs presented in this thesis, various 

complimentary techniques were employed. M ost o f the techniques used in this thesis are 

commercially available, and detailed information o f  the various equipments used is 

listed below:

■ Optical Microscope: Olympus BX-51, including objective lens (Olympus, LM 

PlanFI) and Leica DFC480 (Leica, digital camera for microscope), and Leitz 

Laborlux 12 POL S (microscope).

- http://www.olympusfluoview.com/brochures/pdfs/bx51 .pdf

- http://www.leica-microsystems.com/

■ Photo-Elastic M odulator (PEM) system for measuring retardation and

birefringence: PEM-90 (HINDS Instruments)

- http://www.hindsinstruments.com/PEM_Components/producys/default.aspx

■ Broadband dielectric spectrometer for measuring the dielectric response: This 

system includes an Alpha-A impedance analyzer (Novocontrol GmbH, 

Impedance analyzer), Agilent 429IB RP' Impedance/Material Analyzer and 

Quatro Cryosystem (Novocontrol GmbH, temperature controller). The system is 

controlled via a WINDETA (Novocontrol GmbH, software).

- http://www.novocontrol.de/

- http://home.agilent.com/agilent/home.jspx

■ Optical Spectrometer for determining the cell thickness and optical pitch:

Avaspec-2048 (Avantes, fast fiber optical spectrometer) and Lambda 900

UV/VIS/NIR spectrometer (PerkinElmer, broadband high resolution 

spectrometer).

28



CHAPTER 2

http://www.avantes.com

http://perkinelmer.com/default.htm

The experimental techniques mentioned above are useful tools in the 

investigation o f  liquid crystalline properties. This chapter mainly focuses on providing 

detailed explanations o f the methods used in the determination o f the elastic constants, 

flexoelectric coefficients. X-ray diffraction patterns and dielectric spectroscopy.

2.2 Cell Construction

In most o f  the experiments, a mono-domain sample is investigated. In the case 

o f  LCs, the orientation o f the director is generally random, and has to be constrained in 

one direction by an external force. The selected direction is usually obtained by 

providing suitable surface treatments to the glass-substrates used to confine the LCs.

Sandwich liquid crystal cells were prepared by using two indium tin oxide (ITO) 

glass plates with a sheet resistance o f 20 Q / n .  The ITO film is thin enough to be 

practically transparent, and is also conductive. The ITO layer thus allows leads to be 

soldered, enabling the cell to be connected to a measuring circuit. To achieve necessary 

shape and size o f  the electrodes, the glass plates were etched in an acid mixture, using 

an appropriate mask.

In order to obtain planar alignment o f the sample, the two etched glass substrates 

were spin-coated with a thin layer o f polymer alignment layer RN1175 (Nissan 

Chemicals, Japan), and cured for one and a half hours at 250“C to evaporate the solvent 

and/or cause polymerization. The homeotropic alignment was achieved by coating the 

cells with the alignment agent AL60702 (JSR, Korea), and baking the glass plates at 

220‘’C for 30 minutes. In case o f  the planar alignment it is necessary to provide a
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selected direction in order to obtain a mono-domain sample. For this purpose, the 

polymer coated glass substrates were rubbed on a velvet track.

After depositing the alignment layers on the glass substrate, as described above, the 

cell was assembled (Fig 2.1). The cells for the homogeneous alignment were assembled 

in such a way that the rubbing directions on the top and bottom substrates were anti

parallel. The cell was sealed with epoxy or UV curing glue on both sides.

Electrode

Alignment Layer Epoxy Glue

Glass Substrate

LIQUID CRYSTAL Electrode

Glass Substrate

IT O Layer Spacer

Working Area

Figure 2.1: Sandwich liquid crystal cell

The capacitance o f  the empty cell was measured before filling it with the 

material. The sample was then filled via capillary action by heating the empty cells into 

the isotropic phase using a temperature controller (Eurotherm 2604).

In addition to homemade cells, commercial planar and homeotropic cells (EHC 

Co. Japan) o f  various thicknesses were also used in some o f  the experiments presented 

in this thesis.
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2.2.1 Cell Thickness Measurement

Sam ple thickness is one o f  the critical param eters in the dielectric and 

flexoelectric m easurem ents. Two m ethods were used to m easure the cell thickness. In 

cases w hen the cell has electrodes, the thickness can be easily estim ated by m easuring 

the em pty capacitance o f  the cell, and using the equation Q  = E qA ! d , where Co is the 

capacitance o f  the em pty cell, A  and d  are the area and cell thickness respectively, Cq = 

8.85x10"'^ F/m. The experim ental error obtained for using this technique is ~ 10-15%, 

and arises mainly due to error in the estim ation o f  the electrode area.

The second m ethod allows accuracy better than 10% and does not require the 

presence o f  electrodes. This technique is based on the m easurem ents o f  the 

transm ittance (absorbance) spectra, using an U V -visible Avantes-2048 fiber optical 

spectrom eter. The spectrum  o f  an em pty cell produces interference fringes caused by 

refection from  two close surfaces. The cell thickness can then be calculated using the 

formula:

d  =  . . (2.1)

W here \  and are the w avelengths o f  tw o m axim a (or minima) separated by n  

m inim a (or m axim a) correspondingly.

2.3 Electro-Optical Technique

A typical electro-optical setup is presented in Fig. 2.3.1. This technique is based 

on the utilization o f  a polarizing m icroscope set-up to obtain inform ation on the light 

transm itted through the cell in the presence/absence o f  an electric field, for different 

tem peratures.
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Photodiode or
Cailnera O scilloscope

' LC in hot
VL stage____

A m plifier

Temp. Controller

D ata

Function
Generator

Light
Source

'■ M icroscope m ount

Figure 2.2: Schem atic o f  the E lectro-optical Set-up

The polarizing m icroscope (O lym pus BX -51) by itse lf is used to 

observe/analyze the sam ple texture, and for capturing the images w ith a cam era (Leica 

DFC 480) connected to a com puter. The m ain difference from  an ordinary optical 

m icroscope is that the presence o f  a pair o f  polarizers allow s the investigation o f  the 

influence o f  the sam ple on the plane o f  polarization o f  the transm itted light. The 

intensity o f  the transm itted light is m easured by the photo-diode, and the output signal is 

recorded on a digital oscilloscope (T ektronix  TDS 2014). A w aveform  generator 

(A gilent 33120A ) is used to apply an electric field to the liquid crystal cell. The liquid 

crystalline tem perature is controlled by a tem perature-controller (Eurotherm  2604), 

connected to a PC.

The electro-optical set-up w as used for the prelim inary investigation o f  the LCs 

including phase transitions, electric field effects etc, as well as for m easurem ent o f  

spontaneous polarization and tilt o f  the optic-axis o f  cholesteric LC materials.
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2.3.1 Measurement of Spontaneous Polarization

The schematic for the system used for measuring the field induced polarization 

o f  a liquid crystal is shown in Fig. 2.3. A rectangular waveform o f  alternating voltage is 

applied to the LC cell. The current / flowing through the liquid crystal cell is integrated 

by a capacitor C\ connected in series with the cell and a voltage generator.

For simplicity, let us assume that the LC is in the smectic phase and the smectic 

layers are oriented perpendicular to the electrodes. For a voltage U  applied to the 

electrodes o f  the cell, the polarization vector tends to lie in the direction o f  the electric 

field E, while the azimuthal angle (p between them tends to zero. In the process o f  the 

reorientation o f the polarization P^, there occurs a repolarization current ip which is 

associated with the change in the surface charge on the electrodes [1, 2], Additionally, a 

current /, associated with the ionic conduction also passes through the LC cell. The third 

component is the displacement current /V, which is related to the recharging o f the cell 

capacitance. Consequently, the instantaneous value o f  the current through the cell can 

be presented as;

. . _ v  ^dU  .dP̂
/ —/ + / + /  — h C  h A  , (2 2)

'  ̂  ̂ R dt dt  ̂  ̂̂

where C is the capacitance o f  the cell, A and R represent the area and resistance o f the 

cell respectively, and U  is the applied voltage across the cell.
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Function
Generator LC cell

Oscilloscope

Figure 2.3: Schematic o f the Polarization Measurement System

The instantaneous value o f the voltage across the capacitor Ci is:

I *

—  (2.3)
^ 1  0

U 2UC P^A ^
"   ̂+ " 7 ^  ^  ^  cos(^(0) = U ^ + U ^ + U ^ ,  (2.4)

/vC-̂  I C-' j C-- j

where t = 0 represents the instant o f reversing the sign o f the electric field across the 

cell. A typical example o f the output voltage across the capacitor C\ is shown in Fig. 

2.4.
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Figure 2.4: Oscillogram for the output signal from capacitor C\.  Image courtesy [3].

Here Uout is given as the sum o f  three components corresponding to the current though 

resistive part (V,),  voltage due to the recharging o f  the cell capacitance {Uc) and the 

voltage across C due to the repolarisation current {Up). The function generator time 

constant is much shorter than the oscilloscope sweep time; hence the oscillogram 

depicts Uc as an instantaneous jump. This is followed by a smooth growth in the voltage 

due to integration o f  the repolarization {ip) and conductivity current (/V). In order to 

eliminate the effect o f a variable resistor R\  can be introduced into the measuring 

circuit as shown in Fig. 2.3. By measuring the value o f  Up, the polarization can be 

determined using the formula:
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2.4 Broadband Dielectric Spectroscopy Equipment

The dielectric spectrometer measures the impedance spectrum Z*(co) o f  a 

material arranged between the electrodes. The intrinsic electrical properties o f  the 

material such as the complex permittivity e * ( c o )  or conductivity (t * ( c o )  are then 

evaluated from Z*(co). In addition to the measurement o f  the temperature and frequency 

dependence o f  the effects o f  a DC bias and AC field strength applied across the

sample can also be determined.

The dielectric properties o f  the LC materials mentioned in this thesis were 

mostly studied using a Novocontrol Alpha-A dielectric analyzer (set-up shown in Fig. 

2.5). The system functions are controlled via the Novocontrol WINDETA software 

connected to the Alpha-A analyzer main frame.

ZGS active 
sample cellPC with

WINDETA
software

fAlpha-A
^nalyzer

stem

Figure 2.5: Novocontrol Alpha-A Dielectric Spectrometer Set-Up.

The Low frequency Alpha A (<20 MHz) measurement system has test 

interfaces for nearly all materials including special application ranges, such as
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impedance: 0.001 to lO'^Q and tan (5) >3X10'^. It also supports a series o f  high

perform ance test interfaces with special functionality such as integrated active sam ple 

cell, 4-w ire im pedance m easurem ents, high voltage/current m easurem ents and 

potentiostat and galvanostat functions for electro chem ical applications.

(RF im pedance analyzer): At frequencies above 10 M Hz electrical wave 

effects become prom inent and m icrowave techniques have to be applied. Typical 

operating ranges o f  RF-im pedance analyzers are, frequency: 1 to 3 GHz, Impedance:

0.1 to 10^ Q and tan(d') > 3x10'^. This m ethod is particularly convenient for dielectrics 

w ith sufficient relaxation strengths and for conductive sam ples like sem iconductors and 

electrolytes.

2.4.1 Principle o f  Dielectric M easurem ents

The basic operation o f  the dielectric m easurem ents is to  create a sinusoidal w ave 

at a frequency o f  interest and apply it to the sample (Figure 2.6).

i.e., there will be a phase shift betw een the current and voltage described by the angle (p. 

From  this, the am plitude (/«) and phase angle {(p) o f  the current harm onic wave 

com ponent I*{oS) are calculated by the com plex Fourier T ransform  o f  I  (/) as follows: 

The Fourier transform  o f  eqn. (2.7) over m periods is

U{t )  = UQ cos(cot). (2 .6)

The resulting current is

/ ( / )  =  cos(cot + (p) = Re[/*(a))exp(/<y/)] ■ (2.7)

ml

(2 .8)

I"
(2.9)

/ '
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(a) (b)
>. Generator

  G sample

Phase sensitive 
voltage and current
analyser

Figure 2.6: (a) Principle of dielectric measurement, (b) Amplitude and phase relation 

between current and voltage o f a sample capacitor for dielectric 

measurements.

All frequency components in /(/) except a narrow band centered on the 

generator frequency is compressed by the Fourier transform. This helps to reduce the 

DC noise and drift, and improves the accuracy of the measurements. The impedance 

and other material parameters are then calculated as:

Impedance,

Z \co ) = Z  +iZ" = - ^ (2 . 10)

Permittivity,

S  ((L>) =  S  - l £  =  j------------- ,
0}Z (co) Q

(2 . 11 )

Conductivity,

(2 . 12)
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where Co is the capacitance o f  the em pty cell, d  is the electrode spacing and A is the 

electrode area.

2.5 X-ray diffraction studies

X -ray diffractom etry (X RD ) is an im portant tool to determ ine the m esophases o f  

the LC m aterial and the m olecular packing. A typical X -ray set-up is show n in Fig. 2.7.

Detector

Capillary

Magnet expansion

IX  Sample 
I'hin film cell

Figure 2.7: Schematic representation o f  the XRD set-up. Reprinted from  ref. [4].

The basic principal behind XRD is B ragg’s law (depicted in Fig. 2.8) where, X- 

rays reflected from adjacent crystal lattice undergoes constructive interference only 

w hen the path difference betw een them  is an integral m ultiple o f  the X -ray’s 

w avelength. B ragg’s law is given by:

2 t /s in 0  = « / l ,  (2.13)

where d  is the separation betw een the planes, 6  is the angle o f  incidence, n is an integer 

and A is the w avelength.
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■» # •

 ̂ •
I

Figure 2.8: Illustration o f  Bragg’s Law.

Bragg’s law shows an inverse relation between the separation o f the planes and 

the diffraction angle; however it provides no information about the intensities o f  the 

various peaks. The total scattered intensity is independent o f the positional order, and 

depends only on the total number o f  scattering centers, consisting o f  any periodic 

distribution o f electron density, and their scattering power. When an X-ray beam with 

an initial wave vector kt, whose direction specifies the direction o f  propagation and 

modulus jA:,| = 2n/X, is scattered, the wave vector kj changes to kf with a momentum 

transfer. Since the scattering is elastic (no change in energy), the magnitudes o f  the 

wave vectors are equal. By the de Broglie relation, the scattering vector is defined by Q 

= k f - k j .  Its modulus is given by:

The diffracted intensity is hence most conveniently plotted as a function o f  the 

scattering vector. For a system containing N  molecules, the total scattered intensity at a

(2.14)

And the equivalent statement o f Bragg’s law is;

(2.15)
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point is expressed by the product o f the form factor F{q) and the structure factor 5'(^). 

The form factor is determined by the molecular structure o f the mesogens and depends 

only on the single particle distribution function, while the structure factor includes both 

orientational and spatial correlations. The total intensity is given as:

l{Q)=F{q)^S{q\  (2.16)

In order to observe a particular diffraction peak, the planes must be aligned at an angle 

6„ to the incident beam. The LC sample can be aligned by either a magnetic field for the 

material in a glass capillary or an electric field applied across a LC thin film in the 

planar cell configuration. Examples o f scattering from N, Sm/i and SmC phases are 

shown in Fig. 2.9.

meridian

equator

k

c)

' '  ■ flK* ■ ̂

OOOPOOloitao

Figure 2.9: Schematic representation o f 2D X-ray diffraction patterns o f different types 

of LC phases: (a) Isotropic, (b) Aligned nematic, (c) Smectic-^ and (d) 

Smectic-C; Qy and Qj  ̂ are the wave vector components in the direction

collinear and normal to n.

b) Q

'  | “ T "*
V Q = 2 t I  W o

41



CHAPTER 2

The isotropic phase is characterized by the absence o f  long range orientational 

or positional order. The isotropic state cannot be aligned; hence its diffraction pattern 

consists o f  weak, diffuse rings (Fig. 2.9(a)). For an aligned nem atic LC sam ple the XRD 

patterns consists o f  two sets o f  diffuse arcs (Fig. 2.9(b)). The intensity o f  these arcs is 

indicative o f  the extent o f  alignm ent w ithin the sample; generally represented by the 

order param eter, S. As the sam ple is cooled dow n to the smectic-^^ phase, tw o sets o f  

diffuse peaks are seen in d iffraction pattern (Fig. 2.9(c)); the diffuse peaks at small 

angles condense into sharp quasi-B ragg peaks. In sm ectic-C  phases, w here the 

m olecules are tilted w ith respect to the layer norm al, the diffuse peaks at sm aller and 

larger angles are no longer orthogonal to each other (Fig. 2.9(d)).
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2.6 Determining K\\ and K a  using Freedericksz Transition Technique

The setup used for determining the elastic constants consists o f  a photoelastic 

modulator (HINDS Instruments PEM-90), microscope, waveform generator, helium- 

neon laser and two lock-in amplifiers (Fig. 2.10). The setup measures the retardation as 

a function o f the applied voltage from which both K\ i and K̂ -i can be estimated from a 

single homogeneously aligned cell for materials with positive Ae'.

ComputerPhotodiode
(Hamamatsu C6386)

PEM
ControllerAnalyzer

LC on heating 
stage

PEM

Polarizer

Lock In Amplifier

Lock In Amplifier 2

Signal
Generator

Amplifier _
Polarizing Microscope

Laser Source

Figure 2.10: PEM Setup

The simplest method to determine the elastic constants is by applying a field 

perpendicular to the director o f the well aligned sample. Above a certain threshold field, 

the director orientation starts distorting and this called Freedericksz transition [5]. There 

are three possible geometries for measuring all three elastic constants. However, in this 

thesis we determine both the splay and bend elastic constants for materials with positive 

Afi-' using a planar cell configuration. The threshold voltage {V,h) required to distort the 

director field was used to calculate the splay elastic constant. The analysis o f  the 

director distortion at higher fields was used to determine the bend elastic constant. In 

order to measure K ii a twisted nematic cell or cell with in-plane electrodes is required
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as an electric field applied across the substrates o f a conventional planar cell does not 

induce a twist deformation.

For a liquid crystal that is enclosed between two conducting glass plates 

separated by a distance d, let us assume that the plates lie in the x-y plane; with director 

n parallel to the x-axis. For a LC with positive A^' if an electric field E is applied 

across the cell, along the z-axis, the dielectric energy is lowered by tilting o f  the director 

(Fig. 2.11). In most cases, the director is anchored on both surfaces with a pre-tiU angle 

^(0) =<p{d). The tilt angle (p{z) varies along the cell gap and reaches a maximum 

value at z = d!2.

Figure 2.11: Distribution o f  the director field for an applied electric field greater than

Depending on the surface anchoring and pre-tilt angle four boundary conditions are 

possible: (i) infinite surface anchoring energy and zero pretilt angle at the surfaces; here 

the angle at the surfaces are independent o f  the applied field, (^ (0 ) = <f>{d)= = 0),

(ii) Zero pretilt but finite anchoring energy, (iii) Non-zero pretilt but infinite anchoring 

energy, (iv) Non-zero pretilt and finite anchoring energy. A perfect Freedericksz 

threshold voltage is usually obtained only with the first boundary condition.

the threshold voltage.
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Now, the director and electric field varies along the z-axis as:

n = (cos ^(z), 0, sin^(z) ), (2.17)

E = (0, 0, £(z)). (2.18)

The total free energy per unit o f the cell is given as [6]

Here the terms within the integrand are due to the elastic and dielectric energy densities 

respectively; the sum o f these terms is denoted by g  later on in the analysis. The second 

term is the Rapini Papoular [7] form of the surface energy

where IVs is the surface anchoring strength and is the actual tilt angle at the surface. 

Assuming there are no free ions in the LC, and E satisfies the Maxwell’s equations [6], 

V - D = 0  a n d Vx E  = 0. This implies that the z-component (Dj) of the displacement 

vector is a constant; by symmetry E will only have a component along the z-direction, 

but its magnitude will be a function o f z [8]. can also be written in form o f the

= at z = Q,d , (2.20)

d

voltage V (= j E{z)dz ) as [8];
0

(2 .2 1 )

0

The dielectric energy per unit area is expressed as:

j ( ^ 1 1  sin ' ^ cos* (p) ' dz
(2 .22)

cos*
0
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Equation (2.19) can be re-written as

G = iW ,,c o s " ( i t  + /:„sin’ « f ^ ' |  ^  + 2 / , (A).
2J  y d z )  2 (j) + s^cos (l>)\

(2.23)

Minimizing the free energy leads to the Euler-Lagrange equation [9]:

dz

A a A
= 0 , (2.24)

here g  (integrand part) is the bulk free energy density and (f)' = d(j) I dz . The Euler- 

Lagrange Eqn. results in the following relation:

dz
(/C,, cos^ (j) + Â33 sin^ (p)

Dt
£g(eii sin ^  + £j^cos (p)

=  0 . (2.25)

By using the boundary condition ^(0) = (j)(d) = i.e., assuming that a finite pre-tilt is

present, and the maximum distorted angle o f the director field at the center o f the cell 

^(cjf/2) = ̂ „, (see Fig. 2.11, where = 0) we obtain:

7 sin^ (j)̂  -s in^  ^
(1+ /s in '^ ^ ) ( l  + /s:sin" ^)(1+ /s in  </>)

(2.26)

where k  =
K . . - K11 '̂■33 and Y =

Integrating over half the cell thickness, which is sufficient because o f the symmetry of 

distortion, we obtain:

D . = -  
- d

V(l + /sin^ ẑ)„) j ( l  +  ATsin^ ^^)(l +  ;K sin^ (p) 

-sin^^^)
d(f) (2.27)

By substituting sin^ = sin^^ s in ^  and utilizing the value of D,, we obtain the following 

expression for the applied voltage:
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_ j t / 2

+ Xsm > « , )  J
(l + /csin^ t//)

dij/ , (2.28)

where 0  = sin {smcp^lsm^^),y = {s'̂  ̂ / s \  ) - l , an d

K, K,
= n (2.29)

e ^ s j  ]  SgAs'

where V,/, is the threshold voltage and A s ’ is the dielectric anisotropy defined

as£-|' - s '1 •

Now, the torque balance condition at the surface is given by:

(2.30)

where, ^ '=  d(j)ldz . On simplifying this equation we get;

(â , I cos  ̂(p̂ + Â33 (f)^ ^, I = - ^ v S i n 2 ( ^ z > o -<z5,), 
dz Jq 2

(2.31)

where at the surface:

(d(p^
- D  1 ^ s i n  s i n  V o

\ d z  ) 0 V  ^ 0 ^ 1  ^ 1 1 (1  +  x s i n ^  < ^ „ ,)(1  +  ics'm  ̂ < ^ o ) ( l  +  ^ s i n ^  <po)_
(2.32)

By using the value of {d(p/dz\ and the boundary condition ^ '=  0 at z = d/2, we obtain:

( 1  + sin V o )(sin V™ -  s in '(2̂ 0)W =
<isin2(^o -<pj) 1 + /sin^  (pQ

(2.33)

where

(1 + /csin" (f)̂  sin“ ^̂ /)(1 + / s i n “ (f>̂̂ sin^ y/)

( l - s in ^ „ ,  s in V )
d y / . (2.34)

For an applied voltage, the optical phase difference is given by
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where n^f{z)  = sin^ ^  cos^ (j)) is the effective extraordinary index at z.

By changing the variable from z \o  <f>, and by using Eqn. (2.26) in Eqn. (2.35), we 

obtain:

11 dS{,V) = 2 n ^
A

(2.36)

where v = {ne^/rio^) - 1 and k  =  { K i ^ / K w )  -  1.

In the experiment. He and rig is estimated by recording the light intensity as a 

function o f  the wavelength using a UV-visible spectrometer (section 2.2.1) for light 

polarized parallel and perpendicular to the optic axis, respectively and by utilizing the

equation [10];«^^, = ------------  Jh e  birefringence (A«) value is evaluated from the

retardation data using the relation = 2 n tin d lX , where X (= 632.8nm) is the wavelength 

o f  the laser source. K\\ is evaluated by using the threshold voltage V,h for Freedericksz 

transition (obtained from the retardation data S( V) )  in equation (2.29); V,f, is 

determined from the intersection o f  the linear ( V > Vih) and curved ( V < F,/,) part o f  the 

S(V) plot, as demonstrated in Fig. 2.12 for the bent-core material C7, as an example. 

The bend elastic constant, is obtained for a fixed temperature from the theoretical fit 

o f  the retardation data above the threshold voltage to the parametric equations (2.28)

J 'J0
(1 +  / s i n ^  (f>̂  ̂ s i n ^  V^)(l +  /^ rs in '  <p̂  s in ^

( 1 - s i n  sin ^ ) ( l  + v s i n  sin xj/)
d y /

n..1(1 +  / s i n ^  <z)„, s i n ^  ^ ) ( 1  +  s i n ^  s i n ^  i / / ) dxj/
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and (2.36) by an iterative procedure with /rand v as adjustable parameters. The iterative 

fitting program was written using the MATLAB software.

6

4
Retardation Data 

 2nd order ExpDecay Fit of 8(>V(| )̂

2

0
6 9 120 3 15 18

Applied Voltage

Figure 2.12: Retardation as a function o f  applied voltage for the material C7 at reduced 

temperature T-Tni = - 5“C. The threshold voltage F,f, is estimated from the 

intersection o f  the linear (red dash-dot line; V < V,h) and curved (solid red 

line, V > V/fi) part o f  the plot; solid red line represents the interpolated 

second order exponential fit o f  the retardation data at voltages »  F,/,. The 

exponential fit has no relation to the actual evaluation o f  the elastic 

constants, but was done for the ease o f determination o f V,/,.

2.7 Measurement of Effective Flexoelectric Coefficients

The flexoelectric effect in a chiral doped sample was first demonstrated by Patel 

and Meyer in 1987 [11], wherein flexoelectric polarization induces a tilt in the optic 

axis when an electric field is applied perpendicular to the cholesteric liquid crystalline 

helix axis. The basic principal o f  this effect is demonstrated in Fig. 2.13.
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Helix axis 
Optic Axis

Helix axis
Optic Axis

E > 0

X

z

n

Figure 2.13: Illustration o f the rotation o f  the optic axis with applied electric field. The

Generally, when a cholesteric liquid crystal is confined between the substrates o f 

a planar sandwich cell, the chiral nematic layer adopts a Grandjean structure, where the 

helix axis is perpendicular to the substrates. In order to exploit the converse 

flexoelectric effect in such configurations, an Ultra Lying Helix (ULH) structure has to 

be introduced, wherein the helix axis lies along a unique direction parallel to the 

substrates. The ULH texture is largely unstable as it is not compatible with both 

homeotropic and planar alignments, as the minimum free energy configuration o f  CLC 

is the Grandjean texture. The conventional method to obtain this texture in a material 

with positive A i n v o l v e s  cooling the sample from the isotropic phase under the 

application o f  a moderate field [13]. Additionally, in some cases the device maybe 

subjected to mechanical shearing in a direction perpendicular to the rubbing direction 

once the sample is cooled down to the CLC phase.

In the geometry considered (Fig. 2.13), a short pitched chiral nematic is confined 

between the cell substrates with the helix axis lying along the z direction. When an

helix axis is collinear with the z-axis. Image modified from [12].
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electric field E = (£, 0, 0) is applied across the sample, the total bulk free-energy 

density o f the system, which includes the elastic, flexoelectric and dielectric 

contribution is given by [14]:

F{E),  = ^ [ ^ |, ( V - n ) ^ + ^ 2 2 (n - '^ x n  + ^ ) '+ ^ 3 3 (n '< '^ x n ) 'l

-E -[e?,n (V -n)-e 3 n x (V x n )]— ^ ( E - n ) ^  (2.37)

Here k is the helical wave-vector defined as k = 2n t p ,  ls.e' is the dielectric anisotropy 

and p  is the optical pitch. The minimization of the average free energy per unit volume 

yields [14]:

tanfi5 = -̂ -!----------------------------------------------------------------- (2.38)2K,,k 2^ 22

For materials with small positive dielectric anisotropy, and for small applied electric 

fields, the tilt of the optic axis is approximated by [13]:

= (2.39)
InK

where e'and K are the flexoelectric and effective elastic constants, respectively. These

are defined as:e'=^^—! AT = ^  ; |( e ,- e ,) | is the effective flexoelectric
2 2 ' '

coefficient, p  is the optical pitch. Hence, one can evaluate the value o f |(e, - e 3 ) |if the

pitch, and the splay and bend elastic constants are known. The effective flexoelectric

coefficient |(e, - £ 3  )| governs the flexoelectric properties o f a system when constant

electric field is applied across the liquid crystalline system [15]. This method has a 

number o f favourable features such as [15]: (a) there are no complications due to 

surface polarization, (b) the contribution of ionic screening maybe ignored since an AC 

signal maybe used, (c) the technique does not strongly depend on the surface anchoring
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strength, (d) both the sign and m agnitude o f  the bulk flexoelectric coefficient can be 

determ ined, (e) the dielectric response does not significantly affect the observations for 

sm aller applied fields. How ever, one o f  the m ajor draw backs o f  this technique is that 

requires an intrinsically chiral m aterial, or else a chiral dopant must be added. A ddition 

o f  large concentration o f  the chiral agent (> 10-15 % ) can m odify the properties o f  the 

pure nem atic m aterial, hence affecting the accuracy o f  the flexoelectric m easurem ents. 

However, w ith recent developm ents o f  high tw isting chiral dopants, it is now  possible to 

create sam ples w ith pitch < 1 |o,m, w ith m uch sm aller concentration o f  the additives. In 

this thesis, tw o chiral agents S 811 and R 5011 (w eight concentrations < 4% ), with high 

tw isting pow er (H TP) w ere used to  produce chiral m ixtures. Such low concentrations 

ensure that the properties o f  the host m aterial are not drastically m odified because o f  the 

chiral dopant.

2.7.1 M easurement of Optical Pitch

The helical pitch o f  a cholesteric liquid crystal (CLC) is an im portant param eter 

which plays a crucial role in the m odelling o f  LC structures. One o f  the easiest 

techniques to m easure the helical pitch p  is based on determ ining the w avelength o f  

selective reflection o f  light. W hen p  is in the range o f  the w avelength o f  visible light, 

this phenom enon is readily visible to  the naked eye as an iridescent colour w hen the 

chiral LC is confined in a planar cell. For light at norm al incidence to  the CLC sam ple 

cell, i.e. light propagates along the helical axis, the m axim a o f  selective reflection 

occurs at a w avelength io  [16]. This is related to p  as:

A g = n p ,  (2.40)

where n is the effective refractive index defined as « =  («„ +  «^,)/2  ; where rio and rie
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Figure 2.14: UV-Visible Reflectance spectra obtained in a 5|am planar cell filled with

the CLC mixture C BC llC B  + 3% R5011 (studied in Chapter 4), at a
0

reduced temperature T-Tni = -4 C. The subsidiary oscillations (or side- 

lobes) are a result of the interference between the two surfaces o f the cell, 

within which the CLC is confined.

are the ordinary and extraordinary refractive indices respectively. For normal incidence, 

the bandwidth o f the transmittance/reflection spectra AAo is related to the birefringence 

An by the equation:

AAq = pAn. (2.41)

The reflectance/transmission spectrum is easily obtained by a UV-visible/IR 

spectrophotometer when the pitch is within the measuring range o f the equipment (360 - 

2200 nm). An example o f the UV-Visible Reflectance spectra obtained in a 5 pm planar

cell filled with the CLC mixture C BC llC B  + 3% R5011, (studied in Chapter 4), at a

0

reduced temperature T-T ni = -4 C is shown in Fig. 2.14. When p  is longer, it is 

necessary to use another technique. All experiments involving chiral liquid crystals in 

this thesis (Chapters 3 and 4) are based on short pitch CLCs (p < 1 pm).
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2.7.2 Determining the Tilt of the Optic Axis

In order to measure the tilt angle, the hot stage with the sample aligned in ULH 

structure, regulated by a temperature controller, was fixed onto the polarizing 

microscope set-up (refer to Fig. 2.2). An electric field was then applied to the device 

using a signal generator, which causes an in-plane rotation o f  the optic axis due to the 

flexoelectric coupling. The response o f  the device to the field as sensed by a photodiode

is recorded by a digitizing oscilloscope (Tektronics TDS 2014) for various angles o f  the

0
optic axis with respect to the polarizer at step o f  10 . An example o f  the signal produced 

for the CLC mixture (C4 + 1.5 % S 811), studied in Chapter 3, for an applied field 

(square wave, Irequency: 20 Hz), when the optic axis lies at -22 .5° with respect to the 

polarizer is shown in Fig. 2.15.

4 -r—

max

Ll_ 0 -------
■ a

CL
CL

rrin
Q_

time (s)0.05 0.10

Figure 2.15: The electro-optical response o f  the ULH obtained for the CLC mixture -
0

C4 + 1.5% S 811 at T-Tni = -2 C, measured using a photodiode under the 

application o f  a square-wave driving voltage; frequency: 20 Hz. The 

device is placed between crossed polarizers, with the optic axis oriented 

at -22 .5° to the polarizer.
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The m axim um  and m inim um  ampHtude o f  the signal, Umax{~^^) and Un,,„{-E) at a 

particular instant in tim e was then plotted as a fiinction o f  the rotation angle 6 .  This 

generates a periodic wave, w hich is fitted to a sine-w ave function in order to m inim ize 

the error in the data collection. The phase d ifference betw een the tw o w aves is equal to 

2(f){diS dem onstrated in Fig. 2.16), from which the tih  angle can be easily determ ined. 

M easurem ents were carried out at fields m uch below  the helix unwinding. Furtherm ore, 

higher fields could also have effect o f  dam aging the cells.

05
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o
ox: m ax j,
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-30 120 1500 30 60 90
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Figure 2.16: The photodiode signal at a fixed point (in our case tim e) as a fiinction o f  

sample rotation angle 0, for the CLC m ixture - C4 + 1.5% S 811 at T -T ni =

-2 C, for applied field: 0 .6 x l0 ^ V /m  and frequency: 20 Hz. The open 

square (□) represents the m axim um  am plitude Umax o f  the ULH signal and 

the closed square (■ )  represents the m inim um  am plitude, Umm- The blue 

and red lines are the best fits o f  curves for Umax and Umm, respectively. The 

difference betw een the tw o signals, as m arked in the figure, corresponds to 

2 ^ .
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Chapter 3

Elastic and Flexoelectric Properties of Bent-Core 
Liquid Crystals

In this chapter, the effect o f  cyhotactic clusters on the elastic and flexoelectric 

properties are studied in three bent-core LCs belonging to a homologous series. The 

compound with the shortest terminal chain does not show appreciable presence o f  

clusters; however they are present in the nematic phase o f  the other materials.
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3.1 Introduction

Bent-core compounds exhibiting nematic phase have aroused a lot o f  interest 

due to a range o f interesting properties which include induced biaxiality [1], giant 

flexoelectric effect [2], and sign reversal o f  the dielectric anisotropy [3-4] etc., which 

offer opportunities for new technical applications. The structural origin o f  these 

properties is not definitely established but various experimental results [2-5] suggest 

that short range molecular correlations may play an important role in bent-core 

molecules exhibiting extra-ordinary material properties in comparison to the 

conventional rod-like mesogens. Though smectic phases o f  bent-core and calamitic 

systems offer huge potential for a range o f  applications, most commercially successfLil 

LC based applications, so far, are mostly based on nematics. This is owing to a number 

o f  desirable properties o f  nematics such as their lower viscosity, greater response to 

external electric, magnetic fields, mechanical distortions, as well as to their fast 

recovery from defects [6].

The viscoelastic properties o f  a material significantly influence the performance 

o f  nematic liquid crystalline based applications, and its knowledge is therefore 

important in designing/optimizing LC devices [7], There is considerable interest in 

studying the behaviour o f the elastic constants as they offer insight into understanding 

director distortion in samples, fluctuations in order parameter etc. Furthermore, the 

elastic constants influence the threshold voltage for switching, while the elastic constant 

ratio governs the steepness o f  the electrodistortional curves [7]. For conventional 

calamities the ratio o f  K-^/Kw varies from 2 to 3 and is usually greater than A^n. 

However, in some bent-cores this ratio has been determined to be <1 and decreases as 

the chain length is increased. The decrease in the ratio o f  K^^/Kw is attributed to the
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presence o f  smectic like clusters/ underlying sm ectic phases [ 8 ], and in some cases 

related to the position o f  the substituent m olecules or the position o f  the double bonds 

etc [9], Dodge et al. [10, 11] showed that by m ixing a small am ount o f  bent-core 

system s in a calam itic nematic, is significantly reduced. K undu et al. [12] made 

sim ilar findings for calam itic 8 0 C B  m ixed w ith different concentrations o f  bent-core 

liquid crystal in the nematic phase, but additionally they obtained anom alous 

tem perature dependence o f  K\\  and close to the nem atic-sm ectic phase transition. 

During the last few  years, m easurem ent o f  these constants in pure B C N ’s in nem atic 

phase has also yielded intriguing resuUs, w here K 3 3  is found in m ost cases to be lower 

than K\\  [13,14], The tem perature dependence o f  the elastic constants in pure BCNs 

has been interpreted in term s of: (a) coupling o f  the bent m olecular shape with the bent 

distortions o f  the m olecules [13] resulting in lower value o f  com pared to  A^n; or (b) 

presence o f  nanoscale sm ectic-like clusters which causes the softening o f  ̂ ^ 3 3  relative to 

K u  [14],

Sim ilar to the elastic constants, the flexoelectric effect is expected to be 

considerably different, and presum ably larger [2], in B C N ’s than in conventional 

calam ities. H arden et al. [2] determ ined the bend flexoelectric coefficient \ej\ for a 

banana system  in its nematic phase, via the current produced by m echanical flexing o f  

the N LC s bounding surfaces, and found l^al to be higher by a factor o f  10^ than for 

calam itic liquid crystals. H ow ever the validity o f  th is finding has been debated recently 

[15, 16] as these results so far cannot be reproduced using other m ethods [15]. 

Irrespective o f  the correctness o f  this result, the finding in itse lf has led to intensive 

investigations. I f  the results were eventually found to  be correct, we would be able to 

design m uch m ore effective devices for converting m echanical energy into electrical 

energy by em ploying bent-core liquid crystals in flexoelectric devices.
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In this chapter we present the experimental results o f the splay (ATn) and bend 

(Â 3 3 ) elastic constants, and the effective flexoelectric coefficients |(e, -e^ jfor  three

BCNs (C4, C6 and Cl)  belonging to a homologous series. Comparisons are made in the 

data obtained for materials that show significant presence o f Smectic-C like clusters in 

their nematic phase (C6 and Cl)  to that o f a compound (C4) in which these are 

measurably absent. We investigate whether the clusters have any major influence on the 

flexo-elastic properties o f these materials.

This chapter is divided into two sections: the first part presents the results of 

dielectric and elastic constant studies in the nematic phase of the materials; the second 

part discusses the results obtained for the flexoelectric measurements.

3.2 Materials under investigation

The materials studied in this chapter, C4, C6 and C7, are 4-cyanosubstituted 

resorcinol derivatives that belong to a homologous series. The materials have the same 

4-cyanoresorcinol bisbenzoate core but differ in chain-lengths, n = A (C4), n = 6 (C6) 

and n = 1 {Cl).  The bent-core part o f the compound is composed o f five phenyl rings, 

and each ring is connected by an ester link. Both ends o f the core part are attached to a 

terminal group. A cyano group is substituted on the central aromatic ring, which plays 

an important role in the formation of the nematic phase.

The phase behaviour and transition enthalpy for the compounds were 

investigated by the Halle group [17]. The generic structure o f the series is shown in 

Fig. 3.1 and the phase transition temperatures are summarized in Table 3.1. The 

terminology o f the phases used in this chapter is also taken from [17]. When cooled 

from the isotropic phase to lower temperatures the materials exhibit I-N transition; C4
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and C7 show a monotropic nematic phase while C6 exhibits an enantiotropic phase. We 

also found that C4 had a tendency to crystallize at lower temperatures in the nematic 

phase (this is discussed fiirther in section 3.3.1).

O

O

Figure 3.1: Generic structure o f the bent-core compound 4-cyanoresorcinol bis 

benzoates under investigation

n Phase Transitions

4 Cr 117 [38.4] (A^107 [0.5]) Iso

6 Cr 98 [37.1] Â cvbc 101 [0.5] Iso

7 Cr 96 [35.5] (SmC 25 [0.3] CybC 41 [0.2]) A'cvbc 111 [0.7] Iso

O
Table 3.1 ; Transition temperature (T / C) and the associated enthalpy values (in 

square brackets, A /kJ mol ) o f the materials under study [17].

Peak temperatures obtained in the first DSC heating curves (10 K min"'). Abbreviations: 

Cr = crystalline solid; Iso = isotropic liquid; N  = nematic phase with nearest neighbour 

correlation, similar to ordinary nematic phases; Â cybc = nematic phase composed of 

SmC type cybotactic clusters; The values enclosed in the round brackets refer to the 

monotropic transitions as observed on cooling [17],
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3.3 X-ray Diffraction Studies

XRD studies w ere carried out in the nem atic phase o f  these com pounds, 

oriented using a m agnetic field o f  m edium  strength ( 5  ~  1 T, cooling rate 0.1 K m in"') 

[17]. The diffraction pattern obtained for com pounds C4, C6 and C7 is show n in Fig. 

3.2 as an example.

The intensity o f  the small angle scattering (/,) was observed to increase w ith 

increasing chain length. For the m aterial w ith the shortest chain length, C4, the small 

angle scattering w as sim ilar to that observed for ordinary nem atic phases. In the nem atic 

phase, /, was noted to have lower or alm ost equal intensity com pared to the w ide angle 

scattering (i.e., /, < /„). In C6, on the other hand, /, was m uch stronger than the wide 

angle scattering, w hich according to de Vries [18] indicates a “cybotactic” nem atic 

phase (I, >  /„). Furtherm ore, w ith increasing chain length, a continuous decrease o f  the 

small angle splitting together w ith an increase o f  the scattering intensity w as observed. 

This indicates a continuous grow th o f  the cluster size w ith chain length. Significant 

tem perature dependence w as also noted; at high tem peratures the nematic phases have 

relatively small clusters, and the cluster size grow s strongly as the tem perature is 

decreased [17].
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Figure 3.2: Investigation o f the XRD patterns. C6: (a and b) X-ray diffraction pattern 

(wide angle and small angle) o f a magnetically aligned sample at T = 80 °C; 

arrow indicates the direction o f the magnetic field; (c) X’Scan over the 

diffuse small angle scattering, indicating the presence o f SmC type 

cybotactic clusters (d) CPK model showing the material in a V-shaped 

conformation with a bending angle a = 140° and stretched alkyl chains. C7: 

(e) the diffraction pattern at 100°C (f) magnified part of the small angle. C4: 

(g) small angle diffraction patterns o f magnetically aligned samples in the 

nematic phase at 90“C. (h) Organization o f the molecules in a skewed 

cybotactic nematic phase {Ncybc phase) aligned under a magnetic field B 

parallel to the molecular long axis. The images for C4 and C6 are reprinted 

from re f [17], while that for C7 are taken from the supplementary 

information of ref [17].
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Part I 

3.4 Dielectric and Elastic Constant Measurements

3.4.1 Experimental Method

Sandwich Hquid crystal cells were prepared by using indium tin oxide (ITO) 

glass plates. The typical thickness used in the experiments ranged from 5-10 |j.m.

The parallel and perpendicular components o f  the dielectric constants, and

s \  were obtained from homeotropic and planar cell respectively by using Novocontrol 

Broadband High Resolution dielectric spectrometer, Alpha-A Frequency Analyzer 

interfaced with a PC.

The optical retardation, S was measured with the help o f  the PEM setup. The 

retardation data was obtained as a fiinction o f  temperature and voltage by applying a 

sinusoidal voltage o f  -2 0  Vpk at a frequency o f  1 kHz. The splay elastic constant, A'n 

was determined from the threshold voltage {V,h) for Freedericksz transition by using 

equation (2.29). The bend elastic constant, K a  was obtained from the theoretical fit o f  

the retardation data above the threshold voltage to the parametric equations (2.28) and 

(2.36) by an iterative procedure.

3.4 Results and Discussion

3.4.2 Cross-over Temperature (C t) Measured using Dielectric Permittivity

The dielectric data obtained for C4, C6 and C7 at a frequency o f  1 kHz as a 

fiinction o f  the reduced temperature T-Tni is plotted in Fig. 3.3; where Tni is the 

nematic-isotropic transition temperature. For all three materials the value o f  Ae' is 

positive at higher temperatures, but as the temperature is reduced frirther it tends to
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Figure 3.3: Dielectric Anisotropy o f  C4 (a), C6 (b) and C7 (c) as a ftinction o f  reduced

temperature T-Tni ( C), where Tni is the I-N transition temperature; 

Frequency: 1 kHz. C t is the cross-over temperature.

become negative below a certain crossover temperature, Ct. The crossover temperature 

is easily determined for C6 and C7 from the dielectric data, and the nematic phase is 

found to extend over a wide range o f temperatures. However C4 when kept at lower 

temperatures (but higher than the nematic-crystalline transition temperature) tends to 

crystallise with passage o f  time. Figure 3.4 shows how the perpendicular component o f 

permittivity for C4, determined from a planar cell, decreases at lower temperatures due
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to the slow crystallization o f the material much before the onset o f the crystalline phase. 

Hence the optical measurements for C4, carried out in planar cells, could only be made 

at temperatures where it does not crystallize with time. The value o f Ae' is < 1.1 for C4, 

< 0.3 for C6 and < 0.7 for Cl.

C4 Planar Cell
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Figure 3.4: Dielectric permittivity o f C4 shows a drop in the value o f the perpendicular 

component o f 8' at a frequency o f 1 kHz due to crystallization o f the 

material at lower temperatures. Data in (a) are recorded with a temperature 

step o f - l° C , and in (b) with a temperature step o f-3 °C  (faster cooling). 

Each temperature point takes 6 to 8 min to scan.

Detailed dielectric studies by Jang et aL [4] in this series o f cyanoresorcinols 

revealed that the sign reversal o f Ae' in the material with no measurable clusters (C4) 

was related to the relaxation o f the longitudinal component o f the dipole moment
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occurring at much lower frequencies compared to the transverse component. They ruled 

out the possibility o f  conformational change (used to describe the sign reversal 

phenomena in calamitic molecules) as affecting the value o f Ae' [4]; this is also 

confirmed by the flexo-elastic results obtained by us in section 3.5.3.

In the materials with longer chain length the temperature dependence o f 

permittivity was found to be related to a change in the strong anisotropic correlations 

among the molecules taking place with temperature. Results o f  the dielectric study [4] 

also showed that C7 exhibits strong short-range polar correlations normal to the 

director. The correlation lengths o f  these interactions were found to be similar to those 

obtained from the X-ray scattering [17].

3.4.3 Cross-over Temperature (Cj) Measured using Freedericksz Transition

A change in the sign o f  the dielectric anisotropy observed using dielectric 

spectroscopy is also confirmed by the optical contrast spectroscopy technique [3]. This 

method is known for its higher reliability, especially when ions are present in a liquid 

crystalline medium. In this technique, the planar cell, kept under crossed-polarizers, is 

cooled down from the isotropic to nematic phase with a constant field (9.5V, 1 kHz sine 

wave) applied across it. The change in the transmission is recorded as a function o f  

temperature [3], The setup for this experiment consists o f  a Leitz polarizing microscope, 

photodiode (Hamamatsu C6386), and a data acquisition board (NI-USB-6216) 

interfaced with a computer, as represented in Fig 3.5. The scanning time for each data 

point is ~ 2 sec.

When an electric field much greater than the threshold voltage (V,/,) is applied to 

the cell in a temperature region where A e ' > 0, Freedericksz transition occurs, leading to
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a drastic change in the intensity observed through the crossed polarizers. In the 

temperature ranges where As' < 0, no Freedericksz transition is observed and the 

alignment remains planar.

Photodiode

11 LC in hot- 
I^Lstage_____

 ̂ |M icroscope mount
Light
Source

Temp. Controller

I-V converter

Data Acquisition 
(DAQ) Board

Figure 3.5: Schematic representation o f  the optical contrast spectroscopy set-up; here, 

‘A ’ and ‘P ’ refer to analyzer and polarizer, respectively.

Figure 3.6 shows the transmittance as a fianction o f  the reduced temperature for 

C4, C6 and C7. The dashed line indicates a sharp transmittance change closer to the 

temperature where the dielectric anisotropy changes its sign. Although this technique 

may not give the exact crossover temperature and the value o f  Ae', it is effective in 

determining its sign reversal.
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Figure 3.6: The variation o f  transmittance through a planar cell as a fiinction o f the 

reduced temperature for (a) C4, (b) C6 and (c) C7, with applied field o f 9.5 

V and 1 kHz sinusoidal signal. Waiting time between each data point was 

kept ~2 s.
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Due to a very small positive value o f  Ae' o f  C6 (Figure 3.3) over a narrow range 

o f temperatures (Fig. 3.6(b)) below the I-N transition, we have restricted our flexo- 

elastic studies to these temperatures only. The supercooling effect observed in C4 (Fig. 

3.4) also restricts our studies at the higher temperature range for this material as well.

3.4.4 Elastic Constants

The splay and bend elastic constants were determined in the ordinary nematic 

phase from the voltage dependent retardation data using the method described in

Section 2.6. An example o f the theoretical fit to the retardation curve for a reduced

0
temperature, T-Tni = -6 C for C6 is shown in Fig. 3.7.

7 
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■o 
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4
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Figure 3.7; Retardation as a function o f  applied voltage for C6 for T-Tni = -6°C\ the 

continuous red-line is the theoretical fit to eqn. (2.28) and (2.36), used to 

determine

■ Retardation curve 
 best fit
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The temperature variation o f  the splay and bend elastic constants hence obtained 

is plotted in Figure 3.8. The sym bols w ith the bar denote the possib le errors in the 

calculation due to the absence o f  a sharp threshold voltage V,h, and errors involved in 

the norm alization o f  temperature; different set-ups are used to obtain the parameters for 

evaluating Â n and using the iterative procedure.

For all the materials studied, Â n increases with a reduction in temperature; the 

increase is alm ost linear for C6, where the value increases from -3 .9 7  pN at 2 °C below  

the I-N transition to 8.81 pN at the low est measured temperature. The changes are much  

subtle for C4 and C7 where it increases from 3 .44  to 5.05 pN and ~  3 .89  to 9.98 pN  

respectively as the temperature is lowered. The m axim um  splay elastic constant K\ \ for 

C6 is found to be alm ost 2.2  tim es its low est value, w hile for C4 the increase in Â n is 

- 1 .5  tim es and is alm ost -  2 .56  for C7 for the low est temperature measured. On the 

other hand, A^33 is low er than K\ \ for all the com pounds studied, irrespective o f  the chain  

length or presence/absence o f  clusters. The bend elastic constant is found to be nearly 

independent o f  temperature for C6, whereas for C4 and C7 it increases m arginally when  

the temperature is reduced. In general, the temperature dependence o f  K\ \ and agree 

with other BCN system s [12, 13, 19].

The ratio o f  K a lK \  \ in the case o f  C6 is seen to decrease from -0 .8  at T-Tni =  - 2

C to 0.45 at T - Tni =  -7 C; for C4 the ratio only varies slightly from -0 .8 5  to 0 .78 as 

the temperature is lowered, w hile for C7 the ratio is seen  to be alm ost temperature 

invariant, and ranges betw een -0 .4 8  to 0.39 in the temperature range measured. The 

trend nevertheless is different than those observed for calam itic nem atics [20].
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Figure 3.8: The splay and bend elastic constants of (a) C6, (b) C4 and (c) C7 measured 

as a function of the reduced temperature. The symbols with the bar denote 

the possible errors present in the calculation due to the absence of a sharp 

threshold voltage Vfh, and errors involved in the normalization of 

temperature; different set-ups are used for calculating different parameters 

in calculating and using the iterative procedure.
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Figure 3.9: Plot o f  the effective elastic constant AT as a function o f  the reduced

temperature. Closed squares (■ ) represent the data for C6 , open squares 

(□) for C4 and open circles (o) for C7.

The effective elastic constant K  is plotted as a fianction o f  reduced temperature 

in Fig. 3.9. The effective elastic constant is an important parameter in the determination 

o f the flexoelectric coefficients as seen from eqn. (2.39), which one can re-arrange to

obtain tan^ oc — , hence, theoretically, a lower K  implies a larger value o f  the flexo- 
K

optic tilt angle, ^ . For all the materials, K  is seen to increase with decreasing 

temperature. The value o f K  is greater for C6  in comparison to C4 and C7.

The results obtained here in the three bent-core systems show that even in the 

absence o f  the cybotactic clusters in C4, A'33 is lower than K\\ .  We can thus state that 

Â 33 < 1 in BCN’s is due to the bent shape o f the molecules rather than being due to the

presence o f  clusters.

For an oxadiazole bent core compound, Kaur et al. [21] found < K\\ .  They 

explained their observations by the molecular field theory and atomistic modelling
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suggesting that K\ \ is almost independent o f the molecular conformation whereas K n  is 

sensitive to changes in the molecular curvature - similar to those calculated for odd- 

dimeric mesogens [21]. The results obtained here likewise can be explained by the 

theory and modelling proposed by Kaur et al. [21] and Cestari et al. [22], The bent 

shape favours the bend distortions o f  the director as opposed to splay. The increase in 

K\ 1 for C 6  compared to C4 seems to arise from the longer molecular length rather than 

arising from the presence o f clusters in C 6 .

Part II

3.5 Flexoelectric Measurements 

3.5.1 Theoretical Background

For molecules with permanent dipole moments and asymmetric shapes, such as 

pear/drop or crescent/banana, the flexoelectric effect (Fig. 3.10) is caused by 

mechanical distortions or conversely by the application o f  electric field, as discussed in 

Chapter 1. The flexoelectric polarization [23] can be expressed in terms o f  the splay and 

bend flexoelectric coefficients as (re-written here for convenience):

=e,n(V-n)-e3nx(Vxn).  (3.1)

The flexoelectric coefficients e\ and ^ 3  are connected to the splay (A^n) and bend (Â ss) 

elastic constants, respectively. As an example, for the case when molecules fluctuate 

independently o f  each other, = £-|[  ̂ and e] [24]; £-|[ and are the

permittivities parallel and normal to ± n. The superscript D  denotes constant electric 

displacement.
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b \
R

(i) (ii)

Figure 3.10: (i) A model o f  a bent-core m olecule depicting the kink angle and the

transverse dipole moment, (a) and (b) are the length and width o f  the 

molecule, (ii) illustrates how flexoelectric polarization can be induced in 

drop-shaped (top-right) and crescent/bend shaped (bottom-right) 

m olecules by splay and bend distortions o f  the liquid crystalline medium, 

respectively.

Using the molecular statistical approach. Helfrich [24] also derived an 

expression for the bend flexoelectric coefficient:

Here is the molecular dipole moment perpendicular to the molecular long axis and is 

directed along the bow direction, a and h denote the length and the width o f  a molecule, 

respectively. T is the absolute temperature, 6o is the kink angle and N  is the number 

density. This expression shows that, in principle at least, we can design m olecules that 

exhibit much greater bend flexoelectric coefficients in nematic phase. For bent core 

systems, 6q is -6 0 °  and the molecule is designed to have a reasonably large such LC

systems in principle can exhibit much higher bend flexoelectric coefficients provided 

A^33 is also not reduced. It is conceivable however that due to the bent structure o f  the
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bent-core or banana molecules, the elastic constants and the flexoelectric coefficients

acquire different values compared to calamities. Equation (3.2) is also applicable to

0

calamities where the bent-angle On is of the order of 5 .

Eqn. (3.1) describes the direct flexoelectric effect in NLC’s however, studies 

that deal with the direct effect in nematics is scarce [25-27]. Moreover, a method of 

finding the direct flexoelectric effect is neither easy to design nor are the experimental 

results easily interpretable since mechanical distortions can also cause ions to migrate 

through the medium. The mobility o f ions could alter the measuring current as 

measurement frequencies are often too low, and mobility o f ions caused by mechanical 

deformations will contribute to the measured current. It will hence be difficuU to 

separate out the two currents; one caused by mobility o f ions and the second by 

flexoelectric polarization. Instead most experiments revolve around the converse 

flexoelectric effect [25] where measurement frequencies can be higher and secondly, 

ions do not significantly influence the electro-optical effects as much as they affect the 

current measurements. The converse effect is related to the bulk flexoelectric torque, t , 

arising from the director deformation caused by the electric field, and is concerned with 

measurement o f this torque. The bulk flexoelectric torque acting on the director can be 

expressed a s r  = (nxh) ,  where h is the bulk flexoelectric component o f the molecular 

field [25-27] and is defined as:

h = e,[E(V-n)-V(E-n)] + e3 [ E x V x n - V x ( E x n ) ] .  (3.3)

Eqn. (3.3) can be re-written by substituting the well-established standard vector 

identities for V(E • n) and V x (E x n ) , as:
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h = e, [E( V • n ) - E x V x n - n x V x E - ( E -  V)n -  (n • V)E]

+ e3 [ E x V x n - E ( V - n )  + n ( V - E ) - ( n - V ) E  + (E-V)n].  (3.4)

Now we know that V x E  = 0(since E = - V F ,  where V is the scalar potential 

and using the vector identity V x W  = 0 ). We can also ignore the terms in h which are 

parallel to n, because when the torque is determined from r  = (n x h ) , any terms parallel 

to n in the molecular field will not lead to the torque, as the cross product o f  the parallel 

vectors is zero. Hence, these two simplifications can be made to eqn. (3.4). This leads 

to:

h = £?, [E(V ■ n ) - E x V x n - ( E  - V)n -  (n • V)E]

+ e3 [ E x V x n - E ( V - n ) - ( n - V ) E  + (E-V)n].  (3.5)

Eqn. 3.5 can be re-grouped in terms o f  the sum and difference o f  e\ and ej by re

arranging the terms, yielding:

h = (e, - £ 3 ) [ E ( V • n ) - E x V x n - ( E -  V)n] - (e, + £ 3 )[(n • V ) E ] .

(3.6)

The second and third parts o f the (e^ - e^) term can be fiirther simplified, by 

writing them out in the Cartesian co-ordinates. Writing n in terms o f  the x, y  and z 

components nx, riy and «;(and similarly for the electric field), we have:

V x n  =

dn. dn ,̂

dy dz
dn^ Bn,
dz dx

dn^ dn^
dx dy

(3.7)
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Hence,

E x V x n  = Ex

dn. dn^ ''
f

F.
 ̂dn^

-F . ( d n . dn.

dy dz
y dx d y  y \  dz dx

dn dn { dn dn ) ^dn dn^
Kx — K ■ ■

dz dx [ dy dz dx dy
dn^ dn^ f  5/7, dn ^ ( dn. dn^

d y ] K
\  ̂ dz dx ^ [ d y dz

(3 .8)

/ y

And

(E-V)n = E .-  + Ey — - 
 ̂ " dx ^ dy

/ dn dn „ dn ^
£ X + E X + E . — ^

X dx y dy dz
d ^ dn^ dn^ dn .̂

n = £ )
+ E ,

} + E_ '
dz X dx } dy dz

dn. dn. r. dn.
£ + £ . , + E. -

X

\
V dy - dz )

(3 .9 )

On combining the results for ( E x V x n ) and (E • V)n we obtain: 

E x V x n  + (E • V)n =

dx dy 

dn.
dy dz 
dn, dn.

- E .

dz dx
dn^

dz dx

dx dy
dn. 5/7,, 

dy dz

+

/y

dx dy dz
dn^ dn,. dn,

£ —  + £ —  + £ . —  
dx dy dz

dx dy dz

(3 . 10)

F.
d n ^ d r i y

+  F

II

f§

d x d x d x

F.
d n ^ dn^ .

+  F
d n .

d y d y d y

F^
d n ^

+
dn^ .

+  F
d n .

d z d z dz J

(3 . 11)
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dn^ dn^ dn.
dx dx dx
8n^ dn ,̂ dn.
dy dy dy
dn^ dn .̂ dn.
dz dz dz

E, (3.12)

= (V®n)E. (3.13)

On substituting eqn. (3.13) into eqn. (3.6) we obtain: 

h = (e ,  -£ ? 3 )[E (V -n)- (V ® n)E ]-(e ,  +£?3)[(n ■ V )E] . (3.14)

From equation (3.14) it can be deciphered that bulk deformations can be 

obtained when there is a gradient in the distribution o f  either the nematic director or an 

external electric field, E or both [25], This expression suggests that in some cases, 

where a uniform electric field is present, only the (e, - e 3 )part contributes to the torque. 

Some o f  the common techniques used for finding (e, - e 3 )are  through the measurement

o f the tilt o f the optic axis o f  chiral nematic LC when the molecules are aligned in an 

ULH arrangement [28], or in a TN/HAN cell, while the sum can be determined using 

HAN or 7 t-cells [29]. In this thesis, we use the standard chiral fiexoelectric optic effect 

to determine the effective magnitude o f  the fiexoelectric coefficients |(e, - £ 3 )! 

(described in section 2.7).
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3.5.2 Experimental Method

In order to obtain ^ and hence | ( e , - e 3 )|from  the ULH  technique, the LC

sam ples C4, C6 and C7 were doped with a chiral dopant (S 811, E. Merck, Korea). The 

dopant has a helical tw isting pow er o f  58 |.im''. The concentration range o f  the dopant 

was - 1 .0  and 1.5% by w eight. These concentrations were chosen  so as not to alter the 

properties o f  the com pounds by the addition o f  the dopant. It w as also found that with  

higher w eight percentage o f  the chiral additive (> 2.5% ), the optic axis especially  in the 

case o f  C6 did not respond to the electric field. The optical pitch o f  the helix w as 

determined in a 15(im planar cell by the m easurement o f  the selective reflection using a 

U V /V is/IR  spectrom eter (Section  2 .7 .1 ). These w ere determined to be ~  498 , 917 and 

930 nm for C4, C6 and C7 respectively. The pitch values were found to be alm ost 

independent o f  temperature in the temperature w indow  used for measurements.

The ULH texture w as obtained by coolin g  a planar cell at a rate o f  0.1 °C/min  

from the isotropic into the cholesteric phase, under the application o f  an alternating 

electric field  o f  ~ lV /|j.m , at a frequency o f  100 Hz. It w as observed that the materials 

readily aligned into a U LH  structure on cooling from the isotropic phase under the 

influence o f  a moderate field , and no m echanical shearing w as required to induce the  

texture. The texture o f  the ULH  structure, observed in a 6 |im  planar cell filled  w ith  

chiral sam ple C4 +  1.5% S 811,  using a polarizing optical m icroscope at a reduced

O
temperature o f  T -T ni =  - 4  C, is show n in Figure 3.11 (b, c, d) for various positions o f  

the optic axis w ith  respect to the polarizer.
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Figure 3.11: Textures obtained in a 6 |im  planar cell filled w ith (C4 + 1.5 %  S 811): (a) 

classic cholesteric texture, obtained on cooling fi-om the isotropic phase 

w ithout field applied, at T-Tni = -4 °C . (b) , (c) and (d) depict the ULH 

texture obtained on cooling the cell from  the isotropic phase under the 

application o f  a m oderate field (E = 1 V /nm ); the optic axis o f  the ULH lies 

parallel to the substrate in the direction o f  rubbing (depicted by the yellow

arrow); the optic axis (depicted by the red arrow ) in each case is aligned at
0 0 0

angles o f  0 (b), 20 (c) and 45 (d) with respect to the polarizer P.

3.5.3 Results and Discussion

The tilt angle o f  the optic axis o f  ULH as a function o f  the applied electric field, 

at a frequency o f  20 Hz, is plotted in Fig. 3.12 for C4, C6 and C7. The tilt angle is found

to vary linearly w ith the field and is nearly invariant w ith tem perature for all m aterials

studied, irrespective o f  the chain length.
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Figure 3.12: The magnitude of the tilt o f the optic axis in the ULH structure o f C6 (a), 

C4 (b) and C7 (c) as a function o f the applied electric field E at a 

frequency o f 20 Hz, for a range o f reduced temperatures.
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The magnitude o f  the effective flexoelectric coefficient |( e , - e ,) ]  obtained

using eqn. (2.39), by utiUzing the experimental values o f the pitch and tilt angle o f  the 

optic axis (f) for an applied E, is shown in Fig. 3.13.

(a) (b)
35 35

C6 C43 0 - 30 -

2 5 -

2 0 - 2 0 -

7 6 5 3 24 7 6 5 4 3 2

4 0
C 73 5 -

^  3 0 -
E
O  2 5 -  
Q .

—  20 -  
CO

O)
1 5 -

-18 -16 -12 6 2-14 -10 8 4

T-T„(°C)

Figure 3.13: The magnitude o f the effective flexoelectric coefficients |(e, - e ,) ]  plotted 

as a function o f  the reduced temperature: (a) C6, (b) C4 and (c) C7.
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For all the materials, it is found that the magnitude o f  | (e, - e , )  | increases with a

O
reduction in temperature. For C4, | (e, -e ^ ) \  increases from 14 pC/m for T -T ni = - 2 C to 

~ 23 pC/m at the lowest reduced temperature, while for C6 it increases from 11 to 19.5 

pC/m and for C7 it increases from -10 .89  at T-T ni =  - 2 C to 24.4 pC/m at T-Tni = - 

16“C.

The sign o f the effective flexoelectric coefficients [30] was determined by 

referring to eqn. (2.39), where a positive (j) corresponds to a rotation in the positive 

sense around an axis in the direction o f  the applied field. The chiral agent S 811, used 

for the flexoelectric experiments in this chapter, is known to produce a left-handed 

helix, such that /? < 0. Since A^n, > 0 for all the materials, this implies that 

(e, — £3) < 0 ; hence setting the sign to be negative.

The flexoelastic ratio e 7K as a function o f the reduced temperature is shown in 

Fig. 3.14. e 7K is seen to be almost temperature invariant for all the materials. The ratio 

is greatest for C4, and lowest for C6, with values -2 .50 , 1.6 and 1.8 CN‘'m  ' for C4, C6 

and C7, respectively. The temperature independence o f  e 7K also implies that both e and 

K  depend on temperature similarly, and follow 5^ dependence, where S  is the 

orientational order parameter. Such a dependence on the order parameter is as expected 

for a dipole mechanism o f the flexoelectric effect [31]. Furthermore, the results indicate 

that the conformational freedom o f  the molecules is restricted, and this is in agreement 

with the conclusions derived by Jang et al. [4] for the dielectric studies in this series o f 

bent-core materials.
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Figure 3.14: Flexo-elastic ratio e 7K ratio as a function o f  the reduced temperature.

The effective flexoelectric coefficient for C4, C6, and C7 is greater than that 

reported for conventional rod-like m olecules that have similar magnitudes o f  the dipole 

moments [30], but its order o f  magnitude is comparable to other BCNs [19,21,32]. 

However, it is much lower than that found by Harden et al. [2]. Kumar et al. [32] found 

the value o f  | 3̂| comparable to those o f  the conventional nematics; nevertheless they 

proposed a model o f  non-polar clusters that would yield quadrupolar flexoelectricity 

[32] to explain the giant flexoelectricity in bent-core systems observed by Harden et al. 

[2]. They state that a giant value o f  the flexoelectric coefficient if  confirmed can, in 

principle, be attributed to the non-polar clusters formed in the nematic phase. The 

flexoelectric coefficient should scale as the second power o f  the number o f  clustered 

molecules.

Due to the presence o f  SmC like clusters in the entire nematic phase o f  C6 and 

C7, and their size increasing with a reduction in temperature, we should expect larger 

values for |(e, -e-^)\ in comparison to C4, following the model stated above. The
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experimental results presented here, however, disagree with their conjecture. A possible 

explanation for this is that the quadrupolar cluster contributions to flexoelectricity may 

not be significant in the geometry used by us. Our measurement technique determines 

|(e, -e^)\  by using a uniform electric field, while an electric field gradient is required to

observe quadrupolar effects. Nonetheless, we surmise that the flexoelectric coefficient 

in BCN systems, though larger by a factor o f  up to four than calamities [31], is not 

giant. Experimental results on the bent-core systems C4, C6, and C7 show that the 

clusters do not affect the elastic constants or the effective flexoelectric coefficients to a 

significant extent.

3.6 Conclusion

We studied the elastic and flexoelectric behaviour in the nematic phase o f  C4, 

C6 and C7 belonging to a hom ologous series o f  bent-core liquid crystals. Experimental 

results show that is lower than Â n for all three compounds, irrespective o f  the chain 

length or presence/absence o f  clusters. Such low values o f  seem to arise from the 

bent-shape o f  the m olecules rather than been caused by the clusters. The effective 

flexoelectric coefficients \{ê  - e 3 )|in the BCNs are obtained to be greater than those for

conventional calamities. The effective flexoelectric coefficient is found to be higher for 

C4 than for C6 and C7, by 20 to 25% in the common temperature range, even though 

the clusters are measurably absent in the nematic phase o f  this material. I f  clusters are 

thought to be responsible for increasing the effective flexoelectric coefficient, then our 

results contradict these. The shape o f  the bent-core molecule and its transverse dipole 

moment when considered together can account for the results obtained.
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Chapter 4 

Elastic and Flexoelectric Properties of a 
Bimesogen

In this chapter, the dielectric, electro-optic andflexo-elastic properties o f  a bimesogen 

C B C llC B , exhibiting a second nematic phase, the twist-bend or N,b, are investigated.
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4.1 Introduction

Bimesogens or dimers are liquid crystals composed o f  two mesogenic units 

connected via flexible spacers. Altering the parity o f  the alkyl chain [1] in bimesogens 

has been reported to give rise to significant odd-even effects in these materials. For 

example, bimesogenic LC molecules composed o f two rod-like molecules connected via 

an odd number o f  carbon spacer have a smaller value o f  the bend elastic constant 

compared to its even counterpart [2]. They also possess a larger flexo-elastic ratio [2]. 

The strong odd-even effects are often linked to the dependence o f  the molecular shape 

on the spacer linking the two mesogenic units, and by considering the spacer to exist in 

its aW-trans conformation [1]. An even- spaced bimesogen has a zig-zag shape, while 

the odd-spaced dimer has a bent shape [1]. The molecular structure o f liquid crystals 

can thus have a profound effect on the molecular shape, which can in turn trigger the 

advent o f  many peculiar properties, making the nematic phases o f  such molecules 

different from that formed by a conventional rod-like LCs.

In some odd bimesogens there also exists a second nematic phase in addition to 

the higher temperature ordinary nematic phase {N). Recent studies [3, 4] have indicated 

that this phase could indeed be the twist bend {N,b) ,  similar to the ones predicted by R.B. 

Meyer [5] and I. Dozov [6]. Theoretical studies by Dozov [6] showed that a twist-bend 

phase could arise if  the bend elastic constant becomes negative, in which case in the 

ground state, the director would no longer be uniformly aligned as is in a conventional 

nematic, but is bent. He fijrther predicted that the bend deformation does not exist on 

its own but requires an accompanying tw ist for the case o f  the twist-bend nematic phase 

(or splay for the splay-bend phase). Though the phase N,b was initially proposed for
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bent-core systems, it may be reasonable to extend it to LC bimesogens with odd spacers 

due to an overall bent shape o f  the molecules. The twist-bend nematic and some o f  its 

properties will be discussed in Chapter 5.

The theoretical studies pertaining to the mysterious yet fascinating N,b phase is 

still in its initial stages. However, the parameters o f  ordinary nematic phase in these 

materials, the equations for which are well established, could also reveal useful 

information related to the underlying N,t, phase. Recently, Borsch al. [3] determined the 

elastic constants o f  a bimesogenic mixture possessing a negative value o f  Ae' and 

exhibiting the N,b phase. They found the value o f K a  to be as low as 0.77 pN when the 

temperature is lowered towards the N-N,b phase. Similar results have also been found 

for other bimesogens [7]. Additionally, an electroclinic effect o f  tlexoelectric origin was 

also demonstrated recently [4] in the N,h phase.

In this chapter we determine the elastic constants Â n and K ^ ,  effective 

flexoelectric coefficients |(e, -e^)\  in the nematic phase, and the flexoelectric

polarization Pf in the N  and Nth phase o f a bimesogen C B C llC B . Furthermore, we 

investigate how the flexo-elastic parameters differ from rod-like and bent-core 

molecules, and other bimesogens that do not exhibit the second nematic phase.

The chapter is divided into three sections: the first part presents the results o f 

dielectric and elastic constant studies conducted in the N  phase; the second part 

discusses the results obtained for the effective flexoelectric measurements in the N  

phase; the third part concentrates on the flexoelectric polarization measured in both the 

N  and N,b phase.
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4.2 Material under Study and XRD Results

The material under investigation in this chapter, C B C llC B  is a symmetric 

dimer, synthesized in Hull, which consists o f  two cyanobiphenyl units linked by an 

alkyl chain o f  eleven methylene groups. The chemical structure and phase transition 

temperature o f  the sample is shown in Fig. 4.1. The material, on cooling from the 

isotropic phase, exhibits a transition to the ordinary nematic phase (N) and to the second 

nematic phase ( Nib) on further lowering the temperature.

(CH2), // V / /  w ■CN

N,b 108.7 N 125.3 Iso

Figure 4.1: Chemical structure and transition temperature o f the material under study: 

C B C llC B .

b)

Figure 4.2: XRD patterns o f  the sample aligned by a IT  magnetic field on cooling, (a) 

ordinary nematic phase, T =120”C (b) N,b phase, T =100°C. For more 

clarity, intensity from the isotropic phase was subtracted from both patterns.
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The XRD patterns o f C B C llC B  were obtained by Dr. M ehfs group in Hull 

(Fig. 4.2). They found that the X-ray diffraction patterns showed typical features o f a 

nematic phase: a diffuse wide angle scattering located around the equator, and a diffuse 

like scattering on the meridian in the small angle region. Furthermore, the position and 

intensity o f  the small angle scattering only changed slightly as temperature was 

decreased from the N  to the N,t, phase. No significant increase in the small angle 

intensity was found to occur on transition into the low temperature M* phase; this 

confirmed the absence o f  layer formation and excluded the lower temperature phase to 

be a smectic phase.

Part I

4.3 Dielectric and Elastic Properties 

4.3.1 Experimental Method

The experimental setup to evaluate the real part o f  the dielectric permittivity 

includes an optical microscope (Leitz laborlux 12 POL S) with crossed polarizers, a 

data acquisition board (NI-USB 6216), a photodiode with an I-V converter and a 

software lock-in amplifier (refer to Figure 3.5). The setup measures the AC current 

response from which it evaluates the capacitance; the capacitance is then converted into 

the respective permittivity values using the equation e' = C/Co, where Co is the 

capacitance o f  the empty cell.

The parallel and perpendicular components o f  the dielectric constants, £:||' and

were obtained by applying an AC field o f  up to lOVpk (~1.5V/|j.m) at a frequency o f  

1 kHz to a planar cell o f thickness 6.7 |im. A field o f  lOVpk was found sufficient to

enable complete switching o f  the cell to the homeotropic state (Fig. 4.3). This allowed
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the determination o f  both and from a single homogeneous cell for the maximum

applied field possible from the set-up (lOVpk). e[ was obtained as the permittivity

value much below the Freedericksz transition, while corresponds to the value at

higher voltages when the molecules are aligned perpendicular to the substrate and the 

permittivity value is saturated. The setup waits 30 seconds between consequent 

measurement points at a given temperature, in order to ensure that the molecules are 

completely switched on field application, or reverted to their original state on field 

removal. For the maximum applied vohage capable from our setup (lOVpk) and 

measurement conditions used for the N  phase, no noticeable switching was observed on 

transition into the TV,* phase; hence the dielectric data for the N,b phase has been 

excluded in our studies.

The splay and bend elastic constants were determined at frequency 1 kHz in the 

ordinary nematic phase from the voltage dependent retardation data using the method 

described in Section 2.6.

4.3.2 Results and discussion 

4.3.2.1 Dielectric Constant Measurements

The plot o f  the real part o f  dielectric permittivity as a fiinction o f voltage at 

frequency 1 kHz is plotted in Fig. 4.3 for a reduced temperature T-Tni = -4“C. A field o f 

lOVpk is sufficient to align the cell homeotropically and the dielectric constant tends to 

saturate at this voltage, as seen from the figure. The value o f  e ' «  F,/, corresponds 

to£^ and the value at voltages much higher than V,h corresponds to the parallel 

component o f  the dielectric permittivity,
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14 -

to

0 2 4 6 8 10

Applied Voltage

Figure 4.3: Real part o f  dielectric permittivity as a function o f applied voltage for 

reduced temperature T - T n i =  -4“C at frequency o f  1 kHz.

1 8 r

1 5 -  

1 2 -  

9 -  

6 -  

3 t
-18 -15 -12 -9 - 6 - 3  0 3

T-T„(°C)

Figure 4.4: Permittivity as a function o f  reduced temperature for frequency o f  1 kHz.
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The variation o f  dielectric constants as a function o f  the reduced temperature is 

plotted in Figure 4 .4 . The value o f  Ae' is positive throughout the nematic phase and 

show s no sign reversal as a function o f  decreasing temperature. The parallel com ponent 

o f  the perm ittivity show s an increase on coo lin g  from the isotropic phase, as expected in 

a material w ith  positive Ae', how ever it is seen  to decrease as the temperature is reduced  

further. The perpendicular permittivity drops sharply on transition to the nematic phase, 

and decreases steadily as the temperature is further reduced. The value o f  Ae' is < 4 .9  in 

the N  phase. Sim ilar trends w ere observed for other odd-sym m etric b im esogens [8, 9], 

where the temperature dependence o f  the perm ittivities w as linked to a change in 

conform ational distribution caused by the increase in the orientational order with  

decreasing temperature.

4.3.3 Elastic Constants

An exam ple o f  the theoretical fit to the retardation curve for a reduced

0

temperature, T -T ni =  -9 C is show n in Figure 4 .5 . The temperature variation o f  the splay  

and bend elastic constants hence obtained is plotted in Fig. 4 .6 .

It can be clearly seen that K\\  increases as the temperature is reduced. H ow ever  

A^33 show s a slight increase at higher temperature and progresses to fall much below  K\ \ 

as the temperature is further reduced. A t the low est temperature for w hich  the elastic  

constants w ere measured, the bend elastic constant is seen  to decrease by a factor o f  

alm ost 3 below  K\\ .
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—  theoretical fit
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Retardation as a function o f applied voltage for T -T ni= -9”C at frequency o f  

1 kHz.

Iso-16-

18 -16 -14 -12 -10 -8 ■6 ■2 0 2■4

T-TJ”C)

Figure 4.6: Elastic constants as a function o f reduced temperature. The experimental 

errors in the estimation o f the elastic constants are shown by vertical 

arrows.
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Interestingly, a feature similar to pre-transitional divergence is observed for K\ i 

close to the N-Ntb transition temperature, while no such change is observed for the bend 

elastic constant. The value o f  at higher temperatures is particularly intriguing as it 

tends to increase slightly above K\ \ after transition to the nematic phase, only to fall 

steadily with decreasing temperatures as it approaches the N-N,b transition. Within the 

measured temperature range, even though ^ ^ 3 3  decreases as the temperature is lowered, 

the sign o f  is still positive.

The ratio o f  splay to bend elastic constant K^/Kw  is shown in Fig. 4.7. Its value 

is seen to increase to just above 1.0 after transition to the nematic phase. However, the 

ratio decreases steadily as the temperature is further lowered in the nematic phase. As 

the N,h transition temperature is approached, the value o f  K^i/K\ \ decreases to as little as 

-0 .36 .

1.5-,-----------------------------------------------------------------------

0 . 0  H-------------- 1-- \-------------- 1---1-------1---------- 1-------- 1-----------1----- 1-----------1------1 r
-18 -15 -12 -9 -6 -3 0

T-T„(°C)

Figure 4.7: Ratio o f  Ks^lK] \ as a function o f  the reduced temperature.
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Figure 4.8 shows the effective elastic constant K, defined as {K\\+Kii)l2.  It can 

be seen that after an initial increase close to the isotropic-nematic transition K  becomes 

nearly invariant at lower temperatures.

1

1

1

3 -

-18  -16  -14  -12  -10 2 08 6 4

T-T„,(°C)

Figure 4.8: The effective elastic constant as a function o f  reduced temperature.

The temperature behaviour o f  Â n in C B C l l C B  is typical o f that found in 

nematic materials, whereas that o f is not. The initial increase o f near the 

transition and subsequent decrease with temperature is vaguely reminiscent o f  the BCNs 

where an initial increase is thought to be due to an increasing orientational order (5), 

and with deceasing temperatures coupling o f the bend distortion with S  increases 

leading to a decrease in the value o f  [10]. Calculations by Cesstari et al. [11] have 

found similar results for the elastic constants o f odd fluorinated bimesogens, with 

decreasing as the orientation order is increased. They concluded that there is a strong 

influence o f the molecular curvature on the bend elastic constants o f odd dimers.

99



CHAPTER 4

Experimental results on an odd ether linked bimesogen [2], which does not 

exhibit the Ntb phase, also revealed that < K \\.  The temperature dependence o f  K\ \ is 

similar to our results obtained for C B C l ICB; however the bend elastic constant, though 

smaller than A^n, is found to be almost temperature independent. For CBCl ICB, the 

behaviour o f  with decreasing temperature is similar to the results obtained in refs. 

[3] and [7], In reference [7] the authors found a small increase in just prior to the 

transition to the twist-bend nematic phase. Though we did not observe any increase in 

its value close to the transition, we find that the value tends to become nearly 

temperature independent close to the N-Nth transition temperature.

The value o f  obtained by us, for temperatures down to 0 .6“C above the N-Nth 

transition, do not seem to go to zero or fall below it. Hence, it is deviating from one o f  

the conditions required for the formation o f  the Ntt phase, as predicted by D ozov [6]. 

However, our experimental findings suggest that a small value o f  Ĵ 3 3  is important for 

the existence o f  the Nth phase. In addition, it also requires Â n > I K u  for the twist-bend 

nematic phase to be stable [6]. Our measurement technique does not allow for the 

evaluation o f  K ii,  however it is possible that this condition might be fiilfilled, as has 

already been calculated for bimesogens based on molecular field approach [8] and using 

dynamic light scattering [7].
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Part II

4.4 Flexoelectric Measurements

4.4.1 Experimental Technique

In order to obtain the effective flexoelectric coefficients using the converse 

electro-optic technique, a cholesteric mixture o f CBCl ICB was prepared by introducing 

a small concentration (~ 3%) o f  a high-twisting power chiral dopant R5011 (Merck, 

Korea) to the original sample, and this produced a short pitch mixture. The chiral agent 

is a right handed dopant with a helical twisting power (HTP) o f -100  |j,m''. Such low 

concentration o f  the additive ensures that the properties o f  the host sample are not 

drastically modified because o f the introduction o f  the chiral dopant. The sample was 

filled via capillary action by heating the empty cells into the isotropic phase using a 

temperature controller (Eurotherm 2604). The optical pitch was obtained by measuring 

the wavelength band for selective reflection for light normally incident on a 5|j,m planar 

cell by a UV/Vis Spectrometer (Avaspec-2048).

Since the ULH structure is not formed spontaneously on cooling a planar cell

from the isotropic phase due to the minimum free energy configuration o f  a chiral

0

nematic being a Grandjean texture, the cell was cooled at a rate o f 0.1 C/min under 

the influence o f  a moderate electric field (E ~ 2 V/|j,m) at a frequency o f  100 Hz. As 

with the BCNs studied in Chapter 3, we noted that the materials readily aligned into a 

ULH structure on cooling from the isotropic phase under the influence o f  the applied 

field, and no mechanical shearing was required to induce the texture.
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Figure 4.9: (a) Cholesteric texture obtained in a planar cell under crossed polarizers, on 

cooling from the isotropic phase without field applied, at T -T ni = -3°C. (b) 

and (c) depict the ULH textures captured by a 20x lens, obtained on cooling 

the cell from the isotropic phase under the influence o f a moderate electric

field; the optic axis (depicted by the red arrow) in each case is aligned at
0 0

angles o f 0 (b) and 45 (c) with respect to the polarizer P.

The texture obtained in the ordinary nematic phase of the chiral mixture (Fig. 

4.9(a)) is typical o f classical cholesteric liquid crystals in a planar aligned cell. Hence 

the technique o f obtaining the effective flexoelectric coefficient using the ULH 

technique is valid for the higher temperature N* phase. However in the N,/, phase, rather 

non-uniform rope like textures were observed (POM texture is given in the Appendix), 

which are very different from the higher temperature N* phase. This implies that the 

ULH method cannot be employed to evaluate |(e, - e 3 )|in this phase. The

characterization o f the N,b phase in the chiral mixture is a topic for future investigation, 

and hence, is not discussed fiirther in this chapter.

The texture o f the ULH structure observed in the N* phase using a polarizing

O

optical microscope (Olympus BX51) for a reduced temperature o f T -T ni = - 3 C is 

shown in Figure 4.9 (b, c) for various positions o f the optic axis with respect to the
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polarizer. Once a reasonable ULH texture was obtained, the tilt angle was measured by 

using the method described in Section 2.7.2.

4.4.2 Results and Discussion

Figure 4.10 shows the variance o f  the optical pitch p  in the N* phase as a 

function o f  the reduced temperature. The pitch was seen to increase from ~ 420 to ~ 535 

nm as the temperature was reduced. The divergence o f  the pitch in the N* phase on 

cooling is presumably an intrinsic property o f the chiral agent R5011, as the same 

material when introduced in a bent-core system [12] produced a pitch that varied 

significantly with reduced temperature.

6 0 0 -

5 5 0 -

E 
c

5 0 0 -

u
4 -*

b.
4 5 0 -  

4 0 0 -

-16  -14  -12  -10  -8  -6 -4  -2 0

T-T„(°C)

Figure 4.10: Variation o f  the optical pitch length in the N* phase as a fiinction o f  

reduced temperature.
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Figure 4.11 presents tan (j) plotted as a function o f the electric field for several 

reduced temperatures. A linear relationship between tan (j) and the electric field is 

observed, as predicted by equation (2.39), for the measured temperatures.
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Figure 4.11: Variation o f  tan ^ as a function o f  the applied field for a range o f  reduced 

temperatures.

As seen from the Figure, ^ shows noticeable increase for temperatures close to 

the N-N,b  phase. The temperature dependence o f the flexoelectrically induced rotation 

angle at lower temperatures is presumably due to the increase in the helical pitch as the 

temperature decreases (see Fig. 4.10); the tangent o f  the tilt angle is directly 

proportional to p , as seen from Eqn. (2.39).
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Figure 4.12: Effective flexoelectric coefficient as a function o f  the reduced temperature.

Figure 4.12 presents the temperature dependence o f  the effective flexoelectric 

coefficient | ( e , - e , ) ] . The sign o f  the effective flexoelectric coefficients [13] is

determined by referring to Eqn. (2.39), where a positive (j) corresponds to a rotation in 

the positive sense around an axis in the direction o f  the applied field. The chiral agent 

R 5011 is known to produce a right-handed helix, such th a tp >  0. Since K\\, > 0 for

CBCl ICB, this implies that (e, - e^ )>  0; hence setting the sign to be positive.

From Fig. 4.12 it can be seen that the value o f  |(e, -  )| increases from 21 pC/m

0

at T-T ni = -1 C to ~35 pC/m at the lowest temperature for which these measurements 

were performed. |(e, -  e,)| increases marginally at higher temperatures and becomes 

nearly independent o f  it as the temperature is decreased further. It would have been very
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interesting to obtain data at temperatures very close to the Nib phase; however the 

quahty o f  ahgnment and the resulting signal was seen to degrade significantly at these 

temperatures, rendering it nearly impossible to carry out measurements at these points.

The temperature dependence o f the flexo-elastic ratio e'/K  is plotted in Fig. 4.13. 

e'/K  is seen to be slightly temperature dependent at higher temperatures, and becomes 

nearly independent o f  it at lower temperatures. The ratio is observed to increase from 

~ 1 .46 to ~1.85 CN‘'m '' as the temperature is reduced.

2 .4 -

2 2 -

2 .0 -E
z
O

1u

-16  -14  -12  -10 2 08 ■6 -4

Figure 4.13: Flexo-elastic ratio as a function o f  reduced temperature.

Flexoelectric studies in the nematic phase o f bimesogenic molecules exhibiting a 

lower temperature twist-bend phase have not been reported yet, hence making it 

difficult to draw comparisons with similar systems; however the value o f 

\{ê  -g j)!  obtained here are much greater than that reported for calamitic molecules [13].
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For a well know n liquid crystal 5CB, the effective flexoelectric coefficien t was 

determined to be 7 .10 pC/m at T =  25”C [13], which is sm aller by a factor o f  alm ost 5 in 

com parison to the value obtained for C B C l IC B. D ue to the average bent shape o f  the 

m olecules, the bend flexoelectric coefficien t is expected  to be greater in odd 

bim esogens. This possib ly results in higher values o f  the effective flexoelectric  

coefficien ts in C B C l IC B w hen compared to conventional calam ities.

For an odd symmetric b im esogen  F F 0 9 0 C B  [2], \{ê  - e 3 )|w as estim ated to be

in the range o f  -  12- 16 pC/m (e'  ~  6-8 pC/m). Our values are determined to be alm ost

tw ice o f  that. In som e ester linked asym m etric b im esogens, e' ( = | ( e , - e 3 ) | / 2 ) was

estim ated to be as high as - 1 6  for the com pound F3FE 9E C B  at temperature T/T ni -0 .9 4  

[14], which is similar to the results obtained by us. The difference in the value o f  the 

effective flexoelectric coefficien t from other b im esogenic system s at comparable 

temperatures may arise from the different electric structure o f  the dim ers, as w ell as 

their geom etry or flexib ility  [15],

I f  a direct com parison is possib le with B C N s on  account o f  the bent shape o f  the 

odd b im esogenic m olecules and sim ilar temperature dependence o f  the elastic constants 

(especia lly  Â 3 3 ), the values for |(e, - e , ) ]  presented here are slightly higher than that

estim ated by us in the h om ologous series o f  the bent core m olecu les, studied in Chapter 

3. This difference could have arisen due to an increased flexib ility  o f  the bim esogens  

w hich a llow s for a range o f  different conform ers, hence deviating from a true bent 

structure.
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Part III

4.5 Flexoelectric Polarization Measurement using Pyroelectric 

Technique

4.5.1 Theoretical Background

The pyroelectric technique is an extremely sensitive method used to measure the 

flexoelectric polarization Pf 'm a hybrid aligned nematic (HAN) cell. In a HAN cell, one 

o f  the substrate is coated for planar alignment and the other for homeotropic. In such a 

configuration the director field has a permanent splay-bend deformation, which 

generates a flexoelectric polarization Pf.

The pyroelectric technique yields measurements o f  very low values o f  Pf  with 

zero external fields applied to a LC cell. In general for a LC, the pyroelectric coefficient 

y is defined as [16]:

dP.r =  — . ( 4 ,„

where d P / d T  is the rate o f  change o f  the spontaneous polarisation with temperature.

For a hybrid aligned (HAN) cell, the flexoelectric polarization Pf takes the place o f  Ps 

[16]. Hence Eqn (4.1) can be re-written as:

dP.
7  =  ^ .  (4 .2 ,

When a HAN cell is irradiated by a short pulse o f  light, a pyroelectric current ip is 

produced by the sample:
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dPf ^dPf dT
— -  =  S — - X  — (4.3)
dt dT dt  ’

where dT/dt is the time rate o f change o f temperature o f the sample due to the heating 

by the light pulse and S  is the area o f the electrodes. On re-arranging the terms we get;

where is the temperature above the isotropic to nematic phase transition and T  is the 

temperature for which is to be calculated.

Since the quantity dT/dt is unknown, the absolute value o f  Pf (T) cannot be 

calculated by the measurements alone. It requires calibration by another method in order 

to provide an absolute value o f  polarization at a certain temperature. In this thesis, we 

use the current reversal technique (Section 2.3.1) [17] in conjunction with the 

pyroelectric technique to determine the necessary calibration factor.

4.5.2 Experimental Setup

The schematic representation o f the pyroelectric setup used to obtain the 

flexoelectric polarization is shown in Fig. 4.14. The temperature controller allowed the 

sample temperature to be regulated with steps o f0 .1 ”C.

i J T (4.4)

Integrating both sides yields the following equation for Pf\

(4.5)
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s i
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Figure 4.14; Pyroelectric Set-up.

A light o f  constant intensity with time was chopped at a fixed frequency. The 

pyroelectric signal usually has a very low level (o f the order o f  microvolts), hence a 

Lock-in Amplifier (Stanford Research System / Model SR830 DSP) triggered at the 

light modulation frequency has to be used in order to obtain reasonable accuracy o f  the 

measurements. The modulation frequency o f  170 Hz was chosen as it was noted to 

produce the best signal to noise ratio. The measurements for CBCl ICB were made in 

the absence o f  an electric field, hence potential effects such as ionic screening and 

coupling o f dielectric anisotropy to the electric field were neglected.

The calibration o f  the pyroelectric signal, required to obtain the absolute value 

o f the pyroelectric coefficient for CBCl ICB, was provided by a well-known 

ferroelectric LC 120F1M7 (chemical structure and phase transition temperature is 

provided in the Appendix), whose spontaneous polarization was determined 

independently using the well-known current repolarization technique (results are shown 

in Fig. 4.15). For the pyroelectric effects to appear in this material, the helix o f  the
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smectic-C* phase has to be unwound. For this purpose, we applied an electric field o f 

lV /|j.m  to the planarly aligned sample from an arbitrary waveform generator (HP 33120 

A). The pyroelectric signal generated for 120F1M7 was then recorded using the same 

measurement conditions as for C B C llC B . The integrated pyroelectric signal was then 

scaled to the value o f  Ps (evaluated using the field reversal method) at a particular 

temperature. We used the value o f  Ps = 64 nC/cm^ at T = 77°C and this yielded the 

necessary calibration factor. Fig. 4.15 represents the temperature dependence o f the 

pyrolectric signal and Ps in the 120F1M7 liquid crystal. The sharp peak that appears at 

93“C in the pyroelectric signal corresponds to the Sm/i —> SmC* phase transition. The 

integrated pyroelectric signal (green line) for 120F1M7 was found to be in good 

agreement w ith the temperature dependence data o f the spontaneous polarization 

measured using the field reversal technique (black hollow squares). In the nematic 

phase o f  the classical calamitic 5CB, the value for Pf obtained using our setup is similar 

to that reported in literature [16], thus confirming the validity o f  our results.

600120F1M78 0 -

6 0 -
CM 400 o )E
o
Oc

(pyroelectricity) 

□  (field reversal)

200Q _

2 0 -

______________

90 100 11070 80

T(°C)
Figure 4.15: Temperature dependence o f  the pyroelectric signal (red circles), and

spontaneous polarization o f 120F1M7 measured using field reversal

(black squares) and pyroelectric technique (green line).
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4.5.3 Results and Discussion

Figure 4.16 shows the temperature dependence o f  the pyroelectric signal and the

absolute value o f  flexoelectric polarization (obtained by integrating the pyroelectric

coefficient) for a 7.7 //m hybrid cell filled with CBCl ICB. The peaks that appears at T 

0 0

= 126.6 C and 107 C (on cooling the liquid crystal) correspond to the Iso-N and N-Ntb 

phase transitions, respectively

0.18

0 .1 5 -

0 . 1 2 -CN

E
Oc 0 .0 9 - 40

Q_'^ 0 .0 6 -

20
0 .0 3 -

0.00 >«
CL100 110 120 130 140

T(°C)

Figure 4.16: Temperature dependence o f  the pyroelectric signal (black squares) and 

flexoelectric polarization (red line) o f CBCl ICB.

The pyroelectric signal in the isotropic phase is not zero, presumably due to a 

strong surface polarization present in the sample [18]. This vector was subtracted when 

calculating the Pf. The magnitude o f  Pf increases on transition from the isotropic phase 

and is seen to grow marginally from 0.08 to 0.10 nC/cm as the temperature is further 

reduced in the nematic phase. It is observed to increase steadily on cooling at the
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transition into the Nib phase. The value reaches alm ost 0 .17  nC/cm^ at the low est 

temperature for w hich the measurem ents were carried out. Our results show  that the N,h 

phase has a large flexoelectric polarization com pared to the classical nematic phase, by 

a factor o f  alm ost 2. This is also possib ly the source o f  the electroclin ic effect observed  

in this phase by M eyer et al. [3].

In the literature, flexoelectric polarization has been determined for a calam itic 

system  in the nematic phase o f  5CB [16]. This w as found to be 0 .04  nC/cm^. B y  

com parison. \Pj\ determined for C B C l IC B  is larger by a factor o f  alm ost 2.5 tim es in 

the N  phase and ~  4 tim es in the N,t, to that obtained for conventional rod-like m esogens. 

Due to the overall bent shape o f  the odd-bim esogens, the magnitude o f  the bend 

flexoelectric coefficient can be higher in the N  phase o f  these materials. This possibly  

g ives rise to high values o f  Pi in C B C l IC B in com parison to rod-like m olecules. The 

large values o f  and \(ê  - e 3 )|in  the N  phase and P/ in the N  and N,h phase indicate

that not only bend, but splay deform ations may also influence the m acroscopic effects  

exhibited by the N,b phase.

4.6 Conclusion

W e have obtained the splay and bend elastic constants, the effective  

flexoelectric coefficien t,|(e , - e ^ ) \ ,  in the nematic phase and flexoelectric polarization in

both the ordinary nematic and tw ist nematic phase o f  a b im esogen  C B C l IC B. We 

found that Â n increases with decreasing temperature, but the value o f  tends to fall 

■Steadily after an initial increase on transition from the isotropic phase. Though the bend
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elastic constant was seen to fall by a factor o f  almost 3, the sign o f  the constant was still 

positive and does not seem to go to zero or fall below it for the temperature range 

measured. The trend more or less agrees with other bimesogens exhibiting the M/, phase. 

The value o f  (e, -e ,) ra n g e d  from ~21 to 35 pC/m, and was observed to be nearly

independent o f  temperature after an initial increase below the isotropic-nematic 

transition. The effective flexoelectric coefficients for C B C llC B  were obtained to be 

much larger in comparison to conventional calamities and almost twice higher for 

C B C llC B  than that reported for another odd symmetric bimesogen. The flexoelectric 

polarization in the N  phase was found to be almost 2.5 times higher than in rod-like 

molecules. Additionally, Pf was obtained to be much larger in the N,b phase than in the 

nematic phase. This is possibly the source o f  electroclinic effect observed in this phase.
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Chapter 5 

Electro-Optical Investigations at the Nematic-Ntb 
Interface

In this chapter, the pre-transitional effects observed close to the N-N,b phase transition 

is investigated through polarizing optical microscopy.
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CHAPTER 5

5.1 Introduction

The presence o f  a second nematic phase below the ordinary nematic phase in 

some odd bimesogenic liquid crystals composed o f  two rod-like mesogens was 

discussed briefly in Chapter 4. This phase has attracted significant attention because o f  

a number o f  novel properties [1-4] exhibited by it in comparison to the higher 

temperature nematic phase. In earlier studies [1-2], this phase was referred to as Nx as 

the details o f  the molecular structure were unknown. However, most recent works [5, 6] 

provide rather clear evidence o f  the presence o f  a nano-scale structure similar to the 

ones predicted by R.B. Meyer [7] and 1. Dozov [8].

Dozov [8] predicted the existence o f  two nematic phases, differing in their 

director distribution, in bent core systems. According to his studies, if the bend elastic 

constant becomes negative, then the director would no longer be aligned as in the 

conventional nematic phase but would become bent and produce spontaneous 

distortions. The bend deformation would not exist on its own but would require a 

stabilizing splay or twist deformation [8]. In the splay-bend nematic, the director always 

remains in one plane, but the local bend changes its sign periodically. The director in 

the twist-bend nematic however rotates around a cone, allowing the local bend to 

remain at its spontaneous value [8], The twist-bend nematic differs from the 

conventional chiral nematic in that, the director follows an oblique helicoid, maintaining 

a constant oblique angle with the helix axis; whereas in N* the director twists in space, 

drawing a right angled helicoid. Furthermore, for the twist-bend phase to be stable with 

respect to the splay-bend it is necessary for K \\> 2K2i [8].

The twist-bend nematic phase is o f  particular interest as its chirality appears 

spontaneously even though the constituent molecules are achiral. As a result o f  the
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molecular achirality the phase may require to be composed o f two chiral degenerate 

domains o f opposite handedness. Though this model was initially proposed for bent- 

core systems, it may be reasonable to extend it to LC bimesogens with odd spacers due 

to an overall bent shape o f the molecules, as mentioned previously in Chapter 4. 

Furthermore, recent investigations [5-6, 9] have also more or less confirmed that the 

second nematic phase occurring in these materials is indeed the N,b phase.

In this chapter, the electro-optical studies performed close to the transition 

temperature of the ordinary nematics and the second nematic phase, now classified as 

Nib, is discussed. Prior to introducing the studies performed at temperatures close to the 

N-Nib transition, an overview o f the striped patterns observed previously and the 

properties [1-4] exhibited by the N,b phase is discussed in the next section.

5.2 An Overview of the Properties of the Ntb Phase

The twist bend or N,* phase, occurring in bimesogens connected by an odd 

number o f carbon atoms, is classified by the presence of spontaneous periodic patterns 

in a homogeneously aligned cell, in addition to the absence o f the thermal fluctuations 

characteristic to the usual nematic [1]. The POM images obtained for one such 

bimesogenic material CBCl ICB for cell thicknesses 7.7 and 13|xm are presented in Fig. 

5.1 (a, b, c) and 5.1 (d), respectively. At higher temperature (Fig. 5.1(a)) the 

conventional nematic phase is observed. Fig. 5.1(b) shows the uniform N,b phase at the 

phase transition. The thermal fluctuations, characteristic o f ordinary nematics, are 

invisible in the Nib phase. On further cooling the sample. Fig. 5.1(c), the striped pattern 

appears, and gradually fills the entire area o f the sample. The spontaneous appearance 

o f self-deformation pattern in planar aligned cells was one o f the first phenomena which
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attracted attention to the N,b phase. The periodicity of the pattern is defined by the cell 

geometry and in planar cells is found to be equal to double the cell gap [1]. In cells 

with thicknesses greater than ~8|J,m a focal-conic pattern is observed (Fig. 5.1(d)). The 

appearance of the striped and focal-conic patterns is likely to be determined by a 

delicate interplay among surface conditions, material constants, thermal and electric 

field history o f the sample [10].

Figure 5.1: POM textures obtained in planar aligned cells filled with the material

CBCl ICB. In a 1 cell on cooling from isotropic phase: a) the TV phase, 

b) shows the N-Ntb transition, c) magnified image o f the striped texture at 

lower temperatures in the N,b phase, length o f the white bar is 30 |xm, (d) 

focal-conic domains in 13|am thick cell, white bar length is 55|im. White 

arrows represent the rubbing direction.

Uniform N t h

Ncmatic
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Apart from the spontaneous appearance o f  stripes, this phase also exhibits a 

microsecond linear response to an applied electric field in a manner similar to that 

observed in chiral materials [2], The experimental studies were conducted on both pure 

dimers and their mixtures with 5CB [2]. For materials with positive Ae' the signal was 

seen to degrade rapidly, as the applied voltage caused transition to the homeotropic 

state. In materials with negative As' the fast and linear response was observed up to the 

breakdown voltages, with the switching time being o f the order o f  5 |^s [10]. An 

example o f  this fast, linear optical response is shown in Fig. 5.2, for a 5 |xm cell filled 

with an odd dimer material (M2 -  chemical structure and phase transition temperature is 

provided in the Appendix), in the N,h phase. A perfect linear response and switching 

time o f the order o f 4 |is was observed [2].

1 Rise Time  
I 138.7 us 

] C H I "  
] F.jII Time

appHfd

H I 3S2m V

Figure 5.2: Oscillogram o f the optical response in the Nib phase o f  an odd bimesogen 

(M2), in a 5p.m planar cell. Uappiied = 96.8 Vpk.pk [2]. Here, channel 3 (pink) 

represents the applied voltage, channel 1 (yellow) is the optical response, 

magnified utilizing the AC input mode o f  the oscilloscope, and channel 2 

(blue) is the same response signal acquired with DC mode. Image taken 

from [2].
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The nature o f the response closely resembles an electroclinic or ULH effect; 

both o f which were originally attributed to chiral materials, while all the bimesogenic 

molecules used in the experiment were non-chiral. However, NMR studies [11, 12] 

show the presence o f chirality in the Ntb phase. This was suggested to be a consequence 

o f the odd-spacer linked molecules having, on average, a bent structure. The chirality o f 

the phase then produces a small chiral biasing of the conformer distribution [12]. 

Recently, in an independent study conducted by two groups[5, 6], a 8 nm helical pitch 

was determined in the N,h phase using freeze-fracture transmission electron microscopy 

(FFTEM); a technique which allows direct visualization o f the micro structure o f the LC 

phase.

Figure 5.3: POM textures o f an odd dimer in planar cells o f 2 |im (a) and 5 }xm (b,c,d).

Domain boundary at 0 V (a,b); +200 Vdc (c ), and -200 Vpc (d). White 

arrow represents the rubbing direction; bar length is 100 ^m. Image taken 

from [2].
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In addition to the polar switching, domains with opposite sign o f switching in 

the N,b phase [2] were observed, as demonstrated in Fig. 5.3. These domains are 

separated by a discontinuity in the striped pattern (Figs. 5.3 (a) and (b)). The domains 

remain stable in the TV,* phase; however, on heating the sample to the nematic phase 

these disappear, and re-appear randomly on cooling the sample back. While no visible 

difference was observed between the domains in the absence o f an electric field, 

however on application o f a DC electric field (Figs. 5.4 (c) and (d)) it was observed that 

the optical axis in neighbouring domains deviate from the rubbing axis in opposite 

directions; indicating that the optical axis exhibits two directions o f deviation. This 

deviation o f the optical axis from the rubbing direction is similar to the electroclinic 

effect or ULH switching [2]. For small applied fields the domain configuration was 

rather random and was determined by the surface irregularities and the thermal history 

o f the sample [2, 10]. In some cells a mono-domain area could be observed as large as 

the microscope field of view, i.e. a few millimeters in diameter [4],

Further investigation revealed that application o f high alternating current (AC) 

electric fields and high frequencies produced periodic striped domains in the N,b phase 

[4], as shown in Fig. 5.4. This pattern was obtained by applying an AC electric field of 

~16 V/)j.m at frequency o f 5 kHz. at temperature ~ 0.5“C below the N-N,b phase 

transition. The image was captured with a DC field o f the same amplitude applied. This 

is a completely different striped pattern from the one observed in planar cells at lower 

temperatures in the N,b phase without electric field. In Fig. 5.4, a periodic striped pattern 

formed by the domains o f opposite switching can easily be seen. When the parameters 

o f the applied field were changed gradually, the periodicity o f the domains were 

observed to change via “sliding in” or “sliding out” o f a domain along the domain 

boundaries as marked in Fig 5.4 by circles [4].
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Figure 5.4: POM image o f  a 5 |xm EHC cell, E = 16 V/|o.m, frequency 5 kHz. The 

domain boundaries are perpendicular to the alignment direction (R). Darker 

areas: the optical axis deviated from the rubbing direction towards the 

polarizer axis (P), and is almost parallel to it. Brighter areas: the optical 

axis deviates in opposite direction and forms a larger angle (a few degrees) 

with the polarizer axis. Right and left images differ in the sign o f  the 

applied DC field. Image taken from [4].

The opposite switching in the adjacent domains hence suggests the presence o f 

opposite chiral handedness. Further investigations revealed that the periodicity o f  the 

domains ranged from ~2 to 12|im. depending on the frequency and the amplitude o f  the 

applied voltage for a 4 j^m planar cell, enabling controlled production o f  periodic 

structures [4].

Recently Meyer et al. [9] extended the twist-bend nematic model to describe the 

electro-optics o f  this phase. They predicted that an electroclinic effect o f flexoelectric 

origin, analogous to the ULH effect observed in chiral nematics, should exist in the Ntb 

phase. They also mentioned that the electro-optical effect in this phase, first observed by 

Panov et al. [2], could be a result o f  the electroclinic effect.

In materials exhibiting positive Ae', a considerable hysteresis is seen in 

homogeneous cells when the Nib sample is subjected to Freedericksz transition,- the
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hysteresis is seen to increase rapidly on cooling the sample. Figure 5.5 demonstrates the 

difference between the transmittance-curve exhibited by ordinary nematic and twist- 

bend nematic at temperatures 69.5°C and 68.5°C, respectively, o f  the odd dimer mixture 

(CBC9CB + 30 % 5CB) in a 2.4 |j.m planar cell when subject to an electric field 

(~4V/^m).

The Freederickz transition phenomenon in the Nit, phase takes much longer time, 

nearly tens o f seconds, in comparison to the nematic phase (few milliseconds) 

indicating that the phase is quite viscous. The coexistence o f  such a dramatic viscosity 

increase together with the appearance o f  the microsecond response in the TV,* phase is 

extremely intriguing.

0.4

CBC9CB+ 30% 5CB 
2.4tim Planar cell 
1 kHz, S inew ave  
120 sec/point

c
D

< 0.3  -

OJ
c
O )

i f)

•  T = 69.5°C (N) 
o T = 68.5°C (N jJH ysteresis

0)
■ D
g

o
o

0 . 2 -

No H ysteresis

Q.

0 2 6 8 104

Applied Voltage (V)

Figure 5.5; Freedericksz transition in a 2.4 |j.m planar cell filled with an odd dimer 

mixture (CBC9CB + 30% 5CB) having positive dielectric anisotropy. The 

ordinary nematic phase exhibits conventional behaviour, while 

considerable hysteresis is observed in the N,h phase.
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In addition to the spontaneous striped patterns observed in planar cells; 

spontaneous deformation patterns -  Stripe-1, and the field induced patterns -  Stripe-2, 

we discovered a new set o f stripes very close the N-N,b transition. In this chapter we 

present the results o f the electro-optical experiments performed at the boundary o f the 

N-N,b phase. The condition for the appearance o f the new striped pattern is studied for 

various cell gaps and concentrations o f the sample.

5.3 Materials under Study

The bimesogens CBC7CB and CBC9CB and their mixtures with 5CB were used 

to investigate the pre-transitional effects. The chemical structure of the compounds 

investigated in this chapter is given in Fig. 5.6 and the transition temperatures are given 

in the figure caption. The pure bimesogens together with the mixtures containing 20 and 

30% by wt. of 5CB were synthesized by Dr. Mehl’s group in Hull; while the mixtures 

with concentrations o f 34 and 42% 5CB were prepared in Dublin. The lower 

temperature twist-nematic phase existed in all the mixtures composed o f  varying 

concentrations o f 5CB. The existence o f Nti, phase in the mixtures with 5CB allows the 

phase to extend to a wide temperature range including room temperature. All the 

materials studied in this chapter have positive Ae'. The phases in the mixture were found 

to be relatively stable, and no phase separation was seen to occur during the 

experiments. POM studies in homogenous cells confirmed that N,i, phase occurs in all 

the dimer mixtures studied.
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C B CnCB;n = 7, 9

CN 

5CB
(4-Cyano-4'-pentylbiphenyl)

Figure 5.6: Chemical formula o f  liquid crystalline materials studied. Mixtures o f 

CBC7CB and CBC9CB with 5CB were prepared for up to 42 % by wt. o f 

the monomer, in order to investigate the pre-transitional effects. All 

mixtures with 5CB exhibit both the ordinary nematic phase and the lower 

temperature twist-bend nematic phase. No phase separation was found to 

occur during the experiments.

% 5CB 0 2 0 30 34 42

CBC7CB N,b 103N 116 1 N,b 72 N 92 1 N,b 53 N 80 1 N,b 51 N 75 1 N,b 42 N 65 1

CBC9CB N,b 109 N 124 1 N ,b 7 8 N  102 1 N,b 65 N 93 1 N,b 56 N 83 1 N,b 45 N 74 1

Table 5.1: Transition temperatures in Degree Celsius for the pure bimesogens and their 

mixtures with 5CB.

5.4 Experimental Technique

In order to study the pre-transitional phenomenon, homemade cells o f  thickness 

varying from 5-8 |o.m, and commercial planar cells o f  thicknesses 5, 15 and 25 |xm were 

used. The electro-optical set-up described in Section 2.3 was used to carry out detailed 

investigations o f  the bimesogenic samples.
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5.5 Results and Discussion

POM studies performed by us in cells o f thicknesses greater than 8|j,m and 

certain concentrations o f 5CB in the dimer mixture, revealed the appearance o f fine 

stripes very close to the N-N,b transition. These stripes are often accompanied by the 

appearance o f ‘rainbow- colours’ and appear spontaneously at a narrow temperature 

range close to the transition region. These patterns are positioned perpendicular to the 

rubbing direction, hence making them quite distinct from Stripe-1, observed at lower 

temperatures in the Nth phase.

Figure 5.7 shows the textures obtained using a polarizing microscope in a 

25 [xm planar cell filled with the material (CBC7CB + 30% 5CB), for temperatures 

close to the N-N,b transition. The region with the stripes along with the ‘rainbow- 

colours’ is easily distinguishable from those of the other two nematic phases. This 

region is also seen to have fluctuations similar to those observed in the nematic phase. 

The periodicity o f the striped pattern in this particular sample is obtained to be 2.94 [im, 

which is much lower than the cell thickness.

When an electric field (lOV, 10 kHz, square-wave) is applied across this region, 

[see Figure 5.7 (b)], the stripes tend to lose their uniformity and become wider. 

However they look very different from those in N  or N,b phase. It is seen that the 

nematic phase almost switches to the homeotropic state at this field, as the material has 

positive dielectric anisotropy, while N,b phase remains planar.
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Figure 5.7: POM textures obtained in a 25|xm cell filled with the sample (CBC7CB + 

30% 5CB) when viewed under cross-polarizers on slowly cooling the cell 

from the nematic phase, (a) the observed striped region between the N  and 

Nib phase for a lOX lens magnification observed at temperature 52.75°C 

(length o f  the magenta bar is 24 jxm). The stripes are uniform and have a 

periodicity o f  2.94 jxm. The red arrows depicts the rubbing direction; (b) the 

effect o f  an electric field (10 V with frequency o f  10 kHz at temperature: o f 

52.82°C) applied across the cell in this narrow temperature range. In (c) and 

(d) colours obtained are compared when the rubbing direction is rotated left 

(c) and right (d) from the axis o f  the crossed polarizers. The circle diameter 

is 80fxm.
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When the rubbing direction is rotated shghtly from the axis o f  the crossed polarizer to 

the left (Fig. 5.7(c)) and right (Fig. 5.7(d)), the colours o f  the texture obtained seem to 

be interchanged. For ease o f  observance this is demonstrated by the area enclosed by the 

blue-dashed circle. This complimentary exchange o f  colours between the textures is 

indicative o f  a certain extent o f spontaneous chirality in the system.

The periodicity o f  the new stripes varies as a function o f  both concentration and 

the cell gap. In the pure materials, the stripes are not readily visible but as the 

concentration o f  5CB is increased these are more detectable. However, beyond a certain 

concentration o f  5CB (> 34%), the stripes disappear completely in some o f  the samples. 

This effect is not seen under fast heating or cooling, and is observed in cells with 

thicknesses > 8 ^im, which indicates that this effect is not caused by the cell surfaces. 

The periodicity o f  the stripes together with a temperature range o f  the rainbow colours 

for various cell thicknesses and concentrations have been studied for both sets o f  dimers 

CBC7CB and CBC9CB, and their mixtures with 5CB. The results are summarized in 

Table 5.2. For the mixtures, at a fixed concentration o f  5CB, the periodicity o f  the 

pattern is seen to increase slightly as the cell gap is increased. For example, in the 

CBC7CB + 20% 5CB mixture, the periodicity increases from 1.93 to 2.2 jxm as the cell 

thickness is increased from 15 to 25}j,m. Similarly, for a fixed cell gap, the periodicity is 

seen to increase as the concentration o f  5CB is increased. The cell gap and 

concentration dependence o f these striped patterns is particularly intriguing. However 

the theoretical reasoning pertaining to the trend exhibited by the stripes needs more 

detailed investigations, and is thus, beyond the scope o f this thesis.

The temperature range associated with the ‘rainbow-colours’ is estimated to be

less than 0.1 C, and appears primarily to be a function o f  the temperature gradient in

the particular experiment, the cell gap and to a certain extent the concentration o f 5CB
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in the mixture. When a second heater was introduced on the top o f the sample, the 

temperature range o f  the 'rainbow colours' was found to decrease significantly, and in 

some cases vanished altogether, making evident its relevance to the temperature 

gradient across the cell. The periodicity o f the striped pattern, however, remains 

unaffected, suggesting that the rainbow colours are related to the temperature gradient, 

while the stripes are independent o f it. (Note Table 5.2 summarizes the temperature 

ranges for the bimesogenic mixtures in the absence o f  the second heater.)

% o f5 C B 0% 20% 30% 34% 42%

CBC7CB 
15|j.m

0.08”C

no

0.03“C 
1.93 fim

0.06”C 
2.74 î m

0.06“C
no

0.03°C
no

CBC7CB
25^m

0 .1 6 ^
no

0.08"C 
2.20 ^m

0.25‘’C 
2.94 )im

0.12“C 
no

0.06”C
no

CBC9CB 
15(j,m

0.08”C
no

0.1 "C 
2.94 |im

0 .0 8 ^
no

0.03"C
no

0.0°C
no

CBC9CB
25}xm

o.rc
no

0.2"C 
3.27 |am

0.13T 
no

0 .0 8 T
no

0.04"C
no

Table 5.2: The periodicity o f the striped patterns (b o ld )  and the temperature ranges 

associated with rainbow-like colours for the various mixtures and cell gaps.

Olass substrate
lition region f  Temperature 

I  gradient |y|^<1
‘ Stripes. ' '
• rainliow coioiii

Olass sulfstrate

Heater

Figure 5.8: The temperature gradient in a heating stage causes the interface between Nib 

and nematic phases to form wedge-like confinement for each phase.
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To explain the observed phenomenon, we refer to the geometry shown in Fig 

5.8. The temperature gradient in the heating stage can cause the interface between the 

nematic and twist-bend nematic to form a wedge hke confinement. The 'rainbow 

colours' and their behaviour as a function o f  the cell cap can then be explained by the 

interference on the wedge made with the materials with different birefringence and 

refractive indices (i.e. N  and N,b phases). However, the interchange o f  the colours on 

rotating the sample between the crossed polarizers (Figure 5.7 (c, d)) implies that not 

only birefringence, but some optical rotation is also involved. This indicates some 

degree o f  self-deformation and spontaneous chirality in the system. The fluctuations 

seen in the transition region appear to originate from a thin layer o f  the nematic phase 

present at the bottom (warmer) glass substrate, while the N/h phase is present closer to 

the top substrate (colder surface), see Fig. 5.8. The periodic pattern can be attributed to 

the interface between the two phases; the electric field switches the ordinary nematic 

phase by Freedehcksz  transition, whereas it causes the stripes to become non-uniform 

and wider, as seen in Fig. 5.7 (b). It is likely that the presence o f  a thin film o f aligned 

nematic phase improves the visibility o f  an intrinsic pattern o f the TV,* phase.

It is also noted that the observed phenomenon does not arise from the 

Grandjean texture, likely to be seen on confining a material with a short helical pitch in 

wedge geometry. In our case the stripes appear normal to the rubbing direction and 

these are independent o f the magnitude and direction o f the temperature gradient 

(visualized by the rainbow-colors), i.e. these are not caused by the wedge shape (Fig. 

4.9) o f  the Ntb (or N) sections o f  the sample.

These new stripes, which appear normal to the rubbing direction, are reminiscent 

o f  the patterns predicted by Dozov [8] for the twist-bend nematic phase. The values and 

sign o f  the elastic constants, especially bend, was anticipated to have a significant role
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in the formation of the N,b phase [8], Hence, it is quite likely that a change in the elastic 

constant values very close to the N-Ntb phase transition may have a key role to play in 

the emergence o f the new stripes. Large flexoelectric polarization also appears to be a 

plausible explanation o f the observance of the new' stripes close to the N,b phase, as 

recent studies by Meyer et al. [9] suggests the twist-bend phase to have a spontaneous 

flexoelectric polarization due to the conical helix structure o f the N,b. An electroclinic 

effect of flexoelectric origin was also demonstrated in this phase [9], Additionally, our 

experimental findings for the bimesogen C B C llC B , presented in Chapter 4, revealed 

that Pf  increases steadily close to the N-N,b phase transition and is ~ 2.5 times higher in 

N,b than in the N  phase.

5.6 Conclusions

In a narrow temperature range close to the N-N,b phase transition, a new type of 

striped pattern is observed under a polarising microscope, in bimesogens CBC7CB and 

CBC9CB and their mixtures with the monomer (5CB) in a temperature gradient cell, 

indicating yet another mysterious chiral self-assembly phenomenon observed in this 

class o f materials. These micrometer scale stripes are accompanied by the appearance of 

rainbow colours, and are present only in a narrow temperature range close to the N-Nib 

phase transition temperature. This effect is not seen under fast heating or cooling and 

observed in cells with a thickness > 8 |xm, which indicates that this effect is not caused 

by the cell surfaces. The appearance o f 'rainbow colours' is found to be related to the 

temperature gradient, while the stripes are independent o f it.
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Chapter 6 

Dielectric and Electro-optical Studies of a 
Dimesogen

In this chapter, the properties o f  a dimesogen composed o f  a hent-core and rod-like 

mesogen are investigated through dielectric and electro-optical techniques.
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6.1 Introduction

Connecting two bent-core mesogens or calamitic units with a flexible spacer has 

given rise to many novel and complex phase sequences, which in turn exhibit very 

interesting properties. Dantlgraber et al. [1] reported the first example o f a dimesogen 

combining two bent-core molecules linked by dimethylsiloxane units. Various 

ferroelectric and anti-ferroelectric polar SmC phases were observed in some of these 

compounds depending on the spacer length. It is also possible to combine a bent-core 

molecule and a rod-like mesogen to form a dimesogen. A number o f  studies have been 

performed on the terminal combinations o f such dimesogens [2-5], Some of these 

dimesogens were reported to have unusual liquid crystalline properties by Tamba et al. 

[2], with the mesophase behaviour being strongly dependent on the size and structure of 

the calamitic unit as well as the length and parity of the spacer.

There has been a continued interest in the dielectric studies o f the nematic phase 

formed by dimesogens as the dielectric properties are sensitive to both the dipole 

moment and the ordering of molecules. The dielectric anisotropy Ae' is one of the 

important parameters o f a LC material that needs to be determined for designing LC 

based devices as it plays an important role in the governing the electric field effects on 

such systems. Depending on the sign of A^' and the cell-configuration, the director can 

be realigned by the electric field. The reorientation o f the director via Freedericksz 

transition causes the optical properties o f the sample to change -  this phenomenon is 

exploited in many commercial LC applications. The sign o f A ^'can be positive or 

negative, and may even change sign at some frequency. Such a change in the sign of 

/S.s' as a function o f frequency has been reported for many calamities [6] and BC [7, 8]
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systems, and these nematics are often labelled as dual frequency nematic (DFN) LCs. 

In conventional DFNs, A ^'is positive at lower frequencies and negative at higher 

frequencies, and the frequency at which the sign reversal occurs is called the crossover 

frequency /c- DFNs are of particular interest as the sign reversal o f A^'provides a vast 

improvement in the switching on and off response o f the LCs in comparison to the 

conventional nematics [9], achieved by simply varying the frequency o f the driving 

signal. In most calamities the frequency at which sign reversal o f A f' occurs is too high 

for applications, whereas in BCNs [7, 8] this occurs at much lower frequencies.

In this chapter, we investigate the dielectric and electro-optical properties o f  a 

dimesogen, BRl composed o f a bent-core and calamitic mesogen, linked laterally via a 

flexible spacer [10], We find that the material exhibits DFN mode at much lower 

frequencies compared to conventional rod-like materials and BCNs.

6.1.1 Theoretical Background

The electric permittivity o f a material determines the polarization induced in the 

material by an electric field, as discussed in Chapter 1. If the applied frequency varies 

with time, then the frequency dependence of the permittivity is an additional property o f 

the material [11]. As with any time-dependent response, the measured permittivity may 

not be in phase with the applied field. In order to describe the frequency dependent 

dielectric response o f a material, the amplitude and phase o f the induced polarization 

must be determined. A convenient way of describing the phase and amplitude is through 

complex notation: e* =£'{a))-i£''(a>), so that s ’ (real-part) measures the in-phase 

response and s" (imaginary part) measures the 90° out-of-phase response [11].
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For uniaxial LCs in the absence o f  measurable local biaxiality, the frequency 

dependent dielectric permittivity can be analyzed in terms o f  the Maier and Meier (M- 

M) model [11],The strengths o f  the relaxations associated with the different processes 

can be related to the dipole components using the M-M model:

Here S  is the order parameter, /// = ^ c o s /3  and ju, = //s in /?  are the longitudinal and 

transverse components o f  the molecular dipole moment ju ; fJ is the angle made by the 

dipole moment with respect to the director n .  n and rtj_ are the parallel and

factor for each dipolar contribution to the dielectric relaxation strength. N  is the number 

density, T  is the absolute temperature, Eq is the permittivity o f  vacuum, F  and h are the 

internal field factors for the reaction and cavity field, and and g  are the anisotropic

Kirkwood correlation factors defined for the director parallel and perpendicular to the 

electric field respectively. ksT  is the thermal energy; with ks being the Boltzmann 

constant and g ^  is the net dipole correlation factor. While the quantitative behaviour o f

(6.3)

perpendicular refractive indices respectively. A = --------  is the multiplying/scaling
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the perm ittivity can be explained in terms o f these equations, they do not provide a 

quantitative analysis o f  the dielectric data.

For isotropic fluids, the Kirkwood correlation factor can be interpreted as the 

ensemble average o f  the cosine o f  the angle {6pa,r) between the dipole moment vectors 

o f the interacting pair o f molecules:

expressed in Eqn. (6.3) should vary in a continuous manner on decreasing temperature 

from the isotropic to the nematic phase. However, for many liquid crystals, especially 

those containing strongly polar molecules, the temperature dependence o f the dielectric 

behaviour often varies from that predicted by the above equations, where there is either 

an increment or decrease in the value o f  the mean perm ittivity at the isotropic to 

nematic transition due to local dipole-dipole correlations. The net dipole correlation 

factor {g N ) in the nematic phase is a flinction o f S  and is expressed as [12]:

The short range correlations between the dipolar molecules can be described in terms o f 

the anisotropic Kirkwood ^-factors defined for different directions in the sample. These 

are defined in terms o f  the appropriate dipole correlation functions as [11]:

(6.4)

Therefore in the case o f constant g ,^, the average perm ittivity, )

? » = A k < 2 S  + l)  +  / ' , ^ ( l - 5 ) ] + ^  / / / ( l - s )  +  / / , ^ ( l + i s )  . (6.5) 
3 //  3yU 2 _

g , = \  + V~'^G,{r)dr, (6.6)
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( u( 0) u{ r ) )
f i ( r ) =  , (6.7)

( « ( 0) / / , (0))

where i refers to the parallel and perpendicular directions. Thus, gy and measure the

extent to which the projections o f the molecular dipole moments are correlated along 

the principal axis o f an anisotropic fluid, assumed to be uniaxial in this case. Dielectric 

studies o f many LC samples indicate that the dipole-dipole associations play an 

important role in the determining the dielectric properties o f the material in the nematic 

and isotropic phases [13]. For materials exhibiting anti-parallel correlation with the 

longitudinal dipoles, g | <1. For parallel correlation with transverse dipoles, gj_ >1. With 

increasing temperature the g-factors go to unity, although antiparallel correlations can 

persist in the isotropic phase as well [13].

The dielectric anisotropy Ae' (=& |'|-£^) can be obtained from Eqns (6.1) and 

(6.2) and is given by [11];

. (6.8,
£g 2kT

Here A a  (oc - n \ )  is the anisotropy in polarizability and /? is the angle between the

long molecular axis and the dipole moment. It follows from Eqn. (6.8) that Af:'roughly 

follows the order parameter if fi is constant and short range correlations are weak. 

Thus, if the dipole moment is predominantly perpendicular to the alignment axis, then 

A^' is negative.
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Figure 6.1: (a) Illustration o f  the molecular rotational modes that contributes to the 

dielectric relaxation, (b) Representation o f  the frequency variation o f  e'(w) 

o f  a uniaxial nematic.
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For the nem atic phase, each com ponent o f  e ' given in eqn. (6.1) and (6.2) 

contains two contributions from  the m olecular dipole m om ent, and these are expected to 

show  at least two relaxation processes due to the different dependency o f  a com ponent 

o f  the dipole m om ent to the two perm ittivities. Figure [6.1(a)] shows the possible 

rotational m odes for the general case o f  a m olecule w ith a perm anent dipole m om ent 

w hich m akes an angle ft  w ith the m olecular long-axis. The parallel and perpendicular 

axes represent the direction o f  the electric field with respect to the director n. The 

m olecular dynam ics can be approxim ately described by four rotational m odes as shown 

in Fig. 6.1(a): (a) the end-over-end rotation o)\, (b) the precessional m otion o f  the long 

m olecular axis around the director o f  the phase co} and the com bination o f  precessional 

m otion and rotational m otion around the long m olecular axis C0 4 , and (c) the rotation 

about its ow n long m olecular axis C0 2 . Assum ing that m olecules are rigid and 

interm olecular relaxations are forbidden, only a single dipole m om ent contributes to the 

dielectric perm ittivity. How ever, in cases w here a num ber o f  dipolar groups are present 

and these are not connected rigidly to each other, then they m ay m ake separate 

contributions to the dielectric perm ittivity.

The tem perature dependency o f  the dielectric relaxation strength for each 

com ponent is prim arily determ ined by the tem perature variation o f  the order param eter, 

S  [see Eqns. (6.1) and (6.2)]. M ore inform ation can be obtained about the nature o f  the 

rotational dynam ics in LCs by em ploying suitable m icroscopic models. N ordio et 

al.[14] developed a general theory for the dielectric relaxation o f  rigid d ipolar m om ents 

in nem atic fluids, w herein the frequency dependent com ponents o f  the com plex 

perm ittivity  can be related to the Laplace transform  o f  the tim e auto-correlations
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functions for projections o f  the molecular dipole moment parallel and perpendicular to 

the director:

{/û, (0)/ ,̂ (0> = ^ (1 + 25)cDoo(0 + (1 -  5)(Do,(0], (6.9)

< / / , ( O K ( 0 > = ^ [ / ^ ; ( 1 - 5 ) cD,o( 0  + /^'(1 + ^ 5 ) 0 , ,(/)], (6.10)

where and are the longitudinal and transverse components o f the molecular dipole,

and 0mn are time correlation functions o f  the first order Wigner rotation matrix. The 

subscripts m and n are the indices o f  the Wigner function. The time correlation 

functions can be described by the characteristic relaxation times r,„„ o f each component, 

and a relation can approximately be established between these times and the four 

rotational modes, such that a\ ~ , (Oj ~ Tq,,  cô  ~ r J  and cô  ~ r , , where 

rog,ro|,r,Q and r,, are the corresponding relaxation times [12].

Figure 6.1 (b) shows a schematic representation o f the real part o f  permittivity 

as a fiinction o f  frequency. The sign o f  Ae' is dependent on the applied frequency, as 

demonstrated in the figure 6.1(b) as an example. In this particular example, the sign o f  

dielectric anisotropy changes from Ae' > 0 a t / < fd  to As' < 0 at/ > f c i  as a function o f  

the frequency o f the applied field /! The frequencies f d  and fc2 are referred to as the 

crossover frequencies, and correspond to the frequency at which As' changes sign. The 

frequency dependence o f  the sign o f  the dielectric anisotropy can be used to align the 

liquid crystal directors parallel or perpendicular to the direction o f  the applied electric 

field by simply varying the frequency o f  the driving signal. Such nematics are often 

referred to as dual frequency nematics (DFNs).
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6.2 Material under Investigation and XRD Results

magnet

Figure 6.2; (a) Chemical structure and the transition temperature o f the dimesogenic 

material under study, BRl. (b) shows the sample geometry used in the 

measurements o f the parallel component o f permittivity, obtained by 

inducing a homeotropic alignment on application o f a magnetic field (B) in 

a direction perpendicular to the director (n) of the originally planar aligned 

cell.
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The compound studied in this chapter, BRl [10] is composed of a bent-core unit 

and calamitic mesogen Hnked laterally by a flexible spacer. The material was 

synthesized by Dr. Cartsen’s group in Germany. The molecular structure and the phase 

transition temperatures of the material are given in Fig. 6.2 (a). The material exhibits 

nematic phase on cooling from the isotropic phase. XRD results [10] revealed that 

Smectic-C like clusters are present in the entire nematic phase of this compound, with 

the cluster size being of the order o f the thickness o f a single layer. Furthermore, the 

splitting o f the small angle scattering A / / 2 is -  50° indicating a significant tilt o f the 

molecules in the SmC like clusters. Additionally, no macroscopic biaxiality was 

observed in the nematic phase of BRl, when investigated using the polarized IR 

technique [10].

xr-
Figure 6.3: X-ray diffraction patterns of an oriented samples o f compound BRl under a 

magnetic field: (a) Ncybc phase at 45°C (shows the pattern after subtraction 

of the scattering in the isotropic liquid state T = 80°C); (b) x-scans over the 

diffused small angle scattering (for 26 = 1.5-4°) at 65, 55 and 45 °C, Irei = 

7(T)//(80 “C, Iso). Image courtesy (Suppl. Info, ref [10]).
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Fig. 6.3 siiows tlie X-ray diffraction patterns o f BRl under a magnetic field 

(Fig. 6.3(a)) and x-scans (Fig. 6.3(b)) over the diffused small angle scattering (for 29 = 

1.5-4“) at 65, 55 and 45“C. It was observed that d, associated with the small angle 

scattering, decreases as the temperature is reduced (d varies from 3.16 nm at T = 65“C 

to 3.12 and 3.10 nm at T = 55°C and 45°C, respectively), indicating that the layer 

thickness decreases with lowering temperature. The average intermolecular distance for 

BRl, obtained from the wide-angle peak position, was found to remain unchanged with 

temperature. The resuU obtained for the wide angle scattering is not very unusual as the 

position of this diffuse scattering is not only influenced by the packing o f the aromatic 

cores but also by the alkyl chain. Additionally, the silyl group also has a significant 

influence on the diffuse scattering. Due to the broad nature of the wide angle scattering 

peak, it was not possible to separate the individual contributions.

6.3 Experimental Method

The typical cell thickness used in the experiment was - 5 - 2 6 . 2  |.im. The empty 

capacitance o f the cell was measured before filling it with the material. The sample was 

then filled via capillary action by heating the empty cells into the isotropic phase using a 

temperature controller. We noted that filling the sandwich cells with this material took 

considerable amount o f time in comparison to the BCNs and bimesogens studied in the 

previous chapters, indicating a large viscosity o f the sample. The electro-optical set-up 

was used to inspect the optical textures and phase transition o f the material and study 

the electro-optical behaviour.

The perpendicular component o f the dielectric permittivity was obtained fi-om 

the measurements on a planar cell, using a Novocontrol Alpha High Resolution
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Dielectric Analyzer (Novocontrol Gmbh, Germany). The parallel component of 

permittivity, determined from homeotropic configuration, was obtained by placing the 

planar cell inserted in the hot-stage placed between the poles o f  a large electromagnet, 

and by applying a magnetic field ( B )  o f strength 1 Tesla to orient the director, n along 

the magnetic field (Figure 6.2(b)). The dielectric permittivity was measured in the 

frequency range o f 1 Hz to 10 MHz as the sample was cooled slowly from the isotropic 

state.

6.4 Results and Discussions 

6.4.1 Optimization of Cell Thickness

Preliminary investigations in the planar and homeotropic cells revealed that the 

material aligns reasonably well in a planar cell; however it does not align well 

homeotropically. While it was readily possible to obtain the perpendicular component 

using a homogeneously aligned cell, the parallel component was determined by 

inducing a homeotropic state by applying a IT field across the originally planar cell, as 

depicted in Fig. 6.2(b). In order to obtain a reasonable homeotropic alignment from the 

maximum possible magnetic field strength (1 Tesla), the cell thickness {d) was 

optimized until a satisfactory alignment was achieved. The critical field for the onset o f 

the director deformations [11], B,h, is inversely related to the cell thickness d;

n (  K
5,^ = — — —-  , where ju,̂  and A /  are the magnetic permeability o f free space and

A x )

diamagnetic anisotropy, respectively. Hence, a larger d  implies a smaller threshold field 

for Freedericksz transition. This would enable a complete switching o f  the cell to a 

homeotropic state for the maximum applied field.
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Figure 6.4; The dielectric anisotropy at frequency 6 kH z is com pared for three different 

cells (~ 5, 12.7 and 26.2 f^m), showing the changes in its values as the 

thickness is increased. In the 5 |^m cell, A e'~0 indicating that the cell has 

not switched to the hom eotropic state; how ever the change is m uch m ore 

noticeable in cells o f  12.7 and 26.2 fxm. The difference in A s' betw een the 

12.7 and 26.2 fjm cells are not as large and hence it can be safely assum ed 

that the alignm ent has switched to  the hom eotropic state in the thicker cell.

The optim um  cell thickness, that w ould enable a reasonable hom eotropic state, 

was determ ined by com paring the dielectric anisotropy at a pre-selected frequency for 

three different cell thicknesses. Fig. 6.4 com pares the values o f  A ^ ',  evaluated by 

subtracting the perm ittivities obtained for the induced hom eotropic ( f|[ ) alignm ent and

originally planar { s [  ) cell, for cell thicknesses (5, 12.7 and 26.2 |im ) at a frequency o f  

6 kHz. It can be seen that for a 5 |im  cell, a m agnetic field o f  IT  is not sufficient to 

sw itch it to  the hom eotropic state. As the cell thickness is increased, significant changes 

can be seen in the results. As seen from  Fig. 6.4, there is considerable difference in the
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value o f Af'between the 5 and 12.7 |am cells, while this difference is greatly reduced 

between the 12.7 and 26.2 |im cells. For cell thicknesses greater than 26.2 (im, this 

difference is expected to be even smaller. Hence, it can be assumed that for a 26.2 |^m 

cell, a field o f IT is reasonably high enough to align it homeotropically. Consequently, 

the dielectric results presented in the remainder o f this chapter are obtained from the

26.2 i^m cell.

6.4.2 Dielectric and Electro-Opticai Studies

The temperature dependence of the real part o f dielectric permittivities, 

s\ andf|[ and the average permittivity, < e'>, is depicted in Fig. 6.5 for pre-selected

frequencies o f 100 Hz, 6, 12 and 90 kHz. The figure clearly demonstrates that the sign 

o f /S,s' is positive at lower frequencies and becomes negative at higher frequencies. The 

most interesting aspect is that the average permittivity decreases with a reduction in 

temperature. Usually, if < (values extrapolated from those in the

isotropic phase to that in the LC phase) then it implies that the ^-factors are unity. 

However, if the average permittivity in the liquid crystal phase is smaller than < 

as is the case for the material under study, then this suggests that there is tendency for 

anti-parallel correlation of some o f the dipoles.
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Figure 6.5: The real part o f dielectric perm ittivity plotted as a function o f  reduced 

temperatures for frequencies 100 Hz, 6, 12 and 90 kHz. The values o f

(■) and ( • )  are obtained from the homeotropic and planar 

configurations, respectively. < e ' >  (o) is the average perm ittivity, defined

as +

The sign reversal o f  the dielectric anisotropy at lower frequencies was also 

confirmed using the optical contrast spectroscopy. This technique is not severely 

influenced by the presence o f  ions in the medium as the dielectric studies are, at lower 

frequencies. Fig. 6.6 (a) presents the transmittance change as a function o f  temperature
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-16 -14 -12 -10 -8 -6 -4 -2 0

I
Figure 6.6: (a) Frequency-temperature plots o f the transmittance curve obtained in a 

5pm planar cell under an applied field o f 2 V/|jm. The contour line implies a 

constant value o f transmittance. (b,c,d) Textures obtained between crossed 

polarizers at T-Tni = -5“C: (b) no field applied, (c) 6 Vp  ̂applied across the 

cell at Irequency o f  50 Hz, (d) 15Vpk applied at frequency o f  50 Hz, cell 

switches to homeotropic state. R (red- arrow) denotes the rubbing direction, 

set at angle -22.5  degrees from the polarizer axis. Length o f white bar is 

60|o,m. All pictures were taken at an exposure time o f  130 ms.
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and frequency (plotted on logj^ scale) using the optical spectroscopy technique.

Measurements were carried out on a 5 |o.m planar cell as the material was cooled from 

the isotropic to the nematic phase, under an electric field o f ~ 2 V/|im applied across the 

cell. In Fig. 6.6 (a), the lines represent constant transmittance while the colours depict 

arbitrary levels o f transmittance. The crowded lines are related to a rapid change in 

transmittance due to Freedericksz transition. For a reduced temperature T -T ni = -5“C, 

the material shows positive A f'fo r frequencies < 300 Hz and its value becomes 

negative at frequencies greater than 300 Hz. As seen from Fig. 6.6(a), the sign reversal 

o f A f'is  observed as a function of frequency; however there is no particular 

temperature for which the sign reversal is observed. Such a behaviour is similar to that 

observed in conventional DFNs composed o f calamitic molecules, with the exception 

that it occurs at much lower frequencies in this material.

Figures 6.6 (b, c and d) show the textures obtained at reduced temperature, T-Tni 

= -5°C, using polarizing optical microscopy. Freedericksz transition effects were 

observed at lower frequencies ( « 1  kHz); for example, see Fig. 4 (c, d) for frequency 50 

Hz. However no electrohydrodynamic patterns were observed for a maximum applied 

field o f 5V/|jm and frequencies up to 20 Hz. Thus confirming that the change in 

transmittance spectra obtained in Fig. 6.6(a) is due to Freedericksz transition alone.

In order to obtain better information about the various dielectric modes o f the 

system, the derivative o f the real part of permittivity with respect to ln(/), ds' I d{\n f )  

[15] for both sets o f data was analyzed (Fig. 6.8 (c) and (d)) using the equations [15];

d(\n f )  d{\n(o)

ds' ds'
(6 . 11)
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d{\nco)

ds'

(6 .12)

here /  is the variable denoting the number o f  relaxation processes up to n, r ̂ is the 

relaxation time o f the /-th process (related to the relaxation frequency fj or angular 

frequency coj as: = \ / 2 t̂ \ ), a  is a fitting parameter, and is the dielectric

relaxation strength o f  the /-th process. The dielectric strength (Sej) for each process is 

determined from the fitting to the above equation.

We find that the derivative method for analysis o f  the dielectric modes is more 

convenient than using the dielectric loss spectrum alone, as it offers better resolution o f  

the peaks. Moreover, the dielectric loss data includes dc conductivity, whose effect is 

rather dominant at lower frequencies, making the spectra difficult to deconvolute. The 

peak positions resolved using the derivative technique lie at the same positions as for e", 

as demonstrated in Fig. 6.7 (a, b). For the planar state, four processes are resolved using 

the derivative technique. These are PI,  P2, P3, plus the highest frequency peak P u g , 

which is due to the ITO resistance. Similarly for homeotropic alignment (Fig. 6.7 (b)), 

three peaks HI, H2, Hito, are clearly seen. An additional peak HO (5e = 0.95) appears at 

lower frequencies (/<10Hz), below peak HI, however this can only be resolved at 

temperatures close to the phase transition. The dielectric strength for the processes is 

plotted as a Sanction o f  reduced temperatures in Fig. 6.8. The temperature dependence 

o f the relaxation frequencies is presented by the Arrhenius plot in Fig. 6.9, where the 

relaxation frequency /« is plotted versus the inverse absolute temperature 1/T.
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Figure 6.7: Frequency plot o f  the relative dielectric permittivity obtained from (a) planar 

(at T-Tni = - 22°C) and (b) homeotropic cell (at T-Tni = - 16“C): (+ symbol 

+ line) d en o tes^ ', (o symbol + line) denotes£'", (□ symbol + line) 

represents(i£:7c/(ln/ ) ,  the derivative o f  f '  with respect to (Ir^ . The dot, 

dash, dash-dot and dash-dash dot line in are the deconvoluted components 

o f d s ' / d { l n / ) .  P I, P2, P3 and Pno are the relaxation peaks for the planar 

cell; H I, H2 and H uo are modes obtained in the homeotropic configuration.
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Figure 6.8: The dielectric strength (^e) corresponding to the various relaxation processes 

P I, P2, P3 (planar configuration), and H I, H2 (homeotropic 

configuration) as a flinction o f the reduced temperature.
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Figure 6.9: Relaxation frequency (/^) for the various relaxation processes as a function 

o f  the inverse temperature (in K '').
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In order to interpret the dielectric results, we refer to the M-M equations 

described in section 6.1.1. From equations 6.1 and 6.2 we see that and /y, are the 

determining factors for the temperature dependency o f  Se. In liquid crystalline 

molecules, various conformations are possible due to the intra-molecular degrees o f 

freedom. As the temperature is lowered, conformations may change the angle between 

the effective dipole moment and the long molecular axis. This affects the overall 

dielectric results in such systems. Studies [16] on some bimesogens constituted o f  rod

like mesogens have revealed the influence o f  the conformational change in the dielectric 

results in these classes o f  materials. The changes arising from the orientation o f  one o f  

the constituent mesogens, due to the change in the conformational state o f  the flexible 

spacer, causes a change in the magnitude and direction o f the dipole moment with 

temperature. This results in a low frequency dielectric relaxation [16] in such systems. 

Such conformational changes in BRl could be responsible for the observed low 

frequency relaxations. However, the bimesogenic molecule studied here is too large to 

show relaxation as a whole, and it is also unlikely to show relaxation at frequencies 

much greater than 10 Hz. It is more likely that the dynamic and orientational behaviour 

o f  the constituent mesogens are fairly decoupled from each other. Therefore it is 

reasonable to consider the contribution o f  each mesogen to the dielectric permittivity 

independently, plus a small contribution from the SiOSi electric dipole moment.

As mentioned above, due to a large size o f the dimesogen it is unlikely that the 

whole molecule, by itself, can rotate that easily. It is possible that each constituent 

mesogen may rotate along its own long and short axes. Hence, we consider the 

relaxation o f  each constituent mesogens separately. Using the M-M equations we 

estimated the internal field factors for the reaction field (F) and cavity field (hj at the
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transition temperature where 5 = 0 ,  and the follow ing values were obtained: F=1.42 and

27 3h=\AA. The number density was calculated to be = 0.43 x 10 m' by assuming

material density to be 1100 kg/m . Thus the scaling factor A
V J

was determined

to be 3.35x10'’° K C W .

From the M -M  Eqns. (6.1) and (6.2), one can see that the dielectric strength o f 

each relaxation process is prim arily a flinction o f  the order parameter S. By comparing 

the temperature dependence o f  Se for the different relaxation processes in Fig. 6.8 it is 

quite evident that the dielectric strength o f  peaks P I, H2, are proportional to (1-S)/T, and 

H I and P3 are proportional to (1+25)77" and ( l+S/2)/T  respectively. The temperature 

dependence o f peak P2 looks rather peculiar, but such behaviour could be due to large 

anisotropic correlations o f the dipole components.

Solid lines in Fig. 6.10 show how the M -M  model reproduces the experimental 

data for the homeotropic configuration, as an example. Blue and magenta lines show the 

temperature dependence o f H I and H2 on the (1+25) and (1-5) term, respectively, o f 

Eqn (6.1). Similarly, PI and P3 showed (1-5) and (l+5'/2) dependence w ith temperature, 

respectively, for the fit o f  the corresponding dielectric strengths to Eqn. (6.2). By 

analyzing the fitting o f  the dielectric strength data to the M -M  model and corresponding 

relaxation frequencies, we can assign a relaxation mode to each process. The lowest 

frequency peak HO, observed in the homeotropic configuration, is assigned to the 

relaxation o f the longitudinal dipole component o f  the bent core mesogen. Peaks H I and 

PI correspond to the relaxations o f  the longitudinal dipole components o f  the rod-like 

(RL) mesogen. The processes P2 and H2 are due to the relaxation o f  the transverse 

dipole components o f  the BC mesogen. while P3 corresponds to the relaxation o f  the

1 5 7



CHAPTER 6

transverse component o f the RL mesogen. The highest frequency peaks, Hi re and Puo, 

are attributed to ITO contribution.

The fit to the M-M equations also yields the longitudinal (// )̂ and transverse {/û

components o f  the molecular dipole moment. Using Eqns. (6.1) and (6.2), the square o f

2 2the effective total dipole moment f̂ eff [= (£(0)-« )T/A], by assuming 5 s  0 at the phase 

transition], was evaluated to be 61.8 D , thus //<?j-=7.86 D. The mesogenic units o f  the 

material under study are linked by a flexible spacer and hence it is more likely that their 

reorientation is more or less independent from each other. For the case o f independent 

reorientations we have four contributions to the dielectric permittivity which are related 

to square o f  dipole moments ( /y /  b c ,  b c ,  r l  and r l ) .  The dipole moment o f  each 

component is calculated using its corresponding dielectric strength. These are found as 

follows: /// bc=2.97D , //, b c = 5 . 2 1 D ,  / ^ / r l = 3 . 4 1 D ,  //, r l= 3 .7 6 D .

3 . 0 -
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2 . 0 -

o o oo O
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Figure 6.10: The dielectric strength corresponding to HI (□) and H2 (o) versus reduced 

temperature; fit to the M-M model is depicted by the solid lines.
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The order parameter, S  (Fig. 6.11) was calculated from the homeotropic configuration 

(as it is less influenced by surface boundaries) by using the dielectric strength 

corresponding to both HI and H2 mode and applying the scaling factor A to the 

corresponding Se data in the temperature range below the Iso-N transition. If  we 

assume gu = 1, then the order parameter determined from H2 is slightly higher than 

obtained from H I. In order to achieve self-consistency o f  the results, we allow g,  ̂ to 

depart from unity (^ *=1.05, see Fig. 6.12). Fig. 6.11 shows the resulting S  evaluated 

from the experimental data, and its fit by the power law (1-7/T/v/)’’ , where y is 

the critical exponent (y = 0.24); the value o f  y depends on the molecular structure. 

Interestingly, S  does not show a first-order transition and this is presumably due to the 

non-uniform alignment o f the sample. The same 5' data was used to reproduce 

experimental data for planar alignment by allowing to be different. The determined 

correlation factors show relatively different temperature behaviours, as seen from Fig. 

6 . 12 .
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Figure 6.11: The order parameter as a frinction o f  temperature calculated from the 

experimental data for the homeotropic cell. Solid red line represents the 

fit o f  5  to the power law (7-777yv//; y is the critical exponent = 0.24.
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Figure 6.12: Temperature dependencies o f  the ^-factors. g|| and are the anisotropic

Fig. 6.12 shows the variation o f  the g-factors as a function o f  temperature, 

and g|| for the rod-like mesogen is seen to increase from unity at the transition 

temperature to -1 .5  and -1 .05 , respectively, while g_L associated with the bent-core 

mesogen is seen to decrease to -0 .7 . The theoretical evaluation o f  the anisotropic 

correlation factors requires a detailed microscopic model. A model proposed by Jeu et 

al.[17] considers the clusters as smectic like structures on the assumption that 5  =1, so 

that the molecules are constrained to be either parallel or anti-parallel to the director 

axis. I f  the molecular dipole lies at an angle with respect to the long molecular axis, 

the anisotropic dipole-dipole correlation factors can be written as [11]:

Kirkwood correlation factors for the director parallel and perpendicular to 

the electric field respectively. The text RL and BC refer to rod-like and 

bent-core mesogens, respectively.
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n fi" cos^ p {  3
f r.

- \

1̂1 Ans^r^kf^T
(6.13)

nfj.^ sin^ P\ 3

S;r£Qr^kj^T
(6.14)

Here n is the number o f neighbours; <r>  is defined as the average distance between two 

moleculcs, is the average separation perpendicular to the layers and rx is the in-plane 

separation. For a smectic order, »  in-plane separation, and this results in ;?|| < 1. I f

< ( r '  /3 ^ , we get g_L >1 indicating parallel alignment o f the dipoles in the smectic

layer. From the experimental data obtained here for B R l, we find that factor for the 

rod-like mesogen is greater than one, which is usual in smectic order. This indicates 

parallel correlation o f  transverse dipoles, which is seen to grow with decreasing 

temperature. On the contrary the g i  factor for bent-core mesogen is below one, which 

indicates rather anti-parallel correlation o f transverse dipoles, and this tendency o f anti

parallel association increases w ith lowering temperature.

Similar studies performed on three bent-core liquid crystals (C4, C7, and C9), 

w ith the same mesogenic core unit (4-cyanoresorcinol bisbenzoate) as B R l, but 

different terminal groups [8] revealed that the temperature dependencies o f  perm ittivity 

were related to a change in the strong anisotropic correlations among the molecules. On 

increasing o f the chain length, it was found that the separation along the layer normal 

increases but corresponding separation w ith in the layer decreases. As a result g i
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gradually increases and decreases. The cluster size was also found to increase with 

decreasing temperature.

In the dimesogen studied here, attaching the rod-like mesogen laterally to the 4- 

cyanoresorcinol bisbenzoate unit may also reinforce dipole-dipole interactions, perhaps 

in a different manner, resulting in the modified correlation factors gi_ and gy. Based on 

the model suggested by Jeu et al.[17], the temperature dependence o f g i  and g\\ observed 

for BRl can be explained by a decrease in the average separation perpendicular to the 

layers (r:) together with an increase in the in-plane separation (Kx). The introduction o f  a 

laterally attached rod-like mesogenic core will indeed increase the separation o f  the 

bent-core mesogenic units within layers, but at the same time the effective layer 

thickness is significantly reduced (d - 3.2 nm. from the X-ray data) either due to a large 

tilt angle (50°) [14] and/or (inter) layer (inter) penetration, thus decreasing the 

separation length perpendicular to layers, <r^>. Moreover the analysis o f  the dielectric 

modes o f  BRl also indicates that the laterally attached rod-like mesogenic core unit 

may bring below unity and increase g||. These may result in a possible arrangement o f 

molecules within the smectic-like clusters, wherein the transverse dipoles interact in an 

anti-parallel manner (note r^< Kx), as illustrated by the model shown in Fig. 6.13. The tilt 

angle represents the tilt o f  the molecules in the SmC like clusters. Additionally, the X- 

ray results reveal that d, associated with the small angle scattering, decreases as the 

temperature is reduced, which indicates that the layer thickness decreases with lowering 

temperature. This is consistent with the model proposed.
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Figure 6.13: Possible arrangement o f  the mesogenic units in smectic layers. The system 

in the nematic phase has a local smectic-like structure.

The proposed arrangement o f  molecules within a cluster indicates an anti

parallel interaction o f  the transverse dipoles between the neighbouring layers. In order 

to investigate if there is an emergence o f  any local anti-ferroelectric structure, we 

performed polar switching measurements based on the current repolarization technique. 

These studies revealed that in the entire nematic range o f  BRl ,  no polar switching is 

observed under an applied triangular wave, even at relatively high applied voltages 

(30V/^im, 5 |im  planar cell, frequencies: 0.1 -  30Hz). This shows the apolar nature o f 

the clusters.

6.5 Conclusion

We studied the dielectric behaviour o f  the dimesogen BRl composed o f  a bent- 

core unit combined with a laterally attached rod-like mesogenic core. The material 

shows sign reversal o f the dielectric anisotropy as a function o f  frequency, and the

163



CHAPTER 6

behaviour is similar to that observed in DFNs composed o f  rod-like mesogens. However 

the sign reversal occurs at much lower frequencies in comparison to the calamitic/bent- 

core mesogens explored previously, arising presumably from the larger size o f  the 

bimesogen. On transition to the nematic phase, the average permittivity is seen to 

decrease as the temperature is lowered, indicating occurrence o f  an anti-parallel 

association o f  some o f  the dipoles in the system. Our analysis o f  the dielectric spectra 

using the Maeir-M eier (M-M) model suggests the presence o f  anti-parallel correlation 

o f the transverse dipoles in the neighbouring layer o f  the SmC like clusters. Based on 

this, a model was proposed for the possible arrangement o f  molecules within the 

clusters, which is also supported by the X-ray scattering studies on this material.
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Chapter 7 

Conclusion and Future Work

7.1 Conclusion and Summary

The knowledge o f  the material parameters o f a liquid crystal, such as dielectric 

anisotropy and elastic constants, is very important in the design and optimization o f  LC 

based devices. The reorientation o f  NLC molecules under an applied electric field, 

caused by the dielectric anisotropy, is a fundamental physical property employed in 

numerous modern LC based technologies, while the elastic constants determine the 

threshold voltage for director deformation. The molecular structure or shape o f  a liquid 

crystal can also significantly influence these parameters, for example: in conventional 

rod-like molecules usually K a  > K\\,  while in many bent-cores and bimesogens it has 

been found experimentally that K a  < K\\. Hence, an understanding o f the factors that 

affect these properties is vital in the field o f  liquid crystal research. The work presented 

in this thesis was primarily concerned with the study o f  material parameters such as 

dielectric anisotropy, elastic constants and flexoelectric coefficients in the nematic 

phase o f  some bent-core mesogens and bimesogens, and the factors that influence the 

observed results were discussed. A brief summary o f  the research work undertaken is 

described below.

In the first part o f the chapter, we investigated the flexo-elastic properties o f 

three bent core materials belonging to a homologous series. There is a continued interest
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in studying the elastic properties o f  LC m aterials as they play an im portant role in 

determ ining the switching properties o f  LC based applications. The flexo-elastic 

properties, especially in BCNs, are o f  particular interest as they are predicted to be 

different from  that usually observed in rod-like m olecules. In one study the value o f  

w as m easured to be higher by a factor o f  10^ than for calam itic liquid crystals. 

Furtherm ore, there is a disagreem ent in literature as to what factor causes the observed 

results; sm ectic-like clusters or the bent shape o f  the m olecules. In order to gain a better 

understanding and resolve this discrepancy we determ ined the elastic constants in 

m aterials where the clusters were present in two o f  the com pounds, w hile it was 

m easurably absent in the m aterial w ith the shortest chain length. We found that the 

bend elastic constant K 33, is sm aller than K\\ in all m aterials studied, irrespective o f  the 

chain length or presence/absence o f  clusters. This confirm ed that the elastic properties 

are m ore likely to be influenced by the bent shape rather than clusters. The effective 

flexoelectric coefficients in all three m aterials were obtained to be in the range o f  tens 

o f  pC /m  and any evidence o f  giant flexoelectricity was excluded in our studies.

N ext we investigated the physical properties o f  som e odd bim esogens w hich

exhibit the second nem atic phase below  the higher tem perature classical nem atic phase.

The Ntb phase o f  these m aterials has attracted significant attention in recent years due to

a num ber o f  interesting properties exhibited by them , such as the spontaneous

appearance o f  stripes, m icrosecond linear response etc. The theoretical studies

pertaining to the fascinating properties observed in this phase are still is in its initial

stages and needs a lot o f  careful study. H ow ever, the param eters o f  the ordinary nematic

phase, the theory for which is w ell established, could also reveal useful inform ation

about the low er tem perature tw ist bend nem atic phase. In C hapter 4, we obtained the
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splay and bend elastic constants, the effective flexoelectric coefficient in the nematic 

phase, and flexoelectric polarization in both the nematic and tw ist nematic phase o f  a 

b im esogen C B C l ICB. It was found that A^n increased w ith decreasing tem perature, but 

the value o f  K 3 2  tended to fall steadily after an initial increase on transition from  the 

isotropic phase. Though the bend elastic constant was seen to  fall by a factor o f  alm ost 

three w ith decreasing tem perature, its sign was still positive and did not seem  to go to 

zero o r become negative for the tem perature ranges m easured. It is still an open 

question w hether the negative value o f  the bend elastic constant may be a necessary 

condition for the em ergence o f  the Nih phase. However, a small value o f  is im portant 

for the existence o f  this phase. The effective flexoelectric coefficient was observed to be 

nearly independent o f  tem perature after an initial increase below  the isotropic-nem atic 

transition. |(e, - e ’3 )|fo r C B C l IC B  was obtained to  be m uch larger in com parison to

conventional calam ities and alm ost tw ice higher for C B C l IC B  than that reported for 

another odd sym m etric bim esogen. The flexoelectric polarization in the N  phase was 

found to be alm ost 2.5 tim es higher than in rod-like m olecules. Additionally, Pf was 

obtained to be ~  tw ice as larger in the phase than in the nem atic phase. The large Pf 

is presum ably the source o f  the electroclinic effect observed in this phase.

In Chapter 5, we presented the results close to the N-Nib phase where a new  type 

o f  striped pattern was observed under a polarizing m icroscope in some odd bim esogens 

and their m ixtures w ith the m onom er (5CB) in a planar cell. These m acroscopic 

structures are the second type o f  spontaneous striped patterns to  be observed in odd- 

spacer linked bim esogens, and appear norm al to the rubbing direction (R), as opposed to 

the first kind o f  stripes w hich are parallel to R. These m icrom eter scale stripes are often
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accompanied by the appearance o f  rainbow colours, and are present only in a narrow 

temperature range close to the N-Ntb phase transition temperature. The appearance o f 

these patterns and their periodicity was found to be dependent on both the cell gap and 

concentration o f  5CB in the mixture. Above a certain concentration o f  5CB, this 

phenomenon was seen to disappear altogether. Introduction o f  a second heater revealed 

that the appearance o f 'rainbow colours' was found to be related to the temperature 

gradient, while the stripes were independent o f  it. It is possible that large flexoelectric 

polarization or changes in the elastic constant values close to the phase transition could 

influence the appearance o f these stripes.

In Chapter 6 we studied the dielectric behaviour o f  the dimesogen BRl 

composed o f  a bent-core unit combined with a laterally attached rod-like mesogenic 

core. The material shows sign reversal o f  the dielectric anisotropy as a function o f 

frequency and the behaviour is similar to that observed in DFNs composed o f  rod-like 

mesogens, with the exception that it occurs at much lower frequencies in this material. 

On transition to the nematic phase, the average permittivity was seen to decrease as the 

temperature is lowered, indicating occurrence o f  an anti-parallel association o f  some o f  

the dipoles in the system. A systematic and detailed analysis o f  the dielectric spectra 

using the M aeir-Meier (M-M) model and X-ray results suggested the presence o f  anti

parallel correlation o f  the transverse dipoles in the neighbouring layer o f  the SmC like 

clusters. Based on the results a model was proposed wherein the transverse dipole 

moments interact in an anti-parallel manner.
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7.2 Future Work

The effect o f the addition o f  the chiral dopant on the structure o f  the TV,/, phase 

needs to be explored in more detail. Careful studies need to be performed in order 

investigate if the chiral additive could stabilise just those chiral domains having the 

same handedness. It would be interesting to study how the twist elastic constant varies 

for the materials investigated in this thesis, especially for the materials that exhibit the 

twist-bend phase, since one o f  the requirements for the stability o f  the twist-bend phase 

is that Â ii > 2K22. The investigation o f  the elastic and flexoelectric property o f  the 

various bimesogenic mixtures as a ftmction o f  the concentration o f  5CB also seems to 

be a promising topic for ftiture investigations. Apart from these, design o f  better 

experimental methods to estimate the flexo-elastic parameters very close to the N-N,t, 

phase transition will help provide useful insights into the understanding the formation o f 

this fascinating phase and the unusual but highly desirable properties exhibited by the 

Nib phase.
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Appendix 

A.l Software

This section provides a list o f the softwares used for the measurement or 

analysis of the experimental data presented in this thesis.

• OriginLab (Version 7.5) was used to analyse the experimental data. All 

figures presented in the thesis are plotted using the Origin program.

• Visual Basic (VB) in conjuction with MATLAB was utilized in the 

measurement o f the elastic constants. A program written using VB 

controlled the PEM set-up, while MATLAB was used for data 

fitting/simulation.

• A programme designed using LabVIEW provided necessary control for 

the optical-contrast spectroscopy technique.

A.2 Materials under study

1. 120F1M7

SmCA* 77.49 SmC5ir78.3 SmC; 79.8 AF 83.3 SmC* 93.5 Sm/4

2. M2

F

7 n + 1 ^ n

F. F F F

N,b 124.9 180 Iso



A P P E N D IX

3. C B C llC B

NC- (CH2)i

N,b 108.7 125.3 Iso

-CN

F ieldE =  2 V /u m

E =  4 .5V /nnr F ield

POM textures o f CBCl ICB obtained in a 5|a,m planar cell under crossed polarizers, (a) 

N phase, 109°C, no field applied, (b) complete switching to homeotropic state at E = 

2V/jim and frequency o f IKhz, (c) field removed state, (d) uniform Ntb, 107.5“C, no 

field applied; (e) nearly switches to homeotropic at E ~ 4.5V/)xm and Frequency of 

IkHz; (f) field removed state, the original texture is not recovered, unlike the phase.

Textures obtained in the Ntb phase o f C B C llC B  in 5 fxm planar aligned cells under 

crossed polarizers o f a polarizing optical microscope: (a) in the absence o f chiral 

additive, length o f black bar is lOOfim, white arrow depicts rubbing direction (R), (b) 

presence o f 3% chiral agent R5011. Addition o f the chiral agent dramatically affects the 

properties o f the TV,* phase as seen from the non-uniform rope-like textures presented in 

(b).
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The knowledge of the material properties of liquid crystals is very important in the design 
and optimization of LC based devices. The work presented in this thesis is primarily 
concerned with the study of material parameters such as dielectric anisotropy, elastic 
constants and effective flexoelectric coefficients in the nematic phase of some bent-core 
mesogens and bimesogens. Some of the main findings of this thesis are summarized below:

• It is found experimentally that the cybotactic clusters may not significantly affect the 
fiexo-elastic properties exhibited by bent-core nematics; instead these properties are 
more likely to be influenced by the bent shape of the molecules.

• In an odd bimesogen, composed of two rod-like molecules connected by a flexible 
spacer, the bend (/C3 3) elastic constant is observed to decrease by a factor of almost 3 
below the splay (Â n) constant as the temperature approaches the twdst-bend nematic 
phase. The effective flexoelectric coefficient is found to be at least two times higher 
than for bimesogens that do not exhibit the Ntt phase. The flexoelectric polarization in 
the Ntb phase is almost twice greater than in its nematic phase.

• At temperatures near the N-Ntb phase a new type of striped pattern is observed under 
polarizing microscope in some odd bimesogens and their mixtures with the monomer 
(5CB), in a planar aligned cell. This phenomenon is reminiscent of the self
deformation and spontaneous chirality that appears in the system.

• A dimesogen composed of a bent-core and calamitic unit exhibits dual fi'equency 
nematic mode, as confirmed by dielectric and electro-optic studies. The sign reversal 
of dielectric anisotropy occurs at much lower frequencies. Investigation of the 
dielectric spectra using the M-M model suggests the presence of anti-parallel 
correlation of the transverse dipoles in the neighbouring layers of the SmC like 
clusters.
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