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With the advent of global telecommunications networks and the Internet, the development
of portable display technology has gained a new impetus. Liquid crystal devices have
played a major role in this area, most conspicuously as displays in laptop computers. To
date, these liquid crystalline devices have been generally based on the rather slow (~ 30 ms)
dielectric response of the achiral nematic liquid crystal phase, although more expensive
devices based on the faster (< 100 us) ferroelectric switching of the smectic C* phase are in
production.

The research presented in this thesis relates to a new switching effect recently discovered
in the chiral nematic phase. The flexoelectrically-driven rotation of the chiral nematic
phase's optic axis is fast - of the order 10 us to 1ms - proportional to the applied field
amplitude and completely in-plane. The optic axis has been deflected by over 30° from the
equilibrium position in some materials. These electro-optic properties make the
'flexoelectro-optic' effect a potential contender in the liquid crystal device market.

The present thesis contains the first studies of the effect of molecular structure on
flexoelectric coupling in the chiral nematic phase. Several homologous series of estradiol-
cyanobiphenyl bimesogenic materials synthesized for this work have been characterized and
their electro-optic properties investigated. The chiral nematic phases of these materials have
unusually strong flexoelectro-optic effects and respond on a sub-millisecond timescale. The
ratios of the effective flexoelectric coefficient to the mean splay-bend elastic constant, e /K,
in the present materials lie in the range 0.3 to 0.6 C N"' m", and are the highest measured to
date: the highest value previously published is 0.12 C N m", measured for the commercial
mixture TM216. In order to interpret the effect of the bimesogens' molecular structure,
achiral nematic monomesogens and bimesogens have been doped with chiral additives and
the resultant mixtures' flexoelectro-optic properties have been analysed. From this work it
has been possible to determine that the polar cyanobiphenyl group is the key to the strong
response in the estradiol-cyanobiphenyl materials. In conclusion, a recommendation is
made, for the first time, for a general molecular structure likely to exhibit a strong
flexoelectro-optic response: namely, bimesogenic materials composed of highly polar end

groups separated by a flexible spacer.
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Chapter One

Introduction

1.1 Preamble

There are organic materials in existence that exhibit thermodynamically stable states
intermediate between the solid and liquid phases, in which the constituent molecules are
arranged with some degree of orientational and positional order. These intermediate
"mesomorphic” phases are known as mesophases or liquid crystal phases. Molecules in the
liquid crystal phase are fluid in at least one dimension and, unlike isotropic liquids, the
mesophase possesses anisotropic physical attributes. It is the combination of these
properties that confers on the liquid crystal phase its many interesting features. For instance,
the optical anisotropy or birefringence of liquid crystalline materials and the susceptibility
of the molecular arrangement to electric fields are exploited in electro-optical devices. The
work presented in this thesis is concerned primarily with an investigation of the interaction
between electric fields and liquid crystalline materials. The focus of the work is a recently-
discovered' and little-explored electro-optic switching process called the flexoelectro-optic
effect. The present research comprises the first investigation of molecular structure as a
means of enhancing flexoelectro-optic characteristics. In order to form a basis for
understanding the flexoelectro-optic switching effect, some basic concepts concerning the
liquid crystal phase are introduced here.

There are two primary forms of liquid crystal. Lyotropic liquid crystallinity arises in
mixtures between surfactants and solvents: changing the concentration of solute in solvent
causes phase transitions. Thermotropic liquid crystalline phase transitions occur as a
function of temperature. The thermotropic liquid crystal may be "enantiotropic"”, exhibiting
the same mesophase sequence on heating and cooling, or it may be "monotropic", exhibiting
a different mesophase sequence on cooling. Only thermotropic liquid crystals are examined
in the course of this work.

The form and physical properties of the liquid crystal phase are largely determined
by the anisotropic characteristics of the constituent molecules. Shape anisotropy is of
particular importance. Liquid crystallinity is reported in materials composed of rod-, disc-
and bowl-shaped molecules.” This work is concerned with the mesomorphic properties of

rod-shaped or "calamitic" molecules, which preferentially align with their long axes parallel
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to those of adjacent molecules in the liquid crystal phase. The length-to-width ratio of
calamitic molecules that display liquid crystal phases is generally of the order four to one or
greater.’ Such molecules are typically composed of a rigid core unit attached to a terminal,
flexible alkyl chain. A molecular unit which often imposes liquid crystalline order when
substituted with a variety of chemical species is generally called a mesogenic unit or
mesogen. In the present work, molecules containing a single mesogenic unit are referred to
as monomesogens and molecules containing two mesogens separated by a spacer unit such
as an alkyl chain are called bimesogens. Elsewhere, bimesogens have been called
mesogenic twin molecules, dimesogens or dimers.™ The term "dimer" is used in this thesis
to refer to two adjacent molecules aligned antiparallel to one another because of a coupling
interaction between their molecular dipole moments.

Materials displaying liquid crystal phases may be composed of molecules with a
single molecular construction or of a mixture of mesogenic (and non-mesogenic) molecules.
In addition to these low molecular mass mesomorphic materials, higher molecular mass
liquid crystal phases can be formed if mesogens are substituted onto cyclic and linear
polymer backbones of intermediate or high molecular mass. If mesogens are substituted
directly into a polymer backbone and the resulting polymeric material is mesomorphic, the
material is called a main chain polymer liquid crystal. Alternatively, if mesogens are
attached to the polymer backbone as pendant side groups via spacer chains, the resulting
mesomorphic material is called a side chain polymer liquid crystal.

This chapter comprises an introduction to the liquid crystal phase, with descriptions
of the principal mesophases studied in the course of the work included in sections 1.2 and
1.3. The concept of an order parameter as one means of distinguishing between phases is
introduced in section 1.4. Section 1.5 includes a summary of the information presented in

this chapter and introduces the rest of the thesis.

1.2 The nematic phase

The least ordered liquid crystalline phase is called the nematic phase, N. The constituent
molecules possess only orientational order, with the molecules, on average, aligned along
one direction with no long-range positional order relative to one another. The preferred
direction is defined by means of a vector, n, known as the director (see figure 1.1(a)). The
director is non-polar in the nematic phase, i.e. n = -n, and the phase has complete rotational
symmetry about the director. In this work mesogenic units that often form nematic phases

are called nematogens.

In cases where the mesogenic molecule contains one or more chiral centres, the least

ordered mesophase is known as the chiral nematic phase, N*. A chiral structure or molecule
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lacks mirror symmetry. In the chiral nematic phase there is an in-plane rotation of the
director (figure 1.1(b)), producing a left- or right-handed helical director configuration with
a characteristic temperature-dependent pitch length, P,, (figure 1.1(c)). A helix is a chiral
structure: the sense of the director rotation reflects the chiral nature of the constituent
molecules. Within the director planes the molecules possess no long range positional order

and, as in the achiral nematic phase, the director is non-polar and n = -n.

Figure 1.1 The diagram shows the schematic structures of (a) the nematic phase and (b) the
chiral nematic phase and their related director configurations. Diagram (c)

illustrates the helical structure and pitch, P,, of a chiral nematic material with a

right-handed helix.
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Owing to the interaction between adjacent molecules, a chiral nematic phase can be
induced in an inherently achiral nematic material by simply doping it with a chiral additive.’
Conversely, an achiral nematic phase can be formed in mixtures composed of chiral
molecules with left- and right-handed chirality. In the special case where the mixture is
between enantiomers (molecules which are mirror images of one another), a 1:1 mixture
results in an achiral phase and the mixture is called racemic.

The chiral nematic phase is thermodynamically equivalent to the achiral nematic
phase although the intrinsic periodic helical director structure lends the chiral nematic phase
rather different optical properties. The bulk of the work presented here is concerned with the
optical and electro-optical properties of chiral nematic materials, which are discussed in

some detail in chapters four to seven.

1.3 The smectic phases
In addition to orientational order, the smectic phases have some degree of positional order
as they all possess a diffuse layered structure. The molecular layers are usually represented

by a sinusoidal density wave in the medium. The interaction between adjacent layers is
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relatively weak compared with the interactions between adjacent molecules within the
layers and consequently the layers slide past one another easily.” A mesogenic chemical unit

that is often associated with smectic phases is often referred to as a smectogen.

Figure 1.2 The diagram shows the layered structure of the smectic A phase schematically.

The molecules are on average orientated with their long axes parallel to the layer

normal, k.
n k

e
The centres of mass
of the molecules lie

-
on average along
these planes.

=

The form of the smectic phase is defined by the director arrangement within the
layers. The smectic A phase, S,, is the least ordered smectic phase and in this case the
director lies along the normal to the layer planes, k, as sketched in figure 1.2. The layer
spacings can range from approximately half to twice the full length of the molecule.*” Each
layer can be considered to be a two-dimensional liquid; it is less easy for molecules to
diffuse between layers. The smectic A phase possesses rotational symmetry about the
director, n, normal to the smectic layer planes. As a result of this, the smectic A phase
cannot display a continuous dislocation free helical structure even if the molecules are
chiral. In this work, smectic A phases composed of chiral molecules are denoted smectic A*
or S, *.

Another commonly observed smectic phase is the smectic C phase, S... In this case,
the director in each smectic layer is aligned at a temperature-dependent angle to the layer
normal, as illustrated in figure 1.3(a). As with the smectic A phase, this phase behaves as a
two-dimensional liquid. Figure 1.3(b) illustrates the chiral form of this mesophase, the
smectic C* or S_* phase. The chirality of the constituent molecules imposes a helical
structure on the phase. The director precesses about a cone from layer to layer: the cone
angle is the angle between the layer normal and the director tilt direction.

Other, higher-order smectic phases also exist, such as the hexatic phases. These

possess additional degrees of positional order within the layer planes. Discussion of the
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higher order phases is beyond the scope of the present work. The interested reader is

referred to Gray and Goodby's book on smectic liquid crystal phases."

Figure 1.3 Diagram (a) shows the layered structure of the smectic C phase schematically.
The molecules are on average orientated with their long axes tilted at an angle 6,
to the layer normal, k. The chiral smectic C* phase is illustrated in diagram (b):
the tilted director precesses about the layer normal from layer to layer.
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1.4 The order parameter

The director defined previously gives an indication of the preferred orientation of the
molecules but does not give any indication of the degree of orientational (or positional)
order of the phase. The real molecules in a liquid crystal undergo thermal fluctuations,
collide and interact with one another. The order parameter, S, possessed by a nematic

mesophase composed of rigid rods, is therefore defined by a thermal average over the

ensemble:*

S=%<3cos2@—l>, [1.1]

where @ is the angle between the long molecular axis of a molecule and the director. It is
clear that this order parameter relates to the orientational order of the phase. In a perfect
crystal, there are no thermal fluctuations and S = 1, whereas in an isotropic liquid S =0
because the molecules are randomly orientated. The order parameter decreases with
increasing temperature: in the nematic phase S ranges from 0.3, close to the isotropic

transition, to 0.8. In the smectic phases the order parameter may be as high as 0.9."

1.5 Summary
The liquid crystal or mesomorphic state has been introduced in this chapter, together with

the associated concepts of the director, a vector used to define the local molecular
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orientational order, and the order parameter, used to describe the macroscopic order of the
mesophase. The nematic and smectic liquid crystal phases have been introduced and the
effect of chirality on certain of these phases has been described.

In the following chapter the properties of the chiral nematic phase are investigated
further. The concept of the elastic free energy density is introduced as a means of modelling
the equilibrium structure of the mesophase and its response to perturbations caused by the
application of external (electric) fields. The optical properties conferred on the chiral
nematic phase by its helical structure are outlined. The application of an electric field across
a chiral nematic phase causes the director field to reorientate. The mechanisms of dielectric
and flexoelectric coupling between the material and the field are described, and the changes
in the appearance of the phase resulting from the reorientation are explained. The theoretical
treatment of the chiral nematic phase concludes with a derivation of the phenomenological
theory of the flexoelectro-optic birefringence switching effect. Finally, a brief description is
given of ferroelectric switching in the smectic C* phase and electroclinic switching in the
smectic A* and chiral nematic phases: the features of these electro-optic effects are
compared with those of the flexoelectro-optic effect.

Chapter three gives a description of the apparatus and techniques employed to
characterize the materials examined in the course of this work. The polarizing microscope
and its use in electro-optic measurements is described in detail. Also included in this chapter
are descriptions of the textures specific to the most commonly encountered mesophases,
with reference to the aligning effect on the director field of particular boundary conditions.

The first homologous series of novel bimesogenic liquid crystals synthesized for this
work is introduced in chapter four. These materials comprise a highly polar cyanobiphenyl
unit (CB) attached to a chiral estradiol unit (Es) via a flexible alkanoate spacer containing a
variable number (n) of carbon atoms. The estradiol moiety is also substituted with a vinyl-
terminated alkyl chain, also containing a variable number (1) of carbon atoms. The general
molecular structure of the vinyl-terminated bimesogens mEsnCB is illustrated in figure
1.4(a) The mesomorphic bimesogens all exhibit chiral nematic phases, and no smectic
phases. The phase classification and optical properties of the homologues are given and
related to their molecular structure. The responses of the materials to dielectric and
flexoelectric coupling to an electric field are described, quantified and discussed in terms of
the molecular structure of the homologues. The flexoelectro-optic effect in the bimesogens
is compared with the effects reported for other chiral nematic materials in the literature and
it is seen that the estradiol-cyanobiphenyl bimesogens represent a significant improvement
over the materials examined previously. The series is the first homologous series to be

examined for its flexoelectro-optic properties. The work presented in this and the following



Chapter One: Introduction 7

chapters represents one of the few attempts to relate molecular structure to flexoelectric
response.

The terminal vinyl unit of the first series of bimesogens is vulnerable to chemical
reduction processes. A second series of estradiol-cyanobiphenyl bimesogens has been
synthesized in which the terminal chain is fully saturated and is therefore less susceptible to
chemical reactions. The general form of this "hydrogenated" series, (H)mEsnCB, is shown
in figure 1.4(b). The structure-property relations of this series are described in chapter five.
In particular, comparisons are made between the phase and electro-optic characteristics of

the members of this series and the vinyl-terminated homologues described in chapter four.

Figure 1.4 The estradiol-cyanobiphenyl bimésogens synthesized for this work: Diagram (a) shows the
general structure of the vinyl-terminated bimesogens mEsnCB; diagram (b) shows the
structure of the hydrogenated bimesogens (H)ymEsnCB; diagram (c) shows the structure of
bimesogens substituted onto short linear siloxane chains, Si mEsnCB; diagram (d) shows the
strucutre of the cyclic siloxanes c-Si (mEsrnCB), and ¢-Si (mEsnCB),; and diagram (e) shows

the structure of the polymer organosiloxane materials, Si,,(mEsnCB),,.

e O
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Chapter six relates the discoveries that have been made on investigating the
flexoelectro-optical properties of various mixtures. The features of mixtures between the
estradiol-cyanobiphenyl bimesogens and monomesogens and of achiral monomesogens or
bimesogens doped with a chiral dopant are presented. The results of studies of the effects of
boundary conditions and sample thickness are also given. The findings delineated in this
chapter are the key to understanding the strong response of the estradiol-cyanobiphenyl
bimesogens. From these investigations, recommendations are made for the first time
regarding specific molecular structural characteristics to promote the flexoelectro-optic
effect in chiral nematics.

In chapter seven, the focus is on the phase properties of four series of organosiloxane
liquid crystals. The following forms of siloxane group are substituted with estradiol-
cyanobiphenyl bimesogens: short, linear siloxane chains terminated with a single bimesogen
(Si;mEsnCB); two series of short cyclic siloxane units substituted at every silicon atom with
one pendant bimesogen (c¢-Si,(mEsnCB), and ¢-Si,(mEsnCB),); and long, linear siloxane
chains substituted at each silicon atom with one pendant bimesogen (Si,,(mEsnCB),,). The
structures of these modifications are shown in figures 1.4(c), (d) and (e). In general, smectic
phases are identified. However, one of the materials displays a chiral nematic phase. The
flexoelectro-optic properties of this material are presented and it is noted that this is the first
time the flexoelectro-optic effect has been reported in an organosiloxane liquid crystalline
material.

Chapter eight concludes this work with a synopsis of the research undertaken. Some

of the ideas for further work outlined in preceding chapters are reiterated and additional

objectives are defined.
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Chapter Two

Theory

2.1 Introduction

The liquid crystal phase was introduced in the previous chapter, together with the associated
concepts of the director n, a vector which defines the preferred orientation direction of
liquid crystal molecules, and the order parameter S, which defines the degree of order
possessed by the mesophase. The lowest order liquid crystalline phases, the achiral and
chiral nematic phases, and the higher order smectic A and C phases were described.

The present chapter contains a detailed review of the properties of the chiral nematic
phase. This review is intended to fulfil two objectives. Firstly it allows considered
discussion of the optical and electro-optical effects in the chiral nematic phase of materials
encountered in the course of this work. More importantly, however, it forms the background
necessary to understanding the phenomenon of flexoelectric coupling in the chiral nematic
liquid crystal phase.

The notion of elastic deformation of the director field in nematic phases is
introduced in section 2.2, concluding with an expression for the free energy density of the
chiral nematic phase. The optical properties of the chiral nematic phase are considered in
section 2.3: the phenomena of selective reflection and anomalous optical rotatory dispersion
are elucidated; the macroscopic, uniaxial negative birefringence of the chiral nematic phase
is explained; and selective reflection of obliquely incident light is described. The blue
phases are also introduced. In section 2.4 the range of textures observed due to dielectric
coupling between a chiral nematic phase and an electric field is discussed. The textures
described include the stripe and grid textures, the focal conic texture and the unwound
homeotropic nematic texture.

Section 2.5 is essential to the discussion of the experimental data, given in chapters
four to seven, relating to the flexoelectro-optic effect. In this section flexoelectric coupling
is discussed and the phenomenological theory of the flexoelectro-optic effect in chiral
nematics is outlined, resulting in key expressions for the induced deflection of the optic axis
and the characteristic material response time. In section 2.6 the flexoelectro-optic effect in

chiral nematics is compared with ferroelectric switching in the smectic C* phase and
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electroclinic switching in the smectic A* and chiral nematic phases. Finally, the pertinent

results summarizing the properties of the chiral nematic phase are presented in section 2.7

2.2 The chiral nematic phase

The director arrangement of an undisturbed chiral nematic phase is described in a Cartesian
frame of reference, with the z-axis parallel to the helix axis h, as shown in figure 2.1. The

director, n, is thus confined to the xy-plane, with (n,, n, n ) defined as

n, =cosf,
n,= sin@,
n, =0, [2.1]
where 0, taken to be zero when the director is parallel to the x-axis, is given by
0= 37£z = kz.
i [2.2]

P, is the length of the natural, undisturbed pitch of the helix and & is the modulus of the
helical wavevector of the material. P, is further defined as being positive for a right-handed

helix and negative for a left-handed helix. (The director rotates in an anticlockwise direction
in the positive z direction in a right-handed helix.)

Figure 2.1 The diagram shows the

Helical axis, h
z. 0.A. schematic structure of a

Optic axis, O.A.
O chiral nematic material with
h a right-handed helix. The z-

axis is defined to lie along

helix axis, h. The
A n y the s
-

director n lies in the xy-

2779

—o0
—o
_.

x plane. The angle 6 is defined

E=0 x y in the text.

In section 2.3 it will be shown that the interesting optical properties of the chiral
nematic phase originate with its helical pitch. However, it is noted that despite the need to
understand the behaviour of the chiral nematic pitch as sample temperature or molecular
structure is varied, the effects of these parameters are not well understood. It is generally
accepted' that pitch is a decreasing function of temperature: as the temperature of the sample
is increased, the mean angle between the directors of successive xy-planes increases. This
relationship does not always hold and variations in molecular structure are often implicated
as the cause of anomalous behaviour.”*** In one study an increase in pitch with temperature

was attributed to the process of dimer formation,’ in which adjacent molecules with strong
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molecular dipoles arrange themselves so that their dipoles are aligned head-to-tail as
sketched in figure 2.2. Additionally, some chiral nematic materials exhibit "twist inversions"
whereby, as the temperature of the sample is reduced, the material's helix unwinds across a
narrow temperature range (a few "C) and, as the sample is cooled further, the helical
structure reforms with opposite handedness. Cooling of the sample below the critical

temperature at which the twist inversion occurs therefore leads to a decrease in the helical

pitch.

Figure 2.2 Dimer formation between
adjacent molecules. The
longitudinal molecular dipoles

(represented by arrows) are

aligned head-to tail.

The strongest variation in pitch length with temperature is observed when the chiral
nematic phase has an underlying smectic A* phase. As the temperature of the chiral nematic
phase is reduced towards the transition to the smectic phase the pitch length of the sample
increases sharply within a few °C of the transition. This increase in pitch to infinity is
necessary in order that the layered structure of the smectic A* phase might form. Transitions
between nematic and smectic phases are discussed in considerable detail in the literature”
but such discussion is beyond the scope of the present work.

The molecular arrangement of the mesophase is affected by external forces resulting
from the application of external mechanical, electric and magnetic fields. The interaction
between adjacent molecules subjected to elastic deformations is conveniently described
macroscopically by the use of elastic constants. The free energy of a nematic medium in its
equilibrium state is generally derived via the Eriksen-Leslie approach™" by considering
elastic deformations of the director in the continuous medium. An outline of the theory
presented by Frank'' resulting in an equation to describe the free energy of the nematic
phases is given here. In a Cartesian coordinate system (x', y', z), the director n' is aligned
parallel to the z"-axis at the origin. A Taylor series expansion allows the director
components to be defined as

on. , on. , on,

n.=—%x+—2y4+—=420(r?),

oox' 9y 7 07’ ")
on., on.. on..

n.= y X'+ y yv+ y z'+0(r2),

¥ ox' o' 0z’
n,= 1+0(?), [2.3]
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where 7°=x""+y"*+z'* and higher order terms in r’, O(r”), have been ignored because only
infinitesimal changes in director orientation are considered. Note that at the origin, n,=n =0
and the partial derivatives of n, with respect to x" and y’ are also zero. The partial derivatives

correspond to three elastic deformations, namely splay, twist and bend:

an , 8n .
Splay a, =—~ a,=—,
p y 1 ax| 5 ay|
. on,,
Twist a, ——-9&- a, =——=,
9y ox'
, on,
Bend a, = L a, =
aZ' aZ' [2‘4]

The a, notation has been adopted for convenience. Figure 2.3 shows the curvature strains
pictorially. Any elastic deformation of a nematic liquid crystal can be reduced to some

combination of these three deformations.

Figure 2.3 Nematic director configurations in (x', y', z') coordinate systems under the

elastic deformations of splay, twist and bend.

on(y’) B on(y’) on(x’)

ox' ay'

Twist * Bend

Splay

It can be shown'"" that the free energy density, g, of an incompressible fluid
deformed from a uniform orientation is a function of the partial derivatives, a,, which

express the director curvature. A quadratic expression for the free energy density is
[ 6 6
g= Zkiai +%22kija,.aj,
i=1 i=1 j=I

where £, and k, are the moduli of the curvatures and, by symmetry, k,=k;. The total free

[2.5]

energy, G, of the system is obtained by integrating g over the volume of the sample. The
modulus of the free energy density of a material must be independent of the coordinate
system employed. Thus a transformation to the coordinate system (x”, y", z") by a rotation
of the (x', y', z') axes about the z'-axis requires new curvature components, a,”. The values of
k and k; are invariant with the transformation (or else the free energy density would

change). Three transformations are considered, comprising rotations about the z"-axis by 90°,
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45°, and an arbitrary angle," and it is found that of the six £, moduli four are non-zero, of
which only two are independent,

ki:(kl k, 0 -k, k O),

[2.6]
while of the 36 k, moduli, eighteen are non-zero, of which only five are independent
kn klz 0 - k12 le 0
k12 kzz 0 k24 k12 0
L | 0 0 & 0 0 o0

! - k12 k24 0 kzz - k12 0
k15 klZ 0 - k12 kn 0

0 0 0 0 0 @k, [2.7]

where k; =k, -k,,-k,,.

A further symmetry to consider is the polarity of the system. In non-polar systems,
for example in both the chiral and achiral nematic phases, the choice of the sign of the
director n is arbitrary. A transformation of the right-handed Cartesian coordinate system by
a 180° rotation about the x™-axis, so that z"=-z" and hence n''=-n", x"=x" and y"=-y’ brings

about the further restrictions that

e TR T O 2)} =& =0k, =0.
ny =a,x'"'-asy"—a,z"+0(r") [2.8]
Finally, the chirality of the system is considered. In a macroscopically achiral (non-
enantiomorphic) system, the transformation to a left-handed coordinate system x"=x’, y"=-y’,
7"=z' gives the additional restrictions that
n. =ax"-a,y'+a,7"+0(r?)

n, =-a,x'"+tasy"'-agz +O(r?)

}:> k, =0,k, =0.
[2.9]

Hence, to summarize the restrictions placed by equations 2.8 and 2.9 on the values of k, and

k;in equations 2.6 and 2.7:

non-polar and non-enantiomorphic k=0, k=0, k,=0;
non-polar and enantiomorphic k=0, k,#0, k,=0;
polar and non-enantiomorphic k#0, k,=0, k,=0;

polar and enantiomorphic k#0, k#0, k,,#0.
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The general expression for the free energy density is
2
g:k1 an"( +?_n_y. +k2 anx._?_’:l.y_ +.]£1_1_ .a_n:‘_.{,_?& +/_€£ anx+any anx__any
ox  dy dy ox 2| dx dy 2{0x dy | dy ox

2
+&2—(%~%] +(ky, +k24)(anx o, _9n, O, j+ s (an" 2 + o, 2}
X

2|1 dy @ dy dx dx dy 2| oz 0z
[2.10]
At the origin we have:
on
V ‘n= anx + _y;
ox dy
on
—-n-VYXn= _a...’}..)f_ — _y,
dy ox
2 on,°’
(nxvxny? =2 I
0z 0z
on, oJn_ on
Ly (- Vn-@-mn)= I _ om0y
2 dy ox ox dy [2.11]
If intrinsic twist and splay components, k and s respectively, are introduced where
k=-—- and sz—ﬁ,
ky kyy [2.12]

and the free energy of the liquid crystal is redefined to include the intrinsic twist and splay,

= | 2,1 2
f=g+ Yokis*+ Y kuk?, .13
the free energy can be expressed as

f =%k”(\7-n—s)2 4—-;—k22(n~V><n+k)2 +%k33(n><V><n)2

splay twist bend

— ky,(V-n)n-Vxn) +%(k22+k24)V-((n-V)n—(V-n)n)

= 0if non - polar or o
- tiomorphic . surtace
non-enan , [2.14]

The present work is generally concerned with nematic phases, in which k=0 and k,,=0. For
this reason the fourth term in equation 2.14 and the intrinsic splay, s, of the materials are
disregarded. The fifth "surface" term in equation 2.14 can be converted into a surface
integral by employing the divergence theorem'” and is neglected when considering the
properties of the bulk material. Finally an expression for the elastic free energy, f,,,.... of

chiral nematic phase in its equilibrium state is arrived at:

felasric :—;—K”(V.n)z +-§-K22(n-V><n+k)2 +%‘K33(nxvxn)2,
[2.15]
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employing a slightly altered notation for the elastic constants of splay, twist and bend
(K,=k,) to avoid confusion with the helix wavevector, or intrinsic twist term, &. In an achiral
nematic the free energy would be modified by the absence of the intrinsic twist term since
k,=0 in a non-enantiomorphic material.

The elastic constants of splay, twist and bend, K, , K,, and K, respectively, are
positive, otherwise the undeformed nematic phase would not possess a minimum free
energy, and have magnitudes of the order 2x10™ N to 20x10™* N."” The bend elastic constant
is often only slightly larger than the splay elastic constant and the twist elastic constant is
usually smaller than the other constants.’ The ratio K,/ K,, typically ranges" from 0.7 to 2

0141516 P e ratios vary little with

and the ratio K, /K,, typically ranges from 1 to 5.
temperature although the individual elastic constants decrease strongly as the temperature of
the sample increases.® The elastic constants generally vary with the square of the order

parameter'® although the behaviour of the twist elastic constant does not always follow this

rule.'®

2.3 Optical properties of chiral nematics
The form of the interaction between light and a chiral nematic material depends upon both
the propagation direction of the light with respect to the helix axis of the material and on the

pitch of the helix. The interactions may be summarized as follows.

Light propagating parallel to the helix axis:

° selective reflection of wavelengths close to the helical pitch length P, occurs
within the medium, corresponding to an incident wavelength of A, = P,n outside
the medium, where 7 equals the mean refractive index of a single director plane.
The chiral nematic phase selectively reflects circularly polarized light, and the
opposite circular polarization is transmitted almost unchanged. A right- (left-)
handed helix reflects right (left) circularly polarized light (see section 2.3.1 for the
conventional definition of the sense of circularly polarized light);

. light with wavelength very much shorter than the helical pitch (the Mauguin limit)
is guided by the sample: linearly polarized light is rotated in the same sense as the
helix. This is the optical effect employed in twisted nematic devices to rotate the
polarization plane of incident light by 90° for transmission between crossed
polarizers;

° outside the Maugin regime, although still at wavelengths much shorter than the
helical pitch the chiral nematic phase, the optical rotatory power of the material

acts in the same sense as that of the helix. As the wavelength of the light is
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increased to approach the helical pitch length the rotation drops to zero and then
reverses sign, i.e. at longer wavelengths the rotation is in the opposite sense to that
of the helix. This is the anomalous optical rotatory power of a chiral nematic
material. The rotatory power of the medium is zero for the incident wavelength
equal to A, The optical rotation per unit length, p, is very high,"" typically

~1000° mm’', whereas in an optically active isotropic liquid” p ~ 0.1° mm".

Light propagating normal to the helix axis:
e for a helix of sufficiently short pitch (< ~700 nm in the author's experience) visible
light propagating normal to the helix axis interacts with the material as it would
with a negatively uniaxial birefringent crystal, as described in section 2.3.2;
e for ahelix of longer pitch, visible light propagating normal to the helix axis is
diffracted by the helix and a periodic striped pattern, of repeat unit P/2, is

observed. This effect gives rise to the well-known fingerprint texture.'

Light propagating at an angle to the helix axis:
e the selectively reflected wavelength decreases as the angle of incidence to the
helix axis increases. The relationship between the angle of incidence and the
scattered wavelength is modelled by treating the chiral nematic as a Bragg

reflector with period P /2, as will be shown in section 2.3.3.

2.3.1 Selective reflection and optical rotatory dispersion
A theoretical treatment of the selective reflection properties of the chiral nematic phase,
following the derivation presented by Kats," is given below. We begin by deriving an
expression for the dielectric tensor, €, of the chiral nematic phase. This tensor is substituted
into Maxwell's wave equation and exact solutions to the wave equation are found. Finally,
these solutions allow the spectral profile of the selective reflection to be modelled. This
treatment of the optical properties of the chiral nematic phase is also discussed elsewhere.""
The relative dielectric permittivity of the molecules is represented by an ellipsoid
with g along the long molecular axis and €, normal to the long molecular axis. The
molecular relative dielectric anisotropy is given by Aé= g- €;. Light propagating through a
chiral nematic phase can therefore be considered to be interacting with a "spiralling
ellipsoid" with pitch equal to the helical pitch length and a repeat unit of P/2. Applying the
geometry illustrating in figure 2.1, the spiralling ellipsoid axis is defined to lie parallel to the

z-axis and g lies along the x-axis at the origin. The ellipsoid spirals about the z-axis through
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angle 0 =27z/P=kz per unit length. The components & and €, in the xy-plane interact with
the incident light, while the component &, along the z-axis does not. At any point z, the
dielectric tensor is therefore given by
.o cosh — sm@Isu I cosf smf)]

sin@ cosf —sin@ cosf

&y +8J. &y

L cos20 ——=5in20
W~ € sin20 & TE &€&, c0s20
2 2
_(E+ £0 cos20 £0sin20
£8sin20 E—&S8cos20 | [2.16]
where
E - SHQ*‘—SJ- and 6 = E’—I—:-f-'-l'—
2 & tE€; [2.17]

Note that at optical frequencies & =ny’ and £,=n,", where ny and n, are the microscopic
refractive indices, i.e. the refractive indices of each xy-plane, parallel and perpendicular to

the long molecular axis, respectively. Hence

E, — & ny +n —
Il 1 1l 1 (I’l" _nl):nsn’

£0 =
2 2 [2.18]

where On is the microscopic refractive index anisotropy and 7 is the average refractive

index of an xy-plane.

Maxwell's wave equation for an electric field with an optical frequency propagating

in a perfectly insulating dielectric medium with relative dielectric constant € has the form

2
vE=£9E
¢ o [2.19]

A plane-polarized electromagnetic wave E propagating in the z-direction with angular

F(z
o[22
¢ [2.20]
Substituting the expressions for E and € into the wave equation gives
d* [ F.(2) ot g w*(E+ES5cos20  ESsin20 F,
d?| F,@) | ¢*| E8sin20 E-E5cos26 | F,

d* (F, ,(1+8cos20  §sin20 Y F,
T a2 F T ssin20 Scos20 | F |2
dz sin2 1-0cos2 Y [2.21]

frequency o is expressed as
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where Kk =w& "“/c=27m/A is the wavevector of a field, of vacuum wavelength A, propagating
in a dielectric medium of average dielectric constant € . Resolving the wave into circular

components of amplitude F* and F~ gives,

F* =—1—~(F)r +iF)) and F~ =L(Fx —iF).

V2 V2 [2.22]

The sense of circularly polarized light is conventionally defined as right (left) circular when
the electric field vector rotates in a clockwise (an anticlockwise) direction as it propagates
towards the observer. By this definition F~ represents right circularly polarized and F~ left
circularly polarized light propagating along +z and vice-versa.

In these terms the relationship below must be substituted into the wave equation:
Fl_ 1 (1 1YF*
(Fy]_‘/i("i ’IFJ [2.23]
The wave equation then becomes
1(1 iYd* (1 1YF") k?*(1 i Y1+d6cos20  Ssin26 1 1Y F*
75{1 —i]?(—i iIF‘)+_2(1 -iI 5 sin26 1-5cos291-i iIF‘)zO
i 11 0

L e )

[9 =k " =cosh+ isinG]

[2.24]

(F+\} (A+ ei(l+k)z\J
-7 - Li-kyz |
F e [2.25]

which is a superposition of two waves of opposite circular polarizations with wavevectors

Trying a solution of the form

differing by 2k, gives
_(l+k)2A+ ei(l+k)z 5 1 5ei2kz A+ ei(l+k)z o
_(l _k)Z A ei(l~k)z tK S e—iZkz 1 A ei(l_k)z -
[2.26]
on substitution into the wave equation. If the pair of coupled equations represented by

equation 2.26 are inspected it is seen that in each equation the exponential factors cancel.

Returning to the matrix formalism, equation 2.26 reduces to

K2 —(+k)* K5 A*
2 2 2 e 0.
) K*=(-k)?* ) A [2.27]
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Expressions for the wavevector / can be derived by setting the determinant of the square
matrix in equation 2.27 to zero, i.e.,
(> —+0) > -1 B)*)-Kk*5> =0
:>l“+(—2(1<2+k2))lz+((1<2+k2)2—~K“62):O. [2.28]

The resulting quadratic in I” has roots /,” and 1,’:

P12 =i + K 2 kJak? + K287, 2.29]

Before substituting /, and /, into the expressions for the spacially-varying components of the

propagating fields (equation 2.25) two new wavevectors, L, and L,, are defined such that
L =1 +k= (x2 +k* - KV 4k? +;<2é32)E +k
and L, :zz—k:(xz+k2+K\/4k2+;<252f—k. (2.30]

Substituting L, and L, into equation 2.25 gives two explicit expressions that solve the wave

equation:
iLiz il
Pt PRPUGEE € [ , e
| % _ — 2
Fl - I — ihemys | T Al i(Ly-2k)z | — L] —K i(L=2k)z
F A~ elhhe 7€ ———¢
1 ! A K8
+ 2 2
F2+ A2+ RGDE A, il ¥2002 L,” -k JUURERE
and F2 = e = A I = 142 = K26 R
2 2 € oilat el

[2.31]
The ratios of A,," to A, are easily derived from equation 2.27. Since J is small

AIA ~AIA, ~ 6. This means that in solution F, the predominant polarization component
is right-circular (F," = e"*) while in F, the predominant component is left-circular

(F, = ™).

To understand the properties of these solutions, consider a right-handed helix (k > 0)
illuminated with light propagating along the positive z-direction (x> 0). If xis close to k, L,
can acquire an imaginary component (whereas L, is always real). Thus F, the solution with
a predominantly right-circular component, acquires an exponentially decaying component.
This decay cannot be the result of absorption since no dissipative process has been
considered in the foregoing theory. The right-circular component, with wavevector
k =2n/P,, is therefore reflected by a right-handed helix. In order to determine the spectral

range of the reflected light, note that the condition for L, to be imaginary is

K2+k* -4k +x%8% <. [2.32]



Chapter Two: Theory 21

If this inequality is treated as a quadratic in &’ the roots of this equation give the range of x

over which selective reflection may occur:

k k
<Kk <

v1i+d 1-—5. [233}

As k= E "wlc, E =(& + £)/2 and 5= ( & - £)/( & + £.) equation 2.33 may be written as

w

k k
VE+ES ¢ E-ES
= L <2< _k
Ve ¢ e [2.34]
It is now possible to relate the wavelength spectrum reflected by a chiral nematic material to

the pitch and refractive indices of the phase. Remembering that k=27/ P, and w/c=27/A, we

may determine that the range of selectively reflected wavelengths is

Pn,>A>Pn,, [2.35]

since &' = my and € = n;. Hence the bandwidth of the reflection spectrum 84 is given by
oA &

2= [2.36]
A n

max

where 0n = ny -n, is the birefringence of the director plane (not of the bulk liquid crystal),
7 = (my +ny1)/2 is the average refractive index of the director plane and A_,_is the midpoint

of the reflection spectrum, given by
A, =0F,. [2.37]

The form of the reflection spectrum for a semi-infinite sample illuminated at normal
incidence, parallel to the helix axis, is shown in figure 2.4. The profile has a flat top and the
reflected intensity drops sharply outside the reflection band. The reflection profile of a

"real" sample of finite thickness and perfect alignment would also be centred on 4, but

would possess additional reflection sidebands outside the main reflection band."""

4 Figure 2.4 The reflection coefficient,

1= R, of a semi-infinite
cholesteric material as a
function of wavelength, A,
for light propagating

parallel to the helix axis.
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Figure 2.5 illustrates selective reflection of right circularly polarized light, and
transmission of left circularly-polarized light, by a right-handed helix. Note that a "right
hand grip" rule applies to the right hand helix (i.e. with the thumb of the right hand pointing
along the helix axis in the positive z-direction, the fingers curl about the thumb in the same
sense as the director rotation about the helix axis) whereas a left hand grip rule applies to
right circularly polarized light and vice-versa. The helix transmits left-circularly polarized
light because the electric field vector rotates in the same sense as the director in the positive
z-direction. The helix reflects right circularly polarized light. The right circular polarization
propagating along the positive z-direction finds its electric field vector rotating in the
opposite sense to the director. Propagating in the negative z-direction, the electric field

vector is easily transmitted as it rotates in the same sense as the director along this direction.

Figure 2.5 Selective reflection in a right-handed chiral nematic material. The incident
light propagates parallel to the helix axis in the positive z-direction. The light
has wavelength ~A  =nP . LCP, RCP indicates left or right circular

polarisation.

o DI D % %I%T?oal%k- z
T ) R 03] ]]208] | I%e
o5 Tisoss [0t U

ReODD) s} [l [0 |-HODL O

Reflected: RCP ‘SIHTE’OBIHI?' Transmitted: LCP

>

The ability of a chiral nematic medium to rotate the plane of polarization of

polarized light of wavelength A incident on it, i.e. its optical activity p, is given by the

1,12

difference between L, and L,: p = (L,-L,)/2 rad per unit length.""” It can be shown""""" that

away from the selective reflection region the de Vries” equation applies:
7 (dn)* P,

* , 2.38
4 AN A-(A1A,,)°%) 22

The sign of the optical rotatory power reverses at A = A, . The form of the rotatory
dispersion of right- and left-handed helical structures (P, positive and negative, respectively)
is shown in figure 2.6. The de Vries equation indicates that for A <4, the plane of

polarization of linearly polarized light is rotated in the same sense as the helix, while for

A>A

‘max?

the rotation is in the opposite sense. At short wavelengths, with A << 4, the de
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Vries equation tends to 7zP,(8n)’/(4A°), and at long wavelengths, with A>>A_, p

approaches zero.

Figure 2.6 Anomalous optical rotatory power, p, in semi-infinite media, as
functions of wavelength, A. The optical rotatory power is zero at

A=4

‘max*

0 0 Left-handed
helix

0 0 -
T

Right-handed
helix

Finally, it is useful to discuss the appearance of the texture observed when light
incident on a chiral nematic film propagates parallel to the helix axis. In order to view this
texture, the helix axis must be aligned normal to a substrate. For this reason, the reflecting
texture is often referred to as the "standing helix" texture in this work. The standing helix
configuration can be induced by applying a planar alignment layer to the substrate. Planar-
aligned molecules have a uniformly-aligned director lying in the plane of the substrate. In a
chiral nematic, a planar alignment layer causes a director plane to lie in the plane of the
substrate and therefore the helix axis lies normal to the substrate. (Conversely, a
"homeotropic" alignment layer causes the molecules in contact with it to be aligned along
the substrate surface normal.) The standing helix texture is commonly known as the
Grandjean texture and sometimes as the planar texture because the macroscopic optic axis
of the bulk material (section 2.3.2) lies along the substrate surface normal. Where 7 P, is
similar to the wavelength of visible light, the Grandjean texture appears brightly coloured
and iridescent when viewed in reflection.

The characteristic pitch, P, of a chiral nematic phase cannot be significantly
deformed. As a result of this, a chiral nematic material in a standing helix configuration
induced by planar alignment layers and enclosed in a cell with non-parallel walls will
exhibit disclination line defects called Grandjean steps, as shown in figure 2.7(a). (A
disclination is a discontinuity in an otherwise continuous director field.) On moving from a

thin to a thicker part of the cell, the number of turns in the helix, N, must increase. Planar
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alignment layers force the increase in the number of turns of the helix to be quantized
(N=1/2, 1, 3/2,...) because the molecules in contact with the alignment layers are forced to
lie along one direction only. Disclination lines form where the number of turns in the helix
increase by one half-pitch because the director pattern at these points is discontinuous. The
resulting texture is called a Grandjean step texture. On the thicker side of a region with
constant twist the helix is stretched, compared with its natural pitch length, and selectively
reflects a longer wavelength. On the thinner side the pitch is shorter than its undeformed
length and reflects a shorter wavelength. Figure 2.7(b) shows a diagram of the deformed
helical structure leading to the formation of Grandjean steps in a cell with non-parallel walls
treated to promote planar alignment. The disclination lines are regularly spaced through the
cell. If the wedge angle of the cell is known, the separation of the disclination lines may be
measured to allow the natural helical pitch, P, to be determined. The symbol P is used to

represent a helical pitch that does not equal the natural pitch of the phase.

Figure 2.7 Photograph (a) illustrates
disclinations and "Grandjean steps"
in a wedge-shaped cell containing

5Es5CB (see figure 4.6(b) for sample

conditions). Diagram (b) is a
schematic illustration of a wedge cell

(angle 7). The molecules in contact Natural pitch: selective reflection
wavelength is A

‘max®

with the cell walls lie normal to the

page. The disclination lines are
separated by a distance /=P /2tany.
The pitch is dilated to the left of the

disclinations (P > P,) and

compressed to the right of the

disclinations (P < P,).

\ \
=i [ =¥

(b)

Disclination lines appear at these
positions as the number of helical
turns increases by %.
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2.3.2 Macroscopic birefringence in the chiral nematic phase
The chiral nematic phase is macroscopically birefringent. A birefringent material is doubly
refracting: light propagating within the material can experience different refractive indices
and, depending upon its propagation direction and the polarization state of the light, a single
beam may be split into two beams with different polarizations. Uniaxial birefringent
materials possess a single axis of symmetry called an optic axis. (Although they are not
discussed here, biaxial birefringent materials, possessing two optic axes, are also known.)
The orthogonal components of polarized light propagating in a direction parallel to an optic
axis do not undergo double refraction since the orthogonal polarization components
experience the same refractive index, i.e. there is circular symmetry about the optic axis.
The refractive index normal to the optic axis is called the "ordinary" refractive index of the
material, n,. Light propagating in a direction orthogonal to the optic axis undergoes strong
double-refraction. The electric field vector of incident light propagating at any angle with
respect to the optic axis can be resolved into components along the optic axis and normal to
it. While the polarization component normal to the optic axis experiences the ordinary
refractive index, n,, the component parallel to the optic axis experiences a different
"extraordinary"” refractive index, n,. As the different polarization components see different
refractive indices, the components propagate with different phase velocities, v = c/n,,.

The refractive indices of a uniaxial birefringent material are represented by an
ellipsoid called an "optical indicatrix". In Cartesian coordinates the optic axis, O.A., of a
uniaxial material is aligned along the z-axis of the material and »n, = n,. The orthogonal

components are n=n =n,. The equation representing the indicatrix is

o Mo T [2.39]
The birefringence of the material is defined as An =n-n,. If n, > n_, the material has positive
birefringence, the indicatrix is a prolate ellipsoid and an extraordinary polarization
component has a slower phase velocity than an ordinary component. If n, < n,, the material
has negative birefringence, the indicatrix is an oblate ellipsoid and an extraordinary
polarization component propagates more rapidly than an ordinary component. Indicatrices

of positive and negative uniaxial birefringent materials are illustrated in figure 2.8.
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Figure 2.8 Optical indicatrices of uniaxial birefringent materials. Diagram (a) shows the
indicatrix of a material with positive birefringence (7, > n ) and diagram (b)
shows the indicatrix of a material with negative birefringence (n, < n,).

The optic axis lies along the z-direction and n, = n = n , n_= n_in both cases.

0.A. 0.A A
(@) N ® 2

The extraordinary refractive index experienced by light propagating at an angle 8 to
the optic axis, n,(B), is given® by n_*(8) = (cos f/n,)+(sin B /n,)’. For light of wavelength 4,
a birefringent material of thickness d lying with its optic axis normal to the propagation
direction produces a phase difference A between the ordinary and extraordinary rays that is
given by
Ap = g—7—r—dAn.
A [2.40]
The birefringence of a bulk chiral nematic's helical texture is negative, while the
birefringence of an achiral nematic phase, a smectic A phase, or an unwound chiral nematic
phase, in which the director points in a single direction throughout the (calamitic) sample, is
positive. The microscopic refractive indices parallel, 7y, and perpendicular, n,, to the local
director have been described. In aligned unwound chiral nematic, achiral nematic and
smectic A phases, the long molecular axes are aligned parallel and the ordinary and
extraordinary refractive indices of the bulk material, n,, and n,_,, are related to the
microscopic refractive indices by
Reg=my and n,,=n = An,=n,, —n,, =m-n,. [2.41]
Since ny > ny, the birefringence of these phases and textures is positive. In undeformed
helical chiral nematic phases, the helix axis lies along the z-direction, parallel to n;. Hence

the optic axis lies along an n, axis and therefore n,,.= n,. It can be shown” that in a chiral

nematic the ordinary refractive index of the bulk material, n_,., is given by
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no,n* = ‘\’—;-(nllz + nJ_Z)'
[2.42]

Hence the birefringence of a bulk chiral nematic, An,., is given by

An,.=n,.—n,.=n, -1,—1—(n,,2 + nlz)
2 [2.43]

and, since ny > n, the birefringence of the bulk chiral nematic material is negative.

A well-aligned short pitch chiral nematic material viewed from a direction
orthogonal to its helix axis therefore has the appearance of a uniaxial, negatively
birefringent crystal viewed from a direction orthogonal to its optic axis. Throughout this
work, such an observable aligned texture is referred to as the uniformly-lying helix texture
because in order to see the birefringent texture, the helix axis must be aligned lying
uniaxially in the plane of a cell, parallel to the cell walls. The lying helix texture may also
be referred to as a monodomain "focal conic" * texture. Generally, however, the term "focal
conic texture" is used to describe a light-scattering birefringent texture composed of many
domains, each with its optic axis orientated in a different direction or range of directions.

It is important for the later discussion of the flexoelectro-optic effect to reiterate that
the optic axis of the helical structure lies orthogonal to the director planes of the helix. In an

undeformed chiral nematic phase, the optic axis lies along the helix axis.

2.3.3 Light propagating at an angle to the optic axis

A theoretical treatment of light propagating at an oblique angle to the optic axis is a
complex undertaking and to date no analytical solution has been found.' The selective
reflection process at normal and oblique incidence may be approximated by treating the
chiral nematic phase as a periodic layered structure of repeat distance P/2 and considering
the Bragg reflections from these quasi-layers.” In a truly layered structure, for example a
crystal or a smectic liquid crystal phase, Bragg reflections of wavelengths of the same order
as the repeat unit of the crystal lattice occur because there is a periodic variation in the
density of the medium. In a chiral nematic phase, however, there is no such variation in
density: Bragg reflection occurs because there is constructive interference between

reflections from successive director planes with n = -n aligned in the same direction (i.e.

planes separated by P/2).
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Figure 2.9 Bragg reflection of light

incident at an arbitrary angle

\ on a chiral nematic domain.
\ 12‘ Py The light has wavelength A,

in the medium and A in vacuo.

Figure 2.9 shows a simple construction to illustrate the (in-plane) interaction
between light of vacuum wavelength A and a chiral nematic liquid crystal. The light is
incident at an angle 6, to the helix axis within the sample. It is assumed that the
birefringence of the sample is small compared with the mean refractive index 7 =(mi+n.)/2
(i.e. An << ). The condition for constructive interference of reflected waves is

Fycosb, = ak,, [2.44]

where « is an integer and A, = A/7 is the wavelength of the light within the sample. From
the geometry illustrated in figure 2.9 it is straightforward to see that 6,=(6,+0,)/2. Clearly as
the angle between the incident light propagation direction and the helix axis increases, the
wavelength A of the selectively reflected light decreases. Applying Snell's law, expressions

for 6, and 6, in terms of 6, and 6, are obtained by substitution into equation 2.44, yielding

A =P, cos[%[ sin‘l{ s1r19,. ]+ sin‘l( sm_@r )H,
" " [2.45]

for a first order reflection (a=1). This approximation holds for small values of 6, 6, and 6,

Note that at normal incidence (6, = 6,= 6, = 0), A = i P,, as derived earlier (equation 2.37).

2.3.4 Blue phases

Only three materials displaying blue phases are described in the course of this work, and the
blue phases are not examined in depth. The discussion of blue phases presented at this point
is therefore brief. Three distinct blue phases are recognised, viz. BPI, BPII and BPIII,
observed in that order with increasing temperature. The blue phases BPI and BPII have a
periodic structure and the blue fog phase BPIII is amorphous. Blue phases are
thermodynamically distinct phases that occur in chiral nematic materials with sufficiently
short pitch (< 500 nm)' over very narrow temperature ranges (~ 1 °C)' between the chiral

nematic phase and the isotropic phase. All three phases are optically active, i.e. they rotate
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the polarization plane of light incident on them, but are not birefringent. The periodic
structure of the BPI and BPII phases allows them to Bragg-reflect incident light (and the
colour of the reflected light is not always blue). The reflected light is circularly polarized."”
From studies of Bragg reflections it has been deduced" that BPI has a body-centred cubic
structure and BPII has a simple cubic structure. These structures form around disclination
lines. The disclinations occur because the chiral nematic phase has altered its form to allow
helix axes to develop in all directions perpendicular to the director simultaneously, forming
"double twist" cylinder structures. ” The free energy of such a tube structure is minimized
close to its axis but increases rapidly in a radial direction as bend distortions form, limiting
the radii of the tubes. The interlacing of these cylinders gives rise to the periodic cubic
structures of the BPI and BPII phases. Such structures engender discontinuous director

configurations, and hence the formation of disclination points, at the intersections between

the double twist tubes.

2.4 Dielectric coupling of an electric field to a chiral nematic phase

A liquid crystal possessing non-negligible magnetic susceptibility or dielectric anisotropy
displays a sequence of texture changes under the influence of a magnetic or electric field of
increasing or decreasing amplitude. Each texture change originates from a new arrangement
of the molecules with respect to the applied field direction and often occurs at some critical
field or voltage amplitude. The following discussion is confined to the effects of electric
fields although it is noted that the effects of magnetic fields are directly analogous.

It is noted that the free energy density of a sample subjected to an electric field E has

the form™
f = f elastic + f dielectric

g,A¢e
=[1K“(v-n)2 +-}-K22(n~V><n+k)2 +—1—K33(n><V><n)2}——-—°—-—~(E-n)z,
2 2 2 2 [2.46]

where the dielectric anisotropy, A&, is given by Ae = g, - £, with g and & measured parallel
and perpendicular to the long molecular axis respectively, as previously defined.

The sequence of textures observed on application of a field parallel to the helix axis
of a chiral nematic material with positive dielectric anisotropy (A€ > 0) and aligned in a
standing helix texture is illustrated in figure 2.10, together with an indication as to the
helical arrangements responsible for the characteristic optical properties of each texture. The
structural modifications are precipitated by the coupling of the electric field to the dielectric

anisotropy of the molecules: a molecule with positive dielectric anisotropy minimizes its






