Chapter |

I ntroduction

1.1 Liquid Crystals

In 1888Reinitzer recognized that apart from familiar states of matter viz., solid,
liquid and gas, there exists afourth state of aggregation in some organic compounds with
elongated moleaules. This is an intermediate state between the disordered liquid and
ordered solid and is called the liquid crystalli ne state. In liquid crystals the anisotropic
moleaules exhibit long-range orientational order and in some compound they aso
exhibit long-range pasitiona order of the centers of massof the moleailesin one or two
dimensions. Like aliquid the medium can flow, howvever it aso exhibits anisotropies in
physica properties like refradive indices, dieledric constants, condictivities, magnetic
susceptibiliti es etc. There ae basicdly two classes of liquid crystals, viz. thermotropic
and lyotropic. In thermotropic liquid crystals the mesomorphic behavior arises because of
temperature. Lyotropic liquid crystals are formed when amphiphilic compound are
dissolved in some solvent like water. In this thesis we study severa physicd properties
on some thermotropic liquid crystals made of rod like moleaules.

1.2 NematicLiquid Crystals

The simplest among all the liquid crystalline phases  far known is the nematic.
The distribution d the centres of massof the moleales in the medium is liquid like. The
long axes of the moleaules on an average ae digned abou a spedfic direction, which is
dencted by a unit vedor, caled the diredor (n). Nematic is apdar in naturei.e. h and
— h are physically equivalent. Thermotropic nematic liquid crystals are uniaxial paositive
with the largest principa refradive index correspondng to polarisation o light along n.
Thereis no urambiguouwsly identified thermotropic biaxial nematic liquid crystal made of
rod like moleaules. A schematic diagram of the uniaxial nematic liquid crystal is sown
inFig.(1.1).
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Figure 1.1 Schematic representation d the molecular arrangement of rod like moleaules

in the nematic phase. The arrow indicates the diredion d average orientation d the

moleaules (N, the diredor).

1.2.1 Orientational Order Parameter

The order parameter is a measure of type of order in the relevant phase. For
example, the ferromagnetic phase is charaderized by an order parameter cdled
magnetization, which becomes zero in the paramagnetic phase. In nematic liquid crystals
the orientational order parameter describes the average orientation d the long axes of the
moleaules along the diredor. To define the local orientation at a point r = (x, Y, z),
following de Jeu [1], let us assuume that the moleaule is arigid rod with a unit vedor a
along the long axis. Now consider the thermal average of the relevant tensors that are

composed of &, over a microscopic volume aound . The first choiceis a vector order

pararneter<é> , Where the angular bradkets denate the ensemble average. Thisis analogous

to the magnetization in a ferromagnet. However <é> will be zero in the nematic phase

because of n and -n are physicdly equivalent. The next choice of order parameter is a

semndrank tensor S, the dements of which are given by

1
S =<ac,aﬁ>—§6al3 , a,B=XY,z2 (1.2)



Noticethat the addition o Kronedker delta ensures that S, is zero in the isotropic phase

Where<aj> =1/3. The tensor order parameter is symmetric and tracdess and hes five

independent elements. In the principal coordinate system the &owve tensor can be written
in dagonal form. For the uniaxia case, the most general form of order parameter field in
the nematic phaseis given by

S, ()= sgqa (F)n, (r)—%aaﬁ E (1.2

where Sis a measure of the degree of aignment of the long axes of the molecules along
A(F) and the expresson in the parenthesis describes the spatial variation o A(F) from
point to pant. N is independent of r in a well-aigned nematic. A schematic
representation d the distribution function d the rod like molecules is shown in

Fig.(1.2).

A

n
A
f(6)
2]
0 /2 m
@ Polar angle (0)
(b)

Figure 1.2 The distribution function f (6) for a system of rod like moleaules in the
nematic phase. f (6) islarge aound 8 = 0,77 (i.e. for moleaules parall e to the optic ais)

andis snal for 8=r/2.

For cylindrically symmetric molecules the scalar order parameter is defined as[2]



where the angular bradkets represent the ensemble average and 6 is the angle made by
the moleaule with the director (Fig.(1.28)). Nematic to isotropic phase transition is first
order in nature and the rrespondng hea of transition is ~0.2 kcd/mole. At the
transition the order parameter is ~0.3 to 0.4 and it can go up to 0.8 a very low
temperatures in the nematic phase.

The order parameter can be diredly related to certain experimentally determined
guantities- like, for example diamagnetic anisotropy, birefringence dc. Let us choose a

space-fixed catesian coordinate system xyz with z parallel to 1 (Fig.(1.3)).
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Figure 1.3 Schematic representation d the principal comporents of the polarizabiliti es.

If a, and a,arethe principal polarisabiliti es of the moleaule referred to its own principal

axes, the average z comporent of the poarisability per unit volume in the nematic phase

can be written as
a, =a,(cos 6) +a,(sin*6), (1.4)

Using equations (1.3) and (1.4) we get

a, = EoT+EAGOSE (1.5
o 3 C

Similarly a,=a,= Eﬁ—%AaOSE (1.6



where o = LSZUH and Aa,=a, —a,, isthe aisotropy of polarisabili ty of a perfedly

oriented medium. The asolute value of the order parameter is obtained as

_(a,-a,)_ Aa
>* (a| _at) ) Aa, . &9

1.2.2 Refractive Indices

Refradive index is the property of a material that determines the relative speed of
light in the material. In the cae of liquid crystals, the speed o light for polarisation
paral el to the director is different from that for the perpendicular direction. The uniaxia

nematic phase has two principal refradive indices called n, and n,. The suffixcs ‘e’ and
‘0’ stand for extraordinary and ordinary rays respedively. For a nematic, n, =n; and

n, =N, where the parallel and perpendicular diredions are defined in relation to the

diredor as shown in Fig.(1.4). The birefringenceisgiven by

An=n,-n,, (1.9
which is positive and typicaly varies from 0.01 to 0.2. The relation between the
polarisability anisotropy (Aa ) and the birefringence An is complicated dwe to the locd
field corredions. However, An data can dredly be used to cdculate the gproximate
order parameter S of nematic liquid crystals using the relation [3,4]

An
S= e 1.9
o (1.9

where An, is the birefringence in the fully aigned state. This approximation is highly
justifiable if An isvery small.
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Figure 1.4: Opticd indicdrix.



1.2.3 Curvature Elasticity

Because of the fluid nature of nematic liquid crystals, in a deformed medium, the
orientation d the moleaules varies continuowsly in space. Any deformation is compased
of three basic aurvature deformations. They are cdled splay, twist and bend
deformations. Each of these deformations costs positive energy. In Fig.(1.5) the three
deformations and the @rrespondng mathematicd terms are shown. The dastic free
energy density in given by [2,3]

F, :%Kl(m.ﬁ)2 +%K2(ﬁ.D><ﬁ)2 +%K3(ﬁ><D><ﬁ)2 (1.10
where K,, K, and K, are the splay, twist and bend elastic constants. The typical

magnitudes of these mnstantsare ~ 10™" dynes [2].
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Figure 1.5 A schematic representation d the splay, twist and kend deformations.



1.2.4 Dielectric Constants

Dieledric constant is a measure of the resporse of material to an external eledric
field. It depends onthe intrinsic properties of the material like distribution d the dharges
in the moleaules as well as the intermoleaular interactions. The dieledric constant also
depends on the temperature and the frequency of the gplied electric field. In liquid
crystals with pdar moleaules in addition to the induced polarisation an orientational
poarisation accurs due to the tendency of the permanent dipole moments to arient
paral el to the dectric field. The orientational polarisationin liquid crystals can contribute
significantly to the dielectric constant. On the other hand, in a solid crystal the
orientational polarisation daes not contribute significantly to the permittivity due to the

fixed orientations of the moleaules. In liquid crystals, the dielectric constants ¢, and

e are measured with eledric field peralel and perpendicular to the diredor (n)

respedively (Fig.(1.6)). The dieledric anisotropy isgivenby Ae =¢, —¢,.
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Figure 1.6 Pardlel (&) and perpendicular (&,) comporents of dieledric constants of a
nematic. The moleaule is assumed to pcssessa dipoe moment uy at an angle B with its
long axis giving the longitudinal 1y and transverse u; comporents. The measuring eledric

field E can be ether parallel (E || i) or perpendicular (E O /) to the diredor.



The sign and magnitude of Ae depend upon the pdarisabilities and the
permanent dipole moments of the molecules. For rod like moleaules, the polarisabili ty
anisotropy (Aa ) is aways positive. Hence, in the dsence of permanent dipoar groups
Ag is positive and relatively small. On the other hand, A¢ of pdar compound depends
uponthe sign o the dipdar contribution. It is paositive, if the net dipoe moment of the
moleaule makes a small angle with the long axis and is negative if the angle made by the
dipdar groupis sifficiently large.

Maier and Meier's theory gives the following expressons for the dieledric
constants [ 5]

N,phFO_ 2 Fu’ 2
g =1+4m——2—@ +=Aa,S+ -{1-3cos B) S 1.1
! M Eﬂ 377 3kgT % (1 B) (119
|:| 2
£, =1+ 47TNA—phF[(T —EAGOS+ i +i(1—30052 ,B) S[D (1.12
M g 3 3k, TH 2 B

where Aa,(=a, —a,), is the aisotropy of podarisability of a perfectly oriented

medium, N, is the Avogadro number, p the density, M the molealar weight,

h /(2_ 1), is the caity fiedd factor and F (1_ ¢ ﬁ) where
_(-1 . S . . .

f = /(2na3(2§+1)] is the readion field fador for sphericd cavity and a , is the

average polarisability. The average dielectric constant can be obtained from equations
(2.1 and(1.12) as

2
Fo1+ MNP OF L FU (1.13
M 3KT
The dieledric anisotropy is given by
0 2 0
Ae = (.s” —ED)Z ar NaP hF a, -F H -3co¢ ﬁ)[s. (1.14
M 0 koT 0

The relative magnitude of the two terms within the square bradkets of equetion (1.14)
determines the sign of Ae. When 8 < 55, the two terms add up and the cmmpound
exhibits a strong paositive dieledric anisotropy. For 8 ~55°, the seand term vanishes and

only Aa contributesto Ae . For B>55°, Ae >0 o < 0, depending on whether the dipolar



contribution is less or more than the cntribution die to polarisability anisotropy. In
chapter-11 we will discussthe dfed of strong eledric fields on a nematic liquid crystal
exhibiting alarge (As = -8, at 20°C) negative dieledric anisotropy.

1.2.5 Electrical Conductivity
The dedricd conductivity in liquid crystals arises because of the mohility of the
residual ionic impurities under the goplication d electric fields. The density of the ionic
impurity is typically ~10*¥c.c and the typicd conduwtivity is ~10° (Q-cm)™. The
condctivity anisotropy is given by [2]
Ao=0,-0, (1.15

where g, is the condutivity dong the diredor (i) and o that in a perpendicular

diredion. The sign of Ao can be ather positive or negative depending on the diredion
along which the ions can flow easily. Usualy, for nematics Ao is positive becaise ions
can move more fredy along n than perpendicular to it. For smectics Ao is negative, as
it is easier for the ions to flow in the layers than perpendicular to the layers. The arrent
density for eledric field acting in an arbitrary directionis given by

J=0.E+Ac (ﬁE) A. (1.1
Finite conduwctivity of the medium causes large heding under strong eledric fields. In

chapter-11 we describe high electric field experiments where the locd temperature of the

sample under the dedric field is measured.

1.2.6 Freedericksz Transtion in Nematic Liquid Crystals

Competition ketween the dfeds of wall and the eff ects of external field resultsin
a diredor distribution that minimises the free @ergy. The reorienting torque arises
through a coupding between an externa field and the @rrespondng susceptibility
anisotropy. Suppacse anematic liquid crystal is aligned hanogeneously between two glass
plates. If the dielectric anisotropy of the medium is positive, and the dedric field is
applied between two ITO (indium tin axide) coated glass plates, the molecules tend to
align pardléel to the field dredion after a criticd field is reached. The sample is kept
between two crossed pdarisers and the optic axis is rotated by an angle of 45° with
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resped to the paolariser. The transition from undeformed to the deformed state occurs at a
definite field. This is known as the Freedericksz transition. In the deformed state the
moleaules make a1 angle with the glass plates and the transmitted intensity changes. A
schematic representation d the director configuration below and abowve the threshald field
is $own in Fig.(1.6)). The threshold vdtage for the Freedericksz transition is given by

[2]
(1.17

where K, isthe splay elastic constant and A¢ , the dieledric anisotropy of the medium.
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Figure 1.6. Schematic representation d diredor configurationis s1own below and above
the threshald field in figures (a) and (b) respectively.

1.3 Chirality

A chiral objed is mirror asymmetric, that is, it can na be superposed onits mirror
image. Objeds that are mirror symmetric ae cdled achiral. A simple example of a dird
moleauleisthat of an organic moleaule with a central carbonatom and with four diff erent
atoms or functional groups bonded at the vertices of a tetrahedron (Fig.(1.7)). The

chemicd structure of a chiral moleculeis shownin Fig.(1.8).
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Figure 1.7: Schematic representation d two chiral enantiomers formed by asymmetric

substitution d groups to carbonatoms.

i

CH,
Cr- 67- Sml” -70-SmC” -80.5-SmA -1365- N* -138.8-BP2- 139.7-BP1 -1405- |

Figure 1.8 The molecular structure of a ciira compound, which is used in studies
described in chapter-V. It exhibits snedic, choesteric and Hue phases. The star indicates
the chiral carbonatom and the transiti on temperatures are given in °C.

1.3.1 Cholesteric Liquid Crystals

If chiral molecules are doped in a nematic or the molecules are inherently chiral
then atwisted or chiral nematic phase (N') results. Thisis known as the cholesteric phase.
In this phase the average moleaular alignment rotates in a helical fashion as $iown in
Fig.(1.9. If we take the helical axisto be dong the z diredion then the cmporents of the
director can be written as n, = coqgz), n, =sin(gz), n, =0, where q=277/P, andP is
the equili brium pitch, and the distance between two equivalent planes is P/2 because of

the gdar nature of A.
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Figure 1.9 Schematic representation d the molecular arrangement in the dolesteric

liquid crystalli ne phase. The short arrows indicate the @ntinuous rotation d the diredor
along the z -axis.

1.3.2 Bragg Reflection

An interesting property exhibited by the cholesteric liquid crystal is the Bragg
reflection. When white light is incident on the sample there is a selective refledion d the
light wavelength correspondng to the pitch of the dolesteric helix in acwmrdance with
the Bragg law. At normal incidence the maximum refledion accurs for the wavelength

A, =NP, where nis average refradive index and P is the pitch o the ddesteric liquid
crystal. The reflected light is circularly polarised having a typical bandwidth AA which

0
depends on An is~200A [3]. The sense of handednessof the reflected light is the same
asthat of the incident beam. The pitch depends onthe degreeof chirality of the molecules
or the concentration in case of a nematic doped with chiral materias. The ciral strength

of the medium isinversely propartiona to the pitch.
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1.4 Smectics

In the smedic phases the moleaules form layered structures. In addition to the
orientational order there is one dimensional density moduation aong the layer normal. In
the layer the centers of mass of the molecules are randam i.e. liquid-like. The one

dimensional periodicity along the layer normal givesriseto large thermal fluctuationsin

the position d the layers [2]. The periodic structure is described by a sinusoidal density

wave which is given by
p= pog 1+ Re( w| e‘(%”“’)) % (1.18

where z is along the layer normal, p,is the average density, || is the anplitude of the

density wave, g, (= 27/ d) the wave vector, ¢ is an arhitrary phase and d is the layer

thickness Depending uponthe orientation d the moleaules in the layer, smedics can be

classfied asin the foll owing:

1.4.1 Smectic-A (SmA) Liquid Crystals
In the SmA phase the director n is parall el to the layer normal. The structure of
the SmA phaseis snown schematically in Fig.(1.10.
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i

Figure 1.1Q0 Schematic representation d the layered structure of the moleaules in the
SmA phase.
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1.4.2 Smectic-C (SmC) Liquid Crystals
In this phase the moleaules are tilted with resped to the layer normal. The
structure of the SmC phaseis shown schematicdly in Fig.(1.11).
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Figure 1.11 Schematic representation o the molecular arrangement in the SmC phase.

The moleaules aretilted with respect to the layer normal z

1.4.3 Smectic-C" (SmC’) Liquid Crystals

When the SmC phase is doped with chiral substances or the molealles are
opticdly active, it forms a helical structure. The helix is formed by precesson d the tilt
diredion abou an axis perpendicular to the layers with a dharacteristic pitch as siownin

Fig.(1.12.

A
R

Figure 1.12 Schematic representation d the molecular arrangement in the smedic-C’

phase. The tilt diredion rotates between successve layers as represented by arrows. The

periodicity is usually of the order of amicron.
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Depending on the diraity of the moleaule, the helix can be ather left-handed o right-
handed. The symmetry of the SmMC’ layers all ows them to be transversely polarised hence
SmC’ isalso referred to as aferroeledric liquid crystal [6].

1.5 Topological Defectsin Liquid Crystals

Topdogicd defect isadefed in an order parameter field that canna be diminated by any
continuows distortion d the order parameter. Such a defed is characterised by some
integer-valued index, such as the winding number. It generally has a cre region, where
the order is destroyed, and a far field region charaderised by a nonvanishing strain [7].
The nematic has line defects cdled dsclinations. A periodic aystal has defeds called
dislocaions in which the phase of the massdensity changes by 2mtin one drcuit arounda
core. Apart from disclinations, smedic liquid crystals can also exhibit two types of
dislocaions cdled edge and screw disocaions due to the layered structure. The
schematic representation d the aove two dsocations are shown in Fig.(1.13. Consider
smedic layers with layer normal along the z diredion. In the presence of dislocaions, the

change in the layer displacement field G, integrated alonga closed loop enclosing the

. 5
A M
(a) Screw (b=+d) (b) Edge ( b=+d)

Figure 1.13 (@) Schematic representation d a screw dislocdion in the smedic-A phase.
Notice that smedic layers rise in going from left to right. (b) edge dislocéion (an extra

layer isinserted at the elge dislocationline I').
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dislocaionlineisgiven by [4]
fod = (nd)z=b, (1.19

where d is the layer spacing, n is an integer and b is cadled the Burgers vector of the
dislocation. The nature of the dislocation depends uponthe relative orientation of b with

resped to the dislocaionline (I ). If b isparalel to I, it iscdled ascrew dislocaion.

In this case the smectic layers climb up o down by an integral number of layer spacings

on going roundthe dislocation line 1. If b is perpendicular to I, it is cdled an edge
dislocaion. In this case, a cetain number of layers are added or removed from one side
of the didocaionline. In Fig.(1.13) we show the schematic diagram of the two types of
dislocaions in smedic liquid crystals, which are relevant to the discusson in chapters-V
and V1.

1.5.1 Twist Grain Boundary (TGB) Liquid Crystals

The twist grain boundry (TGB) phase is the analogue of vortex state in a type-li
supercondwctor under a strong magnetic field. This smilarity was pointed ou by de
Gennes [8]. Renn and Lubensky [9] theoreticdly predicted the detail ed structure of the
TGB phase. The TGBA phase onsists of a regular twisted arrangement of SmA blocks
separated by grain boundries made of arrays of screw dislocaions. Goodby et a [10]
reported the first observation d TGB phase in some highly chiral liquid crystals.
Depending on the local smedic order, the TGB phases are dasdfied as TGBa, TGBc,
TGB¢ etc. A schematic representation o the structure of a TGB, phase is own in

Fig.(1.14).

l4 Screw

H S/mectic block dislocation
7"
¢
Twist
L axis

—

Iy Grain boundary
Figure 1.14 Schematic representation d the structure of a TGBa phase. |y, is the distance

between two grain boundries and |4 is the distance between two dslocaions.
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In 1997,Pramod et a [11] reported a new defed phase cdled Unduating Twist Grain
Boundary (UTGB( ) phase with SmC'-like block structure in a binary mixture of a chiral
and anorchiral compound.A schematic representation d the structure of UTGB¢ phase
Is srown in Fig.(1.15). Besides having a helicd structure within the smedic blocks, this
phase is also charaderized by a two-dimensional moduation d the grain boundries
orthogonal to the TGB twist axis. This dructure has twist deformation along three
mutually orthogonal diredions.

In chapter-V we present some experimental results on mixtures that exhibit TGBa
and UTGB: pheses with increasing concentration d the norchiral compound. In
chapter-VI1 we present our theoreticd results on the structural parameters of the TGBa
phase.

Smectic

Grain boundary
blocks

region

A
Smectic

director

Figure 1.15 Schematic representation o the structure of the UTGB¢ phase. The smedic
layer normals (large arows) rotate from block to block. Within ead bock the Frank
diredor precesses along the layer normal diredion as represented by the nail s [adapted
from ref.(7)].

1.6 Preparation of Cell
We use indium tin oxide (ITO) coated glassplates to make cells. The procedure is
as follows: ITO coated glassplates are dched by phaolithogaphic technique to get the
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desired electrode patterns (see Fig.(1.16). We use padyimide for planar and ODSE
(octaldecy! triethoxy silane) for homeotropic dignment of the molecules as discussed
later. Mylar spacers or glass beads are used with epoxy glue to maintain unform
thicknessbetween the glassplates. The alhesive is cured by keeping the cellsin an oven
a a temperature of 150 °C for 90 minutes. The dedrical conrections to the cdls are

made by soldering copper wires using an utrasonic gun.

Spacer ITO

X Electrical
Glass plate connection

Figure 1.16 Schematic representation d aliquid crystal cdl. The bladk portions indicae
the spacers and the drcular regionisthe dfective dedrode area

1.6.1 Cell Thickness M easurement

The thicknessof the empty cdl is measured by using an interferometric technique.
The schematic diagram of the setupis shown in Fig.(1.17). A white light sourceis kept at
the focd length of the lens L, so that parallée rays passes through the beam splitter BS.
The light refleded by the two interna surfaces of the cdl interfere and the interference
fringes are observed at the field of view of a cmnstant deviation spedrometer (CDS). If Ap,
corresponds to the wavelength of the m™ dark fringe and A, corresponds to the n dark
fringe measured by using the spectrometer, the thicknessof the ar gap between two glass
plates can be cdculated by using the formula

_ AL X /\nxn—m

d =
A —)A 2

(1.20

where d isthe cdl thickness
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glass plate —_ t 5 g}i(— spacer

Figure 1.17 Schematic diagram of the setup for measuring the eanpty cell thickness BS.:
Beam spliter, L;and L, Lenses, CDS: Constant deviation spedrometer.

We have dso used an Ocean Optics miniature fiber optic spectrometer (model,
S2000 to measure the ampty cell thickness A schematic representation d the setup is
shown in Fig.(1.18. The bean diameter of the light is narrow (~2mm) and we can
predsely measure the cdl thicknessat various pasitions. This gpedrometer can be used in
transmisson and reflection modes. We will discuss its use in studying the refledive

spedrum from a dhalesteric liquid crystal in chapter-V.
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Fibre optic cable

JAVAVA

S2000

Computer Cell

Figure 1.18 A schematic diagram of the experimental setup for the cell thickness

measurement using Ocean Optics gpedrometer (model S2000.

1.6.2 Alignment of Liquid Crystals

In order to perform measurements of physicd properties, the director shoud be
aligned in a spedfic diredion in the cell. Generally the director is aligned either parall el
or perpendicular to the plane of the glass sibstrate.

Homogeneous or Planar Alignment: The molealles can be digned
paralel to the plane of the glass plates by coating the glass plates with pdyimide and
rubbing unidirectionally. This geometry is cdled hanogeneous or planar geometry. The
rubbng on pdyimide generates micro-grooves along which the long axes of the

moleaules are digned. In the cae of uniaxial nematic liquid crystal the optic axis will be

(b)
Figure 1.19 Schematic representation o (a) homogeneous and (b) homeotropic

alignment of molecules.
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aong the rubbing diredion. Ancther way to oltain hamogeneous alignment is by

evaporating SiO in vaauum on glassplate & a grazing angle of incidence of 30°[2].

Homeotropic Alignment: The moleaules can be digned perpendicular to the plane

of the glass plate by coating a surfadant on to the glass plate. This geometry is cdled
homeotropic geometry. The surfadant (ODSE (octaldecyl triethoxy silane)) has a pdar
head group and a long akyl chain. The head groups st on the glassplate and the dhains
stay perpendicular to the plane of the glass plate and give rise to the perpendicular

alignment of the long axes of the moleaules.
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