Chapter 1

INTRODUCTION

1.1 Liquid Crystals

Liquid crystalsare anisotropic liquids [1-4). They consist o shape anisotropic (disc-likeor rod-
like) organic molecules. They occur in between the solid crystal and isotropic liquid phases, in
certain compounds consistingof such maecules and are hence called mesophases. They exhibit
some propertiesdf liquidsand someothersao crystals: they can flow likea liquid and also exhibit
properties such as hirefringence.

There are basically two classes o liquid crystals, viz. thermotropics and lyotropics. Single
compounds or mixtures which show mesomorphic behaviour as a function of temperature are
called thermotropic liquid crystals. Lyotropic liquid crystalsarise when amphiphiliccompounds
are dissolved in solutions like water. The mesomorphism occursin somerange d the concentra-
tion. In this thesiswe will discuss some propertiesd thermotropicliquid crystals consisting of
rodlike, achiral molecules.

1.2 Classification of Thermotropic Liquid Crystals

Thermotropic liquid crystals are classified depending on the symmetry of the medium. Liquid
crystals consisting of rod-like achiral molecules exhibit nematic and/or smectic phases.

1.2.1 Nematic Liquid Crystals

The nematic phase (N) is an orientationally ordered fluid. The distribution of the centres of
massd the moleculesin the mediumisliquidlike. Thelong axesd the moleculesare on average
oriented about a specific direction denoted by a unit vector A (Figure 1.1) caled thedirector.
A and —A are indistinguishablei.e. the polarity o the moleculesdoes not lead to a polarity in
the medium as there are as many molecules'pointing up' as there are 'pointing down..

1.2.2  Smectic A Liquid Crystals

Smectic liquid crystalsare characterised by a1-dimensional translational order in addition to the
orientational order in the medium. This givesrise to a layered arrangement of the molecules as
shown in Figure1.2. Within thelayersthe distribution of the centresd massdf the moleculesis
liquid-like. Insmectic A (S4) thedirector A is pardlel to thelayer normal. The one dimensional
periodicity along the layer normal gives rise to large thermal fluctuationsin the layers [1] and
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Figure 1.1: Schematic diagram o the molecular arrangement in a nematic liquid crystal
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Figure 1.2: Schematic diagram o the molecular arrangement in a smectic A liquid crystal

is wdl described by a sinusoidal density wave given by
p = poll + Re{|pp|e®=+)}] (1.1)

where z is dong the layer normal, p, is the average density, |¢| is the amplitude o the density
wave, g, (=4) the wave vector and ¢ is an arbitrary phase. The thickness (d) of the layers
is usually dightly less than the length of the molecules (1). However, when there is a dipole
moment positioned at the end of the molecule a variety of smectic A phases can be observed,
with layer spacings varying from ~ { to 2L

1.2.3 Reentrant Liquid Crystalline Phases

Normally, it is expected that as the temperature is decreased the symmetry o the lower tem-
perature phase is lower than that o the higher temperature phase. Accordingly, the smectic A
phase which bas a lower symmetry than the nematic phase, can be expected to occur at lower
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temperatures. Indeed in most o the liquid crystals this sequence is followed. However it was
discovered by Cladis [5] that a certain mixtureof polar compoundsexhibitsthe following phase
sequence

Isotropic (1)- N- S4 - Ng - Crysta (C).

The lower temperature nematic phase (Ng) has been termed as the reentrant nematic phase.
Subsequently, she also found that a certain compound [6], at elevated pressures, shows a similar
effect. Later pure compounds were found which exhibited the reentrant nematic phase even
at atmospheric pressure [7, 8, 9]. It has been found that some compounds exhibit not only a
reentrant nematic phase but also a reentrant smectic A phase (Sar) which isobtained on cooling
the Ng phase [10, 11], the phase sequence being

I-N-8g-Nr-Sar-C.

All o the systems which exhibit reentrant nematic and smectic A phases consist o molecules
having a strongly polar end group.

As our experiments have been conducted on compounds which exhibit only the nematic,
smectic A and reentrant nematic phases, we will not discuss the various other liquid crystalline
phases exhibited by compoundswith rod-like molecules.

1.3 Orientational Order Parameter

As mentioned earlier the nematic phase is characterised by an average orientational order of the
long axes of the molecules about a specific direction caled the director. The order parameter
gives us a measure o the distribution o these molecules about thii direction. In view of the
apolar nature o the nematic liquid crystal the order parameter is a second rank tensor. For
cylindrical molecules the order parameter is defined as [12]
2,

S = 3< c0820 > -1 (1.2)
If the distribution o thelong molecular axesisrandom asin the isotropic phasethen < cos?6 >=
1/3 and S= 0. In the fully aligned state < cos?4 >= 1 and S= 1 The nematic-isotropic
phase transition is first order in nature. The order parameter at the phase transition point is
—0.3 to 0.4. Deep in the nematic phase § can increase to about 0.8. Thermodynamically the
N-I transition is a wesk transition, with a heat o transition ~0.2kcal/mole. On the other hand
the N-S4 transition can be either first order or second order in nature, dependingon the length
o the akyl chainsin the molecules.

1.4 Curvature Elasticity

In a nonuniformly oriented nematic the director orientation varies continuously in space. All
the deformations of the director can be considered to be a combination of three basic curvature
deformations. They are splay, twist and bend as shown in Figure 1.3. The deformation free

energy density (Fy) isgiven by
Fy= -;-K1(V . 7)? +-%K2(r‘z LV xA)? + -;-Ka(ﬁ x V x f)? (1.3)

where K1, K3 and K3 are the splay, twist and bend elastic constants respectively. Usudly, the
order of magnitude of the elastic constantsis ~ 10~7 dynes.
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Figure 1.3: The three principa types d deformationsin a nematic liquid crystal. Arrows
indicate the direction o the director. In the twist geometry the lines represent the projection
of the director on the page.
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1.5 Anisotropic Physical Properties

A macroscopic anisotropy is found in a physical property because the molecular anisotropy
related to this property does not average out to zero in the nematic phase. Many of these
physical properties have the character of second rank tensors and can be used to measure the
orientational order parameter. e describe the anisotropies in some physical properties which
are relevant to the work presented in this thesis.

1.5.1 Refractive Index

The nematic liquid crystal, which is a uniaxial medium has two principal refractive indices, n,
and n.. The ordinary index n, is experienced by a light wave propagating orthogonal to A
and polarised perpendicular to A. The extraordinary index n. is experienced by a light wave
propagating normal to A and polarised parallel to A. A similar definition appliesto the smectic
A phase. The birefringenceis given by

An=n,—n, > 0. (1.4)
An for nematicsis typically 0.1 to 0.2

1.5.2 Dielectric Constant

The dielectric constant is a measure of the response of matter to an electric field [13, 14]. Ina
material consistingd nonpolar moleculesthefied inducesa polarisation. |n materialswith polar
moleculesin addition to the induced polarisation an orientatien polarisation occurs due to the
tendency o the permanent dipole moments to orient parallel to the fidld. Due to fixed orienta-
tionsd the moleculesin a crystal the orientational polarisation does not contribute significantly
to the permittivity of asolid. In liquid crystals, due to the possibility o the reorientations o
the molecules the permanent dipoles can contribute significantly to the orientation polarisation
and hence to the dielectric constant. ¢; and ¢, are the dielectric constants measured with the
field parallel and perpendicularto the director respectively. The dielectric anisotropy €, isgiven
by

€ = €| TE€L. (1.5)

For nematic liquid crystals consisting d polar molecules with the dipoles aong the long axes,
€q Usualy has values between 10 to 20.

Maier and Méeer [15] have developed a theory, which is an extension of Onsager’s theory
for polar molecules [14], in which they relate the macroscopic dielectric anisotropy with the
anisotropiesarising due to various molecular parameters. In their modd they assume that the
molecules have principal polarisabilitiese; and a; aong and transverse to the long azis o the
molecule. Furthermorethere is a permanent dipoleu that makes an angle 8 with the long axis.
Therefore yu; = pcosB and py = wsinB. 1t isassumed that the moleculeisin aspherical cavity
d radius a surrounded by a medium with dielectric constant e which consists of the remaining
molecules.

Due to the polarisation d the medium the field experienced by the moleculesis not equal
to the external fidld. The actual fidd at the site o the molecule iscalled the internal fidd (&;)-
The contribution o the orientation d the permanent dipole moments (%) to the polarisationis
proportional to the Langevin function

Ey ‘ (1.6)
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where kp isthe Boltzmann constant and 7 is the absolute temperature. B, isa part of E; which
reorients the dipole. Ej is not equal to E; for the following reason: When a molecule with a
permanent dipole moment is surrounded by other similar molecules the inhomogeneous fidld of
the permanent dipole also polarises the medium. The fidd due the permanent dipoleis called
the reaction field 8. This reaction field is proportional to the permanent dipole moment and is

given by .
R=fQ (1.7)
where f is thereaction fidd factor. The reaction field for a polarisable dipoleis given by
R=f(i+aR) (1.8)

the aisthe polarisability. Thisreactionfield contributesto E;, whereasit does not contribute
to E4 (as R isaong the direction d the dipole). Hence E; is a sum o the directing field and

the reaction fidd .
E;, = E;t8. (1.9)

When a spherical cavity is surrounded by a dielectric medium o dielectric constant e the
field experienced inside the cavity (E¢) is given by [14]

= 3e = -
E;.= mE = hE | , (1.10)

where E is the applied dectricfiedd and h is cdled the cavity field factor. The directingfidd is
asum of the cavity field and the reaction fidd due to the induced dipole moment which is given
by

Ey=E, + faB, (1.12)

Taking the above described internal field and directing field into consideration the theory
by Maier and Méer leads to the following expressions for ¢), e, and ¢,

_ NaphF, . 2 Fu o 5
o = | +4r =42 (ti +ZAast T [1- (1~ 3cos? ) $] (1.12)
- NyphF | _ _l_ Fp2 [ 1 9
q = 1 + 4 e {a 3AaS+ pT »1 + 3 (1 — cos ,6) S] (1.13)
NyphF [ u? '
€q = 47(—%\%——- Aa-F (5]%5‘.) (1= 3cos? ﬂ)] S (1.14)

where N4 isthe Avogadro number, p is the density, M isthe molecular weight, h = 3€/(2é+ 1)
isthe cavity fidd factor F = 1/(1-f &) (wheref = (5—1)/[2ra3(2e+1)] thereactionfield factor |
for a spherical cavity [14]), Aa = a; — o4 and € and & are the average dielectric constant and
polarisability respectively. This modd accounts satisfactorily for many essential featuresof the
anisotropic permittivity of nematics. It can be seen from Equation 1.14 that the contribution of
the orientational pelarisation to the dielectric anisotropy is positive when the angle made by the
dipole moment with respect to the long axis o the moleculeis < 55° and is negative otherwise.
Soif this negative quantity islarger than the anisotropy in the polarisability then thisgivesrise
to a material with negative dielectric anisotropy. The contribution d the induced polarisation
to ¢, Variesas Sand that d the orientational polarisation varies as S/T.
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The average dielectric constant is given by & = (g + 2¢,)/3 and from Equations 1.12 and

113 isgiven by v
- dwrNaphF [ _ Fu?
e=1+ 1 <a+ wor ) (1.15)

From Equation 1.15 it can be seen that at the nematic-isotropictransition due asmall negative
jump in the density & should show a small negative jump.

However, experimental measurementsd the diel ectric constant [3] show that for compounds
with highly polar end groupsé shows a small positivejump at the nematic-isotropic phase tran-
sition. In the Maier and Mee modd short range order effects were not taken into consider-
ation. Madhusudanaand Chandrasekar [16] showed that antiferroelectric short range order (
antiparallel arrangement d the permanent dipoles) gives rise to a dight increase o € at the
nematic-isotropic phase transition point. Thisis due to a small increasein the effective dipole
moment o the antiparallel pairsdue a decreasein the antiferroel ectric order as the temperature
is increased.

1.5.3 Electrical Conduction

Theédectrical conductiond liquid crystalsis mainly due to residual ionic impurities, the nature
o which is usually unknown. The conductivity is usualy d the order of 10~(Qcm)~!. The
anisotropy o conductivity

Ao = 0'" =0y (1.16)

where oy and o are the principal components of conductivity parallel and perpendicular to A.
Usually for nematics Ac is positive as the ions can move morefredy along A than perpendicular
to it. In smectics usualy Aa is negative as it is easier for the ions to flow in the layers than
perpendicular to the layers. The finite conductivity o the sample leads to large heating effects
when a strong electric fidd is applied to the sample. In this thesis we will be describing an
experimental technique which takes into account the local heating d the sampledueto theionic
heating effects.

1.5.4 Magnetic Susceptibility

Mogt organic molecules are diamagnetic in nature, the diamagnetism being particularly strong
when the moleculeisaromatic. A benzene ring, for instance, when subjected to a magneticfied
H normal toiits plane, builds up a current insidethe ring, which tends to reduce thefl throu?h
it: thus the lines of force tend to be expelled and this raisesthe energy. On the other hand if [?
is applied parallel to the ring, no current isinduced and the linesdof force are almost undistorted
and the energy is not raised. Thusa benzene moleculetends to choose an orientation such that
H isin the plane d the ring. Nematogens typically have two or more aromatic rings. Thus the
lowest energy will be obtained when the long axis o the molecule (optical axis) is paralle to
the fied.

The diamagnetic susceptibility tensor (x) is defined as
M =xH (1.17)

where M is the magnetisation induced by the field A. x = xj or x. when A is paralel or
perpendicular to the fied direction. For reasons described above, in nematics with aromatic
molecules xa (= x) — x.) is positive. |x| isd the order d 10~7 cgs units/gram.
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1.6 Relation between Macroscopic Properties and the Orientational Order
Parameter

We follow the derivation by Priestley [17) to relate a macroscopic physical property to the
orientational order parameter using the diamagnetic susceptibility as an example. However, in
principleany other macroscopic property for eg refractiveindex or dielectric responsecould also
be used. Consider the general relationship between magnetic moment M and magnetic field &

.Ma = Xaﬁ_Hﬂ; avﬂ =T, (118)

where xqs representsthe o8 -component o the diamagnetic susceptibilitytensor x and for static
fields xag = xpa- 1N Equation 1.18 the summation convention over repeated indicesis implied.
For the uniaxial nematic phase we can write x in the diagonal form as

" fx1 0 O
x=| 0 x. 0 [. oL (1.19)
0 0 X”

x itsdlf is not an order parameter because it does not vanish in the isotropic phase, but has a
finite value. If we extract the anisotropic part o x, viz. x* defined as

1
which does vanish in the isotropic phase, we can define a suitable order parameter Qs as
Qop = GX* : (1.21)

where G isa constant. Usualy, G is chosen so that when the director isalong z then @, = 1in
the fully aligned state. Consideringthe director A to be along the 2 direction we can show that

X~ X
= 1.22
ez (X” - X)sz'—’l ( )

wherey = ZlL'%@i The orientational order parameter (S)as described in Section 1.3 isrelated
to Qqp by the following relation [4)

3 -1
Qop = S(nLZ") (1.23)
where the term in brackets dependson the orientation o the macroscopicdirector. Thus, when
A isdong the 2 direction we get
Qz = S
Xj — XL

(O = xL)s=1

X[ — XL

R (1.24)
In terms of the principal dielectric constants, a Smilar relation is given by
B B

AV

where Ag, is the diglectric anisotropy for S= 1. However thisrelation is only an approximate
onein view d the discussonin Section 1.5.2.

S (1.25)
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Figure 1.4: Schematic diagram d the homogeneous (a) and homeotropic (b) alignment o the
director in aliquid crystal cdll.

1.7 Alignment of Liquid Crystals

In an unaligned liquid crystalline medium the director A varies gradually from point to point.
But in conducting certain experimentsit is necessary that the director is oriented in a specific
direction with respect to the bounding plates. If the director is oriented parallel to the glass
platesit iscalled homogeneousalignment [18]. A glass plate coated with athin layer o polyimide
and rubbed in a specific direction gives rise to a homogeneous aignment of the director in
the direction o the rubbing (Figurel.4a). Another method adopted to obtain homogeneous
alignment is by evaporating SiO in vacuum onto the glass plate at a grazing angle of 30° [19].
The moleculessit in the grooves created by the rubbing on the surfaces or those formed by the
shadowing effect in the SiO coated platesto give a planar alignment.

If the director isoriented perpendicular to the glass plateit is called homeotropic alignment.
A glass plate coated with a surfactant which has long chain moleculessuch as CDSE (octydecyl
triethyl silane) or octadeconal givesrise to a homeotropic alignment. Thelong chained molecules
are amphiphilicin nature having a polar group and an aliphatic chain. The polar end group
is attracted to the surface d the glass plate and the long aliphatic chain interacts with the
alkyl chain of the liquid crystal thus giving riseto perpendicular orientation of the director with
respect to the glass plate (Figurel.4b). A review on different alignment techniquesis given by
Cognard [20].
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