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INTRODUCTION 

One of the most important problems, which any theory of the liquid 

~· crystalline state of matter must solve, is the problem of establishing the relationship 

among the properties of the molecules and the structure of the substance, the 

macroscopic properties of the substance and the nature of the molecular motion. 

Starting with such information it is possible to determine the molecular properties 

responsible for the transition into the liquid-crystalline state. 

2.1 THEORIES OF LIQUID CRYSTALS: BASIC APPROACH 

There are two basic theories to describe and explain the liquid-crystalline 

state, the continuum theory and the swarm theory. The continuum theory conceives 

the liquid crystal as an anisotropic elastic medium with its own symmetry, viscosity 

and elasticity parameters[1,2]. On the other hand the swarm theory interprets the 

state as the result of intermolecular interactions and the resulting statistical and 

thermodynamic equilibrium. In the first case, a molecular interpretation of the 

macroscopically interpreted parameters is more or less relinquished but by no 

means suppressed (Oseen), while in the second the molecular interaction forms the 

basis of the theory. The mathematical models of Oseen[3], Zocher[4] and Frank[l] 

paved the way for the development of the theory. The molecular statistical aspects 

was supported by the works of E. Bose[S], M. Bom[6], L. S. Ornstein and W. 

Kast[7], G. W. Stewart[8], Weiss' magnetism theory and finally by the experiments 

of A. Smekal[9], V. N. Tsvetkov[lO], W. Maier and A. Saupe[ll]. The theory and 

models of today can be considered as a unified picture based on Oseen's concept, 

joining together different ideas in a successful synthesis. Among the reviews 

dealing with theoretical aspects of liquid crystals, de Gennes and Prost's 

monograph "The Physics of Liquid Crystals"[l2], Chandrasekhar's monograph 

"Liquid Crystals"[13], Tsykalo's "Thermophysical Properties of Liquid 

Crystals"[14] impart a comprehensive review. 
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Molecular field method can be used in developing a theory of spontaneous 

long-range orientational order and the related properties of the nematic phase, 

closely analogous to that introduced by Weiss in ferromagnetism. Each molecule is 

-~ assumed to be in an average orienting field due to its environment, but otherwise 

uncorrected with its neighbours. The first molecular field theory of the nematic 

state was proposed in 1916 by Born who treated the medium as an assembly of 

permanent electric dipoles and demonstrated the possibility of a transition from an 

isotropic phase to an anisotropic one as the temperature is lowered. But it is now 

well established that permanent dipole moments are not necessary for the 

occurrence of the liquid crystalline phase. Moreover, the theory predicts that the 

aligned phase should be ferroelectric, which does not appear to be the case even 

~---- when the molecules are polar. 

r--#-
\ 

The most widely used treatment based on the molecular field approximation 

is that due to Maier and Saupe which explains nematic-isotropic transition. The 

first molecular statistical treatment of the smectic-nematic transitions has been 

given by Kobayashi[14] on the basis of an additional isotropic intermolecular 

interaction in Maier-Saupe(M-S) model. A similar but more explicit approach was 

followed by McMillan[15], who discussed the SA-N transition in terms of the M-S 

model using, the additional constraint that the director is perpendicular to the 

smectic planes. In the Kobayashi-McMillan theory, however, use of an 

approximate self-consistent mean molecular field neglects the effects of short range 

order and fluctuation of the order parameters [ 15]. The details of the McMillan, 

Wulf and de Jennes theories on smectic-C liquid crystals and the Meyer-McMillan 

theory on of Sm-C, -B, and -H liquid crystals are given in reference[14]. 

Thermotropic liquid crystals have also been extensively studied by computer 

simulation method employing a variety of hard, soft and realistic models involving 

atom-atom potentials and using either monte carlo or molecular dynamics 

method[16,17]. 

23 



--------------------------------~--------------------------

2.2 MAIER-SAUPE(M-S) MEAN FIELD THEORY OF NEMATIC PHASE 

W. Maier and A. Saupe developed the theory with the idea that the existence 

~ of the nematic phase is caused by the anisotropic part of the dispersion interaction 

energy between the molecules. This energy originates from the intermolecular 

interaction, which is taken into account by means of perturbation theory. The 

second-order perturbation term is called the dispersion energy. Maier-Saupe 

approximated the electrostatic interaction by first terms of its multipole expansion 

and they assumed that: 

i) molecules are rigid rods and rotationally symmetric with respect to their long 

molecular axes described by the unit vector n, called the director. 

ii) with respect to a given molecule the distribution of the centre of mass of the 

remaining molecules may be taken to be spherically symmetric i.e., n and -n 

are equivalent. 

iii) the influence of permanent dipoles can be neglected as far as long-range 

nematic order is concerned; 

iv) only the effect of the induced dipole-dipole interaction needs to be 

considered the higher order terms are not thought to significantly affect the 

nematic order; No repulsive interaction is considered. 

A molecular theory is one that starts with the behaviour of single molecules 

and attempt to determine the characteristics of the macroscopic sample containing a 

huge number of liquid crystal molecules. Here the concept of an average potential is 

employed to all molecules since every molecule is embedded in a 'sea' of many 

other molecules, the idea utilised in a thermodynamic system called a mean-field 

theory. They assumed that each molecule is subjected to an average internal field 

which is independent of any local variations or short-range ordering. 

Degree of alignment of the molecules with respect to the director is described 

by an orientational order parameter 

2.1 
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where ~i is the angle between the long axis of the ith molecule and the director n, 

statistical average is done over all ~i· 

Orientational dependence of the single molecule potential energy u is assumed to be 

~ ~/ functions of cos2~i as well as the degree of order of the system. Thus 

ui (cos ~i) oc -( P2 (cos~) )P2 (cos~) 

or, 

I.e. 

ui(cos ~i) = -v(P2 (cos ~i))P2 (cos ~J 

V is the volume of the sample and A is taken to be a constant characteristic of the 

molecule independent of pressure, volume and temperature. 

Humphries, James and Luckhurst[18] developed a more comprehensive 

concept by including higher order terms in the mean field potential for cylindrically 

symmetric molecules. Thus potential energy u was taken as 

ui(cos ~i) = L uu(PL(cos ~i))PL(cos ~i) 
Leven (L-::F-0) 2.2 

where PL( cosO) is the Lth order Legendre polynomial. 

2.2.1 Orientational Distribution Function and Evaluation of the Order 
Parameter 

The fact that the system must be in thermal equilibrium demands that the 

probability of a molecule being oriented at an angle from the director n will be 

governed by the Boltzmann factor, so the orientational distribution function for the 

molecular arrangement is given by 
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where k is the Boltzmann constant, T is temperature in absolute scale and Z is the 

partition function for a single molecule given by 

II r -U( COS f3) l 
Z = 0 exq_ kT JC cos f3) 

for brevity the subscript i.is dropped. The order parameter, Sis therefore written as 

s = (P2) =I~ P2( cos f3) f (cos f3)d( cos f3) 

J~ P2( cos f3) exp[ v(P2) P2( cos f3) I kT] d( cos f3) 
= J~ exp( v (P2) P2( cos f3) I kT] d( cos f3) 

I.e., 

( ) _ J>2 (cosl3)exp[(P2)P2(cos 13)1T*]d(cosl3) 
p
2 

- J~ exp[(P2)P2(cos f3)1T*]d(cosf3) 
2.3 

where T* = kTiv is called the reduced temperature. 

Thus we have a self-consistent equation for the determination of the 

temperature dependence of <P2>. The value of <P2> = 0 is a solution at all T 

showing a disordered phase, the normal isotropic liquid. Also for T*< 0.22284 two 

more solutions of <P2> appear. One is positive <P2> which tend to unity at T = 0 

and represent the nematic phase. Other is one negative <P2> which corresponds an 

unstable phase. The laws of thermodynamics state that the stable phase will be the 

one having the minimum free energy. Applying this stability condition, we get the 

region 0 :::;; T* :::;; 0.22019, where (P2) is greater than zero which corresponds an 

anisotropic nematic phase and forT* > 0.22019, the isotropic phase with (P2) = 0 

is the stable state. 

The order parameter <P2> varies from 1 at T* = 0 to 0.4289 at T* = 0.22019. 

Thus according toM-S theory the transition from nematic to isotropic phase is first 

order which has been observed experimentally. 

Exactly same way it is possible to obtain higher kind order parameter <P4> 

using the 4th order Legendre polynomial 
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2.4 

in equation 2.3. Variation of <P2> and <P4> with temperature is shown in Figure 

2.1. It is noted that nature of temperature variation of <P 4> also indicate 1st order 

N-1 transition. 

The Maier-Saupe theory has been extended by Humphries, James and 

Luckhurst[19] and more recently by Palffy-Muhoray et al.[20], to investigate the 

properties of binary mixtures. The later treatment has led to some significant 

conclusions: For certain value of the parameters, it is possible to have a nematic

nematic coexistence region. Coexisting nematic phases have in fact been observed 

in mixtures of polymeric and low molecular weight nematogens[13] as also i,n 

mixtures of rod-shaped and disc-shaped nematogens[l3]. The order parameter of the 

mixture and its variation with temperature agree very closely with the M-S universal 

curve. However the order parameters of the individual components of the mixture 

may differ appreciably[21]. The fact that the two components can have different 

order parameters is of practical importance in the design of dye displays The dye 

molecules are chosen to have a high anisotropy and hence a high order parameter 

which, in tum, improves the contrast ratio. 

As noted earlier the Maier-Saupe theory has also been extended to describe 

the smectic A- nematic transition in what is called McMillan's model[lS] in which 

an additional order parameter for characterising the 1-D translational periodicity of 

a layered structure is included. Since the present dissertation is mainly concerned 

with nematic phase of liquid crystals the detailed theory of smectic phases is beyond 

its scope. 

2.4 THEORY OF X-RAY SCATTERING: 

The most important aspects of liquid crystal chemistry are the relationship 

between molecular structure and properties of the various liquid crystal phases 

whereas liquid crystals physics concentrate on the mechanical, electrical, magnetic 

and optical properties of the various phases, the different theoretical models that 
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Figure 2.2 Typical scattering geometry showing the incident (Ki) and 
scattered (K5) and scattering (Q) wave vectors. 
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describe both LC phases and the transitions between them and the behaviour of 

liquid crystals in technical devices. 

A quantitative description of a nematic phase is expressed in terms of an 

order parameter, which vanishes in isotropic phase. The applicability of a nematic 

liquid crystal in electro-optical devices is determined by its orientational order 

parameter and hence there is a continued interest in these parameters computed 

using various methods[22]. Among the different approaches X-ray method has 

emerged as a powerful tool to compute the temperature variation of these 

orientational order parameters [22,23]. 

X-ray diffraction is the most useful technique for investigation of the 

microscopic structure of liquid crystals and hence for identification of the 

polymorphs. X-ray diffraction from liquid crystal is just like Bragg scattering from 

crystals. In liquid crystals the periodicities in the structure of the phase give rise to 

constructive interference and hence peaks in the intensity of scattered beam. 

X-ray· diffraction provides direct information about the residual positional 

order in liquid crystals. Samples with an overall random director pattern correspond 

to powdered samples in ordinary crystallography. Consequently reflections are 

observed at angles 9 for which the Bragg condition is fulfilled 

2.5 

where Lhki is a periodicity in the sample and indices hkl refer to the Miller indices 

that indicate sets of planes in a certain direction and 29 is angle of scattering. The 

width of the peaks depend obviously on the degree of long-range positional order. In 

liquids, where only short-range order is present, broad diffuse peaks will be 

observed. In the nematic and in the isotropic phase of mesogenic compounds the 

diffraction pattern consists of two diffuse rings. The inner ring at small Bragg angles 

is related to the length of the molecules, the outer ring to the average lateral distance 

between neighbouring molecules. In the various smectic phases the random 

distribution in the longitudinal direction of the molecules is replaced by a repeat 

distance corresponding to the thickness of the smectic layers. 
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Consider a basic scattering experimental situation as shown in Figure 2.2. 

For elastic scattering, magnitude of incident and scattered wave vectors must be 

equal, i.e., IK81 = IKil = 2n I 'A. where 'A is the wavelength of the incident radiation. 

The magnitude of the scattering vector Q = Ks - Ki. is given by 

Q = I Q I = 4nsin8/'A, 

where 28 is the angle between Ks and Ki. The scattering of incident radiation by a 

centre at r is described (relative to the initial amplitude) by the scattering 

amplitude f exp(iQ.r), 

where f is the scattering power. Generalised to N centres the scattering amplitude 

is written as 

N 

F(Q) = LfJexp(iQ.rj) 2.6 
j=l 

where rj denotes the position of scattering centre j. A further generalisation to a 

continuous distribution of scattering centres yields 

F(Q) = J p(r)exp(iQ.r)dr 

For the case of isolated atom this assumes the form 

f(Q) = J Pa(r)exp(iQ.r)dr 

and called the atomic scattering amplitude. For a group of atoms, for which 

N 

p(r) = LPj (r- rj) 
j=l 

This leads to 

N 

F(Q) = L fj (Q)exp(iQ. rj) 
j=l 

2.7 

2.8 

which is almost identical to equation 2.6. So the diffraction by a set of atoms may 

be treated in terms of diffraction by a set of points, provided the variation of the 

atomic scattering amplitude is accounted for. 

So far only scattering amplitudes have been considered. To get absolute 

value and hence the experimentally relevant intensity, the amplitude of a wave 

scattered by a single point electron must be known. With the help of classical 

electrodynamics expressing all intensities in terms of the scattering intensity of an 

electron we get expression for intensity 
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Figure 2.3 Schematic Diagram of the X-ray Diffraction Set up. 

1 ---?Entrance of x-ray beam 
2 ---?Collimator 
3 ---?Brass ring 
4 ---7 Ring of syndanyo board 
5 ~Brass ring 
6 ---?Cylindrical Brass chamber 
7 ---?Asbestos insulation and 

heater winding 
8 ---?Specimen holder and 

thermocouple 
9 ---?Sample position 

10---?Film cassette 
11---?Film cassette holder 
12---?Base plate 
13---?Levelling screw 
14---?Brass plates over the coils , 

of the electromagnet 
15---?Removable spacer 
16---?Supporting brass stand 
17---?Pole pieces 
18---7 Asbestos insulation 
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I(Q) = I F(Q) 1
2 

For molecular liquids it is convenient to separate the amplitude due to ·the 

molecular structure from the total scattering amplitude[24]. Accordingly (2.10) 

~~ can be written as 

F(Q) = L fkm (Q)exp[iQ. (rk - R~an)] 2.9 
k,m 

where rk is the centre of mass of the kth molecule, and Rkm is the position of the 

mth atom in the kth molecule, fkm is the atomic scattering factor of the mth atom in 

the kth molecule. 

Therefore the general formula for the intensity of scattering from a system of 

molecules is 

2.10 

where the bracket < > indicates the statistical average over all the molecules of the 

liquid. 

The intensity can be written as 

I(Q) = Im(Q) + D(Q) 

Im(Q) is the molecular structure factor and D(Q) is called the interference function. 

Im(Q) = t:(~f~an(Q)r,;.(Q) exp[iQ.(R~m- R~on)]) 

eoN( ~fkmexp(-iQ.Rkm) ') 2.11 

D( Q) = (~ exp( iQ. rkl) ~ ( fkm ( Q)f~ ( Q)exp[ Q. ( Rm - R~anll)) 2.12 

The term Im(Q) gives the scattered intensity which would be observed from a 

random distribution of identical molecules. D(9) is the term containing 

information about correlation in both positional and orientation of different 

molecules. 

D(Q) contains information regarding : 
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Ordinary Nematic phase Cybotactic Nematic phase 

Smectic A phase Smectic C phase 

Figure 2.4 Typical diffraction photographs for nematic and smectic phase. 
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• Apparent molecular length 

• Layer thickness in smectics 

• Average lateral distance between the molecules 

• Correlation lengths 

• Tilt angle 

• Molecular packing 

• Orientational distribution function 

• Order parameters (P2), (P4) ••• etc. 

• Bond orientational order parameter 

• Layer order paramet~rs 't and (z2
) in Sm-A 

• Critical exponents. 

2.5 EXPERIMENTAL TECHNIQUE FOR X-RAY DIFFRACTION 
STUDIES AND METHOD OF DATA ANALYSIS: 

Schematic diagram of the set-up used for X-ray diffraction studies is shown 

in Figure 2.3 which was fabricated in our laboratory earlier[25,26]. Small angle X

ray photographs were taken throughout the mesomorphic range using Nickel

filtered CuKa radiation, the temperature was regulated within ±0.5°C by a 

controller, Indotherm 401-D2 (India). The sample was inserted by capillary action 

in a thin walled ( -0.05 mm) Lindemann glass capillary of 1 mm diameter and was 

aligned by slow cooling from the isotropic phase to the desired temperature in 

presence of magnetic field of about 4-5KG. All photographs were taken with X-rays 

perpendicular to the magnetic field direction. 

Different types of diffraction patterns are obtained depending upon the type 

of the mesophases[26-35]. As a starting point for the discussion of the experimental 

results for X-ray scattering by nematic liquid crystals typical diffraction 

photographs of magnetically oriented samples are shown in Figure 2.4. In the 

Figure 2.5 the schematic representation of the photographs for nematic and smectic 

A phases are shown. 

31 



-----------------------------------------------------------------

n 

,---------------- ------------------, 
, .. ' " 

,_ 

'•., ________________ ---------------/ 

MS 
(a) 

H 

n 

/ __ /_..---------- ·-----------------, I('lf) 

MS 

(b) 

ES : Equatorial section 
MS : Meridional section 

ES 

Figure 2.5. Schematic representation of the X-ray diffraction pattern of an oriented (a) 
nematic and (b) smectic A phase. 

(a) (b) 

Figure 2.6 (a) Linear scanning directions for inner halo in cybotactic nematic phase. (b) 
Intensity contour map of the inner allo (broad view) of X-ray diffraction pattern of skewed 
cybotactic nematic phase showing tilt angle ~t· 

32 



• 
Skewed cybotactic ' ' ' 

group 

Figure 2. 7 Tilt angle ~t in the skewed cybotactic nematic phase. 
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The diffraction pattern is neither that of solid like crystal nor of isotropic 

liquid but it looks like in between. Evidently two characteristic distances, parallel 

and perpendicular to n (or H ) are present. However unoriented nematic phase 

~ shows X-ray diffraction pattern which is a uniform halo just like that of an isotropic 

liquid. This is due to the fact that, generally a liquid crystal sample consists of a 

large number of domains, the molecules being aligned within each domain in a 

preferred direction, i.e., the director, but there is no preferred direction for the 

sample as a whole and naturally, X-ray diffraction pattern has a symmetry of 

revolution around the direction of X-ray beam. The outer circular halo is splitted 

into two crescents having maxima along the equatorial direction (n .l H), which are 

formed due to intermolecular scattering and the corresponding diffraction angle is a 

measure of average lateral intermolecular distance (D). These distances lie between 

3.5A and 6.5A, lateral dimension of a typical mesogenic molecules and the average 

intermolecular distance are found to be around sA. 

For the situation n II H , inner halo also has two crescents with maxima at 

much lower angle in the meridional direction. This diffraction peak must arise from 

correlations in the molecular arrangement along n. So by measuring the 

corresponding angles of diffraction one gets the value of the apparent molecular 

length (l). 

For skewed cybotactic nematic phase inner halo splits into four spots or 

appears as dumbbell shaped as shown in Figure 2.6. In case of smectic phases the 

inner pattern appears as sharp spots, sometimes second order spots are found. From 

these 2nd order spots the translational order parameter t can also be determined. 

The apparent molecular length for nematic phase and layer thickness for 

smectic phase are calculated using Bragg equation but the average intermolecular 

distance (D) are determined using a modified Bragg formula D=l.117A.l2sin9 

derived by de Vries [36,37] on the arguments of cylindrical symmetry. The 

interplaner spacing (l) of cybotactic group[24,38,39] is calculated using Bragg 

relation and length of the building unit (L1
) is calculated using the relation 

~t = cos-1(l!l!), where ~tis the tilt angle (Figure 2.7) and is measured directly from 

photograph. When ~t cannot be measured from th~ film one calculates it using the 
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above relation and assuming L = L1
, where Lis the model length of the molecules. 

Orientational distribution function f(~) and orientational order parameters <PL> are 

calculated from the azimuthal intensity profile of equatorial arcs in the X-ray 

~ diffraction pattern, following a procedure described below. 

For the above analysis the X-ray photographs are scanned linearly and 

circularly by an optical microdensitometer (Carl Zeiss Jena MD 100, Germany) 

equipped with auto chart drive facility. Full circular scanning of optical density 

(OD) is done at an interval of 5 degrees considering the maximum OD position at an 

angle '¥=0°. These OD data are converted to intensity using a calibration curve and 

following the procedure of Klug and Alexander[ 40]. The experimental intensity 

values were then corrected for background intensity values arising due to the air 

scattering. Thus we get angular intensity distribution I('P) vs. angle ('P) curve. The 

orientational distribution function f(~) was calculated from the intensity distribution 

1(\jl) using the following relation given by Leadbetter and Norris[24]. 

2.13 

34 

As molecular distribution in the nematic phase is centrosymmetric, the · 

distribution function and the intensity can be expanded as even cosine power 

series. 
r 

2.14 

r 

f( ~) = L b2n cos2
n ~ 2.15 

n=O 

Both the series converge rapidly. Retaining eight terms in the truncated 

series, a least square fitting was made with the observed 1(\jl) values to get the 

coefficients of 2.14. These values of a2n were then used to calculate the 

coefficients of b2n. using the relation 

2.16 
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Orientational order parameter (P2) and (P4) were then calculated using the 

following equation 

( ) _ f~ PL( cos~) f(~) d( cos~) 
PL - J~ f(~) d( cos~) 2.17 

Necessary computer program was developed for this purpose in our laboratory. 

The uncertainties in l. D, ~t values are± 0.01, ± 0.01, ± 0.1 respectively and that in 

<P2> and <P4> values are estimated to be ±0.02. 

To find the exact distance between the sample and X-ray film aluminium

powder photograph was taken. The Bragg angle e' corresponding to the (hkl) 

reflecting plane for aluminium is given by[41]. 

sine' = _A. .J.-h2_+_k_2=--+_1_2 

2a 2.16 

where a is the lattice constant of aluminium. Thus calculating the values of Bragg 

angles from above equation and measuring the diameter (D) of the diffraction rings 

corresponding to (111) and (222) reflections the actual distance (H) between the 

sample and the film can be found out from the relation 

I D tanW =-
2H 2.17 

Bragg angle for the peaks corresponding to l and D parameters were then calculated 

using the above relation. 

2.6 CHARACTERISATION OF MESOPHASES: 

Because there is a large variety of liquid crystal phases, in many cases the 

distinction between two phases being very subtle, several techniques are used in 

conjunction with each other to identify the various mesophases viz., 1) Mutual 

miscibility of known mesogen, 2) Differential scanning calorimetry, 3) Optical 

polrization microscopy, 4) X-ray Diffraction etc. Identification and systematic 

classification of many different liquid crystal phases have been done according to 

their distinct phase structures. The most widely used technique of liquid crystal 
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phase identification is optical polarising microscopy, which reveals that each 

different liquid crystal phase has a distinct optical texture. The basic information in 

structure investigations is the description of the texture, the sum of topological 

elements which are large enough to be observed under the polarising microscope. 

Differential Scanning Calorimetry (DSC) is nearly always employed as a 

complementary tool to optical microscopy and reveals the mesophases and liquid 

crystal phases by detecting the enthalpy change that is associated with a phase 

transition. However this technique cannot identify the type of liquid crystal phase, 

but the level of enthalpy change does give some information about the degree of 

molecular ordering within a mesophases. 

X-ray diffraction has been the most useful technique in investigating the 

microscopic structure of liquid crystals. It will map the positions of the molecules 

within the phase and hence determine the phase structure and classification to which 

the particular phase belongs. To maximise information aligned samples are needed. 

2.6.1 Optical Polarising Microscopy (OPM) 

The most striking feature of liquid crystals is the wide variety of visual 

patterns they display under polarised light. These patterns called textures are due 

almost entirely to the defect structure that occurs in the long-range molecular order 

of the liquid crystals materials. For the determination of phase transition 

temperatures and the identification of liquid crystal phases, observation of textures 

is an important technique for the liquid crystal physicists. The identification of 

mesophases through optical polarising microscopy usually involves the magnified 

view of a thin sample of a mesogenic material sandwiched (thickness- 10-20 j..Lm) 

between a glass microscope slide and a glass coverslip. The microscope slide of 

material is placed in a hot stage, whose temperature is controlled usually between 

room temperature and 300°C, between polarisers which are crossed at 90° to each 

other. With no sample and with isotropic sample the polarised light was unaffected 

but with the anisotropic, birefringent sample an optical texture appeared giving 

information relating to the arrangement of the molecules within the medium. The 
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(a) 

(b) 

Figure 2.8 (a) Homeotropic and (b) Homogeneous alignments of liquid 
crystals. 
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texture was found to depend on the alignment of the sample v1z., whether 

homeotropic or homogeneous (planar) and the involved phase structure. 

Homeotropic alignment is where the molecules that constitute the phase 

structure are oriented such that their. long axes (optic axes) are normal to the 
~·~ 

supporting substrate (Figure 2.8(a)). When the molecules are so oriented polarised 

light is unaffected by the material and so light cannot pass through the analyser. So 

one will see complete blackness. 

In homogeneous (planar) alignment the constituent molecules of the liquid 

crystals phase are oriented parallel to the supporting substrates (Figure 2.8(b)). With 

homogeneous alignment, a thin layer of the liquid crystals phase exhibits 

birefringence and a coloured texture results when viewed between crossed 

"~ polarisers. 

Classification of different liquid crystalline phases by the observation of 

textures alone is often ambiguous, and other methods are needed to support it. 

Detailed description of various textures, with photographs, is given by Demus and 

Richter[42], Slaney et a/.[43], Bouligand[44]. 

2.6.2 Differential Scanning Calorimetry (DSC) 

DSC reveals the presence of phase transitions in a material by detecting the 

enthalpy change associated with each phase transition. The level of enthalpy change 

provides some indication of the types of phase involved. Accordingly DSC was 

used in conjunction with OPM to determine the type of mesophases. 

When a material melts, a change of state occurs from solid to liquid and this 

melting process requires energy (endothermic) from the surroundings. Converse is 

also true. The DSC instrument measures the energy absorbed or released by a 

sample as it is heated or cooled. Solid to liquid involves high energy of transition 

(enthalpy change around 30 to 40 kJmor\ But more subtle structural phase 

changes involved in liquid crystals LC to LC and LC to isotropic liquid are reflected 

by the relatively small enthalpy changes (1 to 2 kJmor1 
). Mettler FP82 hot stage 
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Figure 2.9 DSC plot of OOBPD {Bis-(4,4/-n-alkoxy-benzylidene)-1,4-
phenylenediamines} sample. 



and FP84 thermosystem were used for texture and DSC studies. Typical DSC plot 

for OOBPD compound is shown in Figure 2.9. 

T- 2.7 PREPARATION OF MIXTURES: 
I ' 

Binary mixtures were prepared by weighing the individual pure chemicals 

into a small cleaned glass bottle and then agitating the heated mixture in its isotropic 

state for at least 24 hours to ensure the formation of homogeneous mixture. 

2.8 OPTICAL BIREFRINGENCE STUDY: THE THEORY 

When light enters a material (mesogenic or non mesogenic ), its wavelength 

~ and velocity decreases by a factor what is called the index of refraction, n. An 

isotropic material has a single refractive index, since light polarised in any 

direction travels at the same velocity in the material. In non-magnetic materials, 

the index of refraction is simply equal to the square root of the relative permittivity 

or dielectric constant. Because the relative permittivity of an anisotropic substance 

is different for electric fields in different directions the refractive index is also 

different. This optical phenomenon is called birefringence and since we are 

discussing linearly polarised light, it should really be called linear birefringence. 

In a uniaxial nematic liquid crystal, ne is the refractive index for extra-ordinary 

i.e., when the electric field vector is parallel to the optic axis and n0 is for ordinary 

ray i.e., when the electric field vector is perpendicular to the optic axis. The optical 

anisotropy or birefringence is defined as &l=ne-no which depends on the 

wavelength of the light used and the thermal state of the compounds[45]. Physical 

origin of the optical properties of liquid crystal has recently been detailed by 

Dunmur[ 46]. 

The birefringence of liquid crystals is related to molecular polarizability (a) 

originating from the 1t electrons and delocalized ones not participating in chemical 

bonds of the organic sample. This a can be determined by knowing the value of 

internal field, i.e., the average field working on an individual molecule. But the 

Lorenz -Lorentz field, valid for isotropic phase, is not applicable for mesogens 
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since the medium is anisotropic in nature. Therefore more realistic internal fields 

given by Neugebauer[47] and Vuks[48] are used. 

2. 7.1 Calculation of Optical Polarizabilities from Refractive Index and 
Density Measurements 

2.7.1.1 Vuks' Method 

Vuks considered that the internal field is independent of molecular 

interaction and showed that The effective molecular polarizabilities <X.0 and a.e are 

related to n0 and ne by the following equations: 

3 n2 -1 a -----=-o
o- 4nN n2 +2 2.18 

;>.- and 

3 n2 -1 a -----=-e
e- 4nN n2 +2 2.19 

where N is the number of molecules per unit volume obtained from density values 

and n is the mean refractive index and is given by 

n2 =_!_(2n 2 +n 2 ) 3 o e 

2.9.1.2 Neugebauer's Method: 

2.20 

In this method internal field is calculated by representing the polarizability of 

a molecule by an anisotropy point polarizability. The relevant relations are 

2.21 

and 

2.22 

where Ye and Yo are the respective internal field constants for extraordinary and 

ordinary rays. The equations necessary for calculating polarisabilities a0 and ae 

obtained from the above equations looks like: 

_1 +_2_ = 47tN[n; +2 + 2(n~ +2)] 
a. a. 3 n 2 -1 n 2 -1 e o e o 

2.23 

and 
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2.24 

Polarizabilities of the molecules were also determined using the additivity 

rule of bond polarizability proposed by Le Febre[ 49]. Assuming rotational 

symmetry around the bond, its polarizability value is specified by its longitudinal 

component ( a 11), transverse component ( a_J and the orientations of the bond. The 

polarizability values ( a
11 

and a_J of each . bond type were taken from the 

references[49-51]. The principal polarizability values (ae and <X0 ) of a molecule 

were computed by diagonalization of the polarizability tensor. 

2.9.2 Calculation of Orientational Order Parameter from Density and 
Refractive Index Data 

The birefringence of liquid crystals is the visible manifestation of their long

range order and it is defined only for a uniformly ordered domain. Its value is 

determined by the degree of order, S and by the principal polarizabilities a0 and ae 

for uniaxial systems. The degree of order of the mesogenic molecule has been 

determined using polarizability values obtained from the above two methods. As 

emphasised by de Gennes[52], any tensorial property of the nematics can be used to 

define a nematic orientational order parameter. Thus, we can write the effective 

polarizabilities parallel and perpendicular to the direction of molecular alignment as 

and 

so 

(X.e = (X.+~ L\a.S 
3 

S = _a.-=--e _-_<X-=--o 
<Xu- a..L 

2.25 

where, a.= (2a.0 +a.e)/3, is the mean polarizability and Lla=ae-ao is the 

polarizability anisotropy. Here, S is the microscopic order parameter and a11 and a.l 

are the principal polarizabilities parallel and perpendicular to the long axis of the 

molecules in the perfectly ordered state i.e. S=l which are not, however, easily 
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Figure 2.10 Refraction of light by a wedge shaped liquid crystal sample. 



available experimentally. The values of molecular polarisability anisotropy ( a.11-a_0 

in the solid state is, therefore, obtained using Haller's extrapolation procedure[ 53]. 

In this method a graph is plotted with log (a.e- 0.0 ) vs. log (Tc- T) which should 

be a straight line. This is extrapolated up to log (T c) to get the value of ( a.11 - aj_). 

Here Tc is the N-I transition temperature. 

2.10 Measurement of Ordinary and Extraordinary Refractive Indices 

The ordinary and extraordinary refractive indices (n0 , ne) have been measured 

with a spectrometer and thin prism for four different wavelengths Ow= 4758, Aa = 

5461, Ay = 5780 and AR = 6907 A). Geometry of the experimental set up is shown in 

Figure 2.10. Thin glass prisms of refracting angle less than 1° were prepared from 

optically plane glass plates, great care was taken to clean the plates. Concentrated 

nitric acid was first used to clean the impurities, then washed several times with 

fresh water. After drying, it was washed with acetone to clean oily substances 

present. One side of each glass plates were coated with -1% aquas solution of Poly 

Venyl Alcohol (PV A) and rubbed several times on white bond paper in the same 

direction to get a preferential direction on the substrates. Using high temperature 

adhesive prisms were constructed placing the treated surfaces inside and rubbing 

direction parallel to the refracting edge of the prisms. A thin glass spacer was 

introduced to get the required angle and it was baked for several hours. The prism 

was filled with sample in isotropic phase from its top open side such that no air 

bubble was trapped inside. The system was alternately heated to isotropic phase 

and cooled down slowly to the desired temperature so that liquid crystalline 

molecules were perfectly aligned with its optical axis parallel to the refracting 

edge of the prism. The prism was then placed into thermostated brass oven where 

temperature was controlled within ±0.5°C and refractive indices were measured by 

means of spectrometer, a wavelength selector and a nicol prism. The accuracy of 

refractive index measurement was 0.1 %. The measurement technique was reported 

earlier by Zeminder et a/.[54]. 
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2.11 DENSITY STUDY: 

The density of samples were measured at different temperatures during both 

heating and cooling using a borosillicate glass tube dilatometer of capillary type, a 

travelling microscope and temperature controller. A weighed sample of the liquid 

crystal was introduced inside the dilatometer in isotropic state and was placed in a 

thermostated glycerine bath. Sufficient time was allowed to reach the equilibrium at 

the desired temperature before taking each reading. The length of the liquid crystal 

column was measured at different temperatures with a travelling microscope .The 

densities were calculated after correction of glass expansion. Average value of the 

data obtained during heating and cooling are presented which are accurate within 

±0.1%. 

2.12 DIELECTRIC PERMITTIVITY OF MESOPHASES: 

Dielectric studies of nematic liquid crystals have proved to be a valuable 

source of information on molecular organisation, intermolecular interactions and 

molecular dynamics in both the mesomorphic and isotropic phases. Apart from the 

information such studies give on the theories of anisotropic dielectrics, there is 

considerable practical importance in the study of the temperature dependence of the 

permittivity of liquid crystals. The threshold voltage and other operational 

parameters of liquid crystal displays depend on the anisotropy of the 

permittivities[55] and the multiplexity of matrix displays may be limited by the 

temperature dependence of the permittivity. So an understanding of the factors that 

determine the dielectric behaviour of liquid crystals will aid the development of new 

materials having better display properties. Thus the dielectric permittivities of 

nematic liquid crystals have extensively been studied both experimentally and 

theoretically[ 56-59]. 

Attempts to produce a theory for the dielectric properties of nematic liquid 

crystals began with the work of Maier and Meier[60], who combined the Onsager 

description of dielectric liquids with the Maier-Saupe mean field theory of the 
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nematic phase. This theory neglects dipole-dipole interactions between molecules, 

and predicts that the temperature dependence of permittivity anisotropy follows that 

of the order parameter, while the mean permittivity decreases with increasing 

temperature and is continuous at the nematic to isotropic transition[56]. In defining 

the reaction field and cavity field, the theory neglected the macroscopic anisotropy 

of the permittivity. 

Specific dipole-dipole interactions are included in the Kirkwood-Frolich 

theory of liquid dielectrics and Bordewijk[61] has extended this theory to 

anisotropic dielectrics. This theory may be used in conjunction with known values 

of molecular properties to evaluate dipole-dipole correlation factors for liquid 

crystals. 

2.12.1 Maier and Meier(M-M) theory of dielectrics for nematic liquid crystals 

W. Maier and G. Meier[60] have extended the Onsager theory of dielectric 

properties of isotropic liquids[62] to nematics to correlate dielectric properties to 

molecular parameters. Essentially, they consider a molecule with polarizabilities a.
11 

and a...L and dipole components J..Ln = J..Lcos~ and J.l..L = J..Lsin~; J..L being the dipole 

moment making an angle ~ with the long molecular axis. The molecule is 

considered to be in a spherical cavity surrounded by a continuum with macroscopic 

properties of the dielectric. The following relations were obtained for dielectric 

permittivities, En and E..L parallel and perpendicular to the molecular long axis: 

2.26 

and 

2.27 

with 
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J..l2 
(J..Lij) = 3 [1- (1- 3cos2 ~)s: 

and 

so 

2.28 

2.29 

2.30 

where N = the particle density = pNAIM ; p=mass density, NA=Avogadro No., 

M=Molecular weight, S= the order parameter and a=mean polarizability given by 

- a 11 +2al. 
a= 

3 

da = polarizability anisotropy = a
11
-a.L 

2.31 

hand Fare respectively the cavity field factor and the reaction field factor and are 

given by 

-
3£ 

h=--- and 
2£+1 

1 
F=----=--

(1-a) 

Hence the factor f, called Onsager factor, is given by 

-
4n 2£-2 

f=-N---=-
3 2e+l 

The above expressions for e
11 

and E.L are used to find effective dipole moment of the 

molecules in nematic phase and its orientation with molecular long axis. 
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2.12.1 Dipole Correlation Factor 

To get further insight into the phase structure one can calculate the dipole

dipole correlation factor (g1..) which is defined as 

2.32 

The correlation factor g"' takes into account the correlation between the 

neighbouring dipole moments only and the subscript A, refers to axes II and .l to the 

nematic director. The ensemble averages of the II and .l components of the 

molecular dipole moments were calculated following the procedure of Bata and 

Buka[63]. 

As noted earlier in Maier-Meier theory, short-range dipole-dipole interaction 

was not considered. The Kirkwood-Frohlich theory of dielectrics[58,64] provides a 

formula in which these short range effect are considered but that was for isotropic 

liquid. Bordewijk and de Jeu[65-68] extended this idea to anisotropic media with 

uniaxial symmetry and is used to find dipole correlation factor for nematic liquid 

crystals. Their model was based on experimentally observed proportionality 

between the birefringence (L\Eoo=&12=n/-n0
2

) and the product of the number density 

N(=pNA/M) and order parameter S. The resultant relationships between the 

permittivity components and the molecular parameters are as follows: 

471N~(E~ +2i ( 2) E 

~ -E~ 9kT (~ +E~) f..l?: f:>.(E,U.,Jg:>. 2.33 

where 

2.34 

0.\ is a geometrical shape factor accounting for the depolarization field[65,69] 

which depends on both the dielectric anisotropy of the system and the molecular 

shape. For positive dielectric anisotropy one has 
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Figure 2.11 Model of ellipsoid of revolution having semi-major axis 'a' 
and semi-minor axis 'b' for space filling model of a liquid crystal molecule 
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2.35 

and 

2.36 

In this model < Jl?n > and < 112
.1 >, the orientational averages of by the effective 

dipole moment components are related to En and E.L as: 

2.37 

2.38 

where the cavity field factor was calculated taking into account the following shape 

factors of ellipsoidal or prolate spheroid molecules with semi -long axis a and semi

short axis b (Figure 2.11): 

1 ro+1 
gsh = 1- (02 + -r•v (02 -1) ln--

11 2 '-"\ ro-1 
2.39 

and 

h 1 2 1 2 ro+ 1 
ns = -ro --ro(ro -1) In-
~ 2 4 ro-1 2.40 

so 

where 
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2.41 

The value of 2a was taken to be equal to apparent molecular length l obtained from 

X-ray study and b was calculated using 

[ 
6M ]~ 

b = 1tNA/p 2.42 

on the assumption that the volume occupied by a molecule in the LC phase is equal 

to the geometrical volume of the molecule[68]. Instead of taking Euco = n11
2 

, they 

used a factor 1.05 to take into account the atomic polarisation factor. Since, 

according to Kirkwood and Frohlich theory, the effective value of molecular dipole 

moment is given by: 

2 9kT (Ell - E.ooll )(2Eu + E.ooll) 

1-Leff.ll = 47tN ~ (E. + 2)2 
~~~ ooll 2.43 

So we can rewrite equation 2.33 as: 

2.44 

so that 

2.45 

Similarly for the perpendicular component we have: 

2.46 

and 

2 
1-leffl 

2.47 
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Figure 2.12 Schematic diagram of experimental arrangement for dielectric 
constant measurement. 



where the factor 2 arises due to rotational symmetry. Equations 2.45 and 2.47 were 

used to calculate g11 and gj_. Necessary computer programme was written for this 

purpose. For uniaxial liquid crystals de Jeu et al.[70,71] obtained the following 

equation for short range order parameter (T A.) 

2.48 

2.13.1 Experimental Set up for Measurement of Permittivity Components 

A schematic diagram of the experimental set up designed and fabricated for 

dielectric measurements is shown in Figure 2.12. A cell was constructed by means 

of two plane tin oxide coated (thickness = 7000A and conductivity = 10.5-11.1 

OJ ) conducting glass plates separated by glass spacers of thickness -190 J..lm. A 

small portion of the plate was previously chosen by marking it with glass cutter to 

keep effective area of the liquid under consideration constant. Two glass plates were 

sealed together in three sides by using high temperature adhesive and was baked in 

an oven for several hours. The conducting glass plates were given to us as gifts by 

Dr Murray Bennet, Solarix Thin Film Division, USA. The LC sample was filled into 

the cell as isotropic liquids and the sample-filled cell was cooled to the desired 

temperature at approximately 1 °C/min. The temperature of the cell was controlled 

within ±0.5°C. Magnetic field was used to align the sample. The cell was rotated 90° 

with respect to the magnetic field to get homeotropic alignment from homogeneous 

arrangement. 
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By applying electric field parallel and perpendicular to the director and 

measuring capacities of a parallel plate capacitor Ce, Cb and Cx in the air, benzene 

(as standard sample) and the liquid crystal respectively as the dielectric, one can 

determine En and tj_, parallel and perpendicular components of dielectric 

permittivity. The expression used for this is 

2.49 



where Eb and Ex are the relative permittivities of benzene and mesogenic substance 

and that of air was taken as unity. 

The capacitance values were measured at a frequency of 1OkHz using a 

digital LCR meter bridge (Model VLCR7, VASA VI Electronics, India) capable of 

measuring capacity upto 0.1 pF. The bridge voltage across the sample was low 

(-300 mV) enough to produce any electric-field-induced instabilities. The cell 

constants were determined at room temperature with benzene, p-xylene and carbon 

tetrachloride and the measured permittivity values agreed with 2% of the standard 

values. To standardise the apparatus, the principal dielectric permittivities Eu and EJ. 

were also measured for 7CB which agreed within 4% of the values given in 

references [72,73]. 

2.13.2 Determination of dielectric Permittivity and Dipole Moments from 
Solution Data: 

The molecular dipole moments of liquid crystals have been determined by 

measuring the dielectric permittivity (E) and refractive index (n) of solution of the 

compounds at different concentrations of the solute in a non-polar solvent viz. p

xylene. The refractive index was measured by thin prism method and Abbe's 

refractometer. After each me~surement the cell was cleaned by benzene and acetone 

and dried well. All the measurements were performed at room temperature. The 

effective dipole moment (J..L) of a molecule in solution of concentration c (mole.cm-3
) 

at temperature T (K) was calculated using the following Guggenheim relation[74] 

2 27kT[(E12 - n~2 )- (E1 - n~)] 
J..l = 47tN(E1 + 2)(n~ + 2)c 2.50 

where the suffixes 1 and 12 respectively refer to the solvent and solution 

parameters. We fitted the J..L vs. concentration curve to a polynomial and 

extrapolating the curve to infinite dilution the dipole moment of the isolated 

molecules was obtained. 
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