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INTRODUCTION 

After the existence of liquid crystals had been firmly established by the 

pioneering works of 0. Lehmann, D. VorHinder, G. Friedel and others, scientists 

around the world were trying to develop theories to explain the behaviour of liquid 

crystals over many years. The most important problem to be solved by the 

theoreticians was to establish the relationship between the molecular structure and 

the properties of the liquid crystals. Some phenomenological theories were proposed 

in attempt to explain the behaviour of liquid crystals. There are many books [1-7] in 

the literature that describe the theories on liquid crystals in details. However, in this 

Chapter the main features of the mean-field theories of nematic and smectic A 

phases, developed by Maier and Saupe [7,8] and McMillan [9,10] respectively, have 

only been discussed, since some of the experimental results described in the thesis 

have been compared with these two theories only. 

2.1 THEORIES OF LIQUID CRYSTALS 

The first molecular field theory of the nematic phase was proposed in 1916 

by M. Born [11]. He treated the liquid 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 

presence of permanent dipole moments is not necessary for the occurrence of the 

liquid crystalline phase. Moreover, the theory predicts that the aligned liquid crystal 

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

molecules are polar. 

The most widely used molecular field theory is the one due to Maier and 

Saupe [7 ,8] which nicely explains nematic-isotropic transition in terms of an 

orientational order parameter. A simple but elegant description of SmA phase was 

proposed by McMillan [9,10] in which he extended MS theory to include additional 

translational order parameter characterizing the layered structure. However, use of 

an approximate self-consistent mean molecular field neglects the effects of short-
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range order and fluctuations of the order parameters [9,10]. The details of the 

McMillan, Wulf and de Gennes theories on smectic-C liquid crystals and the 

Meyer-McMillan theory on of Sm-C, -B, and -H liquid crystals are given in 

reference [7a]. Landau-de Gennes developed a phenomenological theory for N-I 

phase transition [12,13] that was subsequently extended to many other transitions 

including SmA-N transition. 

Thermotropic liquid crystals have also been extensively studied by computer 

simulation techniques employing a variety of hard, soft and realistic models 

involving atom-atom potentials and using either Monte Carlo or molecular 

dynamics method [14-23]. 

2.1.1 Maier-Saupe 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 attractive dispersion 

force between the molecules. Each molecule is assumed to experience the same 

force on average as any other molecule in the system. Further assumptions are: 

• The nematic liquid crystal molecules are rigid cylindrical rods 

• The molecules are, on the average, aligned along a preferred direction 

described by a unit vector n, called the director. The whole system is 

cylindrically symmetric about n such that n and -n are equivalent. 

• The influence of permanent dipoles can be neglected as far as long-range 

nematic order is concerned. 

• Only the effect of the induced dipole-induced dipole interaction is 

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

nematic order. No repulsive interaction is considered. 

The degree of alignment of the molecules with respect to the director. n is 

described by an orientational order parameter given by 

(2.1) 
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where ~i is the angle between the long axis of the i 1
h molecule and the director n and 

P2( cos~i) is the second order Legendre polynomial. Here ( ... ) denotes statistical 

average over all ~i. 

Since the distribution function is cylindrically symmetric about n and the 

directions n and -n are equivalent the potential energy of the i1
h molecule may be 

assumed as 

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

so that, 
(2.2) 

I.e., 

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

independent of ·pressure, volume and temperature. Also, v = '\. is the coupling 
v 

constant. 

Humphries, James and Luckhurst [26] developed a more comprehensive 

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

symmetric molecules. Thus ui was taken as 

(U:O) 
Leven 

where PL(cos ~i) is the L1
h order Legendre polynomial. 

2.1.1.1 Orientational Distribution Function and Order Parameters 

If the system is in thermal equilibrium then the probability of a molecule 

being oriented at an angle ~i with the director n will be governed by the Boltzmann 

factor, so the orientational distribution function for the molecules of the system is 

given by 

f( ~) -·z-1 [-ui(cos~J] cos . - exp ---'-------=~ 
I kT 

where k is the Boltzmann constant, T is temperature in absolute scale and Z being 
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the partition function· for a single molecule. Z is given by 

Z= £ex{ -u~;sj)) }ccosj)), 

dropping the subscript 'i' for brevity. 

The order parameter, S, is therefore written as 

S = (P2 ) = J~P2 (cos ~)f(cos ~Xt(cos~) 

f P2 (cos~ )exp[ v(P2 )P2 (cos~ )!kT }i(cos~) 
- 0 

- J~ exp[v(P2 )P2 (cos~ )/kT }i(cos~) 

I.e., 
f P2 (cos~ )exp[(P2 )P2 (cos~ )IT* }I( cos~) 

<P2>=~o~~-----------------------
I~ exp[(P2 )P2 (cos~ )IT* }i(cos~) 

(2.3) 

where T* = kT/v is called the reduced temperature. 

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

temperature dependence of <P2>. It is observed that <P2> = 0 is a solution at all T 

showing a disordered phase, the normal isotropic liquid. Solving equation (2.3) 

numerically one observes that forT*< 0.22284 two more solutions of <P2> appear. 

One is positive <P2> which tends to unity as T -70 and represent the nematic phase 

and the other one is negative <P2> which corresponds to an unstable phase. The 

laws of thermodynamics demand that the stable phase will have the minimum free 

~nergy. Applying this condition, we get the region 0 ~ T* ~ 0.22019 where (P2) is 

greater than zero corresponding to the anisotropic nematic phase and for T* > 

0.22019, the isotropic phase with (P2) = 0. 

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

corresponding to nematic-isotropic transition point. Thus, according to Maier-Saupe 

theory the N-1 transition is first order as has been observed experimentally. 

Exactly the same way it is possible to obtain higher order parameter <P 4> 

using the 4th order Legendre polynomial 

(P4 (cos~))= _!_(35(cos 4 ~)- 30(cos 2 ~) + 3) (2.4) 
I 8 
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Figure 2.1 Temperature variation of order parameters <P2> 
and <P 4> from Maier-Saupe theory. 
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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 indicates first order 

N-1 transition. Moreover, temperature dependence of the order parameters is 

universal in character, there are no parameters that can be adjusted to allow for 

different order parameter behaviour of different compounds. 

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

Luckhurst [27] and by Palffy-Muhoray et al. [28], 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 as also in mixtures of rod-shaped 

and disc-shaped nematogens [2]. The order parameter of the mixture and its 
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variation with temperature agree very closely with the Maier-Saupe universal curve. 

However, the order parameters of the individual components of the mixture may 

differ appreciably [29,30]. 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 turn, improves the contrast ratio. 

2.1.2 McMillan's Theory of Smectic A Phase 

W.L. McMillan [9,10] extended the Maier-Saupe theory to describe the 

SmA-nematic transition in which an additional order parameter characterizing the 

1-D translational periodicity of the layered structure is included. 

If the periodicity of smectic layers is taken along the Z-axis , the normalised 

distribution function, for the present case, can be written as 

""' ""' 2nnz f(z,cosP) = LJ L;A J.n P1(cosp)cos(--) 
I even n d (2.5) 

with I d 

J J f(z,cosP)dzd(cosP) = 1 
- 1 0 

as normalising condition, d being the layer thickness. 

McMillan developed the theory of smectic A liquid crystals starting from 

the Kobayashi [24,25] form of potential. For simplicity, neglecting higher order 

terms, McMillan wrote the mean field potential as 

Here we have, 

Orientational order parameter, S = _.!._ (3 cos 2 p- I) ; 
2 

Translational order parameter, t = (cos(
2
nz)) ; 
d 

Mixed order parameter, cr = (P2 (cos p) cos(
2
nz)) 
d 

(2.6) 
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and v0 and 8 are constants characterising respectively the strengths of the 

anisotropic and isotropic parts of the interaction, a is a parameter which depends 

on the core length and the molecular length. Obviously it reduces to MS potential 

when the two adjustable parameters 8 and a become zero. 

The distribution function in this case is 

f ( A)_ z-l [ Vr(z,cos~)J 
1 z, cos'"' - exp - ----=---k-T----=--'- (2.7) 

where the single molecular partition function Z is given by 

The various order parameters are, therefore, given by, 

S = J~ fod P2 (cos ~)f1 (z, cos ~)dzd( cos~) 

llld 27tz 
't = cos(-)f1 (z,cos~)dzd(cos~) 0 0 d (2.8) 

llld 27tZ cr = P2 (cos ~)cos(-)f1 (z,cos ~)dzd(cos ~) 
0 0 d 

These self-consistent equations can be solved numerically to find the 

temperature dependence of the three order parameters. 

Out of several solutions, the equilibrium state is identified by the minimum 

value of free energy. In general we get the following three cases with S, a and 't: 

i) 't = 0' = S = 0, no order characteristic of the isotropic liquid phase; 

ii) 't = 0, 0' = 0, S * 0, orientational order only, the theory reduces to the Maier

Saupe theory for the nematic phase; and 

iii) 't * 0, 0' * 0, S * 0, orientational and translational order characteristic of the 

smectic A phase. 

One can also predict the nature of the smectic to nematic phase transition 

observing McMillan ratio (T NA/T NI). If (T NA/T NI )>0.87 then the SmA - N 
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transition is of first order and if (T NA/T NI )< 0.87 then it is of the second order. 

Here TNA and TN1 are the SmA- Nand N- I transition temperature respectively. 

2.2 X-RAY DIFFRACTION FROM LIQUID CRYSTALS 

X-ray diffraction is a very useful technique in investigating the microscopic 

structure of all kinds of crystalline materials including liquid crystals. Studies of the 

properties of the liquid crystals and further development in the theory of liquid 

crystalline state are based on the results of structural investigations and in particular, 

X-ray structure analysis. An X-ray experiment provides Fourier image of the 

electron density function and analysis of the scattering data yields information both 

on the mutual arrangement of the molecules in a liquid crystal and the specific 

features of the orientational and translational long range order [31]. X-ray 

diffraction studies on mesophases have been reviewed by many authors [32-40]. 

Let us consider a basic scattering situation as shown in Figure 2.2. For 

elastic scattering, magnitude of incident (KL) and scattered wave vector (K5) must 

be equal, i.e., IK5l = IKil = 27t I A, where A is the wavelength of the incident 

radiation. 

1 
L 

T 

Figure 2.2 Typical scattering geometry showing the incident (Ki), 
scattered (Ks) and scattering (Q) wave vectors. L is layer spacing. 
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The magnitude of the scattering vector Q = Ks - Ki. is given by 

Q = I Q I = 
4

7t sine 
A. 
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(2.9) 

where 29 is the angle between Ks and Ki. The scattering of incident radiation by a 

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

scattering amplitude 

f exp(iQ.r), 

where f is the scattering power and i= ~ . Generalized to N centres the scattering 

amplitude is written as 

N 

F(Q) = Ltjexp(iQ.rj) 
(2.10) 

j=l 

where rj denotes the position of scattering centre j. For a continuous distribution of 

scattering centers characterized by the electron density function p(r) one writes 

F(Q) = J p(r)exp(iQ.r)dr (2.11) 

If the integration is carried over all space then F is Fourier transform of the 

electron density and provides the link between the real (r) and the reciprocal (Q) 

space. 

For an isolated atom this assumes the form 

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

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

this leads to 

N 

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

N 

F(Q) = Lfi (Q)exp(iQ.rj) 
j=l 

. (2.12) 

This is almost identical to equation (2.10), but in this case the atoms are 

considered as extended object and the variation of. the atomic scattering amplitude 

with Q has been considered. 

The scattered intensity at a particular point in Q-space is given by 

I(Q) = I F(Q) 1
2 
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For molecular liquids it is convenient to separate the amplitude due to the 

molecular structure from the total scattering amplitude [32]. Accordingly (2.12) 

can be written as 

(2.13) 
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 scattering intensity from a system of 

molecules is 

I(Q) = L( fk,m(Q~f~ (Q)exp&Q.(rk-rj)]exp[iQ.(R1n -Rkm)] ) (2.14) 
k,I,n,m 

where the brackets indicate statistical average. 

The intensity can be written as 

I(Q) = lm(Q) + D(Q) 

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

function which are respectively given by 

lm{Q) = L(L/km(Q}f~(Q)exp[iQ.(Rkn-Rkm)~ 
k m,n 

2 

= N(Lf kmexp(-iQ.Rkm) ) (2.15) 
m 

and D(Q)= (Lexp(iQ.rkl) L (fkm (Q)f~ (Q)exp[Q.(R1n- Rkm)])) (2.16) 
k;tl m,n 

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

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

information about correlation in both positional and orientation of different 

molecules. 

D(Q) contains information regarding : 

• Apparent molecular length 
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• 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 parameters 't and (z2
) in SmA 

• Critical exponents. 

Procedure of determination of some of these parameters relevant to the 

present study has been described later. 

2.2.1 Experimental Techniques for X-ray Diffraction 
Studies and Method of Data Analysis 

Set-up used for X-ray diffraction studies is shown in Figure 2.3 schematically 

which was designed and fabricated in our laboratory earlier [41,42]. Small angle X

ray photographs are taken using Nickel-filtered CuKa radiation. By capillary action 

the sample is filled in a thin walled ( -0.05 mm) Lindemann glass capillary of 1 mm 

diameter and is aligned by slow cooling from the isotropic phase to the desired 

temperature in presence of a magnetic field of about 5 KGauss. All photographs are 

taken with X-rays perpendicular to the magnetic field direction. The temperature of 

the sample is regulated within ±0.5°C by a controller, Indotherm 401-D2 (India). 

Different types of diffraction patterns are obtained depending upon the type 

of the mesophases [42-51]. In Figure 2.4 typical X-ray photographs for nematic and 

SmA phases are shown. Evidently two characteristic distances, parallel and 

perpendicular to n (or H ) are present. However, an unoriented nematic sample 

shows diffraction pattern as obtained from an isotropic liquid viz. two uniform halo, 

at low and high angles. This is due to the fact that, generally an unoriented liquid 

crystal sample consists of a large number of domains and within each domain 
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Figure 2.3 Schematic diagram of the X-ray Diffraction set up. 

Different components of the set up: 

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

heater winding 
8 -7Specimen holder and 

thermocouple 
9 -7Sample position 

10-7 Film cassette 
11-7Film cassette holder 
12-7Base plate 
13-7Leveling screw 
14-7Brass plates over the coils 

of the electromagnet 
l5-7Removable spacer 
16-7Supporting brass stand 
l7-7Pole pieces 
18-7Asbestos insulation 
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Ordinary Nematic phase Cybotactic Nematic phase 

' : ' • 

Smectic A phase 

Figure 2.4 Typical X-diffraction photographs for nematic and smecticA phase. 

the molecules are aligned in a preferred direction, but there is no preferred direction 

for the sample as a whole and naturally, X-ray diffraction pattern will have a 

symmetry of revolution around the direction of X-ray beam. For an aligned nematic 

sample the diffraction feature at larger angle is splitted into two crescents having 

maxima along the equatorial direction (..L to n). This feature is a result of 

intermolecular scattering and the corresponding diffraction angle is the measure of 

average intermolecular distance (D). These distances lie between 3.5A and 6.5A, 

lateral dimensions of a typical mesogenic molecule and the average intermolecular 

distance is found to be around sA. 

Along the meridional direction ( II to n), the inner halo also has two crescents 

with maxima at much lower angle. This diffraction peak must arise from 

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

corresponding diffraction angles one gets the value of the apparent molecular length 
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(l) in nematic phase or the layer spacing (d) in the smectic phase. For skewed 

cybotactic nematic phase the inner halo splits into four spots as shown in Figure 

2.5(c). Occasionally it also appears as dumbbell shaped. In smectic A phase, often 

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

From these second order spots the translational order parameter 't can also be 

determined. 

The diffraction photograph is scanned linearly by an optical 

microdensitometer (Carl Zeiss Jena MD 100, Germany) equipped with auto chart 

drive facility and the Bragg angle corresponding t0 the equatorial and the meridional 

peaks are determined. The apparent molecular length in nematic phase and layer 

thickness in smectic phase are calculated using the Bragg equation but the average 

intermolecular distance (D) is determined using a modified Bragg formula 

D=l.l17Al2sine derived by de Vries [52,53] on the arguments of cylindrical 

symmetry. The interplanar spacing (l) of cybotactic group [32,52,54,55] is 

calculated using Bragg relation and length of the building unit (L') is calculated 

using the relation ~t = cos-1(1/L'), where ~tis the tilt angle of the molecules (Figure 

2.6). Sometimes it is possible to measure ~t directly from the film (Figure 2.5 (c)). 

When ~t cannot be measured from the film one calculates it using the above relation 

and assuming L = L', where Lis the model length of the molecules. Tilt angle of the 

molecules in smectic C phase is also determined in a similar way. 

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

calculated from the azimuthal intensity distribution of the outer halo of the 

diffraction pattern following a procedure described below. 

The X-ray photographs are scanned circularly at an interval of 5 degrees of 

the azimuthal angle 'V· These OD data are converted to intensity using a calibration 

curve and following the procedure of Klug and Alexander[ 56]. The experimental 

intensity values are then corrected for background intensity values arising due to 

air scattering. Thus one gets the angular intensity distribution curve of I('JI) vs. 'V· 

Position of the maximum OD along the equator of the outer halo is considered as 

'Jf=O (Figure 2.5). The orientational distribution function f(~) is calculated from the 
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Figure 2.6 Showing tilt angle ~t in the skewed cybotactic nematic phase. 

intensity distribution I(\jf) using the following relation given by Leadbetter and 

Norris[32]: 

7t I 

I( 'If)= C ~'V f(~)SeC 2'1f[tan 2~- tan 2'1f] ·z- sin~d~ (2.17) 

Obviously to get f(~) equation (2.17) needs to be inverted numerically. Since 

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

function and the intensity can be expanded as even powered cosine series 

r 

I(\jf) = :La2ncos 2n\jf (2.18) 
n=O 

r 

f$)= ~b20 COs 2" ~ (2.19) 
n=O 

It is observed that if eight terms are retained in the series, a reasonably good 

fitting of the I(\jf) values is obtained by least squares method. The coefficients thus 

determined are used to calculate the coefficients b2n of the equation (2.19) using 

the relation 

(2.20) 
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Orientational order parameter (P2) and (P 4) are then calculated using the 

following equation 

( ) _ J~ PL( cos~) f(~) d( cos~) 
PL - I~ f(~) d( cos~) (2.21) 

Necessary computer program have been developed for this purpose in our 

laboratory. The uncertainties in l, D and ~t values are estimated to be± 0.1, ± 0.01, 

± 0.1 respectively and those in <P2> and <P4> values are ±0.02. 

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

photograph of aluminium is taken. The Bragg angle corresponding to the (hkl) 

reflecting plane for aluminium is calculated using the relation [57] 

(2.22) 

where a is its lattice constant. Measuring the diameter of the diffraction rings 

corresponding to (111) and-(222) reflections, the actual distance between the sample 

and the film is found out from the relation 

28
' radius of the ring tan = --------==---

sample to film distance (2.23) 

Using this distance the Bragg angle (9) for the peak corresponding to the 

parameter l (or D) of the liquid crystal sample are then calculated using the same 

relation. 

2.3 CHARACTERIZATION OF MESOPHASES: 

As described earlier, there are a variety of liquid crystal phases and often the 

distinction between two phases is very subtle. Several techniques are, therefore, 

used to identify a particular phase. These are (1) mutual miscibility of same phases 

of different mesogens, (2) differential scanning calorimetry, (3) textures in optical 

polarising microscopy, (4) X-ray diffraction, etc. The most widely used technique 

for liquid crystal phase identification is to study the optical texture as a function of 

temperature under a polarizing microscope. Phase transition temperatures are also 

determined during the process. Though some phases reveal distinct textures, but 
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often phase identification only by texture study is difficult. Detailed description of 

various textures and their photographs are given in the books by Demus and Richter 

[58], Slaney et al. [59], Bouligand [60]. 

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

complementary tool to optical microscopy and reveals the transition temperatures by 

measuring the enthalpy change associated with a transition. Though DSC cannot 

identify the type of liquid crystal phase, the level of enthalpy change does give some 

information about the degree of molecular ordering within a mesophase. Solid to 

liquid phase transition involves high enthalpy change (around 30 to 40 kJmor 1
). But 

LC to LC and LC to isotropic liquid transitions are accompanied much smaller 

enthalpy changes (1 to 2 kJmor 1
). X-ray diffraction technique, as described before, 

is used to find the structure of a phase thus identifying it uniquely. However, good 

quality photograph from aligned samples are needed for the purpose. Alignment of 

the sample often becomes a problem, especially for higher order smectic phases. 

Other techniques used to find the nature of a mesophase include neutron 

scattering[61], nuclear magnetic resonance[29,30,61-63], IR, Raman, UV-Visible 

spectroscopic studies [64], Fabry-Perot Etalon method[65] etc. 

2.4 DIELECTRIC PERMITTIVITY OF MESOPHASES 

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

source of information on molecular organization, intermolecular interactions and 

molecular dynamics and relaxation mechanisms. Moreover, there is considerable 

practical importance of the study of temperature dependence of the permittivity of 

liquid crystals. The threshold voltage and other operational parameters of liquid 

crystal display devices depend on the anisotropy of the permittivity [66] and the 

multiplexity of matrix displays may be limited by the temperature dependence of the 

permittivity. Also, an understanding of the factors that determine the dielectric 

behaviour of liquid crystals will aid the development of new materials having better 

display properties. So, the dielectric permittivities of nematic liquid crystals have 

extensively been studied both experimentally and theoretically [67-72]. 
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W. Maier and G. Meier [73] combined the Onsager description [74] of 

dielectric liquids with the Maier-Saupe mean field theory [8] of the nematic phase 

and formulated their well known theory for the dielectric properties of nematic 

liquid crystals. This theory predicts that the temperature dependence of the 

magnitude of dielectric anisotropy is similar to that of the order parameter, while the 

mean permittivity decreases with increasing temperature and is continuous at the 

nematic to isotropic transition [67]. 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 [75] 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. 

2.4.1 Maier and Meier theory of dielectrics for nematic liquid crystals 

W. Maier and G. Meier [73] extended the Onsager's theory [74] for isotropic 

liquid dielectrics to nematics to correlate the dielectric properties with molecular 

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

and a..~_ and 

dipole components Jlu = J..LcosB and Jl..L = J..LsinB; Jl being the dipole moment of the 

molecule making an angle B with the long molecular axis. The symbols II and _l 

respectively refer to the directions parallel and perpendicular to the molecular long 

axis. The molecules are considered to be in. a spherical cavity surrounded by a 

continuum with macroscopic properties of the dielectric. The following relations 

were obtained for the dielectric components £
11 

and £.1: 

and 

with 

. and 

E = 1 + 41tNhF{a + 3_ilaS + F (~~)} 
II 3 kT 

E = 1 + 47tNhF{a - .!_ ilaS + F (~ ~)} 
~ 3 kT 

2 

(J.l~) == ~ [1- (1- 3cos 2f3)S] 
3 

(J.li) == ~
2 

[1 +±(1-3cos
2
f3)S] · 

(2.24) 

(2.25) 
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So that, ~E = E11 -E.l = 47tNhF{~a-FL(l-3cos2~)1S, 
2kT f 

and E= 11 .l =1+41tNhF a+F-- E +2E . {- /-l
2

} 

3 3kT 

Also, for isotropic state, when S=O, one gets the permittivity 

Eiso = 1 + 41tNhF{aiso + F L} 
3kT 
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(2.26) 

(2.27) 

(2.28) 

where N =the particle density= pNA/M, p =mass density, NA=Avogadro's number, 

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

- a 11 +2a.L 
a = ----"-----=-

3 
(2.29) 

Aa = polarizability anisotropy = a 11-a_1, 

<Xiso being the polarizability in the isotropic state; h and F are respectively the cavity 

field factor and the reaction field factor and are given by 

-
3E 

h=---
2£+1 

and F= 1 
(1- af) 

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

-
f = 81t N E-1 

3 2e+l 

The above expressions for En and E.1 are often used to find effective dipole 

moment of the molecules in the nematic phase and its orientation with the molecular 

long axis. Alternatively, one may find the order parameter S when all remaining 

quantities are known. 

2.4.2 Dipole-Dipole Correlation Factor 

Further insight into the phase structure may be obtained if the dipole-dipole 

correlation factor (gA.), as defined below, is calculated 

<:L (/-LA )i (J.LA) j) 
i¢j (2.30) 
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This factor gA. 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 are calculated following the procedure of Bata and Buka [76]. 

As noted earlier, short-range dipole-dipole interactions are not considered in 

Maier-Meier theory [73]. The Kirkwood-Frohlich theory for isotropic liquid 

dielectrics [69,77] provides a formula in which these short-range effects are 

considered. Bordewijk and de Jeu [78-81] extended this idea to anisotropic media 

with uniaxial symmetry and used it to find dipole-dipole correlation factor for 

nematic liquid crystals. Their model was based on the observation that the square of 

birefringence (L1n2
) and the product of the density (p) and order parameter (S) is 

linearly proportional. Bata and Buka [76] later obtained the following relation 

between the low and high frequency dielectric constants: 

2 
411N EA.~ + 2) 1,,2)f ( Q. £) 

EA -~ 9kT (2cA +E..oA) \1-"A A E, A gA 

f (E !:>.£) = 2cA +£ooA 
A ' A EA- (£A- cooA)Q~ 

where 
(2.31) 

(2.32) 

Here Q\ is a factor which depends on the dielectric anisotropy of the system. 

and 

For 

For positive dielectric anisotropy [79] one has 

negative dielectric anisotropy 

and 

(2.33) 

(2.34) 

(2.35) 

(2.36) 
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Hence, for both cases 

n~ =_!_(1-n~) 
2 
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Average components of the effective dipole moment, < J..L
2

11 > and< J..L
2

1.. >, 

appearing in equation (2.31) are evaluated from the following relations [76]: 

(2.37) 

(~~)=~{(J-S{ E-ll +(JE~~~-II).Q~ J ~!11 +s+2{ £." + (~~:-")Q~ r ~~l} (2.38) 

where the cavity field factor is calculated taking into account the shape factors ( n~h) 

of ellipsoidal molecules with semi-major axis a and semi-minor axis b (Figure 2.7): 

1 ro+ 1 
gsh = 1- ro2 +-ro(ro2 -1)In--

11 2 ro-1 
(2.39) 

and 1 1 . ro+ 1 
n~h = -ro2 --ro(ro2 -1) ln--

2 4 ro-1 
(2.40) 

So, n~h = _!_ (1-~h) 
2 

where (2.41) 

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

X-ray study and b is calculated by using the relation: 

(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[81]. They also used En== 1.05 n11
2 

to take 

into account the atomic polarization factor. Since, according to Kirkwood-Frohlich 

theory, the effective value of molecular dipole moment is given by: 

(2.43) 
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Figure 2.7 Model of ellipsoid of revolution having semi-major axis 'a' and 
semi-minor axis 'b' for space filling model of a liquid crystal molecule 

So, with the help of equation (2.31) we can rewrite equation (2.43) as 

Jl:ff 11 = fn(E,.Qn)gn(E, Tn)(J.L~) 

so that, 
2 

g _ Jleffll 
n-

fn (J.L~) 

Similarly for the perpendicular component we have: 

and 

where the factor 2 arises due to rotational symmetry. 

(2.44) 

(2.45) 

(2.46) 

(2.47) 
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Equations (2.45) and (2.47) are used to c!-llculate g
11 

and g.l for uniaxial liquid 

crystals. Necessary computer program has been written for this purpose. 
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For uniaxial liquid crystals de Jeu et al.[82,83] obtained the following 

equation for short range order parameter (T A.) 

T - (1 ) kT 
}, - -g), 4nN(I-lD 

(2.48) 

2.4.3 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 2.8. A cell is constructed using two ITO 

coated conducting glass plates (coating thickness 7000A and conductivity 10.5-11.1 

.rr 1 /em) separated by glass spacers of thickness -190 j..Lm. A small area of the lower 

plate is marked to keep the effective area of the liquid constant. Two glass plates are 

sealed together on three sides by using a high temperature adhesive and the cell is 

baked in an oven for several hours. The conducting glass plates were donated by Dr 

Murray Bennet, Solarix Thin Film Division, USA. The LC sample is inserted into 

the cell as an isotropic melt and the sample-filled cell is cooled at a rate of 

approximately 1 °C/min to the desired temperature. The temperature of the cell is 

controlled within ±0.5°C by means of a temperature controller. Magnetic field is 

used to align the sample. The cell is rotated by 90° with respect to the magnetic field 

such that a homeotropic alignment of the sample is achieved from a homogeneous 

one. 

By applying electric field parallel and perpendicular to the director of the 

LC sample and measuring capacitances Ce, Cb and Cx of the cell filled with air, 

benzene (as standard materials) and the liquid crystal sample respectively as the 

dielectric, one can determine Eu and E..L, the parallel and perpendicular components 

of dielectric permittivity, using the following expression: 

(cx-Ce) ( ) 
Ex = 1 + ( ) Eb - 1 

Cb-Ce 
(2.49) 

where Eb and Ex are the relative permittivities of benzene and meso genic substance; 

and that of air is taken as unity. 
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Front side ITO coated 

Heatable chember 

Elecrromagnet 

N s 

LCRBridge 

Figure 2.8 Schematic diagram of experimental arrangement 
for dielectric constant measurement. 
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The capacitance values are measured at a field frequency of 1OkHz using a 

digital LCR meter bridge (Model VLCR7, VASAVI Electronics, India) with 

precision of 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. 

2.5 X-RAY DIFFRACTION BY CRYSTALS 

With the discovery of x-rays and Von Laue's experiment on x-ray 

diffraction by single crystals brought forth a revolution in the concept of the 

structure of crystalline solids [84]. The idea of regularity in external geometrical 

shape to be the basic feature and characteristic of the crystallinity of solids was 

then replaced by the regularity in the arrangement of atoms and molecules in 

space. This new idea of crystallinity established, due to Bragg [85,86], that X-rays 

are capable of diffraction by crystals and interpretation of the diffraction pattern 
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could bring their inside structures out. It is now well established that for a proper 

understanding and interpretation of several physical properties of liquid crystals, 

knowledge of the crystal and molecular structure of the compounds is very useful 

as the molecular conformation and packing in the crystalline state predetermines 

the molecular organisation in the meSophase. Since the discovery of liquid crystals 

a number of useful rules concerning their chemical constitution have been stated, 

yet much less is known about the relationship between molecular packing in the 

solid state and the possible occurrence of mesomorphism after melting. Though 

the first attempt to correlate the molecular arrangement in mesophase with the 

crystal structure of mesogenic material was undertaken by Bernal and Crowfoot · 

[87] in the early 1930's, further studies had been very few for many years. Up to 

1974 only seven crystal structures had been determined [88]. The situation 

changed drastically with the advent of computer programs in the late 1970's 

making three dimensional structural analysis of moderately large organic 

compounds much easier. As a result, a large number of structures have been 

determined, most of them being nematic, a few with different types of smectic 

precursors. Crystal structures determined earlier by the co-workers are given in 

references [89-97]. In a typical nematogenic crystal the molecules are found to be 

packed in a parallel imbricated manner whereas in a smectogenic crystal the 

constituent molecules are usually found to be arranged in layers. Although the 

above picture is true in large number of known cases, the generalization must be 

made with caution [98]. A review on the present knowledge of the structure

property relationship is given by Bryan [99] and more recently by Haase and 

Athanassopoulou [ 1 00]. 

2.5.1 Theory of Crystal Structure Analysis 

In a crystal the constituent atoms/molecules are arranged in a regular 

fashion with long range three dimensional order. In real space a unit cell may be 

constructed with three non-coplanar vectors a, b, c; repetition of this cell in 3-D 

will fill up the space completely. If the j-th atom is at point rj and if there are N 
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such atoms within the cell, then the amplitude of the radiation scattered from the 

array of planes represented by the Miller indices (hkl) is given by [101], 

N 

Fhkl = L/i exp2ni(hx i + ky i + lz J 
j=l 

(2.50) 

Fhki is known as the structure factor for the reflection hkl. This may also be written 

as 

N 

FH = Lfj exp ( 21tiH. rj) 
j=l 

(2.51) 

Equation (2.51) is identical to equation (2.12), only difference 1s that the 

reciprocal lattice vector Q has now been replaced by 2n:H. 

Evidently the structure factor FH, is a complex number and it may be 

written in terms of its magnitude and phase as 

(2.52) 

Since the as x-rays are scattered by the electrons of an atom, so far as X-ray 

diffraction is concerned, the crystal may also be thought as periodic distribution of 

electrons in three dimensions. The electron density p (r) at position r in the crystal 

may, therefore, be represented as a Fourier series in three dimensions with 

structure factors as the Fourier coefficients: 

Or, 

p(r )= __!_ r FHexp(- 2niH.r }is 
vJs 

p(r) = __!_ L I; L FH exp(- 2niH.r) 
V h k I 

(2.53) 

So, if one sums up the Fourier series for a fine enough grid of points 

spanning the entire unit cell, the structure is obtained. But measurement of 

intensities of the reflections provides us with I FH 12 and hence I FH I , but not the 

phase <l>H which is lost. 

This is the well-known Phase Problem in the crystallography. To 

overcome this problem, we generally take help of four methods viz., (1) Patterson 

function, (2) Direct methods, (3) Isomorphous replacement technique and (4) 
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Anomalous scattering method. Salient features of only the direct methods [102] 

have been discussed below since the two crystal structures, described in the 

present dissertation, were solved by applying the direct methods. 

2.5.1.1 Direct Methods 

Direct methods try to evaluate the phases <!>H directly from the observed 

intensities Clobs) through purely mathematical techniques. The goal of the direct 

methods is to find phases of few reflections and then generate phases of other 

reflections through some phase relationship such as ~ phase relations (described 

later in this chapter). Now let us see how direct methods calculate phases from 

observed structure factor magnitudes even though the amplitude and phase of a 

wave are physically independent quantities. I FHI and <!>H are linked through a 

knowledge of the electron density p(r). Since p(r) is related to structure factors by a 

Fourier transformation, constraints on the electron density irppose corresponding 

constraints on the structure factors. As the structure amplitudes are known, most 

constraints restrict the values of structure factor phase or, more precisely, the phases 

of structure invariants and seminvariants. In most cases, these constraints are 

sufficient to determine the phase values directly. The direct methods are now so 

efficient in solving crystal structures especially of low molecular weight organic 

compounds that in 1985 Herbert Hauptman and Jerome Karle was awarded Nobel 

Prize in chemistry for their pioneering work in this field. 

Structure Invariants and Seminvariants: 

A structure invariant is a quantity, the value of which remains unchanged 

for any shift of the origin of the unit cell [102]. A simple example is the intensity 

of a reflection, or F2 because it can be measured and therefore is independent of 

any shift of the origin. The structure factor F is not a structure invariant since for 

any shift in the origin by, say, ilr the phase of 'F' changes by 2nH.ilr radians. 

However, if the sum of the indices of the structure factors equals zero then it can 
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easily be shown that the product of these structure factors is a stru.cture invariant. 

Since -H + K + H-K = 0, sum of their phases viz., 

<!>- H + <!>K + <!>H- K = <!>(H,K) = <!>3 (say) (2.54) 

is an invariant as well as the product F_HFKFH-Kin all space groups. The value of a 

structure invariant is not, however, always known, even though it can ·only be a 

function of other structure invariants, e.g., intensities. 

The structure seminvariants [102] are those linear combinations of the 

phases whose values are uniquely determined by the crystal structure alone, when 

the choice of origin is restricted within permissible values. It originates from space 

group symmetry. For example in space group P 1, the linear combination 2<1>-H + 

<l>zH is a structure invariant for any reciprocal vector H. For each space group they 

have to be derived separately. In any space group any structure invariant is also a 

structure seminvariant, but reverse is always not true. A complete theory 

concerning this topic is given in a series of papers by Hauptman and Karle[103-

105] and in a book by Schenk [106]. 

Software Packages Based on Direct Methods: 

Different computer programs are available for solving crystal structures by 

direct methods viz., MULTAN[107], SIMPEL [108], SHELX[l09], XTAL[ 110], 

SIR 92 [111], NRCVAX [112], SAPI [113], MITHRIL[114] etc. Some of these 

have been described by Gilmore [ 115]. 

A systematic account of the development of the direct methods is beyond 

the scope of this thesis. Only the basic principles and some working formulae will 

be discussed here. 

Steps to Solve the Structure: 

In order to solve the crystal structure a set of intensity data is required 

which is collected using a single crystal X-ray diffractometer and monochromatic 

X-radiation. The intensity data is then corrected for Lorentz Polarisation factor 

[116]. Then by a method introduced by Wilson [117] the scale factor is determined 
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to convert the intensities into structure factors on an absolute scale. A temperature 

factor is also obtained during the process that takes into account the thermal 

vibrations of the real atoms. Then one has to undergo the following steps: 

1. Estimation of normalised structure factors lEI's from observed Fobs structure 

factor values 

2. Set up of phase relationships via structure invariants and seminvariants, 

starting phase determination, phase extension and refinement 

3. Calculation of figure of merit 

4. Production of E-map by Fourier method and their interpretation 

5. Refinement of structures through Fourier synthesis, Difference Fourier 

synthesis and Least-square refinement techniques. 

Estimation of lEI's from IFobsl values: 

Since in direct methods the phases of the structure factors are estimated 

directly from the structure amplitudes, it becomes necessary that the structure 

amplitudes be judged on their intrinsic merit where the decrease of the atomic 

scattering factor with increasing scattering angle is allowed. Ordinarily, the 

amplitudes of the different structure factors, FH, cannot be compared directly, 

since the scattering factor decreases with increasing reflection angle e. The 

observed IFHI is therefore modified so that they correspond to the hypothetical 

diffracted wave which would be obtained if atoms were stationary point atoms. 

This modified structure factor is called 'Normalised structure factor' (EH) and is 

defined as, 

and 

where E is an integer characteristic of the space group symmetry. 
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Set up of phase relationships, starting phase determination, 
phase extension and refinement: 
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At the initial stage, phases of only the strongest reflections are determined. 

In practice a suitable number of reflections ( 4 x no. of independent atoms + 1 00) 

are chosen. If the crystal is non-certtrosymmetric, more reflections may be 

required. 

The most commonly used phase relation is a three phase structure invariants 

based on positivity of electron density .criterion, as proposed by Karle and 

Karle[ 1 05]: 

<I>H ""' <I>K + <I>H - K (2.55) 

which for centrosymmetric structure is expressed by signs as 

S(H) ""'S(K) S(H - K) (2.56) 

Relation (2.55) is used to generate phases <I>H when the values of the phases on the 

right-hand side are known and it is used in a cyclic manner to propagate the phases . 
to all the selected reflections. These relations are probability relations and the 

probability is high when the reflections have large lEI values in addition to 

satisfying the criterion H + K + L = 0. These are called ~ phase relations. 

Probability of the phase of H being equal to the sum of the phases of -H and H-K 

is given by the following relations: 

Centro symmetric case [ 118]: 

P+(H,K) =~+~tan{~ k(H,K)] 

N on-centrosymmetric case [ 119]: 

P[<j>(H, K )] = exp{k(H, K )cos[<j>(H, K )]} 
27tl

0 
{k(H,K)} 

where l0 is a zero-order modified Bessel function of the first kind. 

(2.57) 

(2.58) 

Now the question arises about finding the overall estimate of a particular 

phase, if there are several pairs of known phases, the estimate from each of which 

might be well different. The answer to this important problem was given by Karle 

and Hauptman[120] in 1956. They introduced the tangent formula 
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~k(H,K)sin(<j>K +<I>H-K) B(H) 
tan<j>H,., =--

Lk(H,K)cos(<I>K +<I>H-K) A(H) 
(2.59) 

K 

3 

where k(H,K) = 2cr3cr;2 jEHjjEKjjEH_KJ 

N 

crn = LZj 
j=1 

Zj being the atomic number of the /h atom in a unit cell containing a total of N 

atoms. For identical atoms 

_1 1 
2 --

cr3cr2 = N 2. 

In order to use the tangent formula to obtain a new phase, the value of some 

phases have to be known and put into the right -hand side of the tangent formula. 

The set of the known phases is called a starting set from which the tangent formula 

derives more and more new phases and refines them in a self-consistence manner. 

But in this way all phases cannot be determined with acceptable reliability. It is 

therefore useful at this stage to eliminate about 10% of these reflections whose 

phases are most poorly defined by the tangent formula (2.59). An estimate of the 

reliability of each phase is obtained from a(H): 

1 

a(H) = {A(H) 2 +B(H) 2 }2 (2.60) 

when (2.60) contains only one term, as it may in the initial stages of the phase 

determination, then a(H) = k(H,K). 

The larger the value of a(H), the more the reliable is the phase estimate. 

The relation between a(H) and the variance is given by Karle and Karle[105], in 

1966, as 

_2.( ) 1t
2 ~ (-l)t It {a(H)} 

o H --+ 4 ~---=--------
- 3 t=1 t 2 I0 {a(H)} 

From (2.60) it can be seen that a(H) can only be calculated when the phases 

are known. However, an estimate of a(H) can be obtained from the known 

distribution of three phase structure invariants [ 119]. The estimated a(H) at the 

initial stage is given approximately by 
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(2.61) 

As the tangent phasing process is usually initiated with a few 'known' 

phases so to fix the origin and enantiomorphs is the first step in phase extension. 

This is done imposing the condition in terms of structure factor seminvariant 

phases. The selection of starting phases is critical to the success of the 

multisolution methods. The generator reflections are sorted by a convergence-type 

process by Germain, Main and Woolfson [107], which maximises the connection 

between starting phases. At the end of the convergence procedure a number of 

reflections, sufficient to fix the origin and the enantiomorphs whose phases are 

known, are obtained. A number of few other reflections to which different phase 

values are assigned (either numerically or symbolically) to create different starting 

points for phase extension through ~ relations. The strength of convergence 

procedure is that it ensures, as far as possible, that the initial phases will develop 

through strong and reliable phase relationships. For each starting phase set, phases 

of all the selected strong reflections are generated and refined as explained in 

earlier section. Thus we get a multiple phase set. 

Calculation of figure of merit of the generated phase sets: 

When a number of sets of phases have been developed, it is necessary to 

rank them according to some Figure-of-Merit (FOM), prior to computing a Fourier 

map (i.e., E-map). Combining all weights from various FOM viz., Absolute 

Figure-of-Merit (ABSFOM), Relative Figure-of-Merit (RFOM), R-factor Figure

of-Merit (RFAC), Psi (zero) Figure-of-Merit (PSIO) etc. Combined Figure-of

Merit (CFOM) are calculated for each set. The most likely correct sets of phases 

are those with the highest value of CFOMs. 

E-map calculation and interpretation: 

Using the best phase set, E-maps are calculated using equation (2.53) at a 

large number of grid points covering the entire unit cell. The complete 

interpretation of the maps is done in three stages: 
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1. peak search 

11. separation of peaks into potentially bonded clusters 

iii. application .of simple stereochemical criteria to identify possible 

molecular fragments. 

The molecular fragments thus obtained can be compared with the expected 

molecular structure. The computer can thus present the user with a list of peaks 

and their interpretation in terms of the expected molecular structure can be done 

quite automatically. It is also common practice to have an output of the picture of 

the molecule as an easy check on the structure the computer has found. 

Refinement of structures through Fourier synthesis, Difference 
Fourier synthesis and Least-squares refinement techniques: 

Generally for refinement of a model structure (partial or complete) obtained 

from E-map we use following three methods, e.g., 1) Fourier synthesis, 2) 

Difference Fourier synthesis and 3) Least squares refinement[ 121, 122] . 

The Fourier synthesis gives the refined co-ordinates. of the atoms and also 

tends to reveal the position of any atom that is not included in computing the 

structure factors using equation (2.50). The Difference Fourier map is very useful 

for correcting the position of an atom used in structure factor calculation. This is 

also very useful in locating H-atoms towards the final stages of refinement 

procedure. 

An analytical method of refinement of great power and generality is that 

based on the principle of least squares. In brief, least-squares refinement consists 

in using the square of the difference between observed and calculated values as a 

measure of their disagreement and adjusting the parameters so that the total 

disagreement is a minimum. 

An agreement between the calculated structures factors Fe and those 

observed, F0 , indicates the degree of refinement. The most common method of 

assessing the agreement is calculating the residual or reliability index of the form 

(2.62) 



Ch.II 70 

the summation being over all the reflections. Evidently, the lower the value of R, 

the better is the agreement. Another form of the residual of common use is 

where the frequently Used weight is, 

1 
w ---;---:-

- o2 (FJ 

cr(F0 ) being the standard deviation of F0 • 

(2.63) 
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