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1.1 Introduction: 

Liquid crystal materials are generally organic compounds, which exhibit 

various degrees of translational and orientational order intermediate 

between the crystalline solids and those of isotropic liquids. This state of 

matter was discovered more than hundred years ago in 1888 by F. Reinitzer 

[1] while investigating the optical properties of some esters of cholesterol. 

0. Lehmann [2], a German Physicist, reaffirmed the observations made by 

Reinitzer and termed such materials as 'flowing crystals' in 1889, 

crystalline 'liquids' in 1890 and 'liquid crystals' in 1900. Georges Friedel 

[3,4] suggested the term "mesomorphic phase" or "mesophase", the state of 

matter observed between the isotropic liquid and crystalline solid. These 

materials provide new thermodynamically stable phases and are excellent 

systems for studying phase transitions and critical phenomena. Liquid 

crystals combine many of the physical properties of liquids such as fluidity 

with the anisotropic physical properties of crystalline solids. The 

combination of order, mobility and easy response of these materials to 

electric, magnetic and surface forces have generated many applications 

ranging from the familiar numeric displays, temperature sensors to high 

resolution TV displays, projection systems and optical computing. 

The molecules of the compounds showing mesophases are either 

anisometric molecules with a specific rod-like or disc - like shape or 

amphiphilic molecules or oligomers, polymers and dendrimers derived from 

these fundamental structures. Anisotropic dispersive forces between the 

molecules play a major role in the stabilization of these phases. There are 

several organic chemicals, which exhibit mesophases [5,6]; few organo

metallic [7,8] and inorganic chemicals [9] also show liquid crystalline 

properties as well. For general information on liquid crystals some books 



and reviews are listed in references [10-21]. Recent development in the 

field of liquid crystals and applications are also available in the literature 

[22-33]. 

1.2 Classification of liquid Crystals: 

Liquid crystals are broadly classified into two types, viz. thermotropic and 

lyotropic. 

1.2.1 Lyotropic liquid crystals: 

Lyotropic liquid crystals belong to a class of substances called amphiphilic 

compounds (surfactant). One end of the molecule is polar and attracted to 

water (hydrophilic), while the other end is nonpolar and attracted to 

hydrocarbons, or lipophilic (figure 1.1(a)). The schematic diagram of 

sodium laurate, a common amphiphilic molecule is shown in figure 1.1(b). 

Nonpolar 
chains 

Polar 
head 

J Bi-layer 
units 

Water layer 

Nonpolar 
chain 

0 0 

'\.- I 
c 
"'-.. 

(a) (b) 
FIGURE 1.1: Lyotropic liquid crystal molecules: Structure of the lamellar 
lyotropic liquid crystal phase (a) and Sodium laurate (b) 

In solution, the molecules arrange themselves such that either the polar ends 

are dissolved in a polar solvent or the nonpolar ends are dissolved in a 

nonpolar solvent. The opposite end is kept isolated from the unlike solvent. 
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As the concentration of the molecules in solution increases, they take on 

different arrangements, such as - lamellar, cubic and columnar (figure 1.2). 

11m ~":!~'/I 
··.:.·: ................. · 

Lamellar Cubic Hexagonal 

FIGURE 1.2: Schematic representations of lamellar, cubical and hexagonal 
phases. 

The amount of solvent is the controlling parameter for forming such 

mesophases. Solution of soap and water are typical example_s of lyotropics 

and their mesomorphic properties appear both as function of concentration 
. . 

and temperature. Lyotropic liquid crystals have relevance to biological 

systems [27] as bio-membranes consist of lipids and water and usually also 

proteins, which have liquid crystalline properties. 

Recently new types of mesophases been obtained with calamitic (rod -like) 

amphiphilic molecules carrying long lateral chain. Elongation of the lateral 

chains has led to different columnar phases in the sequence with space 

groups Colr/c2mm- Colsq/p4mm- Colr/p2gg- Colhlp6mm- Colr2/c2mm . . -

- Colr4/c2mm -Colr/p2mg and further increase of the lateral chain length 

leads to a novel types o_flayer structures -Lam (lamellar) :- SmAb (biaxial 

Smectic A) -SmA (uniaxial Smectic A). The formation of such phases has 

-been explained by the micro-segregation of the polar amphiphilic cores 

from the lipophilic lateral chains, leading to mesophases built up by two' or 

three distinct sets of subspaces [29-33]. Since· this dissertation is not 

concerned with lyotropic liquid crystals it will not be discussed here. 

3 



1.2.2 Thermotropic liquid crystals: 

In thermotropic liquid crystals, mesomorphic behaviour is induced due to 

change in temperature. The vast majority of thermotropic liquid crystals are 

composed of rod-like molecules (one molecular axis is longer than the other 

two) [34]. A typical calami tic liquid crystal is shown in figure 1.3. 

crystal liquid crystal (mesophase) liquid 

20A 

22.5°C 35.3°C 
K •N I 

5CB (4!'pentyl • 4'-cyclobiphenyl) 

2sA 

22°C 47°C 
K •N I 

MBBA (4-methoxybenzylidene4' -butylanilin) 

FIGURE 1.3: A typical calamitic liquid crystal with transition temperatures. 

Thermotropic liquid crystals that exhibit reversibility of phase 

transition are called 'enantiotropic'; and in certain cases mesomorphism 

is observed only during cooling of the compound and these transitions 

are called 'monotropic' transitions. Friedel [35] from his detailed 

optical and x-ray studies have classified thermotropics into three main 

types: nematic, cholesteric and smectic. Classifications of smectic 

liquid crystals are based mainly on the optical and miscibility studies of 

Demus and Richter [36]. A brief description of different thermotropic 

mesophases is given below. 
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1.2.3 Nematic liquid crystals: 

- ' 

In nematics, there is no correlation between the molecular centre of gravity, 

but the direction of molecular long axis do statistically have a preferred 

direction called director denoted by n (figure 1.4). Since there is no 

restriction regarding the positions of the centre of mass, the molecules in 

the phase have a high degree of mobility. 

FIGURE 1.4: Schematic illustration of ordinary nematic liquid crystal. 

Deformation in alignment of the nematic molecules can be induced by 

small external influences and this property is extremely useful in various 

display devices. The ordinary nematics shows an optically positive uniaxial 

behaviour, but a biaxial modification has also been discovered. Another 

characteristic property of this phase is that the mirror images are 

indistinguishable, i.e., achiral, ifl:dicating the system to be a racemic 

mixture of right- and left-handed molecules. X-ray studies indicate that 

fluctuation of smectic like order parameter manifest itself in certain 

nematic phases, called "cybotactic nematics", first observed and classified 

by Adrian de Vries [37]. 
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* 1.2.4 Cholesteric or chiral nematic (N ) phases: 

The cholesteric (or chiral nematic) [38-40] liquid crystal phase is typically 

composed of nematic mesogenic molecules containing a chiral center, 

which produces intermolecular forces that favour alignment between 

molecules at a slight angle to one another. This leads to the formation of a 
\ 

structure that can be visualized as a stack of very thin two-dimensional 

nematic-like layers with the director in each layer twisted with respect to 

those above and below it. So the directors actually form a continuous . 

helical [41] pattern about the layer normal as shoWn in figure 1.5. 

n 

Layers Chiral 
(a) (b) (c) (d) molecules 

FIGURE 1.5: Schematic representation of (a) nematic phase (b) orthogonal 
smectic A phase and (c) tilted smectic C phase (d) helical structure of the 
cholesteric liquid crystals. The arrow indicates the director n. 

The helix may be right ~anded or left handed depending on the molecular 

conformation. An important characteristic of the cholesteric mesophase is 

the temperature dependent pitch (p) which is defined as the distance it takes 

for the director to rotate one full tum in the helix. The helical structure of 

the chiral nematic phase enables it to selectively reflect light of wavelengths 

equal to the pitch length. This property is utilized in liquid crystal 

thermometers. 
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1.2.5 Smectic liquid crystals: 

Smectic liquid crystals have layered structure. The centres of gravity of the 

elongated molecules lie in equidistant planes. The molecules are parallel to 
c 

the preferred direction, which may be normal to the plane or may be tilted 

at a certain angle. The arrangement of the molecules within the plane may 

be random or regular. The smectic liquid crystals are generally more 

viscous than nematics. The interlayer attractions are smaller in comparison 

to the lateral forces between the molecules and the layers can slide over 

one another [ 42-52], thus showing fluid behaviour. A large number of 

smectic phases identified [8,52-55] by observed variants are as follows 

SmA, SmC, SmB, SmD, SmE, SmF, SmG, SmH, ......... . 

Since my work is concerned with nematic, smectic A and smectic B phases 

only, I will not go into details of other smectic phases here. 

1.2.6 Smectic A phase (SmA): 

In smectic A liquid crystals, the molecular orientation is perpendicular to 

the plane in which the centers of mass of the molecules are situated. There 

is a long-range positional order normal to the smectic layers, but within 

each layer the distribution of the molecular centers is random [42-44] or 

wit~ only a short-range order typical of liquids. The smectic A molecules 

can rotate about the long axis sweeping out a volume which is cylindrical in 

shape. Due to this infinite fold rotational symmetry about an axis parallel to 

the direction normal to the layer, smectic A liquid crystals at thermal 

equilibrium are uniaxial systems [11,56]. In this phase usually the layer 

spacing (d) is approximately equal to the molecular length (!). However, 

other modifications are also possible. Smectic A phase can be subdivided 

into several distinct phases [ 45-52,53-60] such as monolayer smectic A 
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(SmA1), bilayer smectic A (SmA2), partially bilayer smectic ~ (S~) and 

smectic antiphase.Smectic A, as shown in figure 1.6 (a-d) respectively. 

smecticA1 

(a) 

Spacing d 
Bilayer { 
Spacing 

wave smectic A 

smecticA2 

smectic C 

smectic A.J 

Molecular 
Spacing 

Bilayer 
Spacing 

n 

smectic Calt 

~ ~ 00 
FIGURE 1.6: Bilayer and monolayer structures of the smectic phases. 

1.2. 7 Smectic C phase (SmC): 

In the smectic-C mesophase, molecules are arranged in layers as in the 

smectic-A mesophase, but the molecules are inclined with respect to the 

layer normal as shown in figure 1.6( e). The layer thickness d = 

lcosp, (where I is the length of the molecule and p is the tilt angle) in the 

smectic C phase is less than that of the corresponding sinectic A phase due 

to this tilt. The tilt angle p varies from compound to compound, and for a 

given compound it may or may not be temperature dependent. The smectic 

C phase is optically biaxial and more viscous than that of nematics. Levelut 

et al [53-~5,60-63] has reclassified the SmC phase as alternating smectic C 

phase (SmCa11), wherein the tilt angle of the molecules are rotated by 180° 

while passing from one layer to the other, in contrast to that of traditjonal 

SmC phase (figure 1.6(±)). 

8 



1.2.8 Smectic B phase (SmB): 

The smectic-B liquid crystals also have layered structure with the molecular 

long axis perpendicular to the layer normal. However, within the layers the 

molecules are arranged into a network of hexagons. According to Birgeneau 

and Lister [64], the smectic B phase is a realization of the stacked 

hexagonal phases possessing bond orientational order (BOO) found in two 

dimensions. On the basis of x-ray [65] and electron diffraction [66] 

experim~nts done on bulk aligned samples as we.ll as on thin films the 

traditional smectic B phase has been further reclassified into the Hexatic B 

(SmBhex) [67] and Crystal B (Cry B) phase. 

The SmBhex phase has short range in-plane positional order and long-range 

bond orientational_ order as shown in figure 1. 7( a). The crystal B phase 

however has long-range inter- and intra- layer translational order and long

range bond orientational order as well. The Crystal B phase is still 

considered liquid crystal because of weak coupling between the smectic · 

layers. Hence they exhibit shear and flow properties under stress and the 

Moss bauer spectra of this phase is also inconsistent with that of solid. 

Short range In-plane 
Positional order 

Molecules 

Long range 
Positional order 

(a) (b) 
FIGURE 1.7: Structure of the (a) hexatic smectic B phase and (b) crystal B 
phase 
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1.3 Other liquid crystalline phases: 

1.3.1 Blue phase: 

' 
Cholesterics liquid crystals of pitch less than about 0.5mm exhibit what are 

known as blue phases. These phases exist over a small temperature range 

( ~ 1 °C) between the liquid crystal phase and the isotropic liquid. These 

liquid crystalline materials display bluish-violet colour below its 

cholesteric-isotropic phase transition temperature [68-72], which may be 

due to the defects in a cubical array. Blue phases exhibit optical activity and 

selective reflection of circularly polarized light without possessing optical 

birefringence [73]. 

1.3.2 Twist grain boundary smectic A (TGBA) phase: 

Goodby et al [74,75] have discovered a new liquid crystal phase in 1989, 

called Twist Grain Boundary Smectic A (TGBA) phase, wherein the 

molecules are arranged in layers with their long axis perpendicular to the 

layer plane. Due to the rotation of different blocks of the layers around the 

normal to the long axis of the molecules a helical structure is formed with 

the axis of the helix parallel to the layer plane. Renn and Lubensky [76,77] 

in their model specified that TGBA are responsible for rotating each blocks 

of the chiral A* layers with respect to each other. Since then many new 

TGBA and TGBC phases have been identified. 

1.3.3 Ferroelectric liquid crystals (FLC): 

Ferroelectricity in liquid crystals has been known from the pioneering work 

ofR. B. Meyer et al [78]. Chirality in a tilted Smectic C phase is introduced 

by chiral dopants or by chirality of the constituting molecules themselves 

results in a breaking of mirror symmetry and this chiral smectic phase is 
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denoted by Smc*. In such chiral tilted phases the symmetry group is 

reduced to C2. Hence it permits the appearance of the spontaneous electric 

polarization Ps in ea~h layer of the smectic c* phase. However, in bulk the 

equilibrium structure will be twisted into a helix so that the polarization of 

the layers precesses around the layer normal and in macroscopic sample the 

spontaneous polarization averages to zero and a surface stabilization is 

required to obtain bi-stable ferroelectric switching. Anti-ferroelectric [79] 

and ferrielectric smectic phases were also discovered in liquid crystal 

materials [80-82]. A very successful concept for ferro and anti-ferroelectric 

smectic phases is based on achiral bent shape molecules - the so-called 

"banana" [83] phases. Because of the close packing of bent molecules and 

high rotational hindrance about the long molecular axis an in-layer polar 

order emerges despite the achiral nature of the mol~cules. To have material 

with high information content colour displays and of fast switching speed, 

study of both ferroelectric and antiferroelectric liquid crystals has become 

important today. 

1.3.4 Discotic liquid crystals: . 

In 1977, Chandrasekhar, Sadashiv and Suresh discovered that [84] disc like 

molecules also form liquid crystalline phases in which the axis 

perpendicular to the plane of the molecule (the director) tends to be along a 

specific direction. In the nematic (N0 ) state, the disc-like molecules appear 

to stack one on top of the other, rather like a pile of disordered plates. Apart 

from the N0 phase disc like molecules give rise to columnar phases [85] in 

which the· molecules are in stacks that lie side by side to form a two 

dimensional lattice. The different columnar phases are classified into 

orthogonal or tilted phases (figure 1.8). The tilt refers to the angle between 

the director arid columnar axis. Different type of lattice structures have been 
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identified by Levelute [85] vtz., hexagonal, rectangular and oblique. 

Significant research works have been performed during last ten years 

[86,87]. 

(b) 

FIGURE 1.8: Schematic representation of columnar structures of discotic 
mesogens: (a) upright columns and (b) tilted columns. 

1.3.5 Polymer liquid crystals: 

Liquid crystal polymers (PLC's) exhibit both the characteristic properties 

of ordinary liquid crystals, as well as retain the versatile properties of 

polymers. For a polymer ~o display liquid crystal characteristics they must 

incorporate either rod-like ( calamitic ), discotic, amphiphilic or chiral 

molecules of low molecular weight, which are attached to the polymer 

backbone either in the main chain, or as side groups into their chains. 

Placement of these monomers plays an important role into the 

determination of the type ofPLC's. Main chain polymer liquid crystals are 

formed when the mesogens are themselves becomes a part of the main 

chain of a polymer, whereas in the side chain polymer liquid crystals 

mesogens are connected as side chains to the polymer by a flexible 

'bridge'. Factors that may affect the mesomorphic behavior of the polymer 

include the presence of long flexible spacers, a low molecular weight, and 

regular alternation of rigid and flexible units along the main chain. Polymer 

dispersed liquid crystals (PDLC's) are widely used in displays, switchable 

windows and other light shutter devices [88-90] 
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1.4 Liquid crystal mixtures: 

In the past 20-30 years liquid crystalline materials have received significant 

attention due. to their increased applicability in display devices. Although 

more than 100,000 liquid crystalline compounds have been synthesized so 

far [33], to meet the specific demands of the electro-optic display devices, 

mixtures of pure compounds are often used where the compositions of !_he 

individual components are adjusted so !hat better materials may be 

produced for display applications. Mix~ures enable us not only to lower the 

melting point but also to adjust the mixture properties such as viscosity, 

birefringence, electric permittivity and elastic constants. In this way 

mixtures with optimal electro-optical characteristics for the best display 

performance can be obtained. The physical properties of such mixtures 

however, cannot always be interpolated from the properties of the pure 

components, notable examples being formation of an induced smectic 

phase in a mixture of pure nematogens· [91-103], and exhibition of re-
- ' 

entrant phenomena in mixtures of liquid crystal chemicals [1 04-1 05], 

which do not show such phase in their pure form. Intermolecular attractive 

forces such as Vander Waals forces, hydrogen bonds, electron-donor 

interactions and intermolecular repulsion (steric forces) influence the 

situation of molecules in the mesophase. Each ofthose forces, separately or 

together, may be responsible for increasing or decreasing the stability of 

liquid crystalline phases or for creating new phases. 

The presence of induced smectic phase in the operational temperature 

range of the display device must be avoided. However, its presence at a 

lower temperature is advantageous since it decreases the bend to splay 

elastic constant ratio [1 06] thus increasing the sharpness of the electro

optical display devices. Hence, measurement of physical properties of 

mixtures is very important from the point of view of selection of proper 
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liquid crystal materials for display devices. A considerable volume of work 

has been reported in the literature on systems involving polar non-polar 

mixtures exhibiting the induced smectic phase behaviour [91-103,107-

115]. The creation of new phases in binary mixtures of mesogenic 

compounds will be discussed here. 

1.4.1 Formation of induced and enhanced smectic phases: 

(1) Liquid crystalline phases (nematic or smectic) existing m pure 

compounds in hi-component or multi-component systems enhance their 

own thermal stability or new phases of higher order are injected. These 

enhanced or injected phases are commonly termed as induced phases or 

chemically induced phases [92, 116-117]. Such behavior is usually 

observed in binary mixtures of a compound having a strongly polar 

terminal group and a compound having a non-polar terminal group [104, 

118-119]. The induction of smectic phases is also possible in systems 

containing two polar nematics [111-112]. This phase can be induced in 

mixtures of non-polar nematics [89-90,92] as well. 

(2) Smectic phases existing in pure compounds in the hi-component or 

multi-component systems decrease their smectic stability and new phases 

of lower order are created. These phases are termed as phases created by 

depressing smectic stability [116-117]. 

A quantitative theory of induced smectic phase is difficult since it would 

require the inclusion of position dependent attractive and repulsive 

interactions for both the components. Wagner [120] has tried with limited 

success to explain the phase diagram of mixtures showing induced smectic 

phase using McMillan's theory for smectics. He however, could not 

reproduce the nematic- isotropic phase boundary. Longa and de Jeu [121] 
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using mean field approximation gave a theoretical model il). which the 

influence of complex formation on the nematic-smecticA transition 

temperature was estimated. Their model confirms that the complication 

involved at SA-N phase transition is a consequence of the interactions 

between complexes. Dispersion forces are mainly responsible for these 
' r 

interactions. Using an extension of Maier-Saupe theory [122], Palffy- . 

Muhoray et al [123] have determined the nematic-isotropic co-existence 

. region for the entire range of concentrations of induced smectic system and 

they have proposed a relation between the refractive index of the binary 

mixture and order parameters of its components in the nematic phase. 

Sharma and Schneid~r [95,96], Matsunaga and Araya [112-113], Iida [114] 

observed charge-transfer bands in the investigated mixtures and on that 

basis they attributed a great deal of importance to donor-acceptor 

interactions. 

1.4.2 The Re-entrant phenomena: 

One of the most interesting phenomena exhibited by liquid crystals is the 

(ormation of re-entrant phase. When a compound exhibits both smectic and 
~ 

nematic phases, then as a rule, the nematic phase occur at the higher 

temperature. An exception to this rule, Cladis [105] discovered the re

entrant phase, in certain· strongly polar materials in 1975. This phase has 

been observed in mixtures [124-125] as well as in single component at 

high [126] and atmospheric [127-128] pressures. Evidence shows that the 

re-entrant phenomenon is not only possible in strong polar systems, but 

also in low polar systems containing calamitic [103] or discotic [129] 

molecules and in mixed systems containing compounds of high and low 

polarity [130-133]. Systems including chiral compounds [134-135] and 

low and high molecular weight [136] compounds are also described to 

exhibit this phase. Re-entrant smectic phases have also been reported in 

15 



terminal polar compounds [137]. In binary mixtures of terminal non-polar 

compounds the phase sequence SmA-SmC-SmA has been detected [138-

139]. A multiple re-entrant polymorphism has also been found in pure 

substances as well [8, 137]. 

Cladis [140-141] has explained the mechanism of formation of nematic 

phase at lower temperature. A more complete theoretical discussion by 

considering attractive forces and hard-core repulsions, Longa and de Jeu 

[142] showed that there could exist a low temperature nematic phase. From 

the molecular point of view, S. Chandrasekhar [143] has discussed there

entrant phenomena qualitatively. By extending McMillan's treatment of 

SmA phase, Luckhurst and Timmi [144] have developed a molecular 

theory for re-entrant nematic and SmA mesophases. 
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Chapter 

Theoretical Background And Experimental Methods 



2.1 Introduction: 

To explain the behaviour of liquid crystalline phases many theories were 

proposed and described in many books, some of which are listed in the 

references [1-6]. One of the theories is molecular field approximation. Most 

acceptable and widely used theories based on molecular field approximation 

are given by Maier-Saupe [7] for nematics and McMillan [8] for smectic A. 

I am describing these two theories in brief, as I have compared the 

experimental values with the theoretical ones obtained from these theories. 

2.2 Theories of Liquid Crystalline Phases: 

0 

2.2.1 Maier-Saupe mean field theory of nematic phase of rod like 
molecules: 

Maier and Saupe have given a molecular statistical theory of the nematic 

phase (N) and nematic to isotropic (N-I) phase transition. The stability of the 

nematic liquid crystal phase arises from the existence of the anisotropic part 

of the dispersion interaction energy between the molecules. This energy 

originates from the intermolecular electrostatic interaction. Maier and Saupe 

approximated the electrostatic interaction by. the first term of its multi pole 

expansion and assumed that: 

i) the influence of the permanent dipoles can be neglected as far as long 

range nematic order is concerned. 

ii) only the effect of the induced dipole-dipole interaction need to be 

considered. 

iii) the molecules may be considered to be cylindrically symmetric about its 

long axis. 
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( 

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

the remaining molecules may be taken to be spherically symmetric. 

The distribution of the molecular long axis about the director is given by an 

orientational distribution function f( cos8), where 8 is the angle between the 

director and the molecular long axis. As the molecules have no head to tail 

asymmetry, f(cos8) is an even function of cos8. Thus the orientational 

distribution function can be written as, 

· " (2L + 1) /(cos 0) = ~ - · < PL (cos 0) > PL (cos 0) 
L-even 2 

2.1 

where PL- (cosO) are the Lth even· ord~r Legendre polynomials, and 
<PL (cos ()) >are the statistical average given by 

< p L (cos 0 ) >= 1 p L (cos (}) I (cos (} ) d (cos (} ) 2.2 

<PL> are defined as the orientational order parameters. Humphries et al [9] 

has given a more comprehensive concept by including higher order terms in 

the mean field potential for cylindrically symmetric .molecules as, 

v(cos 0)= L u L < PL > PL(cos 0) (Lt:O) 2.3 
L-even 

where UL are the functions of distance between the central molecule and its 

neighbours only. Putting Legendre polynomials, L = 2 in equation 2.2 we 

get, 

< P2 (cos 0)>= £P2 (cos O)f(cos O)d(cos 0) 2.4 

<P2> is called the order parameter of second order. For isotropic liquid <P2> 

= 0 and for perfectly ordered sample <P2> =1. 

Retaining the first term of the right hand side of equation 2.3, the expression 

for the potential energy of a single molecule can be written as 
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V (cos B ) = - vP 2 (cos · B) < P2 > 2.5 

where v = -U 2 

The orientational distribution function for a single molecule is given by 

/(cos B)= Z -t exp[ -V (cos B) I kT] 2.6 

where Z is the single molecule partition function given by 

1 

Z = Jexp[ -V(cos B) I kT]d(cos B) 2.7 
0 

and k is the Boltzmann's constant. 

Substituting the value of V(cos9) and f(cos9) from equation 2.5 and 

equation 2.6 into equation 2.4 we can write 

fP2 (cos B)exp[ P2 (cos B)< P2 > /T*]d(cos B) 
< P2 (cos B) >= 1 2.8 

J exp[ P2 (cos B_) < P2 >I T*]d(cos 8) 
0 

where T * = kT I v and equation 2.8 is a self-consistent equation. For every 

temperature T* we can obtain the value of <P2> that satisfies the self

consistent equation. For normal liquids corresponding to the isotropic state, 

the value of <P2> = 0 is a solution at all temperatures. In addition, for 
* . . 

temperatures T < 0.22284, two more solutions of <P2> appear. It has been 

found that the nematic phase with <P2> > 0 is stable when the T* satisfies the 

condition 0::;; T*::;; 0.22019. When T* > 0.22019, we .have a stable isotropic 

phase with <P2> = 0. 

The order parameter <P2> decreases from unity to a minimum value of 

0.4289 at T*=0.22019. The nematic- isotropic phase transition takes place at 

T* =0.220 19 and it is of first order, as a discontinuous change of order 

parameter <P2> from 0.4289 to 0 occurs. 
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2.2.2 McMillan's theory for smectic phase: 

In srnectic A ·phase, there is a periodic density variation along the layer 

normal (say, z-direction) in addition to the orientational distribution of the 
) 

molecular axes. McMillan proposed a simple and elegant description of 

smectic A liquid crystal by extending the Maier-Saupe theory to include an · 

additional order parameter for characterizing the one-dimensional 

translational periodicity of a layered structure. Therefore, the single 

molecule distribution function can be written as: 

f(cos B, z) = L. L A L,n P L (cos {))cos ( lnnz ) 2.9 
L-even n d 

where dis the layer thickness. McMillan [8,10] following Kobayashi [11,12] 

expressed the pair potential as 

V M (cos {)., z) = -v[b'ar cos ( 
2
;z) + {77 + ab' cos ( 

2
;z }P2 (cos B) 2.10 

where v and 8 are constants characterizing the strengths of the anisotropic 

and isotropic parts of interaction respectively. Here 

orientational order parameter 17 =< P 2 (cos B)> , 

( 
2nz) · translational order parameter T =< cos d > and 

mixed order parameter CJ =< P 2 (cos 9) cos ( 
2 
;z ) > 

The distribution function can thus be wdtten as 

f M (cos · {), z) = Z - 1 exp[ - V M (cos {), z) I kT ] 

where Z is the single molecule partition function given by 
1 d 

Z = J J exp[ - V1 (cos {), z) I kT ]d (cos {)) dz 
0 0 

2.11 

2.12 
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1 d 

17 = J J P2 (cos ()) / 1 (cos (), z )d (cos () )dz 
0 0 

T = J J cos nz / 1 (cos (), z )d (cos () )dz I d ( 2 ) 

0 0 d 
2.13 

I d ( 2 ) a= J JP2 (cos B)cos nz ft(cos B,z)d(cos B)dz 
0 0 d 

Once again, three self-consistent equations containing 7J, rand a can be 

written and solved iteratively. Depending on the values of the coupling 

parameters, the following three possible solutions· are 

i) 17 = r = a = 0, this describes the isotropic liquid or disordered phase; 

ii) 17 * 0, r= a= 0; orientational order characteristic of the nematic phase in 

accordance with the Maier Saupe theory; 

iii) 17 -=1= 0, r -=t=O, a -=1= 0, orientational and translational order characteristic of 

the smectic A phase. 

For a > 0.98, the smectic A phase transforms directly into the isotropic 

phase, while for a < 0.9K there is a smectic A-nematic transition followed by 

a nematic-isotropic transition at higher temperature. Although nematic

isotropic transition temperature is always firs,t order according to McMillan 

theory, the smecti.c A-nematic transition can be either first order or second 

order. For TsN I TNI < 0.87, the smectic A - nematic transition is second 

order while for TsN / TNI > 0.87, the slliectic A- nematic transition is first 

order. T sN and T NI are the smectic A - nematic and nematic - isotropic 
' 

transition temperature respectively. 
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2.3 Texture studies: 

Wide variety of visual patterns are displayed by liquid crystalline substances 

when viewed under polarized light. These patterns are called textures, which 

are entirely due to the defects in structure that occurs in the long-range 

molecular ordering of the liquid. crystalline materials. Observation of 

textures is one of the most important techniques for the identification and 
-

determination of transition temperatures of liquid crystalline phases. They 

are observed in thin layers about 1 0-20J..U11 placed in between a glass slide 

and a cover slip. Change in textures at particular temperature indicate 

occurrence of phase transition. Classification of diffe~ent liquid crystalline 

phases by the observation of textures alone is often ambiguous, and other 
l 

methods are needed to support it. Detailed description of various textures,, 

with photographs, is given by Demus and Richter [13] 

2.4 X - ray diffraction from mesophases: 

The structure and hence the properties of the liquid crystalline compound 

can best be understood from the x-ray diffraction studies of the liquid crystal 

compounds. Although a number of review artiCles are available in this field, 

Vainshtein [14-15] and Leadbetter [16] have given the theoretical 

interpretation. From x-ray experiment, the Fourier image of the correlation 

·density function can be determined, the reconstruction of which from the 

scattered data yields information both on the mutual arrangement of 

molecules in a liquid crystal and the specific features of the or~entational and 

translational order. 
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The general formula for the intensity of scattering from a system of 

molecules is 

I(S) = L L L L (fkm(S)/1;(S)exp[iS.(rk -.r1 )]exp[ iS.(R 1n- Rkm)J)2.14 
k I m n , 

where the brackets indicate an average over all the molecules involved. rk is 

the centre of mass of the kth molecule , fkm is the atomic scattering factor of 

the mth atom in the kth molecule and R1on is the position of the mth atom in the 

kth molecule. The scattering vector is given by S = Ks - Kb where Ks and Ki 

are the scattered and incident wave vectors. 

For elastic scattering I Ksl=l Ksl 2ni'A, the intensity can be written as, 

I(S) = Im(S) + D(S) 

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

·function. 

I. (S) = ~ (~ f .,(S) t,; (S) exp[ iS.(Rm - R.., )] ) 

= N( ~ /., exp( -iS.R"' ') 

D(S) = ( ~ exp( LS' .rv j ~ (!., (S) /~ (S) exp[ iS.(R,, - R,., )] ) ) 2.15 

rkt= rk- r, 

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

random distribution of identical molecules. D(S) contains information 

regarding : (i) molecular packing, (ii) orientational distribution function, (iii) 

order parameters PL, (iv) apparent molecular length, (v) average lateral 

distance between the molecules, (vi) layer thickness in smectics, (vii) layer 

order param~ters 't and <i2> in SmA, (viii) correlation lengths, (ix) tilt angle, 

(x) bond orientational order parameter and (xii) critical exponents. 
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X-ray d~ffraction of the unoriented nematic phase consists of a uniform halo 

just like that of an isotropic liquid. This is due to the fact that a nematic 

liquid crystal generally consists of a large number of domains, the molecules 

being ordered within each domain along the director n, but there is no 

preferred direction, for the sample as a whole so that the diffraction pattern 

has symmetry of revolution around the direction of the x-ray beam. 

However, application of suitable magnetic or electric field can produce a 

'monodomain' or 'aligned' or 'oriented' sample of liquid crystal. 

The small angle x-ray diffraction pattern from a nematic liquid crystal 

oriented perpendicular to the direction of the incident x-ray beam is shown 
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FIGURE 2.1: Schematic representation of x-ray diffraction pattern of an oriented 
(a) nematic, (b) smectic A, (c) skewed cybotactic nematic and (d) smectic B phase 
with x-ray beam parallel to the layer normal. 
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The outer . halo splits into two crescents for each of which intensity is 

maxima in· the equatorial direction. These crescents are formed mainly due 

to the intermolecular scattering and the corresponding Bragg angle is a 

·measure of lateral intermolecular distance. The angular distribution of the x

ray intensity 1(\j/) vs. \jl cunie, also gi~es the orientational distribution 

function f(cos8) and order parameter <PL>, (L= 2, 4). 

At much lower scattering angle intensity peaks usually in the shape of short 

bar are in the meridional direction. Measuring the corresponding angle we 

get the value of apparent molecular length. Sometimes, the inner diffuse 

crescents are replaced by sharp spots (figure 2.1 (c)) and the corresponding 

phase is called "cybotactic phase". The presence of the sharp spots indicates 

smectic like clusters in the nematic-'phase, which are called "cybotactic" 

groups [ 1 7]. 

The x-ray diffraction pattern of smect~c A phase is shown in Figure 2.1 (b). 

The meridional spots are fotnied due to Bragg reflection from the layers and 

provide the value of layer thickness. Since smectic A can have only quasi

long range order along its layer normal [3], the second order Bragg 

reflections in the meridional direction are generally very weak and are often 

absent in the x-ray photographs._ 

Figure 2.1 (d) is the schematic representation of a three;..dimensional ordered 

system ·with hexagonal symmetry, as in the smectic B phase, with the 

incident x-ray b~am parallel to the layer normal. The outer diffraction ring is 

split up into six spots of strong intensity. The bond orientational order can be 

determined from the angular distribution of x-ray intensity 1(\j/) versus \jl. 
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2.5 Experimental technique and data analysis of X-ray diffraction 
studies: 

The x-ray diffraction set up has been designed and fabricated in our 

laboratory by Jha and Paul [ 18]. The schematic representation of the whole 

set up is shown in Figure 2.2. 
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FIGURE 2.2: Sectional diagram of the X-ray diffraction camera. 

1. X-ray beam, 2. Collimator, 3. Brass ring, 4. 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 and 18. Asbestos insulation. 

36 



The set up has flat-plate camera provided with the sample holder with 

heating arrangement. The temperature is controlled by a temperature 

controller of accuracy ± 0.5°C (Indothe~ model IT401D2). The sample 

holder is fitted with a changeable collimator of aperture 0.8 mm and is well 

insulated. The sample was taken in a lindemann glass capillary of diameter 

0.1mm and is introduced into the sample holder. The camera is then placed 

.between the pole pieces of a strong electromagnet of field strength ~0.5 T in 

such a way that the sample remains at the centre of the pole pieces and the 

magnetic field acts along the .axis of the capillary. At first the sample was 

heated to the isotropic ' phase and was slowly cooled to the desired 

temperature in presence of the magnetic field. X-ray photographs were taken 

with nickel filtered (of thickness 0.009 mm) CuKa radiation of wavelength ~ 

1.5418 A. 

a) Conversion ofoptical density to x-ray intensity: 

The optical density values obtained from the scan were then converted to 

relative intensity values by a method explained by Klug and Alexander [19]. 

The optical densities of these spots were measured with the help of 

photographs scanned by a Mustek 1200 UB scanner. The gniy mode scan 
-

was used and the resolution was set at 600 dpi. A graph is then plotted with 
,' 

optical density vs. time in seconds. Since x-ray intensity is proportional to 

the time of exposure, the optical density vs. time curve actually corresponds 

to x-ray intensity and hence it is used as calibration curve to convert x-ray 

intensity to optical density. 
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b) Circular scanning of x-ray photographs: 

Photographs were scanned to measure angular intensity distribution I(\j/) 

which was used to calculate the orientational distribution function f(~) and 

order parameters < P2> and <P4>. Reading of the circular scan of the outer 

diffraction arc were taken from \jl = 0 to \jl = 360° at 1° interVal near the peak 

and at larger intervals elsewhere. The optical density values, thus obtained, 

were converted into corresponding x-ray intensity with the help of the 

calibration curve. The experimental intensities values were then corrected 

for the background intensity values arising due to the air scattering. The 

peak intensity position which corresponds to \jl = 0 was determined from 

intensity I(\j/) vs. angle (\j/) curve. I(\j/) vs. \jl curve were smoothed, and 

nineteen values of I(\j/) were taken from \jl = 0 to \jl = 90° at 5° intervals. 

From the values of 1(\j/), we have calculated the distribution function f(~), 

and order parameters (<P2> and <P4>) by Leadbetter's expression. A 

computer program was written in our laboratory for these calculations. 

2.6 Orientational distribution functions and order parameters: 

The x-ray diffraction pattern of an oriented sample consists of equatorial 
r 

arcs. The orientational distribution function is related to the distribution of x-

ray intensity along the diffused equatorial arc according to the relation given 

by Leadbetter and Norris [20] 

n/2 

l('Jf)=c Jrd(B)sec2 'P[tan2B-tan2'Pr112 sinB dB 2.16 
P='P 

where, fd(J3) describes the distribution function of the directors of clusters in 

which the molecules are perfectly aligned and J3 is the angle between the 
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director n and molecular long axis. As molecular distribution in the nematic 

phase is centrosymmetric, the distribution function and the intensity can be 

expanded as even cosine power series. 

r 

I( \jf) == L a2n cos2
n \jf 2.17 

n=O 

r 

fd (~) == L b2n cos2
n ~ 2.18 

n=O 

The series converge rapidly. Retaining eight terms in the truncated series, a 

least square fitting was made with observed 1('1') values to get the 

coefficients of eqn. 2.17. These values of a2n were then used to calculate the 

coefficients ofb2n. 

To calculate fct(~) and order parameter we need I( \If) values from \If= 0 to \If 

= 90° i.e. one quadrant. I have measured 1(\Jf) values of four quadrants 

separately and the average values of I( \If) is considered to calculate f (~) as 

well as <P2> and <P 4> for all the samples. The errors in the calculation of 

<P2> and <P4> in our experiment are estimated to be within± 0.015. 

I 

JPL(cos ~)fd(~)d(cos ~) 
< p L >= -=-0-----:-1 ------- 2.19. 

Jfd(~)d(COS ~) 
0 

where, L = 2,4. 

2.7 Determination of Bond Orientational Order: 

The order parameter associated with a system having six-fold symmetry 

(shown in figure 2.1 (d)), as in the case of smectic B liquid crystals is the 
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Bond Orientational Order [21], defined to be the thermal average of the 

quantity 

'Jf(r) = \ exp (i6 8 (r )) 2.20 

where, the bond angle 8(r) is the orientation, relative to any fixed laboratory 

axis, of a bond between two nearest neighbour molecules. The x-ray 

diffraction patterns have been analysed to determine the temperature 

dependence of the Bond Orientational Order (BOO) in the smectic B phase. 

The BOO has been calculated by evaluating the expression, 

r/6 rr/6 
\cos( 6 B ) ) = cos ( 6 B ) f ( B ) dB I 1 cos f ( B ) dB 2.21 

where, f(8) is the angular distribution function of centre of mass of the 

neighbouring molecules with respect to a central molecule and the angular 

distribution function has a maximum at 8 = 0. The above equation can be 

approximated by the following expression, 

rJr/6 r/6 (cos( 6 B ) ) ~ 1 cos ( 6 B ) I ( B ) dB I I ( B ) dB 2.22 

where 1(8) is the azimuthal distribution of the x-ray diffraction intensity. 

According to Vainshtein [14] it has been assumed that 1(8), the intensity 

distribution, is proportional to f(8) the distribution function and has its 

maximum at 8 = 0. BOO is calculated for each peak and finally the average 

over six peaks are ·taken. The intensity_ values plotted against azimuthal 

angular positions have been corrected for the background (scattered) 

intensity values. 
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a) Intermolecular distance: 

The average lateral distance between the neighbouring molecules (D) is 

related to the corresponding Bragg angle (28) according to the formula [.it.]; 

2D sin B = kJ.., 2.23 

where, 8 is the Bragg angle for the equatorial diffraction, A is the 

wavelength of CuKa line and k is a constant varying with order parameter 

[23]. For perfectly ordered state k = 1.117 as given by de Vries [ll"]. 

b) Apparent molecular length or layer thickness: 

Linear scanning of inner hallo or spot of x-ray diffraction photograph gives 

the apparent molecular length for nematic phase or layer thickness (d) for 

smectic phase, by using Bragg equation (2d sin8 ='A). 

c) Transverse Correlation Length: 

The transverse correlation length is determined from a linear scan of the x

ray diffraction peaks. X-ray intensities are at first corrected for the use of a 

flat plate camera following inverse square law. This corrected intensity data 

are then deconvoluted for finite width of the collimator. The deconvoluted 

intensity profile I( q) is fitted· to a Lorentzian form with a quadratic 

background viz., 

2.24 
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q being the magnitude of the scattering vector. The transverse correlation 

length is defined as~= 27t(a2)"
112

• For this instrument, the in-plane transverse 
I 

resolution ilq = 6 x 10-3 A-1
• 

2.8 Refractive index of meso phases: 

Most of the nematic liquid crystals are optically uniaxial and strongly 

birefringent. A uniaxi~l liquid crystal has two principal refractive indices 

viz. ordinary refractive index (n0 ) and extraordinary refractive index (ne). 

The birefringence is defined by the following equation: 

i\n=ne-no 2.25 

Birefringence of liquid crystals was first determined experimentally by E. 

Dorn [24] for nematogen. Subsequently L\n was me~sured in smectic phases 

[25-32]. Birefringence is positive for conventional nematics with its value 

lying between 0 to 0.4, while it is negative for chiral nematics. The L\n is 

related to the molecular· polarizabi!ity (a), which origimites due to tJ

electrons and de localised electrons not participating in chemical bonds of the 
J 

organic sample. As internal field is anisotropic in nature for rrtesogens, 

Lorentz:-Lorentz force, valid for liquid state, is not applicable here; and the 

molecular po~arizability can be determined by knowing the value of internal 

field. Saupe and Maier [3 3] applied a more· elaborate internal field suggested 

by Neugebauer. I have followed the Neugebauer [34] and Vuks [35] 

modified formula for calculation of a. 
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i) Neugebauer's Method: 

Neugebauer [34] extended Lorentz-Lorentz equations for an isotropic 

system to an anisotropic system. In this model the effective polarizabilities 

U0 and Ue of the liquid crystals are related to the refractive indices ne and n0 

according to the following equations: 

2.26 

and 2.27 

where, Yo and Ye are the respective internal field constants for ordinary and 

extraordinary rays, N is the number of molecules per cm3 and ne and n0 are 

the extraordinary and ordinary refractive indices respectively. The relevant 

equations for calculating polarizabilities (uo,Ue) as obtained from the 

equations 2.26 and 2.27 are as follows 

2.28 

9 [ n2 -1] and ae +2ao =-- --:-2-
4nN n +2 

2.29 

where, n is the mean refractive index 

U0 and Ue values are obtained by directly solving equations 2.28 and 2.29. 
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ii) Vuks method: 

Vuks [35] considered that the internal field is independent of molecular 

interaction and the corresponding relations are: 

and . 

where, 

n~ -1 4nN 
---:--=--a n; + 2 3 o 

2.30 

n~ -1 4nN 
2 =--ae 

ne +2 3 
2.31 

n 2 = !(2n; + n;) , n is the mean refractive index. 
3 

U 0 and Ue can ~e calculated directly from the refractive index values. 

2.9 Calculation of orientational order parameter from the refractive 
index measurement: 

The relation between orientational order parameter <P2> and the principal 

polarizabilities are given by de Gennes [36] as 

where, 

ae =a +~aa\ f':z_) 
3 

- 2 /0) ao =a +-aa~''l-
3 

(2a +a ) · h 1 · b'l' a = o e , IS t e mean po anza 1 Ity 
3 

2.32 

2.33 

and ·a~= ( a
11 
-a .L), molecular polarizability anisotropy 

where a
11 
and a.L are the principal polarizabilities, parallel and perpendicular 

to the long axes of the molecules in the crystalline state. 

From equation 2.32 and 2.33, we obtained 

2.34 
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Due to strong absorption in the crystalline' state, we used Haller's 

extrapolation method [3 7] to calculate aa. The graph was plotted with 

log(ae-ao) vs. log(Tc - T) giving a straight line which is extrapolated to 

log(Tc), where Tc corresponds to nematic isotropic transition temperature. At 

T = 0 K, i.e., in the crystalline state, <P2> is considered to be equal to land 

then -(a
11
-a.L) is equal to (ae-a0). For a given sample, ae and a 0 are 

calculated at various constant temperatures from which ( all-a.L) is obtained. 

The order parameter <P2> is then calculated by using equation 2.34. 

2.10 Measurement of refractive indices: 

The principal refractive indices (n0 , ne) of a liquid crystal were measured 

using thin hallow prisms with the refracting angle less than 2°. The details of 

the preparation of the prism and the experimental procedure have already 

been reported by ,Zemindar et al [38]. To prepare prism optically flat glass 

plates are taken, and they are first cleaned with cone. HN03.Then washed it 

- with water several times till there is no acid reagent. The glass plates are 

then dr:ied and then by dipped in acetone to remove any organic impurities. 

On~ surface of the glass plates was rubbed on bond paper in a direction 

parallel to one of their edges. The rubbed surface is then coated with thin 

layer of 1% solution of polyvinyl alcohol (PV A) and then dried. The 

preferred direction on the substrate cart be obtained by rubbing the same 

surface in the same direction again by a tissue paper. The prism was then 

prepared by placing the rubbed surfaces inside, with the rubbing direction 

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

introduced between one of the vertical edge of the prism for getting the 

desired refracting angle- of the prism. ~he glass plates of the prism were 
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sealed together by using high temperature adhesive and were baked in an 

oven. Liquid crystal sample was introduced into the prism from its top open 

·side by melting. The system was alternately heated to isotropic phase and 

cooled slowly so that the liquid crystals were perfectly aligned with its optic 

axis parallel to the refraction edge of the prism. The prism was then placed 

inside a brass oven provided with transparent opening at the centre and the 

temperature of the oven was maintained at a desired value by a temperature 

controller (Indotherm model IT401D2) within an accuracy of ±0.5 °C. The 

refractive indices (no, ne) were measured for wavelengths A =. 5890A, 

corresponding to mercury source by means of a precision spectrometer and 

an optical monochromator. 

2.11. Measurements of densities: 

Measurements of density of the meso gens were performed with the help of a 

dilatometer of the capillary type. Dilatometer with weighed amount of the 

liquid crystal was . kept immersed in· a thermo-stated liquid bath. With the 

help of travelling microscope the height of the liquid crystal column was 

measured at different temperatures. Sufficient time was given to attain 

equilibrium. at any - desired temperature. The accuracy of density 

measurement lies within± 0.1 %. 

2.12 Magnetic susceptibility measurements: 

The orientational order parameter of liquid crystal is related to the magnetic 

susceptibility [37-39]. in a more or less straightforward way. It is widely 

accepted to be one of the best methods for studying the variation of order 

parameter with temperature. The determination of diamagnetic properties is 
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of grea,t importance in the study, of liquid crystals. The theoretical treatment 
·r :·, 

regarding the' 'effect of external magnetib' field on liquid crystal was given by 

J.P. Dias [40] and J. 0. Kessler [41]. The magnetisation M induced by the 

applied magnetic field H is given by, 

Mo = XapHp 

a,/3 = x~y,z 
2.35 

where · XuJ3 is an -element of the magnetic susceptibility tensor x and the· 

sumniation convention over repeated index is followed. For uniaxial phase 

like nematic or smectic A phase and choosing the director n along the z-axis 

we have 

x=[Y ~L 1J 
':fhe subscript x

11 
and Xt are the components parallel and perpendicular to the 

director respectively. The average susceptibility is given by 

- 1~ 
.% = 3 L...%1?' 

r 

1 
= 3(zu - 2z.L) 2.36 

The magnetic susceptibility anisotropy is defined as 
- -

~.%=(Xu - X.L) 
3 - . 

= 
2 

(xu_- z) 2.37 

. Hence the susceptibility tensor has only two different non zero elements, 

M = zuH, if His parallel ton 

M = X.L H, if· H is perpendicular to n 

Fot an arbitrary angle (8) between H and n we derive for total magnetisation 

M = x .L H + ~z(H.n )n 2.38 
. Therefore the free energy in a magnetic field is given by: 
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H 

l[m =- fM-dH 
, ~. -. ' -... ol 

· i · 2 r · 2 

= 
2 

X.LH -
2 

dz(H·n) 2.39 

Since the first term of the above equation is free from n, it may be omitted as 

far as orientation related problems are concerned. For positive anisotropy i.e. 

!J.x > 0, the last term is minimised when His collinear with n. Therefore the 

liquid crystal with positive !J.x tend to align with their molecular long axes 

along the direction of the applied magnetic field. However, for liquid crystal 

with negative!J.x, the molecules tend to align perpendicular to the applied 

magnetic field. 

2.13 Relation between order parameter and magnetic anisotropy: 

The order parameter Q is defined by considering the anisotropic part of the 

susceptibility X as follows, 

2.40 

where, a,p = x,y,z and ba~ is the kronecker delta function, S is a second rank 

tensor, which is diagonal. Considering the director n along the z-axis, then 

Q has zero trace and vanishes for the isotropic phase. If we consider uniaxial 

symmetry around n, it is sufficient to consider only one element Qzz. 

Equation 2.40 can also be written as 

2.41 

then, 
1 . 

Qzz = Xzz -3(%.xx + Xrr + Xzz) 

Therefore, 
2 

Qzz = 3(%11 - X.L) 2.42 

Here we have assumed, Xxx = Xrr = z.Land Zzz = %11 
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In order to relate Q to the microscopic order parameter S, let K be the tensor 

of the molecular magnetic polarizability which is assumed to be diagonal in 

the molecule- fixed co-ordinate system ~,11,~· 

Therefore, 2.43 
i,j 

where i,j = ~,11,~ ; a, J3 = x, y, z and ia is the a- component of a 

unit vector along ~,11,~ axes, N is the number of molecules per ~nit volume 

and the bracket < > stands for statistical average. 

The order parameter represented by equation 2.41 can be expressed in terms 

of equation 2.43, as 2.44 

Qzz =N~Kij <iz iz- ~oij > 
1,] 

Therefore, 

= 2N"K .. .!.<3iz J"z _!() .. > 
3~IJ2 3 1J 

1,] 

2 
= "3 N~KijSij 2.45 

1,] 

where, sij =! < 3iz iz - oij > is the generalised order 
2 

parameter. Thus from equation 2.42 and 2.45 we have, 

2 
Qzz = 3<X11 - l.L) 

2 
="3N~KijSij 2.46 

1,] 

As Sij is diagonal in a molecular fixed coordinate system~' 11, ~with the~-

axis as the long molecular axis and has zero trace, there are two independent 

scalar order parameter, for which we · choose S 

D = 81111 - S~~· 

Thus equation 2.46 can be written as 

s~~ and 

(x.u-X..L) 1 1 
-'!---={K~~ --(K 1111 +K~~)}S+-(K~~ -K 1111 )D 2.47 

N 2 2 
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where S is the order parameter which have a value between 0 and 1. 

Thus, 

Therefore, 

1 
< s >=- < 3~i -1 > 

2 

< S >=.!_ < 3cos 2B-1 > 
2 

where '8' is the angle between z and s axes. 

Furthermore, D = .!_ < 3~ 2 -1 > _.!_ < 3n2 . -1 > 
2 

~z 
2 

'IZ . 

3 l l 
=-< ~z -1}z > 

.2 

= 
3 

< sin 29cos2w > 
2 

where \jl is the Euler angle specifying the rotation around the s-axis. D 
' 

measures the difference in tendency of the two transverse molecular axes to. 

project on the z-axis. By considering the molecule to be axially symmetric, 

we haveD = 0. 

Now equation 2.4 7 can be written as, 

2.48 

where 1 
X1 = NK~~ and lt = 

2 
N(K 1111 + K~~) 

Equation 2.47. is known as Tsvetkov's expression for order parameters [42]. 

To determine the order parameter (S) we need the value of (XI - X,1) which 

can be obtained from solid single crystal measurements. In the present case 

(XI - Xt) is determined by Haller method [3 7]. (XI - Xt) plotted against ln(Tc

T) extrapolated to a point T = 0°K where S is assumed to be unity. 

2.14 Determination of x: 

The magnetic susceptibility has been measured by the classical Faraday

Curie method. The total force (F) experienced by a sample m an 
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inhomogeneous magnetic field with a gradient in the horizontal x-direction 

is given by 

. 1 (dH 2
) 

F = 2(mx -moXo) d;- avg 2.49 

where x, m are the mass susceptibility and the mass of the sample and Xo , 

m0 are those of air driven out of the sample. The subscript 'avg' indicates the 

average value. If we assume that the sample is replaced by almost same 

volume of the reference sample and is placed at more or less at the same 

position between the pole pieces of the magnet, then (dH2/dx) will be same 

for both the cases. By indicating the reference sample with the subscript 'r', 

the force acting on the reference sample is given by: 

1 (dH2

) F =-(mrXr -moXo) --
2 dx 

avg 

2.50 

Using equation 2.49 and 2.50 the magnetic susceptibility can be written as 

z(t) = Fni r [Xr -Po (to) lo (to)]+ Po (t) Xo (t) 2.51 
Frm Pr(t 0 ) p(t) 

where p, Pr and Po are densities of the experimental sample, reference 

sample and air respectively; t0 is the temperature at which the measurement 

of the reference sample is made. 

The sample was put in a cylindrical quartz container having a 'volume of 

nearly 0.1 cm3
. It was hung by a glass capillary between the pole pieces, the 

value of(dH2/dx) being 1.1 K. gauss2 I em. approximately. The variation of 

(dH2/dx) is 1% over a distance of 1cm along x-direction, while along y and z 

direction it is practically constant over sufficiently large distances. The 

temperature of the sample was controlled by temperature controller 

(lndotherm model 401 D2) having accuracy ±0.5°C. The whole system is 
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evacuated to avoid disturbance to the balance due to convection in air. The 

accuracy of measurement using thi.s balance is about 1%. 

Trans-decaline a non-volatile liquid at room temperature having Xr = 0.779 x 

10-6 cm3 gm-1 [43] and density Pr=0.869 gm cm-3 [44] was used asa 

reference substance. The necessary correction term in equation 2.51 for Xo(t) 
' 

can be calculated by using the tabulated density of air [45], the magnetic 

susceptibility of air (Xo = 106.3 x 1 o-6 cm3 gm-1 at 20°C) [ 46] and the use of 

curie law Xo"' 1/T. I have also neglected the influence of dissolved oxygen 

as discussed and ignored by de J eu et al [ 4 7]. 

In the experimental arrangement, the force acting on the sample is exactly 

balanced by the force exerted on the horizontal coil rigidly attached to the 

beam balance, placed inside a hollow permanent magnet with a uniform 

radial field and carrying a suitable current i. 

F = 2nmiH, 2.52 

where, n is number of turns in ·the coil, r is the radius of the coil and H is the 

magnetic field intensity. In general the suspended system will experience a 

force even in the absence of any sample due to the diamagnetism of the 

sample holder. To compensate this pull an initial current i0 is passed through 

the coil. In this case, the potential drop across a standard resistance of the 

order 1 OKQ with the help of precision digital voltmeter has been measured. 

So the final expression for the susceptibility becomes, 

z(t) = (V- Vo )mr [Xr -Po (to) Xo (to)]+ .Po (t) Xo (t) 2.53 
(Vr-Vo)m Pr(to) p(t) 

All the values of magnetic susceptibilities given by me in this thesis are 

mass susceptibility in c.g.s. unit (erg gauss-2 gm-1
). 

52 



2.15 Description of the experimental set-up for determination of 
diamagnetic susceptibilities: 

The electromagnetic balance for measunng susceptibilities have been 

designed and fabricated· in our laboratory by M. Mitra and R. Paul [ 48]. 

Basically the instrument is of the Curie type, the movement of the arms 

being restricted to the horizontal plane. Schematic diagram of which is 

shown in Figure 2.3. A horizontal light glass beam (A) is kept suspended at 

the middle with vertically stretched phosphor-bronze strips (S). The upper 

portion of which is soldered to a torsion head T, used for adjusting the 

position of the beam, whereas, the lower end of it terminates in an elliptic 

spring (E) secured to a universal adjustable holder (H) which can be moved 

horizontally in two directions. The torsion head is fixed to a brass pillar (D), 

which serves the electrical connectivity with the brass plate (B) as well. The 

holder (H) is also fixed on a flat brass plate (B) resting on levelling screws 

(~). A small perspex block (R) is fixed at one end of the beam balance 

which is attached to a long glass capillary tube (U) carrying a small glass 

capsule type sample holder (C) passing· through a vertical hole (h2). A 

damping vane (V) made of thin mica sheet dipping into diffuse pump oil 

fixed to the other side of the glass beam effectively damps out all spurious 
I 

vibrations. On the same side of the balance beam is attached a balancing coil 

of 50 turns of 42 s.w.g. enamelled copper wire wound over a hollow perspex 

cylinder (C) and the coil is free to move inside a hollow magnet (M) having 

a radial field of about 200 gauss. The balance assembly is covered with a 

greased ground bell jar (J). Two holes hl and h2 are drilled in the·base plate. 

In one of this hole, is fixed an ebonite block with binding terminal, sealed 

vacuum tight with araldite, for leading in the coil currents. The other 

terminal of the coil is attached to the brass plate. The second aperture (h2) is 
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about 3 em in diameter is fitted with a brass collar for fitting the glass tube 

extension of the experimental chamber. 

u 

F 
L z 

X 

y 

K 

FIGURE 2.3: Schematic diagrams of magnetic susceptibility apparatus. 
T- Torsion head, D- Brass pillar, S- Phosphor-bronze strip, m- mirror, A- Balance 
beam, M- Magnet, C- Coil, E- Spring, G- Glass tube, Q- Heater, K- Thermo
couple, P- Beaker Containing calcium chloride, V- Damping vane, H- Adjustable 
platform, J- Bell jar, B- Brass plate, R- Perspex block, bland h2- holes through 
the brass plate, U- Glass capillary tube, L- Sample holder, F -Side tube connected 
to vacuum pump, W- Levelling screw, T1-Terminal connected with brass plate & 
T 2 that with the spring. 
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The joint ofthe glass tube (G) and brass tube is made vacuum tight with o

ring. A heater (Q) of constantant wir~ and a thermocouple (K) is fixed -

through a rubber stopper and is introduced into the glass tube, which is made 

vacuum tight. The sample holder, thermocouple and the heat~r are placed 

between the pole pieces of an electromagnet. The brass tube is also provided 

with a side tube (F) through · which the balance chamber and the 

experimental chamber can be evacuated. The sucksmith form of a pole 

piece is adopted and any change in the position of the sample was detected 

with the help of a photocells. A laser beam of low intensity is focused on the 

mirror (m) fixed at the centre of the glass balance and the reflected beam is 

detected by the photocells, the electrical signal is then amplified and feed to 

a sensitive moving coil galvanometer, for detecting any change in the 

position of the sample holder. It should be notated that since the director of 

the meso gens aligns itself in the direction of the magnetic field (t1x > 0) in 

most samples, the magnetic susceptibility determined by this method is x
11 

in 

· mesophase and z in isotropic phase. Since non-metallic organic mesogens 

are diamagnetic, z should · be independent of temperature. Therefore, 

magnetic susceptibility anisptropy t1x is calculated by using equation 2.3 7. 

Thus the order parameter <S.:> is then calculated using equation 2.48. 

2.16 Dielectric permittivity measurement: 

· One can study the response of the meso genic substances to the application of 
' 

electric field by its dielectric, behaviour. The liquid crystal molecules may 

possess permanent dipole moments; in addition induced dipoles are created 

when external field is applied. Due to the geometrical anisotropy in the 

molecular structures liquid crystals exhibits anisotropic behaviour. One can 
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determine . E11 and EJ.., parallel and perpendicular components of dielectric 

permittivity by applying electric field parallel and perpendicular to the 

director. A brief description of experimental set-up is shown in figure 2.4. 

The dielectric permittivity was measured by a digital LCR-bridge at 10 KHz. 

The liquid crystal samples were filled in a glass cell. The construction of the 

cell was done by means of two plane parallel indium tin' oxide (ITO) coated 

(thickness 7000A and conductivity 10.5-11.5 Q/square) glass plates 

separated by glass-spacer of thickness 120~m. The cell was equipped with a 

guard ring to avoid errors due to stray fields. The guard ring was produced 

by etching the conducting surfaces on the glass plates. The effective 

electrode area was 2.3cm x 1.5cm. 

Elecrromagnel 

N 

LCRBridge 

Front side ITO coated 

Heatable chember 

s 

L.C. cell active region 

Back side ITO coated 

FIGURE 2.4: Schematic diagram of experimental setup for dielectric constant 
measurement. 

The cell was kept inside an electrically heated thermostated brass block 

having dimension 2.6cm x 2.8cm x 0.5cm, whose temperature was 

accurately controlled within ±0.5°C using a temperature controller 
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(Indotherm-457). The whole system was placed between the pole pieces 

(area 40cm2
, pole gap 3.5cm) of an electromagnet whose field strength could 

be varied up to 0.32T. The cell was calibrated by measuring the capacitances 

of standard dielectric liquids within an accuracy of 1%. To determine c
11 

and 

E_b the parallel an.d perpendicular components of dielectric permittivity 

capacitances Ca, Cb and Cx of the cell filled with air, benzene (as standard 

materials) and the liquid crystal sample respectively were measured by 

applying electric field parallel and perpendicular to the director of the 

liquid crystal using the following expression 

(c -c) 
G = 1 + X a (e -1) 

x (Cb -Ca) b 
2.54 

where Eb and Ex are the relative permittivities of benzene and the liquid 

crystalline substance; and that of air is taken as unity. 

The dielectric constants,.c
11 

and c1_ were determined by measunng the 

capacitance of the cell with and without the sample at various temperatures 

keeping the magnetic field parallel and perpendicular to the director 

respectively [ 49-52]. The capacitance of the empty cell was found to be 

27.4pF at 20°C. Alignment of the sample was established by observing the 

saturation value of capacitance as magnetic field was increased to about 

0.3T. It may be mentioned here that in a magnetic field of about 0.3T we 

have been able to take well aligned x-ray diffraction photographs in both 

nematic as well as smectic phases. Since the liquid crystal samples studied 

are highly insulating the contributions to the capacitance from space charges 

could be neglected. 
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2.17 Elastic constant and deformation ~free energy of nematic liquid 
crystal: 

The elastic properties of a liquid crystal are generated due to restoring 

torques, which become apparent when the system is perturbed from its 

equilibrium configuration by some external electric or magnetic field. The 

director pattern is no longer uniform in space, but curved. If n(r) changes 

noticeably only over a large distances compared to the molecular 

dimensions, this curvature can be described in terms of a continuum theory 

which disregards the details of the structure on a molecular scale. Based on 

this viewpoint, Zocher [53], Oseen [54], and Frank [55] developed a 

phenomenological continuum theory of liquid crystals that can successfully 

explain the various magnetic or electric field induced effect of liquid 

crystals. According to the continuum theory of liquid crystals, the elastic 

part of the internal energy density of a perturbed liquid crystal is given by 

the equation, 

where n is the director; and the. coefficients Kn, K22, K33 are so-called elastic 

constants associated with three basic types of distortions viz., splay, twist, 

and bend respectively and are ·collectively known as the Frank elastic 

constants. The above equation is the fundamental formula for the continuum 

theory of nematics. It is possible to generate deformations that are pure 

splay, pure twist or pure bend. Thus each constant should. be positive, if not, 

the undistorted nematic conformation would not corresponds to a minimum 

of the free energy F def • 
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2.18 Freedericksz transition: 

The elastic constants of the liquid crystals can qe determined by various 

methods, of which Freedericksz transition is one of the simplest and 

convenient methods. The term · Freedericksz transition refers to the 

deformation of a thin layer of nematic liquid crystal sample with a uniform 

director pattern in an external electric [56-59] or magnetic field [60-67]. 

Freedericksz observed that when a planar surface aligned nematic liquid 

crystal cell is subjected to magnetic field normal to the director then the cell 

undergoes an abrupt change in its optical properties if the strength of the 

external field exceeds the threshold value, known as the critical field. If the 

nematic liquid crystals have positive diamagnetic anisotropy or dielectric 

anisotropy, then as the field exceeds the critical value, the director starts to 

align along the external field. Freedericksz transitions can be use to measure 

directly the elastic constants, provided the geometry i.e., the boundary 

conditions and the direction of the applied field are chosen in a appropriate 

way as. shown schematically in figures 2.4. 

Equilibrium Configuration Splay Twist Bend 
(a) (b) (c) (d) 

FIGURE 2.4: (a) An ordered liquid crystal in equilibrium configuration. The 
deformation states- (b) splay, (c) twist, and (d) bend. 

From the geometry of arrangement as shown in figure 2.5( a-c), one can 

determine the splay, twist or bend elastic constants in the magnetic field H. 
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The threshold magnetic field for the splay, bend or twist deformation is 

related to the elastic constants by the equation 
1 

(H ). = !(Kii J2 n 
c. 2 Ax d 

2.56 

where d is the sample thickness, .1x is the diamagnetic anisotropy and (Hc)i 

is the respective critical magnetic field. Also the subscript i = 1, 2, 3 refers to 

the splay, twist and the bend deformation respectively. 

To explain the Freedericksz transition, I have considered a uniform planer 

layer i.e., in the splay mode, for a magnetic field H>Hc, applied along z-axis, 

the uniform planer structure (figure 2.5(d)) is unstable and the system jumps 

into one of the two possible states (figure 2.5(e) or 2.5(g)). If the field is 

increase further (H >> He) these states develop into pattern as shown in 

figure 2.5(f) and 2.5(h). H :::5 H~ H>H~ H>>H~ 
.......................... ... ........................... ... ........................ 

(a) 

--;;::/ --- 1 ----= ~.1L . 
:..-------

······················································ i 
:::::::::::::::::::::::::::::::::::::::::::::::::::::: H .............................. 

........................... ................................ ... ........................... 
(d) (e) (f) :::::::::::::::::::::::::::::::::::::::::::::::::::::: ® 

...................................................... H .............................. .,. ........................ .......................... 

I iH ~ -----= 
............................. ~ ................................ 

z (b) 

~n1lTrnr~ ...................... ,_ .... _._. 

(c) Y 

(g) (h) 

FIGURE 2.5: Schematic experimental set-up for determination of (a) splay, (b) 
twist, and (c) bend; Deformation of director pattern above threshold field in the 
splay ( d-h) mode. 
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2.19 Description of Experimental set-up for determination of K11 and 
K33: 

The apparatus of the determination of the elastic constants (K11 and K33) has 

been designed and fabricated in our laboratory by M. K. Das and R. Paul 

[68]. The block diagram of the experimental set-up has been shown in figure 

2.6 for studying elastic constants by Freedericksz transition method. 

Collimator 
Lens (C., C2) 

Lamp 

Polarizer 
(P) 

~~~~ 

Gauss 
meter 

L.C 
Cell 

Temperature 
Controller 

Photomultiplier 
tube (M) 

Hall probe 

Elecih.magnet I 
Analyzer 

(A) 

l 

FIGURE 2.6: Schematic experimental set-up for the determination of the elastic 
constants from Freedericksz transition: (a) splay, (b) twist and (c) bend. 

The liquid crystal sample was taken in a glass cell housed in a thermo-stated 

brass oven that has a groove at the· proper angle, whose temperature was 

controlled within an accuracy of ± 0.5°C by means. of a temperature 

controller (Indotherm model 457). A monochromatic ;:·::~.~:·beam of <sodium

D,~· light is incident on the sample through a lens (L), polarizer (P) and 

· collimating circular slits (C1, C2). The transmitted light intensity was 

detected by a photomultiplier tube (M) that counts photon and corresponding 

current was measured by a nano-ammeter. The polarizer (P) and the analyzer 
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(A) were placed in crossed position (at ±45° relative to the vertical axis) in 

front of the photomultiplier. For the Freedericksz transition to occur, the 

director must be truly oriented at right angle to the external field. In order to 

ensure this exact alignment, the brass oven was mounted on a specially 

constructed platform whose alignment with respect to the field could be 

adjusted to an accuracy of 1-2; of arc. The magnetic field is varied slowly so 

that the nematic orientation remains in equilibrium with the applied 

magnetic field. For desired t~mperatUre, it was observed that when the field 

(H) exceeds a critical value (He) then there was a drastic change in the 

optical properties of the sample. Thus we could measure the threshold field 

intensity (He) from the field versus intensity curve within an accuracy of±lO 

Gauss. The magnetic field was measured using a Hall-probe Gaussmeter 

(Model DGM-1 02). If the field was increased gradually beyond its critical 

value, the transmitted light exhibits oscillations due to the change o( phase 

relation. 

The liquid crystal sample is- taken betWeen two plane parallel glass plates 

separated by glass spacer of thickness 160J..lm. The splay elastic constant 

(K11) is measured using a cells with homogeneous planer alignment, where 

inside surface of the glass plates were treated with 1% aqueous solution of 

polyvinyl alcohol dried and then rubbed the layer in one direction with tissue 

paper. Whereas in case of bend elastic constant (K33) measured by using 

homeotropic cells, which were prepared by the surface treatment of the glass 

plates with dilute solution of cetyl tri-methyl ammonium bromide (CTAB) 

or lecithin. 
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In the present set-up it is not possible to measure K22• The threshold field for 

twist deformation cannot be detected optically when viewed along the twist 

axis. Due to the large birefringence of the medium for this direction of 

propagation, the state of polarisation of the transmitted beam is 

indistinguishable from that of the emerging beam from the untwist nematics. 

A total internal reflection technique can be used to measure the K22 values of 

the twist deformation. In my present work however, I have measured only 

· K11 and K33 values at different composition of a binary liquid crystalline 

mixture. 

2.20 Structure and chemical name of the liquid crystals studied: 

The chemical names of the liquid crystals studied in the present investigation 

and their structural formula are given below: 

1. 4-n-pentyl phenyl 4 - n'- pentyloxy benzoate (MESO:s in short). 

CsHw-o-Q-coo-Q-csHII 

2. 4-n-pentyl4' cyanobiphenyl (5CB in short). 

CN 

3. undecycloxy cyanobiphenyl (llOCB in short). 

CN 

4. 4-n-hexyl phenyl 4-n' -pentyloxy benzoate (ME6.05 in short). 

CJ!13 G-Cslftt 
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5. 4-n-pentyl phenyl4-n' -hexyloxy benzoate (ME60.5 in short). 

CJ-IB-o-0-coo-0-csHII 

6. p-cyanophenyl trans -4-pentyl cyclohexane carboxylate (CPPCC 

in short) 

7. 4(3"-pentenyl) 4'(ethoxyl) 1,1' bicyclohexane (1d(3)CC02) m 

short) 

0""------

8. 4-ethoxy, 4' -Pent-4"-enyl bicyclohexane (Od(4)CC02) in short) 

The liquid crystals 1, 2, 3, 4, 5, 6 were obtained from E. Merck, UK; and 7, 

8 were obtained from MIS Hoffmann-La Roche & Co., Basel, Switzerland. 

All the samples were obtained in the pure state and were studied without 

further purification. 
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Chapter 

Orientational Order Parameter of a Binary 
Liquid Crystal Mixture Showing Induced 

Smectic Phase 



3.1 Introduction: 

Binary mixture of 4-n-pentyl 4'-cyanobiphenyl (5CB) ·and 4-n-pentyl 

phenyl 4-n' -pentyloxy benzoate (ME50.5) shows the presence of an 

induced smectic A phase whereas the pure compounds show only nematic 

phase. Phase diagram of this system has been reported by Dunmur et al [1]. 

They have measured transition enthalpies, refractive indices and electric 

permittivities at different composition of mixtures of these compounds. 

Using an empirical scaling procedure they have calculated the orientational 

order parameter only in the nematic phase above the induced smectic 

phase. Using an extension of Maier-Saupe theory, Palffy-Muhoray et al [2] 

have determined the nematic-isotropic co-existence region for the entire 

range of concentrations of this system and they have proposed a relation 

between the refractive index of the binary mixture and order parameters of 

its components in the nematic phase. Das et al [3] using x-ray diffr~ction 

technique have earlier reported the orientational order parameters, layer 

thickness and apparent molecular length for a series of mixtures at 

different temperatures and different concentrations for this system. Hence, 

it is of interest to determine order parameters from refractive index and 

density measurements in both induced smectic and nematic phases and 

compared with those found from x-ray studies. 

In this chapter, I have reported the density and refractive indices (llo, 11e) of 

this system in the entire composition range. The refractive index and 

density data have been analyzed to measure th~ orientational order 

parameters. These values have been compared with McMillan's theory [4-

5] for mixtures having smectic A phase and Maier-Saupe theory [6] for 

others having nematic phase only. Since both layer thickness [3] and 

density values as observed in this work show a definite minimum near 

equimolar concentration, it is of great interest to know how the molecules 
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are arranged in a plane perpendicular to the director. Hence I have taken 

the x-ray diffraction photographs of orientated sample for all the mixtures 

at a temperature T = 3 5°C, in order to measure the average lateral distance 

between the molecJiles, which has not been reported in the previous x-ray 

work [3]. 

3.2 Texture study and phase diagram: 

The chemicals ME50.5 and 5CB were donated by E. Merck, U.K. Ten 

mixtures with mole fractions (x) of 5CB equal to 0.15, 0.207, 0.305, 0.40, 

0.465, 0.501, 0.590, 0.64, 0.702, 0.80 were prepared. 

Compound 1: 
CsHw-o-C)-cocr-Q-csHtt 

57°C 
K •N~I 

4-n-pentyl phenyl4- n'- pentyloxy benzoate (ME50.5 in short) 

CN 
Compound2: 

22.5°C · 35.3°C 
K •N I 

4-n-pentyl4' cyanobiphenyl (5CB in short) 

The phase diagram of this system is obtained by. studying the transition 

temperatures .and textures of different mixtures under crossed polariser 

with a polarizing microscope equipped with a hot stage (Mettler FP 80/82). 

The measured transition temperature values agree well with the values 

obtained from the phase diagram of this system given by Dunmur et al [1]. 
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Phase diagram of this system as observed by me, is similar to that obtained 

by Dunmur et al [1], and is shown in figure 3.1. 

60 

I 
55 0 

50 0 
0 

0 

I!! 
~ 45 0 
Cl) 

a. 
E 
~ 40 

35 

30 
0.0 0.2 0.4 0.6 0.8 1.0 

Mole fraction of 5CB (x) 

FIGURE 3.1: Phase diagram of 5CB/ME50.5 as a function of mole fraction 
(x) of 5CB. o T Nr, ~ T SN· 

3.3 Density measurement: 

I have measured the variation of density for the entire mesomorphic range; 

the experimental technique is given in chapter 2 of this thesis. Figure 3.2 

shows the variation of density values with temperature. The density as a 

function of temperature for x=0.4 only have been reported by Das et al [3]. 
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FIGURE 3.2 (a): Temperature dependence of density values for 5CBIME50.5 · 
mixtures at different compo~itiops, x =mole fraction of 5CB. • x = 0.0; • x = 
0.15; .& x = 0.207; T x = 0.305. i indicates S-N and fN-1 transition temperature. 
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FIGURE 3.2(b ): Temperature dependence of density values for 5CBIME 50.5 
mixtures at different compositions, x =mole fraction of 5CB. ox= 0.40; • x = 
0.46; ox= 0.501; v x = 0.59. j indicates S-N and f N-1 transition temperature. 
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FIGURE 3.2(c): Temperature dependence of density values for 5CBIME 
50.5 mixtures at different compositions, x = mole fraction of 5CB . .& x = 

0.645; "Y x = 0.702; o x = 0.812; + x = l.O.j indicates S-N and i N-I 
transition temperature. 

3.3 Birefringence study: 

Refractive indices (n0 , De) for A = 5780A have been measured within 

±0.001 by the thin prism method. Experimental set up and the procedure 

for order parameter determination from refractive indices studies have 

been described in detail in chapter 2 of this thesis. 

In figure 3.3, I have plotted optical birefringence (&1 = 11e- n0 ) values for 

different mixtures as a function of temperature. &1 and density values of 

SCB have already been reported earlier [7,8]. The ch&nge in density as well 

as birefringence (&1) values at the smectic A to nematic phase transition is 

disc~ntinuous near x = 0.4 and the discontinuity decreases gradually above 

and below this concentration, in agreement with the transition entropy and 

refractive index measurements by Dunmur et al [1]. This indicates that a 

first order SmA - N phase transition occurs near the center of the phase 

diagram .. 
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FIGURE 3.3 (a): Birefringence (&!) values as a function of temperature for 
different mixtures. o x = 0.0; • x = 0.15; b. x = 0.207; 'Y x = 0.305; ox= 0.4; EB 

X= 0.46. 
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FIGURE 3.3 (b): Birefringence (&!) values as a function of temperature 
for different mixtures. ox= 0.501;+ x = 0.59;<> x = 0.645;v x = 0.702;l:!. x = 
0.812; E9 x = 1.0 (from Karat et al. [10]) 

The first order phase transition changes to second order for mixtures of 

higher and lower concentration of 5CB. The refractive index data have 

been analyzed to determine the polarizability values ( ae and a 0 ) using 

Neugebauer's [9] method. The polarizability anisotropy for a perfectly 

74 



ordered sample, i.e., at <P2>=1 was obtained fr9m these data usmg 

extrapolation procedure given by Haller et al [10]. Since the temperature 

variation of L\a is large in nematic phase, but in most of the smectic A 
- - . 

,_ 

phase this variation is very small, so I have plotted Haller's extrapolation 

by taking the values of ae and U 0 in only nematic phase. The order 

parameter <P2> is calculated from the well-known relation, 

P 
a. -ao 

< 2 >= ---=----"a,, -a.L 

20.0 -r--------------------. 

3.1 

FIGURE 3.4: Polarisability anisotropy (a
11

- a.L) against mole fraction of5CB. • 
Neugebauer's method. 

As show{\· in figure 3.4, Ua = (a
11 

- a.L) decreases near equimolar 

concentration. It is to be noted that from x-ray diffraction studies, Das et 

al [3] have found a definite minimum in layer spacing or apparent 

molecular length at the · same concentration. Since anisotropy is 

proportional to the apparent molecular "length, the present observation is in 

agreement with the x-ray results. In figure 3.5(a) to 3.5(f); I have plotted 

the variation of <P2> values with temperature. The experimental order 

parameter values at the smectic A to nematic phase transition appears to be 
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of the first order- in the mixtures for x ~ 0.45. A second order phase 

transition is observed for mixtures with x < 0.4 and also x > 0.5. Moreover, 

fn the middle of. the phase diagram change in <P2> is very large at SmA -

N phase transition. 

I have also fitted the experimentally determined orientational order 

parameter having an induced smectic phase to McMillan's theory using the 

mean field potential, 

v M (cos e' z) = -v[aot' cos ( 
2
;z) + {1] + ao cos ( 

2
;z }Pz (cos B) 3.2 

where a and b are adjustable parameters. In fitting <P2> values to the 

McMillan's model, it is difficult to vary a and b independently. Hence, I 

have assumed that intermolecular pair potential does not change with 

composition and have taken constant b values over the entire composition 

range (b=0.67). The a values show a broad maximum near x = 0.4. This is 

expected since near x = 0.4 smectic phases occurs at a relatively higher 

temperature and is separated "from the isotropic phase by narrow 

temperature range nematic phase. 

The order parameter values calculated using Neugebauer's relation d<;> not 

agree well with Maier-Saupe theory for ME50.5. But, in case of 5CB and 

mixtures with x = 0.702 and 0.812, where only nematic phases are present, 

the agreement with the theory is good (figure 3.5(e)-(f)). However, in all 

the mixtures as well as in pure compounds the experimental OOP values 

near N - I transition are significantly lower than the theoretical values. 

This may be due to the fluctuations of director, which is more pronounced 

near the clearing point. 
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FIGURE 3.5(a)- 3.5(b): Variation of <P2> with temperature for different 
mixtures having induced smectic A phase. b Experimental <P2> for x = 0.15, 
0.305; o experimental <P2> for x = 0.207, 0.40;- calculated from McMillan's 
theory for x = 0.15 (a,=0.346, 8=0.67), 0.305 (a=0.424, 8=0.67); and -
calculated from McMillan's theory for x = 0.207 (a=0.39, 8=0.67), 0.40 
(a,=0.433, 8=0:67). j indicates S-N and i N-1 transition temperature. 
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FIGURE 3.5(c) - 3.5(d): Variation of <P2> with temperature for different 
mixtures having induced smectic A phase. 1::::. Experimental <P2> for x = 0.465, 0.59; 
o experimental <P2> for x = 0.501, 0.645;- calculated from McMillan's theory for 
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. j indicates S-N and j N-I transition temperature. 
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The experimental OOP values in the smectic A phase agree well ·with 

those calculated from McMillan's theory for mixtures having x = 0.15, 

0.645, in the region of the phase diagram where the experimental order 

parameter <P2> values change continuously across the SmA-N phase 

transition. However, the agreement between the calculated and the 

experimentally determined OOP values is rather poor for mixtures having 

x = 0.207, 0.305, 0.465, 0.501, 0.590, where <P2> values change 

discontinuously at the smectic A to nematic transition, except for x = 

0.207. 

3.4 X-ray diffraction measurement: 

X-ray diffraction photographs of magnetically aligned samples was taken at 

a particular temperature T=35°C. The experimental technique employed to 

obtain x-ray diffraction data and subsequent analysis has also been described 

in chapter 2. 
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FIGURE 3.6: Variation of <P2> values obtained from refractive index 
measurements and that of from X-ray measurements and packing fraction at a 
temperature T=35°C o- <P2> from refractive index measurements, .A. ..... <P2> 
from X-ray measurements, o packing fraction. 
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Figure 3.6, shows the variation of orientational order parameters both from 

refractive index and x-ray diffraction measurements [3] and packing 

fractions at 35°C. The packing fraction is defined as the ratio of the 

geometrical volume (Vander waal's volume) to the volume occupied per 

molecule in the mesophases. Following Kitaigordsky [11], I have calculated 

the geometrical volume of the pure components VA and V 8 , where A, B 

refers to 5CB and ME50.5 molecules respectively. Now, if p be the density 

of a mixture at any temperature and N be the Avogadro's number, then 

packing fraction 

3.3 

where XA, x8 and MA, M8 are the mole fractions and molecular weights of 
\ 

the respective molecules in the mixture. 

From figure 3.6 it is clear that the OOP's in the smectic phase and the 

packing fraction values show definite minimum around x = 0.4. The 

birefringence (Lill), density (p) also follows the same trend indicating that 

the packing in nearly equimolar mixtures is rather loose. Similar behaviour 

is also observed in the nematic phase where the smectic A phase is the 

precursor of the nematic phase (figure 3.7). This may due to the- smectic 

fluctuations pres~nts in the nematic phase. 

The OOP values from refractive index measurements agree quite well with 

the values obtained from X-ray diffraction measurements. The lower values 

of <P2> from refractive index measurements near x = 1 may be due to the 

fact that the temperature T = 35°C is very near to the clearing temperature. 

Director fluctuations, which are more pronounced in case of refractive index 

measurements where surface alignment technique has been employed, could 
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account for such discrepancy as compared with those from magnetically 

aligned samples used in x-ray diffraction measurements. 
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FIGURE 3.7: Variation of orientational order parameter <P2> and the packing 
fraction values at a temperature T=0.98TN1 • <P2>, £::..packing fraction. 

To investigate the minimum in the OOP, packing fraction and other physical 

properties ·observed for mixtures around a mole fraction of 0.4, I have 

analysed the x-ray diffraction data to calculate the average lateral distance 

between the molecules. The . average lateral intermolecular distance D 

between the molecules can be obtained from the diffraction angle of the 

outer ring of x-ray pattern by the formula, 

2D sine =1.117 A 3.4 

82 



4.9 

<C( 4.8 
c 
en 
(I) 
::ll 
n; 4.7 
> 
c 

4.6 

4.5~--~~--~--~~~~--~--~~---+ 

0.0 0.2 0.4 0.6 0.8 1.0 

Mole faction of 5CB 
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represents estimated errors. 

From the figure 3.8, it is clear that the experimental D values, within the 

smectic phase show an enhancement in their magnitudes near equimolar 

concentration, whereas the density and layer thickness show a reverse trend 

i.e., minimum near x ::::J 0.4. This implies that the packing of the molecules in 

the smectic layers is poor near x ::::J 0.4. This variation of D with molar 

concentration clearly explains why the density of mesogens decreases even 

when layer thickness is also decreasing near x ::::J 0.4. 
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Chapter 

Phase Diagram, Density and Optical Studies 
on Binary Mixture of a Cyanobiphenyl 

( llOCB) and a Benzoate Ester (ME6.05) 
Showing Enhanced Smectic Phase 



4.1 Introduction: 

From the study of phase diagram in bicomponent and multicomponent 

systems, it has been found that smectic A phase can be strongly stabilized in 

mixtures [1,2]. The clearing temperature is increased compared to the 

corresponding temperature in the pure state, hence enhancing the respective 

phases. Some times, it has been observed that although none of the pure 

compounds is smectic, yet the mixtures of these compounds often show so-
- I 

called induced smectic phase [3-5]. In many cases smectic phases existing 

in pure compounds of binary mixtures decrease their smectic stability and 

new phases of lower order are created. These phases are . called 'phase 

created by depressing smectic stability' [6]. 

I have observed an enhanced smectic phase from th~ bicomponent mixtures 

of undecyloxy cyanobiphenyl (11 OCB) and 4-n-hexyl phenyl-4-n'

pentyloxy benzoate (~6.05), where 11 OCB and :ME6.-Q5 show smectic A 

and nematic phases respectively. In this chapter, I have reported the phase 

diagram, density and refractive indices ofthe binary mixtures of 110CB and 

:ME6.05 throughout the entire composition range. For better understanding 

of this phase, I have also calculated the variation of different physical 

parameters with molar concentration. 

· 4.2 Phase diagram: 

The pure samples 11 OCB and ME6.05 were donated by E. Merck, U.K. and 
( . 

were used without further purification. The phase diagram of this system is 

obtained by studying the ·transition temperatures and textures of different 
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mixtures under crossed polariser with a polarizing microscope equipped with 

a hot stage (Mettler FP 80/82). The phase diagram of'the binary system 

110CB + ME6.05 are presented in figure 4.1. 
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. FIGURE 4.1: Phase diagram ofthe binary mixture ofundecyloxy cyanobiphenyl 
(llOCB) and 4-n-hexyl phenyl-4-n'-pentyloxy benzoate (ME6.05). xis the_mole 
fraction of 11 OCB. • smectic or nematic to isotropic transition temperature; .A. 

smectic to nematic transition temperature; b. melting temperature; • super cooled 
liquid crystal to solid transition. 

The pure compounds 11 OCB and ME6.05 show only smectic and nematic 

phases respectively. From the phase diagram, it has been found that the 

smectic phase of 11 OCB strongly influences the phase behaviour of the 

system. For mixtures having x > 0.15 (x = mole fraction of 110CB) the 

nematic phase is completely suppressed. For mixtures with 0.03 < x < 0.15 

both smectic A and nematic phases are found to be present. Only nematic 

phase is found for x < 0.03. A strong positive and a negative deviation from 
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the linearity in the isotropic transition temperatures- are obtained for mixtures 

with x ~ 0.4 and 0.8 respectively. Positive deviation from the linearity has 

also been observed by Das et al [2]. Melting temperature shows a minimum 

around x ~ 0.4, where the thermal stability of the smectic A phase is 

maximum. The mixtures can be super-cooled by about 20°C in the 

mesomorphic phase before solidification and the solidification curve 

approximately follows trend of the melting curve. 

4.3 Refractive index and density measurements: 

The refractive indices of the mixtures and that of the pure compounds were 

measured throughout . the. mesomorphic range for A = 5780A, having 

accuracy± 0.001 with the thin prism method (L2°) [7], described in chapter 

2. The variation of refractive indices (n0 , ne) with temperature are shown in 

figure 4.2 (a)- 4.2(c). 
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FIGURE 4.2 (a): Refractive indices (n0 , ne) as function of temperature for pure 
compounds.• ME6.05 and mixtures • x = 0.08; ~ x = 0.18. j represents S-N and t 
N-1 transition temperature. 
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0.18;. ~ x = 0.38; b. x = 0.5; + x = 0.78; ox= 0.86. t represents S-N and j N-1 
transttlon temperature. · 

I have plotted optical birefringence (.1n = ne - n0 ) as a function of 

temperature in figure 43. Birefringence values of ME6.05 are lower than 

those obtained from 11 OCB. This is expected because it is well known that 

cyanobiphenyl have greater birefringence than ester mesogens. On the other 

hand density values ofME6.05 are higher than those obtained from 110CB. 

A discontinuity in the density as well as ~ values at the smectic A to 

nematic phase transition is observed for mixtures having x = 0.08, indicating 

a first order smectic A to nematic phase transition. 
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The densities of the mixtures at different temperatures are determined within 

± 0.1 %, as described in chapter_ 2 of this thesis. The results of density 

measurements are presented in figures 4.4( a) and 4.4(b ). 

1.04 

1.03 
I.) 

~ 1.02 
Cl 

.5 1.01 
0: -~ 1.00 
'iii 
c 
~ 0.99 

0.98 

0. 97 +--.---.---r---r---r--..---..---..---.----,...--,...---,,...---,.---1 
20 30 40 50 60 70 80 90 

Temperature °C 

FIGURE 4.4 (a): Temperature variation of density (p) of mixtures having mole 
fraction of 11 OCB; • x = O.O(ME6.05); • x = 0.08; .A x = 0.18; T x = 0.38. 
j represents S-N andj N-I transition temperature. 
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At a temperature 5°C below the isotropic transition temperature the density 

values increases slowly with mole fraction of 11 OCB up to x = 0.25 and 

then decreases continuously having a broad minimum near x ~ 0.8 (Figure 

4.5). On the other )_land birefringence values increases up to x ~ 0.4 and then 

continuously decreases creating a minimum near x = 0.8. It is to be noted 
~ 

that while density values of 11 OCB are lower than the values obtained from 

ME6.05, the birefringence values are somewhat higher. 
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In figure 4.6, I have plotted thermal expansivity f3 = dp/dT in the smectic A 

phase along with the relative change of density (Bp) during Smectic A 

(nematic) I Isotropic phase transition. In both the cases the respective values 
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increases gradually with increase of x having a maximum near equimolar 

concentration. Similar behaviour is has also been reported by Das et al [2]. 
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FIGURE 4.7: Density values (p) just below (e) and above (o) the clearing 
temperature with mole fraction of 11 OCB (x). 

In figure 4. 7, I have plotted density values in the mesomorphic and isotropic 

phase just below and above the mesomorphic to isotropic phase'-- transition 
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against mole fraction. From this curve it has been found that for both the 

cases two minima are observed near x ~ 0.3 and x ~ 0.8, where enhancement 

· and depression of clearing temperature have been observed. 

The refractive index data can be used in conjunction with density data to 

determine the orientational order parameter. The order parameter and optical 

properties of the system is connected by the relation 

P 
. (a.e-a.o) 

< 2 >= ~=--------"--'-
L\a 

4.1 

where a.e and a.0 are the effective polarizabilities for extraordinary and 

ordinary rays which are calculated from refractive indices usmg 

Neugebauer's method [8]. L\a. = ( a.
11 

- a.1.) ·is the polarizability anisotropy, 

which can be estimated by applying well known Haller's extrapolation 

procedure [9]. In figure 4.8, I have plotted the polarizability anisotropy 

values for pure as well as different mixtures. Although polarizability 

anisotropy values obtained from Haller's.procedure are somewhat scattered, 

a minimum of L\a. near equimolar concentration has· b~en observed. 
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FIGURE 4.8: Variation of (au-aJ.) against mole fraction of llOCB. • 
Neugebauer's method. 
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FIGURE· 4.9 (b): Temperature variation of order parameter <P2> for different 
mixtures and pure compound;~::;. x = 0.50; + x = 0.78; ox= 0.86,• llOCB. 
j Represents the N-1 transition temperature. 

Figure 4.9(a)- 4.9(b) shows the variation of<P2> values with temperature 

for different mixtures as well as for pure components. <P2> values of 

ME6.05 are lower than those obtained from 11 OCB. The experimental 
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order parameter values at the SmA-N phase transition appears to be 

discontinuous for x = 0.08 implying a first order phase transition. 

Maximum <P2> values are obtained for mixtures with x = 0.38 where the 

stability of smectic phase is· maximum. Variations of <P2> with mole 

fraction (x) of llOCB follow the trend as observed from birefringence 

and density measurements (Figure 4.5). 
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Chapter 

Physical Properties of a Mesogenic Mixture 
Showing Induce Smectic Ad Phase 
I: Refractive Index, Density, X-ray 
Diffraction and Static Dielectric 

Permittivity Studies 



5.1 Introduction: 

The induced Sm Ad phase has been observed in bicomponent mixtures when 

none ofthe components ofthis mixture have smectic phase [1-7]. Generally, 

induced smectic phases are formed in binary mixtures of nematogenic 

compounds, one having terminal polar group and other being terminal non

polar one and only in a few cases [8-9], with mixtures of two non-polar 

mesogens. The strong induction of smectic Ad phase is also possible in 

binary mixtures of polar nematic compounds as well [ 1 0-11]. Although, a 

considerable volume of work have been reported in the literature on systems 

involving polar non-polar mixtures of biphenyl compounds showing induced 

smectic phase, not much work have been done on binary systems of 

cyclohexane compounds showing induced smectic phase. 

In this work, I have chosen a binary mixture of 4-n-pentyl phenyl 4-n'-
' 

hexyloxy benzoate (ME60.5) and p-cyanophenyl trans-4-pentyl 

cyclohexane carboxylate (CPPCC). The pure compounds show nematic 

phase only. For a proper understanding of the formation of induced smectic 

phase and their influence on the adjacent nematic phase the physical 

properties of the mixture were studied by DSC, refractive index, density, x

ray diffraction and static dielectric permittivity measurements. The details of 

experimental technique employed are described in chapter 2 of this thesis. 

Phase transitions were studied by observing textures under a polarizing 

microscope equipped with Mettler FP80/82 thermo-system. 
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5.2 Texture study: 

The compounds ME60.5 and CPPCC were gifted by E. Merck, U.K. and 

were used without further purification. The transition temperatures of the 

pure compounds, their structural formula and chemical names are as 

follows:-

Component 1: 

Component 2: 

p-cyanophenyl trans-4-pentyl cyclohexane carboxylate' 
(CPPCC in short) 

CsH~r-@-coo-Q--cN 

K48.7°.CN80.5°C ( 

21.4°C 

4-ri-pentyl phenyl 4-n'-hexyloxy benzoate 
(ME60.5 in short) 

c~~3-o-Q--coo-Q--csHu 
49.5°C 62 soc· K ""N . ,..1 
35.5°C 

Of the eight mixtures, two show only nematic phase and all other have both 

nematic and induced smectic Ad phases. During heating the smectic range is 

very small. The mixtures show large super-cooling. The induced smectic 

phase in this system appears mostly in the supercooli,ngtemperature region. 
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5.3 Phase diagram: 

The phase diagram of this system is shown in figure 5 .1. A detailed study of 

the phase diagram by microscopic observation revealed that the transition 
l 

temperatures are reproducible within ±0.5°C between heating and cooling

cycles for all the mixtures. 
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FIGURE 5.1: Phase diagram for the binary system of ME60.5 + CPPCC. xis 
the mole fraction of CPPCC. o nematic-isotropic transition temperature; • 
smecticAd-nematic transition temperature; EB melting temperature; D. super-cooling 
temperature. 

The nematic-isotropic and smecticA-nematic transition temperatures are 

plotted against concentration. The mixture shows an induced smectic Ad 

phase in the concentration range 0.03 ~X < 0.6, where X is the mole fraction 

of C~PCC. Maximum stability of the smectic phase occurs for mixtures 
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having x z 0.3. While Das et al for binary systems of similar benzoate esters 

and bi-phenyl compounds (5CB) [4-6] have found maximum stability of 

induced smectic phase near equimolar concentration. 

The mixtures show large super-cooling. The super cooling temperatures 

show a minimum near x - 0.6. During heating the smectic range is very 

small for the mixtures within the concentration range 0.03 < X < 0.6. The 

isotropic transition temperatures for mixtures having x > 0.15, lie 

significantly below the straight line connecting those of the pure compounds. 

Textures of the pure compounds and their mixtures in nematic phases show 

typical-marbled type and those in the induced smectic phases are fan-shaped 

or focal-conic, both typical of smectic A phase. Homeotropic texture studies 

also confirmed the existence of orthogonal phase in the induced smectic 

regton. 

5.4 DSC measurements: 

In figure 5.2 the results of the transition entropy are plotted as a function of 

molar concentration (xcPPcc). The change in entropy during smectic Act

nematic phase transition (ilSsN) is larger for x < 0.33 compared to mixtures 

having x > 0.33. With increase in concentration of CPPCC above x = 0.33 

there is a rapid decrease in ilSsN, which suggest that for x > 0.33 the order of 

S-N phase transition is different from that for x< 0.33. 
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FIGURE 5.2. Transition entropies (L\S) as a function of mole fraction of 
CPPCC: • smectic Ad - nematic transition, o nematic-isotropic transition, and b. 

crystal-mesomorphic transition. 

The entropy change associated with the nematic-isotropic phase- transition 

(~SNr) however, decreases with increasing molar concentration (xcppcc), 

which indicates that the nematic phase of this system is relatively disordered 

with increase in the mole fraction of CPPCC. It is to be noted that for all the 

mixtures ~SNr values are higher compared to ~SsN· It appears from the graph 

that ~S values for crystal-mesomorphic transition decreases with increasing 

concentration (x) having a broad minimum near x=0.3. 

5.5 Density measurements: 

The temperature variation of the density values for the mixtures is shown in 

figure 5.3(a)- 5.3(b). A small discontinuity in the density values could be 

observed at the nematic to smectic Ad phase transition for mixtures around a 
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mole fraction near x ~ 0.3; consistent with the observed entropies of 

transition. 
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5.6 Refractive index measurements: 

The temperature dependence of the principal refractive indices n0 and ne and 

the refractive index in the isotropic phase (niso) at wavelength A.= 5780A are 

shown in figures 5.5(a)- 5.5(e). In general, the change in birefringence is 

continuous for x > 0.33 at the smectic-nematic phase transition which 

indicates a very weakly first order or a second order phase transition. On the 

other hand for mixtures with x < 0.33 a discontinuity of birefringence (~n = 

ne-no) occurs at the smectic-nematic phase transition which indicates a first 

order phase transition. This observation is also supported by the density and 

transition entropy measurements of these mixtures. 
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The variation of refractive indices n0 , ne at temperature T=T Nr-3. 5°C and niso 

with mole fraction is shown in figure 5.6. For mixtures with x < 0.24 the n0 , 

ne and niso values are more or less constant. However, these values decreases 

with increase in the molar concentration of x > 0.24 and shows a broad 

minimum near x = 0.4. 

Principal molecular p~larizability ( a 0 , ae) is measured from refractive 

indices (n0 , ne) by using Neugebauer's method [discussed in chapter 2]. The 

orientational order parameter <P2> is calculated using 

5.1 

where a 0 and a~ are respectively the effective polarizability for 

extraordinary and ordinary rays; and a,, and a.1 are the polarizabilities 
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parallel and perpendicular to the long axis of the molecule. The 

polarizability anisotropies in the perfectly ordered state are determined by 

Haller's extrapolation method [as discussed in chapter 2] and the values for 

different concentrations (x) ofthis mixture are indicated in Table 5.1. 

5. 7 X-ray diffraction measurements: 

X-ray diffraction patterns were recorded throughout the mesomorphic range. 

A magnetic field of 0.5T was applied to align the samples. The x-ray 

diffraction intensity data were analysed to evaluate order parameters using a 

procedure described in chapter 2. Layer thickness and the apparent 

molecular length in smectic and nematic phases were also determined from 

x-ray data. Plate 5.1_shows the x-ray diffraction photographs of the oriented 

sample of mixture x = 0.501 in the induced smectic (32°C) and nematic 

phases (44°C). The angular distributions of the x-ray intensity along the 

outer arc of the diffraction pattern, after necessary background correction, 

was used to determine orientational order parameter following equation 

2.17, which has been described in chapter 2. 

(a) (b) 
Plate 5.1: X-ray diffraction photograph of the oriented sample (a) SmAd at 
T=32°C for x=0.501 (b) nematic phase at T=44°C for x=0.501. 
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fl. 

Figure 5.13 - 5.22 show the variation of experimentally determined 

orientational order parameters (OOP) <P2> and <P4> with temperature for 

the system studied by x-ray diffraction measurement. In the same figures, I 

have plotted the <P2> values obtained from refractive index studies. 
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theory. t nematic- isotropic transition temperatures. 

The <P2> values measured from x-ray diffraction studies are somewhat 

smaller than those obtain from refractive index measurements for all the 

mixtures except near the nematic isotropic phase transition. 
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FIGURE 5.22: Temperature variation of <P2> for CPPCC determined 'from • 
refractive index, o x-ray measurements; - <P2> and -- <P 4> from Maier-Saupe 
theory. t nematic- isotropic transition temperatures. 

From the temperature dependences of the orientational order param~ters for 

mixtures at different concentration it is again observed that there is an 

appreciable change in the order parameter value at the smectic Ad to nematic 

phase transition temperature for mixtures around x ~ 0.33. 

I have also fitted the experimental order parameter values with McMillan's 

theory [12] for mixtures having smectic Ad phase using a and() as adjustable 

parameters in the McMillan potential. It may be mentioned that the order 

parameter values has been calculated keeping constant () values over the 

entire composition range. The best fitted theoretical.curve and the values of 

a and () used for this calculations are shown in the respective figures. It is to 

be noted here that, x-ray diffraction photographs of mixtures having 0.15, 

0.24 mole fractions of CPPCC were found to exhibit second order 
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meridional reflections from the smectic · layers implying rather high 

translational order. Orientational order parameter values from x-ray 

diffraction· measurement are also found to be -relatively high for these 

mixtures. The agreement between the experimental <P2> values from x-ray 

diffraction measurements with those calculated from McMillan's theory is 

fair for x = 0.15 and excellent for x = 0.24 (figure 5.15- 5.16). Also, there is 

a discrete change in the values of <P2> and <P 4> at the smectic-nematic 

phase transition, indicating a first order phase transition for these mixtures. 

The mixtures having x = 0.33 and OA2 do not show second order meridional 

reflection (as observed from x-ray diffraction photographs) but these 

mixtures exhibit first order smectic-nematic phase transition as seen from 

the discontinuity in OOP values at the transition (figure 5.17- 5.18). The 

best fitted theoretical curve for the McMillan's theory is also indicated in 

these figures. For mixtures having mole fraction x = 0.046, 0.501 and 0.599, 

the experimental order parameter values seem to change continuously at the 

SIN transition and their agreement with McMillan's theory is fair for x = 0.5 

and 0.599; and poor for x = 0.046. _Mixture with mole fraction 0.85 has only 

nematic phase; hence the experimental <P2> and <P 4> values have been 

compared with the theoretical Maier-Saupe values. 

· In the nematic phase of the mixtures which exhibit induced Smectic Act 

phase, the experimental 00,1? values determined from X-:-ray diffraction study 

are in closer agreement with the theoretical curve compared to that obtained 

from refractive index measurement. But there is disagreement near the 

nematic-isotropic transition temperature. This discrepancy may be due to the 

fact that different approximations and averaging are involved in calculating 

114 



orientational order parameter from experimental data obtained from x-ray 

studies in one hand and birefringence measurements on the other hand [ 13]. 

·The <P 4> values obtained from x-ray diffraction measurement however, is 

always significantly less than the theoretically calculated values in both 

smectic and nematic phases. Such behaviour of <P 4> has been observed by 

others [14-16]. 

Figure 15.23 shows. the variation of OOP values at T=3 5°C against mole 

fraction from x-ray diffraction measurements. The &1 values at the same 

temperature are ~lso plotted in this figure. From this figure it is clear that in 

the smectic phase the OOP values initially increases with molar 

concentration upto x = 0.24 and then decreases and .showing a broad minima 

around x = 0.4. The &1 values _also show. similar behaviour. Previous 

workers have also observed similar trend in the variation of <P2> and 

birefringence with mole fraction for a binary mixture ME60.5 and a 
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FIGURE 5.23: Concentration variation of <P2> values obtained form x-ray 
diffraction measurement and &1 values at T=35°C. 
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a cyanobiphenyl (5CB) as the individual components. However, for such 

system this minimum has been observed for nearly equimolar concentration 

[4]. 

Regarding the behaviour of entropy change associated with the smectic -

nematic phase transition, ~SsN in this system, I have calculated ~SsN from 

McMillan's theory, taking the values of a,8,1l,'t and a, at either side of the 

smectic nematic transition temperature obtained from the best fit theoretical 

curve to the experimental x-ray. <P2> data. The ~SsJr(SN-Ss) is calculated 

from the following well-known expressions [17]. 

Nk 2 s:2 2 ln S s = - -. (17 s + auT s + au s) + Nk Z s 
T 
Nk 2 

SN =--. 1JN +Nk lnZN 
T 

where r· = kT 
v 
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Figure 524 shows the theoretically estimated and experimentally determined 

entropy values. It is obserVed that, although the general trend of the 
• 0 

behaviour of entropy change at the smectic Ad - N phase transition, ~SsN, in 

the region of the induced smectic phase is reproduced by the theory, the 

calculated values of the entropy change at the smectic·to nematic transition 

are somewhat 1.4 times larger. The agreement could have been better by 

changing the values of a and 8, but I have used only those values which give 

best fit to our experimental order parameter values. 
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The temperature variation of the layer thickness for the mixtures is shown in 

figure 5.23. It can be se~n that the layer thickness (d) values are almost 

independent of temperature. This is quite common in smectic A phases. 
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. . 
However, the apparent molecular lengths (1) in the nematic phase increases 

with increasing temperature. 

The temperature variation of lateral intermolecular distance (D) for all the 

mixtures is shown in figure 5.24. It is seen that D values are almost constant 

throughout the mesophase. except near the clearing temperature. 

The composition variation of layer thickness at 35°C is shown in figure 5.25. 

The variation shows a broad minimum of ,...,21.6A at about x=0.42 

concentration. This behaviour is also observed by Das et al [4-6], where the 

layer thickness shows a minimum at about equimolar concentration. In order 

to calculate the variation of layer thickness with molar concentration we 

assume .that the pure CPPCC molecules (molecule A) form association in the 

nematic phase. The apparent molecular length of CPPCC as determined 

from x-ray diffraction studies is 24A, ~hich is much larger than its model 

molecular length of 1 7 A. It is considered that the molecules form association 

and the pure state is a mixture of predominantly associated dimers and 

monomers, which are in dynamic equilibrium. On the other hand, since the 

apparent molecular length ofME60.5 molecule (molecule B), as determined 

from x-ray studies [4], is almost equal to the model molecular length, so the 

molecule B exists as a monomer in its pure state. In mixtures we can assume 

that the terminal polar molecules form homo dimers (AA) as well as hetero 

dimmers (AB). The possibility. of formation of such homo and hetero 

complexes was proposed earlier by Dabrowski et al. [18]. Garg and Spears 

from their molecular modeling on a related system showed a strong 

· interaction between two species forming hybrid molecule [ 19]. Such cross 
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interaction is also proposed by Kyu et al [20-21] from their theoretical work 

on induced smectic A phase. 
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FIGURE 5.26: Percentage of different species A, B, AB and AA as a function of 
mole fraction of CPPCC. 

Hence in the mixtures we can assume that there exist A, B, AA and AB 

types of molecules in equilibrium. The mole fractions of different species 

xA, xB, XAA and xAB can be determined from the equilibrium constants KA 

and KAB for the associations, A+ A ~AA, A+ B~AB, respectively. Using 

equilibrium constants KA = 1 000 and KAB = 800, the percentage of different 

species, A, B, AA and AB as function of mole fraction of CPPCC, have 

been calculated, which is shown in Figure 5.26. These values ofKA and KAB 

are typical of similar systems we have studied previously [22]. 
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The average d value may then be written as 

5.3 

where XA, x8 , XAA, XAB are mole fractions of respective components in 

chemical equilibrium, dA and ds are taken to be equal to the lengths of the 

molecules A and B as obtained from molecular model kit. dAB is taken as the 

arithmetic mean dA and d8 , while dAA has been adjusted so that in pure 

terminal polar compound, which has both A and AA molecules, the apparent 

molecular length equals (= xAdA +xAAdAA) the experimentally observed d 

value. The values of d at T = 35° C, calculated from equation (5.3) is shown 

in Figure 5.25. It is to be noted that the values ofKA and KAB can be varied 

by about 15% without much change in the calculated values of d. From 

figure 5.25 it is seen that the calculated result for the layer thickness is in 

excellent agreement with the experimental values. 

In figure 5.27- I have also plotted the average lateral distance between the 

molecules at T=3 5°C with molar concentration. Interestingly, it is seen that 

D values are more or less constant for x<0.24 and then increases showing a 

maximum near equimolar concentration. 
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5.8 Permittivity measurements: 

The temperature variations of the dielectric permittivities ( c
11 

and E.L) are 

shown in figures 5.28(a)-5.28(c). There is no sharp discontinuity in the 

measured permittivity components for the mixtures as well as pure 

compounds at the nematic to isotropic transition. The mixtures and the pure 

compounds exhibit positive dielectric anisotropy. Dielectric anisotropy (Ac) 

is large for pure CPPCC and this is due to the terminal polar CN group. On 

the other hand Ac f<;>r non-polar ME60.5 is very small. The isotropic 
-

dielectric permittivity ( Eiso) and the average dielectric permittivity E = 

{1/3(c
11 

+ 2E.L)} of this mesogen almost coincide at the nematic-isotropic 

phase transition temperature, as predicted by Madhusudana and 

Chandrasekhar [23]. 
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The value of the isotropic dielectric permittivity ( Eiso) of the mixtures 

extrapolated to the nematic phase is greater than the average dielectric 

permittivity. Mixtures with mole fraction x in the vicinity. of 0.3, show a 

discontinuity in the permittivity components at the smectic-nematic 

transitions. The value of both the dielectric-permittivity components reduces 

in the smectic phase. This reduction is maximum when xis near about 0.3. 

Incidentally, these mixtures correspond to that region of the phase diagram 

where the induced smectic Act phase is most stable. Similar effects have been 

observed in mixtures of SCB and ME50.5 [6]. For other mixtures there is no 

longer such a discontinuity in the permittivity components at the smectic

nematic transitions. 
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> In Figure 5.29 I have plotted L\a as a function of mole fraction of CPPCC 

corresponding to a reduced temperature TR = (T/TN1) = 0.95. At this reduced 

· temperature all the mixtures with mole fractions. 0.03<x<0.6 show SmAct 

phase. The L\a values having mole fractions x >0.2lie significantly above the 

average· values, shown by a straight line connecting those of the pure 

compounds. 

Similar to the assumptions made in the calculation. of the smectic layer 

spacings (d) as discussed previously in this chapter, in order to calculate the . 

variation of L\a with molar concentration, it is again assumed· that the 

molecules form association and the pure state is a mixture of predominantly 

associated dimers and monomers, which are in dynamic equilibrium. The 

percentage o£ different species has already been shown in figure 5 .26. 
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The average values of L\a may then be written as 

5.4 

From 5.26 it js apparent that in pure CP_PCC only 3% of A monomers are 

present. In mixtures this value gradually decreases with decrease in the mole 

fraction of CPPCC and is nearly absent-around x ~ 0.5. Since I am not in a 

position to calculate 1\aA, in this calculation I assumed 1\a~ L\aAA=5.57 (i.e. 

the experimentally determined 1\a value of pure CPPCC at TR = 0.95). I have 

assumed 1\aB is the dielectric anisotropy for ME60.5 at TR = 0.95. However, 

I still do not know the value of 1\aAB, which may be estimated as follows:

From figure 5.26 it is evident that for mixture with x~ 0.4 there is no A 

monomer and about 70% of the molecules are forming AB dimer. Knowing 

the experimental value of L\a at TR = 0.95, I have estimated 1\aAB for AB 

dimer from equation 5 .4. 

5.5 

From this calculation, 1\aAB Is estimated to be 5.258 at the reduced 

temperature, T R = 0.95. 

The values of L\a at TR = 0.95, calculated from equation 5.5 is shown in 

figure 5.29. It is to be noted that the values ofKA and KAB can be varied by 

about 15% without any appreciable change in the calculated values of 1\a. 

From Figure 5.29 it is seen that the calculated result for the dielectric 

anisotropy is in excellent agreement with the experimental values. 
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FIGURE 5.30: The dielectric anisotropy LlE in the nematic phase plotted against 
mole fraction of 5CB (x) at a reduced temperature, TR = 0.99 for binary mixture 
ME50.5 + 5CB. The open circles are experi~ental points and the solid line 
represents the calculated values. Dotted line represents the calculated values using 
additive rule by Dunmur et al. [2]. · 

Previously, Das et al have successfully explained the variation of layer 

thickness with molar concentration by assuming the formation of two types 

of dimers in a related mixture of SCB and MESO.S showing induced smectic 

Act phase [ 6]. Extending this work to explain the molar concentration 

dependence of the dielectric anisotropy of the same mixture (SCB + 

ME50.5) as reported by Dunmur et al [7], it is observed that the results of 

this calculations using equation 5.5 are also in good agreement with the 

experimentally determined values as shown in figure 5.30. 
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These results once again prove the validity of the model of formation of 

molecular associations in the form of homo and hetero dimers in polar - non 

polar mixtures exhibiting induced smectic Ad phases [22]. 

Table 5.1 : Polarizability anisotropy calculated from Haller's 

extrapolation procedure for different mixtures 

X 
-24 

(<XII- a..L)xlO 

0.046 16.75 

0.24 14.26 

0.33 ! 14.845 

0.42 14.99 

0.15 15.50 

0.501 15.265 

0.599 15.40 

0.85 17.508 
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I Chapter 

' 

Physical Properties Of A Mesogenic Mixture 
I Showing Induce _Smectic Ad Phase 

II: Diamagnetic Susceptibility Anisotropy And 
Splay And Bend Elastic Constants 



6.1 Introduction: 
, 

In chapter 5, I have reported some physical properties of a binary system 

(ME60.5 + CPPCC) showing induced smectic phase from x-ray diffraction, 

refractive index and dielectric anisotropy measurements. In this chapter the 

results of magnetic susceptibility anisotropy measurements on the same 

mixture, throughout their mesomorphic and concentration range is reported. 

The splay (Ku) and bend (K33) elastic constants, for this binary system have 

also been determined by observing Freedericksz transition [ 1] in magnetic 

field. It is to be noted that, although the formation of induced smectic phase 

is undesirable in LCD materials, its presence at a lower temperature than the . 

working temperature of the LCD may be helpful under certain conditions [2-

4]. The performance of liquid crystal materials in LCD's depends critically 

on the temperature dependence of the dielectric, optical, elastic constants 

and the viscosity coefficients of the materials to be used. Measurements of 

Frank elastic constants [ 5] play an important role in characterizing liquid 

crystal display devices and this information is important from display 

manufacturing point of view [ 6-8]. Again, precise determination of the 

elastic constant requires knowledge of the corresponding diamagnetic 

anisotropy of the material. 

6.2 M~gnetic susceptibility measurement: 

The details of the experimental techniques involved have already been 

· described in chapter 2 of this thesis. The experimental data for magnetic 

susceptibility anisotropy have been analysed to calculate the order parameter 

.of the system. 

The phase diagram of this mixture has been reported and discussed in 

chapter 5. As observed earlier, this mixture shows an induced smectic Ad 
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phase in the concentration range 0.03<x<0.6, where x is the mole fraction of 

CPPCC. Refractive indices (n0 , ne) as well as birefringence (&1) show a 

minimum near x=0.4. The orientational order parameters as calculated from 

refractive index and x-ray diffraction studies of this mixture, when plotted 

against composition, show a minimum near the x=0.3. The layer thicknesses 

also show a minimum near x=0.4. It is of interest to investigate whethe~ the 

magnetic susceptibility anisotropy dX and orientational order parameter 

<P2> as determined from magnetic susceptibility studies, also follow a. 

similar trend. Moreover, the experimental magnetic susceptibility·anisotropy 

dX data, which has been analyzed to calculate the temperature variation of 

the order parameter [9-10] of the system, is widely accepted to be one of the 

best methods. 

10 0 x=O.O 
ED x=0.046 

9 * x=0.15 

8 
b. x=0.24 

.A x=0.33 

7 

':' 
Cl 6 .... 
)( 5 
~ 

4 

3 

2 

0.86 0.88 0.90 0.92 0.94 0.96 0.98 . 1.00 

TR 

FIGURE 6.1: Variation of magnetic susceptibility (~xj with reduced 
temperature for different mixtures and pure compounds. 

The m.ass. diamagnetic susc.eptibility as a function of temperature for eight 

different concentrations of this mixture has been measured. Both the· pure 

compounds and their mixtures are found to be diamagnetic in nature. Our 
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experiment g1ves, therefore, the principal susceptibility parallel to the 

director. The diamagnetic susceptibility anisotropy as a function of reduced 

. temperature for all the eight mix1l:Ires as well as pure compounds are shown 

in figure 6.1 - 6.2. 

8 * x-0.42 
"f' x=0.501 

7 - <> x=0.599 

+ x=0.85 

. 6 • x=1.0 

3 

2 
<> 

1+-~~~~~~~~~~~~~ 

0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00 

TR 

FIGURE 6.2:. Variation. of magnetic susceptibility (ilx) with reduced 
temperature for different mixtures and pure compounds. 

For all the mixtures as well as pure compounds, x
11 

and hence t1x increases 

with qecrease in temperature in nematic and smectic phases. Anisotropy of 

diamagnetic susceptibility values ofME60.5 are higher than those obtained 
. . 

from· CPPCC. This is expected because ME60.5 contains two phenyl rings 

with terminal alkyl chains and henqe gives large diamagnetic anisotropy. On 

the other hand CPPCC molecule contains one cyclohexane ring and ·one 

benzene ring in its core. As expected, the replacement of one aromatic 

benzene ring by cyclohexane leads to a decrease in anisotropy. Presence of 

the terminal CN group in CPPCC with a negative magnetic anisotropy 

reduces the anisotropy further [ 11]. Since this system exhibits induced. 

smectic · phase and the behaviour of physical parameters is more or less 
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complex compared to the pure compounds, additional interactions between 

the constituent molecules may play an important role on the physical 

properties of the mixtures. 

In the isotropic state, Xiso remains practically independent of temperature 

similar to the ordinary diamagnetic substances. In the solid phase the 

susceptibility x also remains independent of temperature and its value is 

nearly equal to that in the isotropic phase. This happens due to the fact that 

during this transition a large amount of energy is released in the form of 

latent heat, which overcomes the magnetic energy. Hence in going through 

this, the completely oriented ensemble of molecules is broken into almost 

randomly oriented crystallites in the solid phase. This loss of alignment may 

be regarded as the cause of observed decrease in x and hence ~X [12]. The 

changes in ~X values at the SmAd - N transition are more pronounced for 

mixtures with x = 0.24 and 0.33. Similar behaviour is also observed in 

birefringence (~n) as well as in the density values of these mixtures [13]. 

The experimental data for ~X have been analyzed to calculate the order 

parameter of the system. As discussed in chapter 2, the determination of 

order parameter from equation 2.48 requires knowledge of the absolute 

susceptibility anisotropy values (~X0). Since the experimental data on ~Xo 

are not available, one can derive from equation 2.3 7 only the relative 

temperature dependence of <P2>. However, ~Xo can be estimated using well

known Haller's extrapolation method [14]. 

134 



16,--------------------------. 
,-,, 

-d \ 
, *' 14 , \ 

,' \ 

, \* , \ 

12 : \ 

~ \ 
~ 10 
>< 

:J 
- 8 

6 

\ 
\ 

4~~~~~~~~~~~--~~ 
0.0 0.2 0.4 0.6 0.8 1.0· 

Mole fraction of CPPCC 

FIGURE 6.3: Variation of ~Xo with reduced temperature for different mixtures 
and pure compounds. 

In figure 6.3 I have plotted the absolute susceptibility anisotropy values 

estimated from Haller's method in the most ordered crystalline phase against 

mole fraction of CPPCC. The ~lo values decreases with increase in mole 

fraction of CPPCC. From the figure it is cle~r that inspite of the inaccuracies 

involved in this calculation and the arbitrariness of the Haller's procedure, 

there appears to be a minimum of ~X9 values near x=0.4. 
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. 0.3 
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FIGURE 6.4: Temperature variation of order parameter <P2> with reduced 
temperature for different mixtures and pure compounds.t SmAd-N transition. 
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FIGURE 6.5: Temperature variation of order parameter <P2> with reduced 
temperature for different mixtures and pure compounds.t SmAd-N transition. 

The temperature variations of order parameter values for all the eight 

mixtures and pure components are shown in figures 6.4 - 6.5. From the 

temperature dependences of the orientational order parameters for mixtures 

at different concentration it is again observed that there is an appreciable 

change in the order parameter value at the smectic Ad to nematic phase 

transition temperature for mixtures in the range 0.15<x<0.42. 
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FIGURE 6.6: Variation of Xiso for binary mixture of ME60.5+CPPCC with mole 
fraction. Dotted line represents the average value. 
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The composition variation of the magnetic susceptibility in the isotropic 

phase, Xiso' of all the mixtures is shown in· figure 6.6. The experimental 

values of the pure components ME60.5 and CPPCC are also plotted in the 

same figure .. It has been found that the Xiso values decreases with molar 

concentration and deviates from linearity (shown by straight line connecting 

those of the pure compounds).· This deviation is maximum near x ~ 0.6. 
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FIGURE 6~7: Variation of !)..X and order <P2> of CPPCC + ME60.5 mixture 
with mole faction of CPPCC at a fixed reduced temperature TR = 0.99 TNJ. b. 

!).X values, o <P2> from magnetic susceptibility, .& <P2> from x-ray diffraction 
and • <P2> from refractive index measurements. 

Figure 6. 7 shows the composition variation of ~X in the mixture CPPCC + 

ME60.5 ·at a reduced temperature of TR= 0.99TNI· The order parameter 
' values from magnetic susceptibility measurement are also shown in this 

figure. The ~X values are higher for mixtures having mole fraction x<0.3 in 

comparison to the both the pure compounds. In the concentration range 

x>0.04, ~X values decreases with increase in molar concentration and shows 

a broad minimum near x=0.3. The orientational order parameter <P2> also 

shows a minimum there. The magnetic susceptibility data therefore is found 
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to agree quite well with the findings from refractive index as well as x-ray 

diffraction studies on this system. The maximum in the stability of smectic 

~phases (x=0.33) corresponds to the minimum of the order parameter. The 

birefringence shows a minimum nearly the same composition range (13]. 

This lowering in the order parameter values has also been confirmed from 

the present magnetic susceptibility studies done on this system. 

6.3 Elastic constants measurement: 

In this section, I present the results of the splay and bend elastic constants 

measurement of this mixture. The experimental set up and the techniques 

adopted have been given in detail in chapter 2. The values of splay (K11) and 

bend (K33) elastic constants as functions ofreduced temperature (TR=T/TN1) 

are given in figures 6.8 and 6.9 respectively. 
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FIGURE 6.8: The splay (Ku) elastic constant as a function of reduced 
temperature (T R=T/T NI): 
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Figure 6.10 shows the K 3i K11 ratios for the pure compounds·as well as their 

mixtures as a function of reduced temperature. It is observed that the K 3i 
K11 values decreases with increasing temperature. as is expected. For· 

mixtures exhibiting the induced smectic phase, the K33/K11 values in the 

nematic shows a sharp increase particularly near the SmA-N transition. This 

increase of the bend to splay has also been reported by Bradshaw et al [2] in 

hybrid mixtures containing phenyl benzoate esters. Possible reason for this 

may be formation of smectic clusters as pre-transitional effects. Whereas 

such rapid increase is not found in the mixture (x=0.85), possibly because 

this mixture was studied in the concentration range which is far away from 

the induced phase region. 
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FIGURE 6.9: The bend (K33) elastic constant as a function of reduced 
temperature (TR=T/TNI). 
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FIGURE 6.10: The splay to bend elastic constant ratios (K33/ Ku) as a function 
of reduced temperature (TR=T/Tm=0.99TN1). 
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FIGURE 6.11: The splay to bend elastic constant ratios • K33/Ku as a function 
of mole fraction ofCPPCC at reduced temperature (TR=T/TN1=0.99TNJ). 

In Figure 6.11, I have plott~d the K33/K11 values at T=0.99TN1 against mole 

fraction ofCPPCC. The variation ofK33/ K 11 shows a minimum near x=0.33 

where the maximum stability of induced smectic Ad 1s observed in the 

mixtures. 
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The values of (K33/K11 ) for all the mixtures are lower than those of the pure 

compounds. Low values of (K33/K11 ) were observed in the binary mixtures 

[15-17] of strongly polar compounds containing terminal cyano groups 

together with weakly polar or non-polar esters [2]. This may be a 

consequence of the reduction in anti-parallel ordering of the cyano 

molecules (CPPCC) as the non-polar esters (l\.1E60.5) are added. 
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Chapter 

Phase Transitions and Physical Properties of 
a Binary Mixture of Bicyclohexane 

Compounds: 
Refractive Index and X-ray Diffraction 

Measurements 



7.1 Introduction: 

Liquid ccystal material research have contributed significantly both to the 

development of liquid crystal display (LCD) technology and also at the same 

time to the better understanding of the phase behaviour of soft condensed 

matter systems. Thus, attempts are being continuously made to study the 

material properties of both pure compounds as well as their mixtures for a 

better insight into the basic understanding of liquid crystalline behaviour, so 

that better display devices can be made. 

In this chapter, I present the phase diagram, DSC, birefringence, density and 

x-ray diffraction measurements of a binary mixture of two isomeric non

polar bicyclohexane compounds contaiJ?.ing alkenyl side chains. So far, there 

are only a few liquid crystal classes described in the literature whose core 

consists of two cyclohexane rings. The physical properties of the pure 

components have been studied previously in ~ur laboratory [1-4]. These two 

compounds, one comprising of only nematic phase (ld(3)CC02) and the 

other only smectic B phase (Od(4)CC02), are characterized by similar 
- f 

molecular structure, except for a shift in the position of the double bond. It 

has been shown by Schadt et al [ 5] that, the introduction of a double bond at 

specific side chain positions markedly affects the physical properties of 

liquid crystals. With a view to study the effect of the position of double bond 

in the alkenyl side chain on the mesomorphic properties, mixtures of these 

compounds have been prepared. Physical properties of these mixtures have 

been studied at seven different compositions. Phase diagram for this system 

shows the presence of mixtures with only smectic B phase, only nematic 

phase and mixtures with both smectic a and nemat~c phases. A two phase 

(smectic B- nematic) co-existing region (-2-3°C) has also been observed for 
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a small concentration range for these mixtures. Differential scanning 

calorimetric studies on these mixtures have been done and the entropy 

changes associated with the smectic B - nematic and nematic - isotropic 

phase transition have been ·calculated. Densities and refractive indices (n0 , 

ne) have been measured for these mixtures. The refractive index data have · 

been analyzed to yield orientational order parameters. From the DSC, 

density and birefringence measurements, the nature of the smectic B -

nematic phase transition for these mixtures and the behaviour of these phase 

transitions with concentration has been assessed. 

For x-ray diffraction measurements we have selected a few compositions of 

this mixture, which show both the smectic B and nematic phases. Two 

mixtures with molar concentration of ld(3)CC02 = 0.6 (Mixture A) and 0.73 

(Mixture B) have been studied thoroughly throughout the entire 

mesomorphic range. DSC studies for these two mixtures show a weakly first 

order or a second order phase transition in going from the smectic B to the 

nematic phase. 

According to Birgeneau and Lister [6], the smectic B phase is a realization 

of the stacked hexagonal phase possessing BOO found in two dimensions. 

The order parameter associated with a system having six-fold symmetry, as 

in the case of smectic B liquid crystals is the Bond Orientational Order, 

defined to be the thermal average of the quantity 

'l'(r) = ( exp (i6 8 (r )) 7.1 

where, the bond angle 8(r) is the orientation, relative to any fixed laboratory 

axis, of a bond between two nearest neighbour molecules. The x-ray 
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diffraction patterns have been analysed to determine the temperature 

dependence of the Bond Orientational Order (BOO) in the smectic B phase 

of only mixture A, where it has been possible to obtain a good mono-domain 

sample. 

Orientational order parameters have also been studied throughout the entire 

mesomorphic range for mixtures A and B. The intermolecular distance, layer 

thlckness and apparent molecular lengths of several mixtures (x = 0.3, 0.4, 

0.5, 0.6 and 0.73, where x is the mole fraction of 1d(3)CC02)) have also 

been studied. Although x-ray [7-13] and electron diffraction [14,15] studies 

on smectic B phase have been reported so far, not much work has been done 

to determine the BOO and OOP in smectic B phase of bicyclohexane 

compounds. The BOO values obtained have been utilized to characterize the 

SmB phase which is found to be of the crystal B type. The BOO values of 

mixture A are found to· be nearly independent of temperature in the SmB 

phase but increases with temperature within the co-existing SmB-N phase. 

The transverse correlation length diverges near the vicinity of the two-pha~e 

co-existing SmB-N region indicating a second order phase transition. 

7.2 Experimental: 

Phase diagram and texture study: 

The compounds were donated by MIS Hoffmann-La-Roche and Co., Basel, 

Switzerland and were used without further purification. Phase transitions of 

the pure samples as well as their mixtures were studied by observing 

textures under crossed polariser with a polarizing microscope equipped with 
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a Mettler · FP80/82 Thermo-system. The structural formula, transition 

temperatures and chemical name of the pure compounds are as follows: 

. Compound 1: -~ 0~ 

44°C 76.5°C K N , •I 
24.5°C 

· 4(3"- pentenyl) 4'(ethoxyl) 1,1' bicyclohexane (1d(3)CC02) 

Compound 2: 
0~ 

K 11oC. SmB43oC•I 

4-ethoxy, 4'- pent- 4"- enyl bicyclohexane (Od(4)CC02) 

The phase diagram of this system is shown in figure 6.1. The nematic

isotropic and smectic B-nematic transition temperatures are plotted against 

mole-fraction (x) of 1d(3)CC02 in figure 6.1. It has only been possible to 

measure the supercooling temperature for mixture with x = 0. 71 and the pure 

compound 1d(3)CC02 due to lack of cooling facilities in· our laboratory. 

Texture study of these mixtures showed typical marbled texture in the 

nematic phase and a mosaic texture in smectic B phase. 

DSC measurements: 

Transition entropies ~S (J mor1K-1
) were obtained from DSC studies (at a 

heating rate of 1 °C/min) using a Mettler FP84HT TA Cell. 
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Density measurements: 

The densities of all the binary mixtures were measured with the help of 

dilatometer of the capillary type. Density measurement of the pure 

compounds has already been done in our laboratory [1-2]. Temperature 

during the experiment is controlled to about ± 0.5°C by a temperature 

controller. Experimental uncertainty of the density measurement is 0.1 %. 

Refractive Index measurements: 

The ordinary and extraordinary refractive indices (n0 ,. ne) for wavelength A= 

5780A of mercury vapour lamp were measured within+ 0.001 by thin prism 

method (refracting angle < 2°) [16]. Details of the experimental technique 

used have been described in chapter-2 of this thesis. From the density and 

refractive index values, I have calculated the principal polarizabilities 

(a
111
,a1.) using Neugebauer's anisotropic internal field model [17] and 

Haller's extrapolation procedure [18]. 

X-ray diffraction Measurements: 

X-ray diffraction patterns are recorded using a flat plate camera at several 

temperatures within the mesomorphic phase using Ni filtered CuKa radiation 

of wavelength A= 1.542A. For x-ray diffraction study, the pure compounds 

as well as their mixtures could not be aligned even in a magnetic field of 

about 0.6T. The magnetic susceptibility anisotropy, ~X for these compounds 

being almost zero, it is not possible to obtain monodomain samples by 

application of magnetic field. However, I succeeded in obtaining very good 
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monodomain samples in which the hexagonal symmetry of the SmB phase 

extended _throughout the bulk sample by controlled cooling (at the rate of 

0.1 °C/min) of the samples kept in 0.5mm diameter glass capillaries, from the 

isotropic state to room temperature (-20°C). By trial a monodomain sample 

was selected and the capillary is rotated in such a way that the layer normal 

coincided with the direction of the x-ray beam. At this position of the 

capillary x-ray photographs are recorded. Photographs for orientational order 

parameter measurements are taken after rotating the sample filled capillary 

90 degrees with respect to the previous position such that the smectic layer is 

now parallel to the direction of x-ray beam. 

The x-ray diffraction photographs are scanned by a Mustek 1200 UB 

scanner. The gray mode scan is used and the resolution was set at 600 dpi. 

Optical densities of the pixels are calculated and then converted to X-ray 

intensities with the help of a calibration curve following the procedure of 

Klug and Alexander [19]. The Origin 7.0 software is used for data analysis 

purpose. 

7.3 Results And Discussions: 

From a detailed study of the phase diagram by microscopic observations, it 

is observed that for mixtures within the concentration range 0.2 < x < 0.8 (x 

= mole fraction of 1d(3)CC02), both smectic B and nematic phases are 

present. Mixtures with x < 0.2 show smectic B phase only and for x > 0.8 

show only nematic phase. 
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For mixtures with mole fraction between x ~ 0.5 to x ~ 0.8 a two-phase 

(SmB- N) co-existing region of 2-3aC is ·observed. The phases ~ould be 

identified distinctly under polarizing microscope and the co-existing phases 

are quite stable. All the mixtures show large super cooling. 
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FIGURE ·7.1: Phase diagram for the binary system of ld(3)CC02 and 
Od(4)CC02 • x is the mole fraction of ld(3)CC02• • nematic (smectic B) -
isotropic transition temperature. D smectic B- nematic transition temperature; .& 

melting temperature; 'Y super- cooling transition temperature; shaded region 
represent the co-existing smectic B - nematic phase. 

The isotropic transition temperature for these mixtures lie significantly 

below the straight line connecting those of the pure compounds and a fairly 

deep minimum is observed in the clearing curves for x ~ 0.4. The melting 

· temperatures for these mixtures however follow the additive rule. 
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Figure 7.2 shows the entropy change associated with the smectic B - nematic 

and nematic - isotropic phase transition plotted against mole fraction of 

ld(3)CC02• From the figure it is evident that the entropy change associated 

with the smectic B - nematic phase transition for these mixtures decreases 

linearly in the region x = 0 to x = 0.55 and then falls rapidly at x = 0.6. This 

clearly implies a change in the order of this phase transition from 

discontinuous to continuous at this value ofx (= 0.6). The nematic-isotropic 

entropy change shows a minimum near equimolar concentration. 
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The variation of ordinary (no) and extraordinary (ne) refractive indices with 

temperature are shown in figures 7.3(a) - 7.3(b) for /.., = 5780A. The 

ordinary as well as the extraordinary refractive indices are found to be nearly 

independent of temperature in the smectic B phase, except very near to the 

smectic B-nematic (or isotropic) transition temperatures for all the mixtures. 

The ne and n0 values are however quite sensitive to temperature in the 

nematic phase. In the co-existing smectic B - nematic phase, I have been 

able to measure simultaneously the refractive indices of both the smectic B 

and the nematic phases. The ordinary refractive indices for smectic B and 

nematic phases are the same, whereas the extraordinary refractive index for 

the nematic phase (nen) and smectic B phases (nes) are different. The 
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temperature dependence of nes is large? but nen is more or less independent of 

temperature. 
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different mixtures. • x=0.6; o x=0.68; • x=0.73. 

The optical birefringence &1 (= ne-n0 ) are shown iri figures 7.4 (a) -7.4 (b) 

for these mixtures, which are found to be very low and is less than 0.1 even 

in the smectic B phase. The temperature dependence of the density values 

for different mixtures as well . as the pure compounds are plotted in figure 

7.5. T]).e change of birefringence as well as density values at the smectic B

nematic phase transition seems to be continuous for x ;:::: 0.55 which indicate 

a weakly first order or second order phase transition. 

., 
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Both birefringence (~n) and density values changes sharply with 

temperature within the co-existing smectic B-nematic phase.. Also, the 

temperature dependences of the density values in the smectic B phase are 

much higher for mixtures with x :s; 0.55 than in the smectic B phase for those 

mixtures with x;;::: 0.55. Incidentally the two-phase smectic B- nematic co

existence region is present for mixtures with x ;;::: 0.55. The temperature 

dependences of the density values show a steep variation within the co

existing phase in comparison to its dependence within its nematic and 

smectic B neighbours. I also observe similar behaviour of birefringence 

values for these mixtures (figure 7.4). 
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• Neugebauer's method. 

In figure 7.6, I have plotted the polarizability anisotropy (~a) values for the 

pure compounds as well as for the different mixtures. I have observed that a 

decrease in the values of ~a with mole fraction of ld(3)CC02 which shows 

a broad minimum near x ~ 0.6. 

The temperature variations of orientational order parameter <P2> for the 

different mixtures are shown in figures 7.7(a) - 7.7(b). Similar to the 

observed trends in the temperature dependences of the density and 
' 

birefringence, the <P2> values drops sharply at the nematic - smectic B 

phase transition for mixtures with x < 0.5 once again indicating the order of 

the nematic-smectic B phase transition for these mixtures to be of first order 

(figure 7.7(a)). 
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The. order parameter values however changes continuously across the 

nematic - smectic B transition temperatures for mixtures with molar 

concentration x > 0.5 as indicated in figure 7.7(b). It is also observed that 

within the co-existing phase the temperature variation of <P2> is quite sharp 

which corroborate the results of density and refr.active index measurements. 
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FIGURE 7.8: Density (p), <P2> and .rut against mole fraction of ld(3)CC02 at 
T= TNI (Tsi)- 2 °C. c.-~ p,'~ <P2>, 0 &1). 

Figure 7.8 shows the variation of <P2>, &1 and density with mole fraction of 

ld(3)CC02 at a temperature T = TNr(Ts1)-2°C. The <P2>,·&1 and density 

values in the nematic phase show a minimum near x ~ 0.6. 
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(a) (b) 

FIGURE 7.9: X-ray diffraction photograph from an aligned sample of mixture A 
(x= 0.6001), where the incident x-ray beam parallel to the layer normal. (a) 
Smectic B phase 25°C (b) Co-existing SmB-Nematic phase at 35.5° C 

Figure 7.9(a) shows the x-ray diffraction photograph of the aligned sample 

in the smectic B phase of mixture A at 25°C where the incident x-ray beam 

is parallel to the layer normal. The outer diffraction ring is split up into six 

spots, clearly showing the hexagonal molecular arrangement within the 

layers. Almost identical photographs have been observed from room 

temperature up to the smectic B to nematic phase transition except in the co

existing SmB-N phase. The co-existing phase is marked by the appearance 

of relatively sharp x-ray diffraction spots exhibiting the hexagonal symmetry 

of the SmB phase, superimposed on the diffuse liquid like outer ring 

characteristic of the nematic phase with the direction of the incident beam 

parallel to the nematic director (figure 7 .9(b) ), indicating the presence of 

both nematic and smectic B domains. Similar behaviour of these mixtures 

has also been observed from refractive index measurements, where I have 
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been able to observe and measure the refractive indices for both the smectic 

B and nematic phases in the co-existing region. 

7.10 (a) 

7.10(b) 7.10(c) 

FIGURE 7.10: X-ray diffraction pattern of an aligned sample of mixture A, 
where x-ray beam is incident perpendicular to the layer normal: (a) x = 0.6 SmB at 
T = 23°C; (b) smectic B-nematic co-existing phase at 35° C; (c) nematic phase at 
38°C. 

The x-ray diffraction pattern of a well oriented monodomain sample of 

mixture A in the smectic B, smecticB-nematic co-existing phase and nematic 

phases are shown in figures 7.10(a) - 7.10(c) respectively. These 

photographs are obtained after slow cooling of a drop of the liquid crystal 

placed on a glass plate with the x-ray beam incident parallel to the glass 

plate. The x-ray patterns are recorded using a 2-D area detector (Ill- Star, 

Siemens AG). 
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The bond orientational order has been calculated by evaluating the 

expressiOn, 

r/6 r'6 _ (cos( 6 e ) ) =. cos ( 6 e ) I ( e ) de I cos I (e) de 7.2 

where, f(9) is the angular distribution function of centre of mass of the 

neighbouring molecules with respect to a central molecule and the angular 

distribution function has a maximum at 9 = 0. The above equation can be 

approximated by the following expression, 

r'6 r'6 (cos( 6 B ) ) ~ cos ( 6 B ) I ( () ) dB I .b I ( B ) dB 7.3 

where 1(9) is the azimuthal distribution of the x-ray diffraction intensity. 

According to Vainshtein [20] it has been assumed that 1(9), the intensity 

distribution, is proportional to f(9) the distribution function and 

consequently has its maximum at 9 = 0. BOO is calculated for each peak and 

finally the average over six peaks are taken. The intensity values plotted· 

against azimuthal angular-positions have been corrected for the background 

(scattered) intensity values. 
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FIGURE 7.11: Temperature variation of bond orientational order (BOO) for 
mixture A. 

Figure 7.11 shows the Bond Orientational Order (BOO) values at different 

temperatures in the smectic B phase for mixture A. The BOO in the smectic 

B phase of this mixttire is found to be"' 0.96 and independent of temperature 

throughout the SmB phase. This result seems to indicate that the smectic B 

phase for this mixture is of the crystal B type in the sense that the molecular 

positions exhibit 'long-range bond orientational order throughout the phase. 

Interestingly it is found that the BOO values increases rapidly with 

temperature in the co-existing SmB-N phase. This increase may be due to 

the pretransitional effect of the SmB-N second order phase transition. 
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The transverse correlation length in the SmB as well as in the nematic phase 

of mixtures A and B has been determined from a linear scan of the x-ray 

diffraction peaks. X-ray intensities are at first corrected for the use of a flat 

plate camera. This corrected intensity data are then deconvoluted for finite 

width of the collimator. The deconvoluted intensity profile I(q) is fitted to a 

Lorentzian form with a quadratic background viz., 

6.4 

q being the magnitude of the scattering vector. The transverse correlation 

length is defined as ~ = 2n(a2r112
• The in-plane transverse resolution 

(FWHM) for this instrument is 8q = 6 x 10-3 A-1.The values of the 

correlation lengths obtained in this way varied from 35A to soA in SmB 

phase and 18A to 25A in nematic phase for these mixtures. For Crystal B 

phase the correlation lengths are expected to be much longer. One reason for 

this discrepancy may be due to the use of Ni filtered CuKa radiation, which 

contains a white background radiation in addition to the CuKa peak. No 

correction for this white radiation, which broadens the diffraction peaks 

considerably, is made here. Hence the experimental values of correlation 

lengths as obtained above are much shorter than the theoretically expected 

values. 
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FIGURE 7.12: Temperature variation of transverse correlation length of mixture 
A. 

Figure 7.12 shows the measurements of transverse correlation length over 

the entire mesomorphic temperature region for mixture J\. These values are 

found to diverge as the co-existing phase region is approached from either 

side, indicating a second order phase transition. This has been supported by 

entropy, density, refractive index and OOP measurements. The temperature 

variation of transverse correlation length for mixture B also shows a similar 

trend. 

The angular distribution of the x-ray diffraction intensities for mixtures A 

and B are used ,to measure the orientational distribution function f(9) and 

hence the orientational order parameter <P2> and <P 4> throughout their 

entire mesomorphic range following a procedure described in chapter 2. 
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from refractive index data, • <P2> from x-ray data. TN1 = nematic - isotropic 
transition temperature. T sN = smectic B - nematic transition temperature. 

Figures 7.13 and 7.14 show the variation of the experimentally determined 

OOP's with temperature for the two mixtures A and B respectively. The 

experimental <P2> and <P 4> values are relatively high in the smectic B 

phase, showing the phase to be much more orientationally ordered than its 

neighbouring nematic phase. In the coexisting SmB-N phase a very sharp 

decrease of the OOP values is observed with increase in temperature. This 

OOP is in effect the weighted mean OOP of the two phases. This is due to 

the fact that in this two-phase region, the SmB domains rapidly reduce in 

size with increasing temperature, so that the weighted mean OOP decreases 

rather rapidly. Similar results are also observed in the OOP values obtained 
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from the refractive index measurements, which are also indicated in the 

respective figures. 
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FIGURE 7.14: Temperature dependences of <P2> values for mixture B. o <P2> 
from refractive index data, • <P2> from x-ray data. TNr = nematic - isotropic 
transition temperature. T SN = smectic B - nematic transition temperature. 

The values of the apparent molecular length or layer thickness (d) and the 

intermolecular distance (D), at different temperatures are also measured for 

mixtures with x = 0.3, 0.4, 0.5, 0.6, 0.73. The temperature variation of the 

intermolecular distance, D, for mixtures A and B throughout the 

mesomorphic range are shown in figure 7.15. There is an increase in the D 

values from the Smectic B to nematic phase transition. This increase is most 

sharp at the transition to the co-existing phase and these values also continue 

to increase within this phase. The reason for this is the same as stated for the 

variation ofOOP in the two-phase region. As observed from figure 7.15, the 
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variation of D with temperature in the nematic phase is quite appreciable, 

caused due to the increasing thermal vibrations of the chain parts of these 

flexible molecules. 
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FIGURE 7.15: Temperature dependences ofD values for mixtures A and B. Key 
to symbols: • Mixture A o Mixture B 

As expected, the temperature variation of d in the smectic phase is slight. 

However, for all the mixtures the apparent molecular lengths (1) increases 

with increasing temperature- and the effect is pronounced near the nematic

isotropic phase _transition (figure 7 .16). This increase before the phase 

transition is once again due to the increasing thermal vibrations of their 

chain parts just before the transition. 
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The d values in the smectic B phase are· more or less the same for all the 

mixtures (figure 7.17) and are almost equal to the respective model 

molecular lengths _of the isomeric pure components. However, the D values 

in the smectic B phase decreases with the increase in mole fraction of 

1d(3)CC02 . At a temperature T = TN1-2.5°C, in the nematic phase of this 

system, the D values show an enhancement in their magnitudes near XRl0.6 

(figure 7.18), whereas the density and order parameter show a reverse trend. 

· This implies that _the packing of the molecules in nematic phase is rather 

poor near this region. The 1 values in the nematic phase however, slightly 

increases with increase in the mole fraction of 1 d(3)CC02 . 

18.0 5.6 
Nematic Phase 

/).. I values 
17.6 0 Dvalues 

Q 5.2 
17.2 

< Q 
~ < 

.5 ~ .5 
- 16.8 Q ~ Q 

c 

E ~ 4.8 

16.4 

16.0 -+---....------.-,-----r----.-----r-----::::1 4.4 
0.2 0.4 0.6 0.8 

Mole fraction (x) of id(3)CC02 

FIGURE 7.18: Variations of 1 (6) and D (o) values with mole fraction (x) in 
nematic phase. 
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Chapter 

Summary And Conclusion 



The dissertation entitled "Study of Physical Properties of Binary Mixtures of 

Liquid Crystals " submitted for the degree of doctor of philosophy (Science) 

of the University of North Bengal embodies the results of experimental 

investigation of the physical properties of a few binary mixtures of liquid 

crystals. The thesis comprises of eight chapters. 

In chapter 1, I have given a brief introduction to Liquid Crystals, especially 

thermotropic liquid crystals. I have described only those phases which have 

been studied by me namely nematic, smectic A and smectic B. A brief 

review, which covers all other aspects of liquid crystal research, is also 

given in this chapter. 

In chapter 2, I have described the experimental techniques in details to study 

the physical properties of liquid crystals and the theories, which support the 

experimental results, are given at the beginning. The experimental 

techniques adopted are - phase identification by texture studies, x-ray 

diffraction studies, the interpretation of the x-ray results, density, refractive 

index, magnetic susceptibility, static dielectric permittivity and elastic 

constants measurements. Methods of calculation of orientational order 

parameters, apparent molecular length, intermolecular distance, refractive 

indices, molecular polarizabilities etc have been outlined. 

In chapter 3, I have given the phase diagram, reported the experimental 

values of density and refractive index measurement of a binary mixture of 4-

n-pentyl 4' -cyanobiphenyl (SCB) and 4-n-pentyl phenyl 4 n'- pentyloxy 

benzoate (MESO.S) showing the presence of an induced smectic A phase. 

The density and refractive indices are used to calculate molecular 

172 



polarizability values parallel and perpendicular to the molecular long axes 

using Neugebauer's method. Orientational order parameters as a function of 

temperature and concentration are determined. The relative change in 

density at the SmecticA-nematic phase transition shows a maximum near 

equimolar concentration. The orientational order parameter values and 

calculated packing fraction show a minimum around x~0.4 at a temperature 

T = 35°C. Similar behaviour is also observed at a temperature T = 0.98Tc, in 

the nematic phase where the smectic A phase is the precursor of the nematic 

phase. Average lateral distance (D) between the molecules is measured from 
. . 

the analysis of x-ray diffraction data. The variation of D with molar 
~ 

concentration in smectic A phase shows a maximum near equimolar 

concentration. 

- Chapter 4. deals with the study of binary mixture of undecyloxy 

cyanobiphenyl (110CB) and 4-n-~p.eX:tyl phenyl.:.4-n'-P.e'fl:tyloxy benzoate 

(ME6.05) which shows . enhanced smectic A. phase, where 11 OCB lias 

smectic A and M£6.05 has· nematic phase only. The. phase diagram, 

experimental results of refractive index and density measurements; and 

calculation of · orientational order parameter throughout the entire 

. temperature and concentration range have been reported. At a reduced 

temperature, density values increase with mole fraction (x) of110CB up to 

x = 0_.25 and then decreases continuously having a minimum near x=0.8. 

The birefringence and <P2> values follow the same trend showing a 

m~ximum near x =0.4 and a minimum near x = 0.8. 

The results of the study of the binary mixtures of 4-n-pentyl phenyl 4-n'

hexyloxy benzoate (ME60.5) and p-cyanophenyl trans-4-pentyl 
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cyclohexane· carboxylate (CPPCC) are presented in chapter 5. It includes the 

phase diagram, DSC values, the values of refractive indices and densities. 

The result of x-ray diffraction study and static dielectric permittivity 

measurements are also reported in this chapter. The binary mixture ME60.5 

and CPPCC shows the presence of induced smectic Ad phase in a certain 

concentration range 0.03 < x < 0.6, where x is the mole fraction of CPPCC. 

Maximum stability of the smectic phase occurs for mixtures having x ~ 0.3. 

The change in entropy during smectic Ad- nematic phase transition (~SsN) 

is larger for the mixture having x < 0.33 than the mixture having x > 0.33. A 

small discontinuity in the density values could be observed at the nematic to 

smectic Ad phase transition for mixtures around a mole fraction near x = 0.3, 

consistent with the observed entropies of transition. 

In general, the change in birefringence is continuous for mixtures with 

x>0.33 at the SIN transition which indicates a weakly first order or a second 

order phase transition. On the other hand for mixtures with x < 0.33 a 

discontinuity of birefringence (~ = ne-no) occurs at the smectic-nematic 

phase transition which indicates a first order phase transition. This is 

consistent with the density and transition entropy measurements. The <P2> 

.values measured from x-ray diffraction studies are somewhat smaller than 

those obtain from refractive index measurement in the induced smectic 

phase for all the mixtures. In the smectic phase the OOP values initially 

increases with molar concentration upto x = 0.24 and then decreases and 

showing a broad a minima around x = 0.4. The variation of layer thickness 

in the induced smectic phase with composition has been successfully 

explained by assuming formation of homo and hetero dimers. The variation 
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of dielectric anisotropy with molar concentration in the nematic and smectic 

phases has also been successfully explained. 

In chapter 6 the results of magnetic susceptibility anisotropy study on the 

same mixture (l\.1E60.5 + CPPCC), as given in chapter 5 is reported. The 

experiment is carried out over the entire mesomorphic and concentration 

range. The splay (K33) and bend (K11 ) elastic constants for this system have 

also been reported by observing Freedericksz transition in magnetic field. 

The experimental data for magnetic susceptibility anisotropy have been 

analysed to calculate the order parameter of the system. The changes in 11x 

values at the SmAd - N transition are more pronounced for mixtures with x = 

0.24 and 0.33. Similar behaviour is also observed in birefringence (11n) as 

well as in the density values of these mixtures. 

From the temperature dependences of the orientational order parameters for 

mixtures at different concentration it is again observed that there is an 

appreciable change in the order parameter value at the smectic Ad to nematic 

phase transition temperature for mixtures around x ~0.33. The K11 and K33 

values decrease with increasing temperature as is expected. The K33/K11 

values for all the mixtures in the nematic phase are less than those of the 

pure compounds. The variation of K33/K11 against mole fraction at 

T=0.99T NI shows a minimum near a concentration where the maximum 

stability of smectic phase occurs. 

The chapter 7 is concerned with the phase diagram of,a binary mixtures of 

two alkenyl bicyclohexane compounds, one having of nematic phase 

(ld(3)CC02) and the other smectic B phase (Od(4)CC02) only. These two 

compounds are characterized by similar molecular structure, except for a 
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shift in the position of the double bond in the side chain. An interesting 

observation in the phase diagram is the occurrence of two phase (smectic B

nematic) co-existing region<~ 2.5-3°C) for a small concentration range (x = 

0.55- 0.8) of the mixtur~. Density and refractive indices (n0 , ne) have been 

measured for the mixtures having different concentration. The refractive 

indices have been measured in the co-existing smectic B - nematic region 

and also in the region having nematic phase only. The refractive index data 

have been analyzed to yield orientational order parameters. From the DSC, 

density and birefringence measurements- the nature of the smectic B -

nematic phase transition for these mixtures and the behaviour of these phase 

transitions with concentration has been discussed. 

X-ray diffraction data for the same binary mixture have been analysed to 

determine the Bond Orientational Order (BOO), Orientational Order 

Parameters (OOP), layer thickness (in Smectic B phase), apparent molecular 

length (in nematic phase) and lateral molecular distance, D, as a function of 

temperature. The OOP values drop sharply with increase in temperature 

within the co-existing phase, which is due to the fact that the observed OOP 

value is the weighted mean OOP of the two phases. Interestingly, the BOO 

values are found to increase with increase in temperature in the co-existing 

smectic B-nematic phase. The transverse correlation lengths in the smectic, 

co-existing and nematic phases have also been estimated. These values are 

found to diverge as the co.,.existing smectic B - nematic phase region is 

approached indicating a second order phase transition. This result has also 

been supported by entropy, density, refractive index and OOP 

measurements. 
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