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ABSTRACT 
 

This thesis is focused on the characterization and development of several liquid 

crystalline compounds and mixtures for their applicability in various display and 

non-display applications. Additionally, relevant aspects of structure-property 

relationship as well as fluoro-aromatic chemistry of liquid crystals have been 

explored through this work. 

In Chapter 1, the basic knowledge related to the ordering and molecular structures 

of liquid crystals are discussed, followed by necessity and utilization of liquid 

crystal mixture formulation.   

Chapter 2 deals with various experimental techniques, which have been used to 

characterize the mesomorphic properties of liquid crystals, along with the 

underlying theoretical backgrounds. 

In Chapter 3, the influence of the position of fluoro substituent on physical 

properties of isothiocyanated and fluorinated alkyl terphenyl liquid crystals has 

been extensively investigated.    

 Terminal isothiocyanate group allow maintaining a high clearing 

temperature even in the presence of a few lateral fluorine atoms. 

 3,5-difluoro substituted compound with the fluorine atoms, pointing in the 

opposite direction, possess higher value , , , n, no and ne than 3,3-

difluoro substituted compound  as the fluorine atom in the central 3′ 

position involves some twist of the benzene rings, which decreases  

electron conjugation. 

 The tri-fluorine substitution in the 3,3 and 5 position increases the 

molecular width and hinders the molecular rotation, resulting in higher 

values of the rotational viscosity. 

 The compound with 3,5 fluorine substitution possess high Figure of Merit 

and shows marked improvement in its physical parameters as far as its 

applicability  in multicomponent mixtures is concerned. 
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In Chapter 4, four multi-component nematic mixtures A, B, C and D comprised 

of isothiocyanates, biphenyl and terphenyl derivatives have been prepared and 

characterized to optimize their physical parameters for fast switching liquid crystal 

display devices.  

 All these mixtures exhibit broad nematic range (~100oC), moderate 

birefringence (~ 0.23-0.26), positive dielectric anisotropy () and low 

rotational viscosity and show improved performance with respect to the 

commercial mixture E7. 

  As far as display performance is concerned, mixture D is the most suitable 

one. 

The above two investigated systems deals with achiral liquid crystals while in the 

following three chapters the effect of chirality in mesomorphic properties has been 

observed. 

In Chapter 5, the structural properties of chiral lactic acid derivative have been 

discussed.  

 The compound shows a rich variety of mesomorphism: blue phase (BPII), 

cholesteric (N*), TGBA and paraelectric SmA* phases over a broad 

temperature range. A very characteristic platelet texture of blue phase, oily 

streaks texture of cholesteric phase and filament texture of TGBA–SmA* 

phase transition clearly indicates the type of mesophases. 

 Increase in x-ray intensities at the onset of the TGBA phase at N*–TGBA 

phase transitions signify the appearance of long range order in layering 

within the TGBA phase.  

 Near TGBA–SmA* phase boundary, strong SmA fluctuations predominate 

and unwinds the helical twist. As a result, long range smectic ordering 

appears at N*–TGBA phase transition, followed by significant jump in the 

x-ray intensities. 
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 Within the TGBA phase, the ratio of layer spacing to molecular length is 

around 0.74–0.88, identifying the signature of monolayer blocks of SmA in 

TGBA phase.  

 In Chapter 6, the effect of several polar ester linkage groups incorporated in the 

molecular core of a chiral lactic acid derivative, on structural properties has been 

investigated in depth. 

 The compound possess the paraelectric Smectic A* and ferroelectric 

Smectic C* phase over a broad temperature range.  

 Restrictions on the motion of chiral lactate unit by the hexyl terminal chain, 

methylene group attached to chiral centre and zigzag structured ester 

linkage with transverse dipole moment contribute to relatively large values 

of spontaneous polarization and may be utilized for mixture design for 

photonic and optoelectronic devices operated at low voltages. 

 Reorientation of dipole moment in SmC* phase enhance the values of 

dielectric anisotropy.  

 The value of layer spacing (41.5Å) in orthogonal SmA* phase agrees quite 

well with the calculated length (42.0Å) of the most extended conformer in 

minimum energy configuration by MOPAC and decreases in the tilted 

SmC* phase. 

In chapter 7, electro-optical properties of orthoconic antiferroelectric liquid 

crystals (OAFLCs) of some analogues of (S)-MHPOBC have been characterized 

using polarization field reversal technique.  

 The occurrence of a high value of spontaneous polarization (Ps) for the 

investigated compound is due to bulky chiral unit, zigzag ester linkages and 

polar fluorinated terminal. However lengthening of oligo-methylene spacer 

in terminal chain and placement of fluorine atom in molecular core 

structure leads to reduction in the value of spontaneous polarization. 
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  Unsubstituted or monofluoro substituted liquid crystals with relatively low 

viscosities and transverse dipole moments exhibit fastest response time 

(~150s) and low viscosity than the difluorinated compounds. 

  “V-shaped” mode or thresholdless switching has been realized for these 

compounds with high polarization through strong polar molecular 

interactions between the liquid crystal and aligning layers of cell surfaces.  

In chapter 8, the interaction between achiral and chiral liquid crystals has been 

explored by thermo-microscopic and electro-optical study. Three different binary 

systems by mixing an achiral low viscous phenyl pyrimidine liquid crystalline 

SmC compound with three different orthoconic anti-ferroelectric has been 

prepared and characterized 

 In these binary mixtures ferroelectric and antiferroelectric phases have been 

induced. 

 All the physical parameters show a non-additive behaviour with respect to 

the concentration of chiral mesogens due to strong dipole-dipole and/or 

intermolecular interactions between polar fluorinated chiral esters and the 

heterocyclic phenyl pyrimidine compound.  

 The chiral compound causes perturbations in the orientational distributions 

of the transverse dipole moment in the achiral environment with respect to 

the polar axis. Depending on structural complementary of chiral and achiral 

component of the mixtures, their dipole-dipole interactions may favour or 

oppose the induction of chirality into a binary system.  

 Interestingly, introduction of the achiral mesogen leads to faster response 

times of these binary mixtures at the cost of lower Ps. Therefore, these 

mixtures can be useful for high speed technological applications where low 

polarization, long pitch and very fast switching ferroelectric liquid crystal 

mixtures are desirable. 
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1.1 Liquid crystals 

In the year 1988, the botanist Friedrich Reinitzer [1] noticed a curious 

behavior of cholesterol benzoate with double melting points, and that observation 

is now widely recognized as the birth of liquid crystal science. This discovery 

opened up a new area of research in physics, chemistry and engineering sciences 

with unusual growth and unprecedented activity. Lehmann [2] illustrated it as an 

intermediate state of matter between an isotropic liquid and crystalline solid and 

coined it as „fliessende krystalle‟ in 1889 and „flüssige kristalle‟ in 1890 meaning 

„flowing crystals‟ and „liquid crystals‟ respectively. Additionally, Georges Friedel 

[3,4] suggested the term “mesomorphic phase” or “mesophase” to this state of 

matter. 

  Liquid crystals constitute a fascinating class of soft condensed matter, 

characterized by the combination of fluidity and long range order [5-9]. Pure 

compound, mixtures, aggregates, consists of anisotropic shaped molecules and 

show mesomorphic behavior. Between the crystalline solid and isotropic liquid, 

several mesophases can exist. The variables of states are temperature and/or 

concentration of solution. The unique subtle balance between the properties of 

liquid and solid that characterizes liquid crystals is deeply fascinating from a 

scientific point of view. Liquid crystals are anisotropic [10-12] i.e. strongly 

depend on direction even if the substance itself is fluid. This dual nature and easy 

response of these materials to electric, magnetic and surface forces emerged them 

as ‘smart materials’ [13]. 

 Today liquid crystalline materials are popular for their successful 

application in flat panel displays [14-18], However, their several unique and 

attractive properties also offers tremendous potential for fundamental science as 

well as innovative applications well beyond the realm of conventional displays 

[19-21]. Liquid crystal is used in several new devices such as smart phones, 

temperature sensors, laptop computers, tablet computers, phase modulators[22], 

digital projectors, beam steering [23,24], optical switch [25-27], dynamic 

information billboards etc.  
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1.2 Classification of liquid crystals 

There are two fundamentally different types of liquid crystals: (i) 

thermotropic [28-31] and (ii) lyotropic [32-37].  In lyotropic liquid crystals, 

concentration variation of components is the fundamental thermodynamic 

parameter, determining the phase. It is formed by isometric aggregates such as 

amphiphilic molecules dissolved in a non mesogenic solvent. One end of the 

molecule is polar and is attracted to water, while the other end is nonpolar, 

attracted to hydrocarbons. Depending on the concentration, the amphiphilic 

molecules aggregate to form sphere, lamaller, hexagonal or cubic structure as 

shown in Figure 1.1.  

 

 

(a) 

          

 

(b)                                                         (c) 

Figure 1.1 Lyotropic liquid crystals: (a) Lamellar (b) Hexagonal (c) Cubic. 
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Some biological structures, which are essential for life i.e. micelles, 

liposomes, cell membranes are lyotropic liquid crystals [19]. It may be used as 

specific vessels for drug administration or sensors for bacteria and viruses. 

Thermotropic liquid crystals are pure compounds or mixtures of 

anisotropic shaped molecules in which the formation of the liquid crystalline state 

depend on temperature. Thermotropic liquid crystals that exhibit reversibility of 

phase transition are called „enantiotropic‟ while in certain cases mesomorphism is 

observed during cooling only and are called „monotropic‟. In addition to 

anisometry, thermotropic molecules have its origin in a combination of a rigid 

core (often a linear arrangement of aromatic rings) and flexible terminal chains 

(generally aliphatic hydrocarbons) [38-41]. The thermotropic liquid crystals are 

widely used in technical applications, mainly in display devices.  

Since this dissertation deals with thermotropic liquid crystals, the different 

types of mesophases exhibited by this class of liquid crystals will only be 

discussed in details in this chapter. 

 

1.3 Liquid crystal formed by rod-like molecules 

Liquid crystal phases are composed of materials from the entire spectrum 

of chemical classes: organic, organo-metallic and biological molecules. The origin 

of the mesogenity of thermotropic liquid crystals lies in its anisotropic molecular 

geometry. Such type of liquid crystals is considered as rigid rods or ellipsoids of 

revolution with lengths greater than widths [42,43] (Figure 1.2).  

 

 

Figure 1.2 General molecular geometry of a liquid crystal. 
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These calamitic mesogens are usually composed of a rigid core (composed 

of phenyl, biphenyl, terphenyl, pyrimidine or cyclohexane etc.), which has two or 

more central ring (A and B) systems and flexible units R,R′ (alkyl, alkoxy chains or 

polar F, CN, NCS group etc.), located at terminal positions. The presence of 

linking units X, Y, Z (ester, carbonyl, azo, methylenoxy, ethylene, acytylene etc.) 

which increase the flexibility and length of molecule, at the central unit provides a 

convenient geometry for the emergence of mesophase. Linking units containing 

multiple bonds that maintain the rigidity and linearity of the molecules are most 

satisfactory in promoting mesophase stability.  The minor modifications i.e. lateral 

substitution M, N (F, Cl etc.) in the rigid core of the mesogens can lead to drastic 

changes in their mesomorphic properties. Fluoro-substituted liquid crystals which 

exhibit excellent properties such as low viscosity, high dielectric anisotropy, no 

aging, good thermo-chemical, photochemical stability and high specific resistance, 

is of great importance from application point of view [39-41]. The optical and 

dielectric anisotropies and liquid-like ease of reorienting the molecules of 

thermotropic liquid crystals make them ideal materials for many electro-optic 

devices such as flat panel displays, sensors, optical switches etc.  

Friedel classified thermotropics into three main types: nematic, cholesteric 

and smectic [3,4]. Various mesomorphic phases, with the molecules parallel (non-

tilted) or tilted to the layer normal are discussed in details below. 

 

1.3.1 Non-tilted phases 

 

1.3.1.1 Nematic (N) phase 

The nematic (N) is the simplest liquid crystal phase, exhibiting long range 

orientational but no positional order [44-47]. The long molecular axes tend to 

align parallel to certain axis called the director n (Figure 1.3). Although the 

constituent molecules may be polar, the states described by +n and –n are 

physically indistinguishable i.e. sign invariant. Thus, there exists a long range 

orientational order with the director along the principal symmetry axis of the 

orientational distribution function. The distribution function is rotationally 
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symmetric around the director, i.e. they are uniaxial and their centers are 

distributed at random. However, in certain cases biaxiality in nematics has also 

been discovered [48,49].  

 

Figure 1.3 Molecular geometry of nematic liquid crystal. 

 

In the planar geometry of the nematic state, schlieren textures with curved 

dark brushes, thread like or marble texture are observed under polarizing optical 

microscope (Figure 1.4) [50].  

 

                     

(a)                                                         (b) 

 

Figure 1.4(a-b) Textures of nematic liquid crystals (a) schlieren texture and (b) 

marble texture. 
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Deformation in alignment of the molecules in the nematic phase can be 

translated by small external influences of electrical, magnetic or mechanical 

perturbation into visible optical effects for which they are extremely useful in 

various display devices. 

 

1.3.1.2 Smectic A (SmA) phase 

In the smectic A (SmA) phase, the molecules are arranged in layers with 

the molecular long axis parallel to the layer normal, obeying cylindrical and 

inversion symmetry and also possess positional ordering in one dimension (Figure 

1.5). However, this one dimensional ordering is not truly long-range but quasi 

long-range. Positional order in the remaining two dimensions remains liquid-like, 

and therefore is of short range. Smectic phase retain a two dimensional order and 

the molecular motion is restricted within these planes [51-54]. Separate planes are 

observed to slide on each other, as the interlayer attractions are weaker than the 

lateral forces between the molecules.  

 

  

 

Figure 1.5 Molecular geometry and focal conic texture of smectic liquid crystal. 

 

The increased orders in smectic phases indicate more "solid-like" structure than 

the nematic. Under polarizing optical microscope, planar texture of the orthogonal 
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smectic phases, placed between crossed polarizes, shows a focal conic, fanshaped 

or batonnet texture (Figure 1.5).  

 

1.3.1.3 Smectic B (SmB) phase 

In the smectic B (SmB) phase, the molecules form layer structure and 

possess a two-dimensional translational order within the layers. This uniaxial 

phase is a very special class of smectics characterized by the quasi long range 

positional order in the direction perpendicular to the layers, short range positional 

order within the smectic layers (although typically longer than in the SmA), and 

bond orientational order. In the Hex B phase, the molecules are locally 

hexagonally packed [55-58], and the resulting six-fold bond orientational order 

(BOO) is maintained for macroscopic distances (Figure 1.6(a)).  

 

 

(a)                                                         (b) 

 

Figure 1.6 Molecular geometry of (a) hexatic smectic B and (b) crystal B phase. 

 

1.3.1.4 Crystal B phase 

In Crystal B phase the molecules are arranged in layers with their long axes 

orthogonal to the layer planes and have long-range translational order in three 

dimensions. As a result the Crystal B is known as anisotropic plastic crystal 

(Figure 1.6(b)). It possesses both long range positional and bond orientational 
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order. The molecules in the Crystal B phase have freedom of rotation about their 

long axis, i.e. their thermal motion is not completely frozen out. The position of 

the molecules is fixed but their motion is not detained [59,60]. The molecular 

center of mass forms a hexagonal net whose dimensions are comparatively smaller 

than the constituent molecules. Both the Hexatic B and the Crystal B phases are 

considered to be variations of the SmB phase.  

 

1.3.1.5 Crystal E phase 

Like the Crystal B phase, the molecules within a Crystal E phase are 

arranged on a triangular (or hexagonal) lattice and perpendicular to the smectic 

layers. In this phase, the thermal motion of molecules are reduced to the extent 

that they arrange themselves in a herringbone pattern within a smectic layer 

[59,60]. The orthogonal arrangements of the molecules with respect to the layers 

form a three dimensional lattice. Due to inter molecular packing, continuous 

molecular rotational freedom is also hindered. 

 

1.3.2 Tilted phases 

 

1.3.2.1 Smectic C (SmC) phase  

In the smectic C phase, the molecules form a layered structure, while in an 

individual smectic layer the centers of mass are isotropically distributed. The 

director n is tilted with respect to the layer normal by a fixed angle but the 

molecules are free to rotate on the so-defined tilt cone as shown in Figure 1.7. The 

director tilt breaks the full rotational symmetry about the layer normal [61-65]. 

The smectic C phase is optically biaxial and more viscous than that of the 

nematics. Moreover, the tilted arrangements of molecules in SmC phase are 

energetically more favorable than that of SmA phase. The tilted SmC phase is 

often preceded by the orthogonal SmA phase. This transition is most often of 

second order, characterized by a continuous change of the primary order 

parameter, tilt angle. Tilt angle is temperature dependent, vanishing at the 

transition to the high temperature phase. In this phase, normally nucleated 
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bâtonnet textures, [50] which grow anisotropically until they coalesce to the 

broken fan-shaped texture, has been observed. If the SmC phase is formed directly 

from a nematic phase, a striated texture is usually observed directly below the N-

SmC transition. 

  

     

 

Figure 1.7 Molecular geometry and bâtonnet texture of the smectic C phase. 

 

1.3.2.2 Smectic F (SmF) and smectic I (SmI) phases 

In the smectic I (SmI) and smectic F (SmF) phases, the molecules are 

packed in hexagonal arrangement within the smectic planes and tilted with respect 

to the hexagonal lattice [66,67]. These phases have long range order of the tilt 

direction with a quasi two dimensional structures and poor correlation within the 

layers along with an extensive three dimensional bond orientational ordering. The 

difference between these two phases is that the tilt in SmI is perpendicular to the 

sides of hexagon, while the molecules in SmF tilt towards the corner of hexagon. 

The SmF phase exhibits striped fan shaped, schlieren, mosaic or broken focal 

conic fan textures while the SmI phase shows broken fan, mosaic and schlieren 

textures [50]. 

 

1.3.2.3 Tilted soft crystal (G, J, H and K) phases 

There is a great variety of smectic phases in addition to those described so 

far. The Crystal G and Crystal J phases are the phases normally obtained at 

temperatures lower than the SmF and SmI phases. The molecular arrangement 
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within this smectic phase possesses long range positional order and bond 

orientational order [68-70]. In these phases, the molecules are tilted with respect to 

the layer normal by ~ 25° to 30°. The local order is hexagonal which is distorted 

due to molecular tilt, with molecules having rotational freedom comparable to the 

untilted Crystal B phase. In the Crystal G phase the molecules cooperatively 

oscillates about their long axes and the local structure is herringbone or chevron 

packing with tilt towards the side of the hexagon. Crystal G phase has C centered 

monoclinic cell while Crystal J has a monoclinic cell.  Crystal J also differs in the 

direction of tilt from Crystal G phase. In the Crystal J, the molecules are tilted 

towards the apex of the hexagon.  

The Crystal H and K phases are tilted analogues of the crystal E phase. The 

molecules in the Crystal H (K) phase are tilted along the direction perpendicular to 

a side (towards a corner) of the underlying hexagonal structure.   

 

1.3.3 Chiral phases 

 

1.3.3.1 Cholesteric or chiral nematic (N*) phase 

The cholesteric (N*) [71-73] phase is typically composed of nematic 

mesogenic molecules containing a chiral center, which produces intermolecular 

forces that favor 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. Thus the directors actually form a 

continuous helical [74] pattern about the layer normal as shown in Figure 1.8. The 

helix may be right handed or left handed depending on the molecular 

conformation. An important characteristic of the cholesteric mesophase is the 

pitch (p), defined as the distance it takes for the director to rotate one full turn in 

the helix [75,76].  
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Figure 1.8 Molecular geometry of the cholesteric (N*) phase. 

 

A byproduct of the helical structure of this chiral nematic phase is its 

ability to selectively reflect light of wavelengths equal to the pitch length, so that a 

color will be reflected when the pitch is equal to the corresponding wavelength of 

light in the visible spectrum. Temperature dependence of the gradual change in 

director orientation between successive layers modifies the pitch length, resulting 

in an alteration of the wavelength of the reflected light. Optically inactive 

molecules or racemic mixtures of cholesteric molecules result in a cholesteric 

phase of infinite pitch i.e. a true nematic phase. 

 

1.3.3.2 Chiral Smectic A (SmA*) phase: paraelectric 

Liquid crystalline molecules having a chiral carbon atom as the linkage 

between the rigid mesogenic core and terminal alkyl chain may exhibit 

paraelectric behavior in the chiral smectic A (SmA*) phase. In this phase, the 

molecules are packed into layers with their axis set vertically and the molecules 

rotate in a liquid-like fashion around the molecular axis [77-79]. As the molecules 

are asymmetrically distributed, there is no transverse polarization. Therefore the 

SmA* phase is apolar in spite of the presence of chiral molecules. Generally 

paraelectric phase occurs in the high temperature region with respect to the 
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ferroelectric phase. The paraelectric to ferroelectric phase transition is observed 

between the SmA*-SmC* phase transition.  

 

1.3.3.3 Chiral smectic (SmC*) phase: ferroelectric 

  Chirality has important consequences on the macroscopic arrangement of 

the liquid crystal molecules and their mesomorphic behavior. In the SmC phase 

composed of chiral molecules, a helical structure is formed by the precession of 

the director n around the layer normal [80-84]. The azimuthal tilt directions 

changes gradually by a small amount when going from one layer to another layer. 

The helical pitch can be in the range from the wavelength of visible light to 

arbitrary large values. Due to the helical structure the medium become optically 

active, i.e. it will strongly rotate the polarization plane of linearly polarized light 

passing through the medium along the helix axis [80]. Presence of chiral 

molecules also leads to the appearance of the spontaneous polarization, directed 

perpendicular to the tilt plane in each layer of the SmC* phase. The magnitude of 

the polarization depend on temperature and decreases as the tilt angle goes to zero 

at the SmC*-SmA* phase transition.  Due to the steric coupling between the 

director and spontaneous polarization (Ps), the helical director configuration will 

lead to a cancellation of polarization in bulk samples, but in specific geometries 

(switched between two stable states) the helix may be suppressed and then the 

SmC* liquid crystal exhibits a macroscopic spontaneous polarization [85-90]. In 

the 1980, Clark and Lagerwall succeeded in demonstrating the first helix-free 

ferroelectric liquid crystal in ultra thin thickness of ferroelectric liquid crystal 

(FLC) materials between two glass plates without applied external field i.e. in the 

so called surface-stabilized ferroelectric liquid crystal (SSFLC) geometry [87].  In 

the surface stabilized configuration of the SmC* phase, the molecules can switch 

between two bi-stable state by alternating the sign of an applied electric field 

above the threshold field as shown in Figure 1.9(a-c). The switching between bi-

stable state is always much faster than the intrinsic elasticity controlled relaxation 

of a nematic, and therefore, SSFLC devices can operate much faster [86] than non-

ferroelectric liquid crystal devices.  
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                (a)E=0         (b)E(+)        (c)E(-) 

 

Figure 1.9(a-c) Molecular geometry of the chiral smectic C (SmC*) phase: (a) 

without applying any external electric field (b) with an applied electric field E (c) 

with an applied electric field E of opposite polarity. 

 

The members of the smectic C* family of phases are as follows (listed in 

order of increasing temperature) [91-93] : 

 

SmC* - SmC* - SmC* - SmCα* 

 

All the phases are helicoidal and the helix in these phases is a consequence of 

chirality except SmCα* phase. According to Cepic and Zeks [94], SmCα* features 

an extremely short twist generated by non-chiral interactions and the chirality only 

sets the sense of the twisting. The SmC*  and SmC* both have extremely long 

helical pitch lengths, which gives them a quasi-homeotropic texture under the 

polarizing microscope and looks very similar to that of a SmC* or SmCA* phase 

exhibiting a helix inversion. 

  The SmCα*, SmC* and SmC* are known as ferrielectric phase represents 

a different order in between ferro- and antiferroelectric phase. The ferrielectric 

phase generates a spontaneous polarization that depends upon the degree of 

alternation of tilt directions. Figure 1.10 illustrate the structures of the five 

different phases of the smectic C* family predicted by the clock model of Cepic 

and Zeks [94].  
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           SmCSmC               SmCSmCSmC

        no unit cell     1-layer unit    4-layer unit     3-layer unit      2-layer unit 

 

 

Figure 1.10  Molecular geometry of the SmC* sub phases according to clock 

model predicted by Cepic and Zeks [94]. 

 

In Figure 1.10, the darker molecules are below the lighter ones. Except for SmCα* 

phase, each phase can be considered to possess a unit cell containing distinct 

number of layers. This unit cell is repeated throughout the sample and a 

macroscopic helix due to the chiral interlayer interactions is then superimposed. 

Dielectric spectroscopy is a very useful technique for studying the sub phases of 
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SmC* phase, since the occurrence of a spontaneous polarization significantly 

contribute to the dielectric permittivity of the sample. 

 

1.3.3.4 Chiral smectic (SmCA*) phase: anti-ferroelectric 

In 1989, the antiferroelectric chiral smectic C phase (SmCA*) was first 

discovered in MHPOBC [95].  In the antiferroelectric phase, the tilt direction 

alternates from layer to layer. Like SmC* phase, the helix in SmCA* phase can be 

expelled by surface interactions and aligned in the so called surface stabilized 

ferroelectric liquid crystals [96-100]. In this phase in addition to the ground state 

(anti-ferroelectric) two opposite ferroelectric states are accessible by applying an 

electric field with strength above the threshold voltage [101-103]. It is interesting 

to note that in liquid crystals the antiferroelectric SmCA* phase is observed at a 

temperature lower than that of the ferroelectric SmC*, while in solid state 

materials a reverse trend is observed. The antiferroelectric materials are notorious 

to align. This misalignment problem can be overcome in special types of 

antiferroelectric liquid crystals with a 45o tilt angle – the orthoconic liquid crystals. 

The orthoconic state is uniaxial with the optic axis perpendicular to the tilt plane. 

The director tilt of  ±45◦ makes the directors in adjacent smectic layers mutually 

orthogonal with a right-angled smectic cone where the optic axis is orthogonal to 

the cone axis. Due to this unique property an extinction state between crossed 

polarizers is observed regardless how the layer normal points.  Moreover, it is to 

be noted that conventional SmC* liquid crystals with 45o tilt angle do not belong 

to the class of orthoconic materials as there is no third (orthoconic) state.  

 

1.3.4 Frustrated polar phases 

 

1.3.4.1 Blue phases 

              Blue phases [104-106] possess self-assembled three-dimensional cubic 

defect structures that exist over narrow temperature ranges in between the 

isotropic liquid and cholesteric phase. The characteristic period of these defects is 

of the order of the wavelength of visible light, as a result they give rise to vivid 
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spectacular reflections that are controllable with external fields. Blue phase has 

orientational molecular order and optically isotropic properties because of its 

complex structure. Three different thermodynamically stable blue phases have 

been distinguished: BP III, BP II and BP I, observed on cooling from the isotropic 

phase to the N* phase [107]. BP III is amorphous with a local cubic lattice 

structure in the director field, whereas BP II and BP I have a three-dimensional 

periodic structure in the director field with simple cubic and body-centred cubic 

symmetry, respectively and are shown in Figure 1.11(a-c). Due to the very fast 

switching times and the savings made on the orientation layer and associated 

manufacturing processes, the blue phase is potentially attractive for liquid crystal 

display devices. Blue phase is unaffected by external pressure and have very low 

viewing angle dependence. Polymer stabilization of the blue phase expands its 

narrow temperature range from 3 K to 100 K [106]. 

 

 

(a) 

Figure 1.11(a) Molecular geometry of the blue phase I (BPI). 
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(b) 

 

 

(c) 

Figure 1.11(b-c) Molecular geometry of (b) blue phase II (BPII) and (c) blue 

phase III (BPIII). 

 

1.3.4.2 Twist grain boundary liquid crystals 

 Twist grain boundary (TGB) phase is special kind of frustrated chiral 

smectic phase. The TGB phase usually appear in the temperature range between 

cholesteric (N*) with short pitch and a smectic phase typically SmA* or SmC* 

[108,109]. The competition between the tendency to form a helical director field in 

the cholesteric phase and a layered structure in the smectic phase, results in a 

frustrated structure containing a regular lattice of grain boundaries which in turn 

consists of lattice screw dislocations. This phenomenon has analogy with the 
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Abrikosov flux lattice phase of a type II superconductor in an external magnetic 

field [111]. The TGB helix axis is perpendicular to the local director, which 

illustrates the close relationship between the layers of twist grain boundary phases. 

For pure liquid crystalline compounds, the temperature region of the phase 

existence is rather small, of the order of 1K, while in mixtures, the range of 

existence can sometimes be greatly enhanced. Several TGB phases such as TGBA, 

TGBC, TGBC*, TGB2q, MGB etc. have been experimentally observed. Goodby et 

al. [112,113] discovered  the twist grain boundary smectic A (TGBA) phase in 

1989. Grains with a local SmA* layer structure are separated by regular arrays of 

screw dislocations, which can be realized by splay deformations in the director 

field and whose direction is parallel to the Burgers vector [114]. The molecules are 

arranged in layers with their long axis perpendicular to the layer plane. Due to the 

rotation of the different blocks of the layers about 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, as depicted in Figure 1.12. TGBA phase often shows blurred fan-

shaped textures [50], which cannot be clearly focused. 

 

 

 

Figure 1.12 Molecular geometry of the twist grain boundary smectic A (TGBA) 

phase. 
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1.4 Discotic liquid crystals 

The liquid crystals, discussed so far are composed of rod-like molecules. 

Disc-like molecules also show mesogenity and are called discotic liquid crystals, 

first synthesized by Chandrasekhar et al. [115] in 1977. Discotic liquid crystal 

phases are classified into three different categories: discotic nematic, discotic 

chiral nematic and columnar [116-119]. The discotic nematic is similar in structure 

to the calamitic nematic, where the short axes of the molecules tend to lie parallel 

to each other. Similar analogy is found between the chiral nematics and discotic 

chiral nematic phases. Columnar discotic phases are the equivalent of the smectic 

phases found in calmatics. The arrangement of the molecules within the columns 

and the arrangement of the columns themselves in two-dimensional crystalline 

array lead to a new mesophases (Figure 1.13(a-b)). A tilt of the molecules with 

respect to the column axis is a common feature in these mesophases. Different 

type of lattice structures have also been identified  such as hexagonal, rectangular 

and oblique. Significant research work have been performed in the last decades 

[119,120] on discotic liquid crystalline materials.  

 

 

              

   (a)     (b) 

 

Figure 1.13 Molecular structure of discotic mesogens: (a) columnar and (b) disc 

like. 
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1.5 Polymeric liquid crystals 

Polymeric liquid crystals are a relatively unique class of partially 

crystalline aromatic polyesters based on p-hydroxybenzoic acid and related 

monomers. The basic monomer units are low molecular weight mesogens with 

rod-like or disc-like molecules, which are attached to the polymer backbone in the 

main chain, or as side groups (Figure 1.14) [121-126]. The nature of the 

mesophase depends on the backbone, mesogenic unit and spacers. Liquid 

crystalline polymers may be crosslinked to each other to form a network that 

retains the liquid crystalline feature and are capable of forming regions of highly 

ordered structure in the liquid phase. They have outstanding mechanical properties 

at high temperatures, excellent chemical resistance, inherent flame retardancy and 

good weather ability [126].  

 

Main chain polymer liquid crystals 

   

 

Side chain polymer liquid crystals 

 

 

Figure 1.14 Molecular structure of the polymer liquid crystals. 
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1.6 Bent-core liquid crystals 

In 1996, Niori et al. [127] reported ferroelectric behaviour in a smectic 

phase formed by „banana-shaped‟ non-chiral molecules (Figure 1.15). Observation 

of antiferroelectric switching properties in such materials followed almost 

immediately. Banana shaped liquid crystal is similar to calamitic LCs [128-133], 

but contains a molecular kink.  

 

 

 

Figure 1.15 Molecular structure of the bent-core liquid crystals. 

 

They have an elongated shape, with the molecular length being 

significantly larger than the molecular breadth. Due to their bent shape, the 

molecules are preferably packed in layers. The lateral correlation of the molecular 

dipoles yields a polar order within the layers, which can be switched on applying 

an electric field. If the molecules are tilted within the layers, a combination of tilt 

direction and polar vector can give rise to layer chirality although the molecules 

are not optically active themselves [128]. Depending on the order of discovery 

these mesophases have been given the nomenclature of B1-B7.  

 

1.7 Unconventional liquid crystals 

Recently, much attention has been focused on the intermolecular 

interactions of unconventional supra-molecular liquid crystals with well-designed 

systems, i.e. oligomers [134], dendrimers [135], plasmids [136], polycatenar 

[137], metalomesogens [138], charge-transfer systems [139] and hydrogen-bonded 



 

 

Chapter 1 

 

23 

[140] systems. The self-assembly of relatively simple building blocks of liquid 

crystals into complex ordered structures is a subject of increasing research interest 

for the fundamental understanding of soft-matter self-organization. Dimeric liquid 

crystals are attractive because they exhibit different properties from the 

corresponding low-molecular mass mesogens. Liquid-crystal trimers and tetramers 

have also been reported. Nonlinear molecular shapes in which one mesogenic unit 

is connected at a lateral site produce -shaped, U-shaped and T-shaped liquid 

crystals as illustrated in Figure 1.16 [141].  

 

 

 

Figure 1.16 Molecular structures of the supra-molecular liquid crystals. 
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Supermolecular assemblies with well-defined morphologies are 

fundamental components for structure formation in biological systems, as well as 

for production of novel functional materials. Many other interesting liquid crystal 

phases have also been reported like bola-amphiphilic, re-entrant, induced smectic 

etc. Of late, the twist-bend nematic phase [142,143], a unique type of nematic 

ground state of achiral molecules, exhibiting layer-free, helical liquid crystal 

ordering of nanoscale pitch has been structurally identified and characterized. 

Nanotemplating and nanoparticle organization using liquid crystals have opened 

up new and exciting lines of research [144-146].  

  

1.8 Liquid crystal mixtures   

To meet the specific demands of the electro-optic display devices, mixtures 

of pure compounds are often used where the composition of the individual 

components are adjusted so that better materials may be produced for display 

applications [15,16]. The two most important requirements for a liquid crystal to 

be used in a display device are a suitable temperature range of phase stability and 

appropriate physical properties. For complex displays these requirements cannot 

be satisfied by a single compound, and commercial display materials may contain 

up to twenty different liquid crystalline components [38]. The formulation of these 

mixtures is essentially an empirical process, but guided by the results of 

thermodynamics and experience. The principles behind the preparation of 

multicomponent mixtures can be illustrated initially by considering the 

formulation of a binary mixture [15]. However, care should be taken to avoid the 

formation of intermolecular complexes. 

 The most general approach to systematically tailor the liquid crystal 

materials for specific applications is the formulation of optimized mixtures 

consisting of several mesogenic compounds and non-mesogenic additives [147-

150]. Typically such mixtures can be designed to have a large thermally stable 

liquid crystalline range, together with optimized values for mesomorphic 

properties (the rotational viscosity, dielectric anisotropy and elastic constants etc).  
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 The major display technologies using Twisted Nematic (TN), Super 

Twisted Nematic (STN), Thin Film Transistor Twisted Nematic (TFT-TN) 

configurations requires liquid crystals having a positive dielectric anisotropy 

whereas Vertically Aligned (VA) mode technology requires mixtures having a 

negative dielectric anisotropy [15]. The other requirements of physical parameters 

are high birefringence, low threshold voltage, low viscosity for short response 

times, low elastic constant and high dielectric anisotropy [40,44]. Many materials 

have been developed to improve the electro optical behaviour of these displays, 

particularly using fluoro-substituted and isothiocyanated mesogens to provide the 

required dielectric constants necessary to optimize the operation of these displays 

[15,40]. Moreover, liquid crystal mixtures, used in surface-stabilized ferroelectric 

liquid crystal (SSFLC) exhibit a fast response (of the order of microseconds), wide 

viewing angle and bi-stable memory capability [63,85,86]. However, the zig-zag 

defects tend to deteriorate the electro-optic properties of the devices, while the 

mechanical and shock-sensitive FLC alignment and residual DC voltage would 

cause concerns for long-term stability. Antiferroelectric liquid crystals might also 

be used for reflective type liquid crystal devices in which the device is actively 

illuminated from the viewing direction or passively illuminated by ambient light 

[95,97]. AFLC is an attractive option when considering low power consumption 

applications such as mobile phones, electronic books and other portable display 

devices. It is anticipated that use of an orthoconic liquid crystal material with tilt 

angle around 45° will significantly improve the contrast display devices [102,103].  

 Practical SSFLCDs require eutectic mixtures of optically active chiral 

smectic C* materials with a low melting point and a high smectic C* transition 

temperature, 22.5o tilt angle (for good optical contrast). All the mixture 

components should be chemically, thermally, photo and electrochemically stable 

and the resultant induced spontaneous polarization of the mixture should also be 

not too large to avoid space charge effects (“ghost effects”) [85]. For such type of 

mixture formulation, two classes of dopant: chiral and achiral are used. Chiral 

dopants allow to consider the effect of chirality as well as steric effects, while 

achiral dopants allow to take into account only at the steric effects of a dopant 
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[150]. For the ferroelectric mixtures it is essential to mix smectic C* compounds 

with the same sign of spontaneous polarization, but opposing signs of pitch, so 

that the spontaneous polarization values are additive and the pitch values are 

compensated [150]. As a result the pitches in SSFLCDs are suppressed and 

switching time becomes faster. Both the spontaneous polarization and the pitch 

depend on the polar character of the substituent at the chiral center and the 

position of the chiral center in the terminal chain, which permit a large degree of 

synthetic freedom and flexibility. However, an achiral smectic C material with a 

low viscosity, high smectic C transition temperature, large dielectric anisotropy 

and low melting point are doped with optically active chiral dopant with a very 

high value of spontaneous polarization to produce a mixture with a chiral smectic 

C∗ phase with the desired values of the relevant physical properties. Although 

mixed systems show properties which are predictable from the theory of ideal 

solutions, in some cases a strong non-additive behavior is also observed [150]. 

 Sometimes liquid crystalline phases existing in pure compounds enhanced 

their thermal stability in mixtures and new phases of higher order may be 

produced. Intermolecular attractive forces such as Van der Waals forces, hydrogen 

bonds, electron-donor interactions and intermolecular repulsion (steric forces) 

influence the situation of molecules in the mesophase [150]. Each of those forces, 

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

of liquid crystalline phases or for creating new phases [151-153]. Study of the 

physical and structural properties of liquid crystalline mixtures provide a better 

understanding of the local structure as well as the nature of the phase transitions 

[147,151] in such a system. 
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2.1 Introduction 

This chapter describes the different experimental techniques used in the 

characterization of the physical and mesomorphic properties viz. birefringence 

(n), dielectric anisotropy (), splay elastic constant (K11), figure of merit (FoM), 

relaxation time (), viscosity (bulk, rotational and effective torsional), 

spontaneous polarization (Ps), activation energy (Ea), layer spacing (d), tilt 

angle(), correlation length etc. of the liquid crystalline compounds and multi-

component mixtures. An understanding of the working principle of these 

techniques and the behavior of the liquid crystalline materials under those 

experimental configurations has been discussed. The Maier–Saupe mean field 

theory [1–3] for the nematic phase has been illustrated briefly, since the 

experimentally determined orientational order parameter (S) have been compared 

with the theoretically predicted values. Moreover, a very concise description of the 

elastic continuum theory [4-7] and Freederiksz transition [8,9] has also been given 

in this chapter. 

  

2.2 Experimental techniques 

 

2.2.1 Texture studies 

Texture studies by polarizing optical microscopy have been employed as a 

primary tool for the characterization and determination of the transition 

temperatures of the different liquid crystalline phases. The textures of different 

phases of liquid crystalline samples placed between crossed polarizer and 

analyzer, were observed using a polarizing optical microscope, Motic BA300 

equipped with a Mettler Toledo FP90 thermo system [10,11]. Textures are 

generated due to the defects in structure that occurs in the long range molecular 

ordering of the liquid crystalline materials. Hence, defects in liquid crystals are 

important for the identification of different type of mesophases. The phase 

transitions could be observed clearly through the polarizing microscope when the 
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temperature of the sample is slowly varied. A detailed description of different 

textures with photographs is given by Demus [12] and Dierking [13]. 

 

2.2.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) has been used as a complementary 

tool to polarizing optical microscopy (POM). DSC measurement reveals the 

presence of liquid crystal phases by detecting the enthalpy change associated with 

the phase transitions. DSC is poor at detecting low enthalpy transitions such as 

second order. Although the calorimetry cannot identify the type of phases as POM, 

some useful information about the purity [14], order of the phase transition 

[15,16], conformational disorder [17] and molecular shapes can be derived from 

DSC. The phase transition temperatures were determined by differential scanning 

calorimetry using Pyris Diamond Perkin-Elmer 7 [18]. The sample (~ 6.97 mg) 

was hermetically sealed in an aluminium pan and placed in a nitrogen atmosphere 

within the sample chamber of the DSC instrument. The temperature and enthalpy 

change (ΔH) have been calibrated on extrapolated onsets of the melting points of 

ice, indium and zinc. Due to the ambiguity in defining the location of the transition 

temperatures by optical microscopy, several cooling or heating runs at the rate of 

5oCmin-1 in a nitrogen atmosphere were performed. Determination of phase 

transition temperatures from DSC measurements have been discussed in the 

literature [19]. With the aid of computers, the transition temperatures and enthalpy 

change can be easily derived from the peaks and corresponding area of the DSC 

scans respectively. 

 

2.2.3 X-ray diffraction study 

The structural properties of the liquid crystalline compounds can be studied 

conveniently from x-ray diffraction studies. Vainshtein [20] and Leadbetter 

[21,22] have given the theoretical interpretation for the x-ray diffraction of liquid 

crystals. From this measurement, information on both the intermolecular and intra-

molecular arrangement in the liquid crystals can be retrieved.  
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H 

The x-ray diffraction pattern appears as an arc and this can be interpreted in 

terms of the orientational distribution of the ordered liquid crystal molecules 

[23,24]. X-ray diffraction of the un-aligned nematic phase consists of a uniform 

halo just like that of an isotropic liquid (Figure 2.1(a)). 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. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1(a-d) Schematic representation of x-ray diffraction pattern of (a) 

unoriented nematic, (b) nematic (c) smectic A (d) smectic C oriented 

perpendicular to the direction of the incident x-ray beam. and H is the tilt angle 

and applied magnetic field respectively. 
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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 in the 

Figure 2.1(b).The main halo splits into two crescents for each of which intensity is 

maximum in the equatorial direction, i.e. perpendicular to the director. These 

crescents are formed mainly due to the intermolecular scattering and the 

corresponding Bragg angle is a measure of the lateral intermolecular distance. The 

angular distribution of the x-ray intensity I() vs.  curve, gives the orientational 

order parameter. In the meridional direction two crescents are also observed at 

much smaller angle and the corresponding Bragg angle is a measure of the 

apparent molecular length. The x-ray diffraction pattern of the smectic A phase is 

shown in Figure 2.1(c). The meridional spots are formed due to Bragg reflection 

from the layers and provide the value of the layer thickness. Since smectic A 

phase can have only quasi-long range order along its layer normal, second order 

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

absent in the x-ray diffraction photographs.  

The smectic C phase exhibit a tilted layered structure in which the smectic 

layer normal and the director are no longer collinear. Since there is no azimuthal 

preference for the tilt, the tilt occurs in different azimuthal direction as shown in 

Figure 2.1(d). For the smectic B phase, which is a three-dimensional ordered 

system with hexagonal symmetry, the outer diffraction ring is split up into six 

spots of strong intensity. Hence, the bond orientational order can be determined 

from the angular distribution of the x-ray intensity. 

 

2.2.3.1 Linear scanning of x-ray photographs 

The x-ray diffraction photographs, scanned by a high resolution scanner 

(HP Scanjet 5590) in the gray scale mode at 1200 dpi resolution have been 

analyzed using Origin software. The optical densities of the pixels were calculated 

and then converted to x-ray intensities with the help of a calibration curve 

following the procedure of Klug and Alexander [25].  
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2.2.3.2 Intermolecular distance 

The average lateral distance [18] between the neighbouring molecules (D) 

is related to the corresponding Bragg angle (2d) according to the formula;  

 

                   kD d sin2                                           (2.1) 

where, 2d is the Bragg angle for the equatorial diffraction,  is the wave length of 

the incident x-ray beam and k is a constant which comes from the cylindrical 

symmetry of the system.  For perfectly ordered state, k = 1.117 as given by de 

Vries [26]. However, since the variation of the value of k on order parameter is 

known to be small, the value of k = 1.117 has been retained for all the calculation 

[26,27].  

The longitudinal as well as the transverse in-plane correlation length in 

different mesophases have been determined from a linear scan of the inner and 

outer diffraction peaks. The intensity profile I(q) was then fitted to a Lorentzian 

form with a quadratic background [18], 
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Where, q is the magnitude of the scattering vector. Here a1, a2, q0, a3, a4 and a5 are 

the fitting parameters, which were adjusted to obtain the best fit. The position q0 of 

the peak in the intensity profile has been used to determine the apparent molecular 

length. The correlation length is defined by 

 

                                                   

1/2
22 ( )a                                              (2.3)    

The equatorial intensity profile at wide angle have been fitted to estimate the 

transverse correlation length(||) while the longitudinal correlation length() have 

been measured from the meridonial spread of the intensity profile at small angle 

arising from smectic-like fluctuations [18]. 
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2.2.3.3 Apparent molecular length or layer thickness 

 To calculate the apparent molecular length (l) or the layer thickness (d), the 

Bragg equation (Equation 2.1) have been used, where d is the Bragg angle for the 

meridional diffraction crescent or spot [19].  

 

2.2.3.4 Tilt angle 

 The tilt angle () has also been determined from the temperature variation 

of the layer thickness in SmA and SmC phase using the following equation [28-

30] 

                                                )/(cos)( 1

AddT                                        (2.4)   

where, d is the layer spacing values in the SmC phase and dA is the value of d in 

the SmA phase, measured at the SmA–SmC phase boundary. 

 

2.2.4 Optical birefringence measurement 

The nematic phase is optically uniaxial, strongly birefringent and possesses 

two refractive indices, which are important from application point of view. The 

principal refractive index of a nematic liquid crystal along and perpendicular to the 

molecular long axis are defined as extraordinary refractive index (ne) and ordinary 

refractive index (no) respectively. The difference between the extraordinary and 

ordinary component of the refractive index is known as the optical birefringence 

(n), expressed as: 

                         e on n n                                           (2.5)          

Optical birefringence (n) measurement [31-33] has been done by different 

methods. In the first method, the extraordinary and ordinary refractive indices (ne, 

no) were determined by thin prism technique [34,35] and hence the birefringence 

(Δn = ne-no) was evaluated. Secondly, a high resolution temperature scanning 

technique has been applied to determine the birefringence (Δn) of the samples in 

the different phases [36-40]. The well known Abbe refractometer has also been 

used to determine the refractive indices of few multi-component mixtures. 
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2.2.4.1 Thin prism technique 

The principal refractive indices (ne, no) of a liquid crystal sample have been 

measured by thin prism technique at a wavelength =632.8nm. Figure 2.2 

illustrates the experimental setup for refractive index measurements. Thin prisms 

with refracting angle less than 2o were prepared by using optically flat glass slides. 

First these slides were cleaned with detergent and water, and then treated in an 

acid mixture at a temperature of 60oC for one hour. After that, the slides were 

washed with distilled water and further treated in 1 molar solution of KOH at 60oC 

for the next one hour. Again the glass slides were washed with distilled water for 

several times. Finally, the glass plates were dipped into acetone to remove any 

organic impurities. A thin glass spacer was introduced between one of the vertical 

edge of the two glass slides to obtain the desired refracting angle of the prism. The 

glass plates of the prism were sealed together by using high temperature adhesive 

and were baked in an oven for few hours. 

Liquid crystal (LC) samples were introduced into the prisms from its top 

open side by melting. The sample filled prism 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 specially designed brass heater provided with a transparent opening at the 

centre and the temperature of the heater was maintained at the desired value by a 

Eurotherm temperature controller (PID 2404) within an accuracy of 0.1oC. The 

heater containing the LC filled prism was placed between the two pole pieces of 

an electromagnet by which a magnetic field (~ 1 Tesla) was applied to align the 

LC sample. A light beam (=632.8nm) from a He–Ne laser was allowed to be 

incident normally onto the prism. After passing through the aligned sample, the 

incident light beam splits into two components i.e. ordinary and extraordinary and 

two spots were visible on a screen. With the help of a high-resolution digital 

camera suitably interfaced with a computer, high-resolution digital images were 

obtained which were further processed to locate the center of the spots from where 

the ordinary (no) and extraordinary (ne) refractive indices could be determined 
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within an accuracy of ±0.0006. The angle of the prism was first determined with 

the help of pure water. 

 

   

 

Figure 2.2 Schematic diagram of the experimental set-up for refractive index 

measurement using thin prism technique. 

 

2.2.4.2 Optical transmission method 

In the optical transmission (OT) method, the change in the transmitted 

intensity of a normally incident He-Ne laser beam (λ = 632.8nm) through a LC 

filled cell placed between a pair of crossed polarizers was recorded by a photo 

detector as a function of temperature [36-40]. The homogeneously aligned (planer 

geometry) (in a few cases homeotropically aligned) ITO coated cells were 

purchased from AWAT Co. Ltd., Warsaw, Poland. The temperature of the cell 

was controlled and measured with a temperature controller (Eurotherm PID 2404) 

with an accuracy of ±0.1oC by placing the cell in a brass heater. A precession 

multimeter (Keithley 2000) was used to measure the transmitted intensity of the 

laser beam. The optical birefringence (n) has been determined from the 

normalized transmitted intensity (I) data using the following equation [41-42]: 
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where d is the LC cell thickness, θ is the angle made by the polarizer with respect 

to the optical axis and  is the wavelength of the light used. In order to optimize 

the experimental measurements the angle between the polarizer and optical axis 

was fixed at 45o.  

The LC sample is believed to be a uniaxial birefringent medium with a 

spatially uniform orientation of the optic axis. The normalized transmitted 

intensity I(t) of the plane-polarized light passing through the LC sample of 

thickness d and birefringence n at normal incidence can be expressed as [41]: 

 

                    






 







nd
tI 22 sin)(2sin2sincos)(                    (2.7)            

where is the wavelength of the laser beam,  denotes the angle between 

polarizer and analyser and  is the angle between the polarizer and the projection 

of the optic axis into the substrate plane. Equation 2.7 indicates that the resultant 

normalized transmitted light intensity (I1(t) - I4(t)) can be obtained in four different 

orientations of the analyzer and polarizer:    

(i) when  
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Interestingly, Equation 2.8 is similar to Equation 2.6, used to determine the 

birefringence (n). 

(ii) when  
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(iii) when  
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(iv) when   
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From Equations 2.8-2.11 we can write 
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As the opposite tilt directions appear with the same light intensity, the parameters 

p1 and p2 remains invariant under a sign inversion of the tilt angle (). Therefore, 

Equation 2.12 and 2.13 are applicable for the SmC and SmC* phases. Using 

Equation 2.12 and 2.13 one can easily obtain the expressions for the tilt angle 

and birefringence n respectively, 
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                                       (2.15)                   

 

The values of the tilt angle () determined from the optical transmission 

method are found to be about 10 percent lower than those determined from the x-

ray diffraction technique. Due to the difficulty in achieving a perfectly uniform 

and defect-free alignment, a slight light leakage was observed even in the well 

aligned SmA phase with the average tilt angle ( parallel to one of the polarizers. 

This transmission value, which theoretically should be zero, was therefore 

subtracted from all the measured intensity values. This method is well suited for 

the tilt angles above 5o but for =0o the errors may have a larger effect. 

 

2.2.4.3 Determination of orientational order parameter 

A number of methods have been developed to determine the orientational 

order parameter (S) in the liquid crystalline phases. However, the optical method 

is the most commonly used owing to its simplicity as well as accuracy. The usual 

technique for the evaluation of the long range order parameter from optical 
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methods necessitates the measurement of both the ordinary and extraordinary 

refractive indices (no and ne) as well as the density () data. In such cases, using 

these three measured quantities, either the standard Vuk’s isotropic model [43] or 

the Neugebauer’s relations based on the anisotropy of the internal field [44] are 

adopted to determine the principal polarizabilities parallel and perpendicular to the 

molecular long axes and hence, the anisotropy of the molecular polarizabilities 

() can be calculated. The polarizability anisotropy (0) in the perfectly 

ordered crystalline state is determined from the well-known Haller’s extrapolation 

procedure [45] and the order parameter is calculated from the ratio 0. 

According to de Jue [46], the variation of density () over the nematic phase is 

usually small and the temperature dependence of the optical birefringence (n) 

gives a good indication of the variation of orientational order parameter with 

temperature. Furthermore, Kuczynski et al. [47] have also shown that the order 

parameter determined directly from the birefringence measurements are consistent 

with the S values obtained from the polarizability data. Therefore, in this work, the 

order parameter (S) has been determined using only the refractive indices and the 

birefringence data.  

The temperature dependence of optical birefringence (n) in the nematic 

phase can be described by a power law expression having the following form [45]: 
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nn                                         (2.16)                              

where n0, T* and are adjustable parameters.*is about1-3K higher than the 

clearing temperature and the exponent depends on the molecular structure and 

its value is close to 0.2. n0 is the birefringence in the completely ordered state i.e. 

at the absolute zero temperature. Moreover, the temperature dependent 

birefringence is related to the order parameter (S) by the following expression 

[46]:   
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This direct extrapolation method offers a very useful technique to determine the 

order parameter from the high resolution n data and excludes the requirement of 

individual refractive indices as well as density values. 

 

2.2.5 Dielectric permittivity measurement 

The static dielectric permittivity measurements provide important 

information about the dipole organization and dipole-dipole interaction in the 

mesophases. Planar and homeotropically aligned ITO coated liquid crystal cells 

with unidirectionally rubbed polyimide layers having thickness 8.9m were 

procured from AWAT Co. Ltd., Warsaw, Poland and were used for filling the 

samples. The capacitance of the LC filled cells was measured at frequency of 

1kHz, as a function of temperature, using a digital LCR-bridge (Agilent E4980A) 

with a relative accuracy of about 0.05% [48-53]. The temperature of the sample 

was controlled and measured with an accuracy of ±0.1oC by placing the cell in a 

brass heater suitably connected with a temperature controller (Eurotherm PID 

2404). For this study, the cell was first calibrated by measuring the capacitances of 

standard dielectric liquids within an accuracy of 1%. The parallel and 

perpendicular components of the dielectric permittivity ( and ) were 

determined by measuring the capacitances Ca, Cb and Cx of the cell filled with 

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

applying an electric field parallel and perpendicular to the director and using the 

following expression 

                                         1)(
)C-(C

)C-(C
1 b

ab

ax
x                                  (2.18) 

 where b and x are the relative permittivities of benzene and the liquid 

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

The complex dielectric permittivities were also determined with the help of 

HP 4192A impedence analyzer covering the frequency (f) ranges 1kHz to 30MHz 

at the Institute of Physics, Jagiellonian University in Krakow. The LC samples 

were oriented in a magnetic field of strength ~ 0.7 Tesla in the nematic phase. The 
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real (ε') and imaginary (ε'') component of the complex dielectric permittivity can 

be determined from the following equations   

 

                                                    ε' = Cx/Ca                                                     (2.19)                    

                                                  ε'' = /(2πfCa)                                              (2.20)                     

where  is the conductivity of the sample filled LC cell. 

 

2.2.6 Dipole moment measurement 

The dipole moment  has been measured by using the Guggenheim 

method [54] which is based on the Debye equation. The dielectric permittivity () 

and refractive index (n) of the compound dissolved in a non-polar solvent p-xylene 

were measured as a function of molar concentration (c) at 30oC to determine the 

dipole moment. The dielectric permittivities were determined by measuring the 

capacitance of a solution filled cell at 1 kHz by using Agilent E4980A digital 

LCR-bridge and the refractive index of the solution was measured by thin prism 

technique [34,35]. According to the Guggenheim [55,56], the effective dipole 

moment () of a molecule in solution of molar concentration c at room 

temperature can be written as [54]: 

 

                                
cnN

nnTk

)2)(2(4

)]()[(27

2
11

2
11

2
222












                      (2.21)                      

where, the suffixes 1 and 2 respectively refer to the solvent and solution 

parameters, k is the Boltzmann  constant, T is the absolute temperature and N is 

the Avogadro number. The dipole moment determined at different concentrations 

has been plotted as a function of weight percentage of the solute and an 

extrapolation of the fitted curve to infinite dilution gives the value of the same for 

an isolated molecule. The experimental value of the dipole moment ( has been 

compared with those obtained from the semi-empirical molecular orbital package 

MOPAC [57,58] for all the compounds investigated, in their minimum energy 

configuration. 
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2.2.7 Splay elastic constant measurement 

 In the nematic phase, the liquid crystal director may vary spatially due to 

the application of an external field. The deformations of a nematic phase can be 

traced back to three fundamental elastic deformations: splay, bend and twist 

(Figure 2.3(a-c)). In the deformed state, there exists an elastic restoring force 

which tries to bring the system into the equilibrium configuration. Generally, each 

of the deformation modes is characterized by an individual elastic constant. These 

elastic constants of the liquid crystals can be determined by different techniques. 

One of the simplest and most convenient method to obtain the elastic constant is 

the electric field induced Freedericksz transition [9,10] as shown in Figure 2.4(a-

b).  

For the splay elastic constant (K11) measurement, the LC sample was 

cooled from the isotropic phase to the nematic phase and a sinusoidal voltage of 

frequency 1kHz was applied [59-62] after the sample stabilized at a particular 

temperature. The applied voltage was increased in small steps from a value lower 

than the Freedricksz threshold [9,10] voltage to 20V rms. Agilent E4980A 

precession LCR-bridge was used to record the cell capacitance as a function of the 

applied voltage. The capacitance value changes rapidly near a certain voltage 

which is called the threshold voltage (Vth) for Freedericksz transition (Figure 2.5). 

Using the value of the threshold voltage (within ±0.5%) the splay elastic constant 

(K11) was calculated from the well known equation 
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                                         (2.22)                    

 

where 0 is the free space permittivity. 
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                              (a)                                                           (b) 

 

 

 
(c) 

 
Figure 2.3(a-c) Schematic diagram of an ordered nematic liquid crystal in three 

different deformation states: (a) splay, (b) bend and (c) twist. 
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Figure 2.4(a-b) Schematic representation of director configuration: (a) below 

threshold field (Vth) (b) above the threshold field (Vth). 
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Figure 2.5 Voltage dependent capacitance change due to Freedricksz transition in 

a liquid crystal.  

 

2.2.8 Rotational viscosity measurement 

Rotational viscosity (1) of liquid crystals represents an internal friction 

between the directors during a rotation process. The magnitude of the rotational 

viscosity depends on the intermolecular structure, molecular association and also 

on the temperature. A relaxation technique [63-65] was used to probe the 

rotational viscosity (1). In this method, a He-Ne laser beam (λ = 632.8nm) was 

allowed to pass through a homogeneously aligned ITO coated LC cell (procured 

from AWAT Co, Warsaw, Poland) of thickness 8.9m placed between two 

crossed polarizers oriented at 45o to the director. The temperature of the cell was 

regulated and measured by a temperature controller (Eurotherm PID 2404) with an 

accuracy of 0.1oC by placing the cell in a brass heater with glass windows 

[61,65]. The schematic representation of the experimental set up for measuring the 

rotational viscosity is shown in Figure 2.6. 
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Figure 2.6 Experimental set up for determining rotational viscosity. 

 

When a linearly polarized light impinges in a parallel-aligned cell, if the 

polarization axis is parallel (i.e. the angle between the polarizer and the optic axis, 

 =0o) to the LC director, a pure phase modulation is achieved because light now 

behaves as an extraordinary ray. On the other hand, if the angle  = 45o, then 

phase retardation occurs due to the different propagating speed of the 

extraordinary and ordinary rays in the liquid crystalline medium. The resultant 

phase retardation () is determined by the LC layer thickness d and the effective 

birefringence, n(V, T, ), which is dependent on the applied voltage, temperature 

and wavelength of the incident light and can be written as [66,67] 

 

  (V,T,) = 2dn (V,T,)                                (2.23) 

At V = 0, n (= n e no) has its maximum value. However, in the V > Vth regime, 

the effective birefringence decreases sharply as voltage increases, and then 

gradually saturates. The slope depends on the elastic constants, dielectric 

permittivity and refractive indices of the LC material. At V >> Vth regime, 

basically all the bulk directors are aligned by the field to be perpendicular to the 



 

 

 

 

Chapter 2 

59 

substrates, except the boundary layers. Thus, further increase in voltage only 

causes a small change in the orientation of boundary layers. In this regime, the 

effective birefringence is inversely proportional to the applied voltage. The 

advantage of operating an LC device at low voltage regime is that a large phase 

change can be obtained merely with a small voltage swing. However, the value of 

the relaxation time is relatively higher [63]. 

The transmitted light intensity was measured as a function of applied 

voltage by using a photodiode which was connected to a digital storage 

oscilloscope (Agilent 54622A DSO). Figure 2.7 depicts the voltage dependent 

transmittance curve. A voltage (VB) corresponding to the first maximum or 

minimum in the transmitted intensity was applied to the LC cell. When the voltage 

VB was removed at t = 0, the optical transmission decreases and the phase change 

δ(t) could be calculated from the time dependent intensity, I(t), according to the 

following equation [61,65]: 

 

                            }2/))t(
nd2

{(sinII 2

ot 



                     (2.24)                          

where Io is the maximum intensity change. Therefore, the relaxation time [61,65] 

was determined from the equation given by [63]   
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                                     (2.25)                        

where 0 is the total phase change of the sample under the applied bias voltage VB. 

A plot of ln(t with time (t), yields a straight line with slope (2/0) and from 

the slope, the value of decay time 0 can be determined. 

Moreover, δ(t) becomes 0exp(-4t/0) in Equation 2.25 when the value of 0 

is around N(N= integer). Again applying the voltage VB to the liquid crystal cell 

the rise time rise was obtained in the similar way. The accuracy of the relaxation 

time measurement was found to be ±5ms. Thus, by measuring the relaxation time 
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τ0 and from the knowledge of the splay elastic constant K11 and the cell gap d, the 

rotational viscosity 1 was determined from the following equation [61,63,65,68]: 
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Figure 2.7 Voltage dependent optical transmittance of a liquid crystal placed 

inside 8.9m thick planar liquid crystal cell at different temperatures. 

 

2.2.9 Activation energy 

The temperature dependence of the rotational viscosity (1) was fitted to the 

following expression [61] 

                                 )exp(01
Tk

E
S a



                                            (2.27)                         

where k is the Boltzmann constant and Ea is the associated activation energy. S is 

the orientational order parameter which was determined from the birefringence 
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measurement and 0 is the fitting parameter. From the slope of the ln(1/S) vs 1/T 

curve the activation energy Ea can be evaluated. 

 

2.2.10 Figure of merit 

The response time (0) is proportional to d2. Therefore  comparative study 

of 0 is not possible unless the cell gap exactly matches its birefringence in order to 

determine the best possible response times. Figure of merit (FoM) completely 

eliminates the necessity of matching the cell gap and helps to compare the 

potential applicability of a particular compound in a display device.  FoM is 

defined as [69,70]: 

                                   
1

2

11



nK
FoM


                                      (2.28)                                                              

where K11 is the splay elastic constant, Δn is the birefringence and γ1 is the 

rotational viscosity. All of these parameters are temperature dependent. 

Furthermore, both the birefringence and elastic constant [46,69,71,72] are 

dependent on the order parameter S and can be approximated as:  

   n = (n0).S                                          (2.29)                                 

                                            K11 = A0.S
2                                           (2.30)                               

The temperature dependent FoM is derived as:[69]  

                        20
0( ) 1 exp /a
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             (2.31)                

where Δn0 is the birefringence when S =1 i.e. in the perfectly ordered state, Ea is 

the activation energy of the liquid crystal and k is the Boltzmann constant. The 

value of the parameter β is around 0.20 and depends on the molecular structures. 

The FoM strongly depends on the temperature [69]. It first increases with 

increasing temperature and reaches a maximum value at certain temperature called 

the operating temperature. As the temperature approaches the clearing temperature 

TC, the birefringence has very steep drop which causes a sharp decrease in the 

Figure of Merit. The higher Figure of Merit a LC possesses, the faster response 
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time it exhibits. Thus operating a LC device at an elevated temperature is 

beneficial for reducing response time. However, it brings complication to the 

driving scheme since this necessitates additional temperature control system. 

 

2.2.11 Electro-optic measurement 

For the electro-optic studies, 5m thick ITO coated planar glass cells 

(procured from AWAT Co. Ltd., Warsaw, Poland) have been used. The inner 

surfaces of the glass plates were polymer buffed to align the sample in the planar 

configuration. The liquid crystalline (LC) sample was introduced into the cell by 

capillary action at high temperature in the isotropic state. Eurotherm PID 2404 

temperature controller was used to control the temperature of the LC filled cell, 

placed within a specially constructed heater with an accuracy of ±0.1ºC. The 

alignment of the sample was achieved by slowly cooling of the sample from the 

isotropic to the smectic phase by applying a high square wave electric field (10 

V/m) at a low frequency (50 Hz). After the alignment of the LC cell in the 

bookshelf geometry, the applying voltage was removed and the sample were 

further cooled to the SmC* or SmCA* phase. It was assumed that compounds 

having longer pitch retained their surface alignment in the 5m thick cells upon 

transition to the SmC* and SmCA* phases. The spontaneous polarization of the 

ferro and antiferroelectric LC was determined using the polarization reversal 

technique [73-75]. 

A square wave electric field V (40 Vpp) at 50 Hz was applied to the LC 

sample. The input voltage was applied by the Picotest (G5100A) arbitrary 

waveform generator and the FLC (F20A) voltage amplifier. As the polarization 

was inverted by the applied field, a current pulse was observed. The re-

polarization current response was fed to the Agilent Digital Storage Oscilloscope 

1052B suitably interfaced with a computer through a resistance (22KΩ), 

connected to the LC cell in series. Figure 2.8 illustrates the block diagram of the 

circuit used for the measurement of spontaneous polarization. 
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Figure 2.8 Experimental set up for electro-optic study using polarization reversal 

technique.  

 

The liquid crystal may be regarded as a resistance (R) connected to a 

capacitor (C) in parallel. Therefore, the output current is the sum of three currents: 

(i) IC, due to charge accumulation in the capacitor (ii) IP, due to polarization 

realignment and (iii) II for the ionic current [73]. The total output current can be 

written as   

                                  C P I

dV dP V
I I I I C

dt dt R
                    (2.32)                       

where P is the amount of charge induced when the spontaneous polarization (Ps) 

changes sign after reversal of the electric field. The contribution from IC and II can 

be removed by choosing an appropriate baseline of the output current response 

curve (a hump) using mathematical software. Hence the magnitude of the 
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spontaneous polarization was determined from the area (A) under the current 

reversal peak using the following formula [74] 

                                                            Idt
A

P
S 2

1
                                       (2.33)                                      

To estimate the precision of the experimental setup, the spontaneous 

polarization of pure (S)MHPOBC (4‑(1‑methylheptyloxy)carbonylphenyl4'-

octyloxy-4-biphenyl carboxylate), procured from Sigma Aldrich, [73-78] have 

also been determined by applying voltage of square waveform. The 

experimentally obtained PS values [74] agree quite well with those obtained by 

others [77,78] as shown in Figure 2.9. In this study, the values of the spontaneous 

polarization have been measured with a precision of ±0.9 nC/cm2.  
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Figure 2.9 Temperature dependent spontaneous polarization (PS) curve of 

(S)MHPOBC. 

 

The free relaxation time  for the ferroelectric or antiferroelectric liquid 

crystal director were also evaluated from the time (10-90) required to change the 

current from 10% to 90% of the peak value of the hump of the re-polarization 
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curve upon switching [79]. The relation between the relaxation time and 10-90 is 

given by [74,79]: 

                                                
8.1

9010
t

                                               (2.34)                 

Hence, the effective torsional bulk viscosity ( has been determined by using the 

following relation: 

                                                    EP
S

                                              (2.35)                               

where E is the applied switching electric field. The free relaxation time () and the 

effective torsional bulk viscosity were determined with a precision of ±1s and 

±0.9 Pa.s respectively. Moreover, the anchoring energy (F) of the ferroelectric 

liquid crystal (FLC) system is given by [79-81] 
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                                     (2.36)              

where  2
~

nPWW SDD 
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WD and WP are the dispersion and polarization anchoring strength coefficients 

respectively, and n is the layer normal. Measuring the free relaxation time  and 

the spontaneous polarization (PS) one can determine the dispersion anchoring 

strength coefficient, WD using the following equation [79-84]:  
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                                               (2.37)                            

For sufficiently large values of the cell thickness d, the effect of surface anchoring 

is negligibly small and the helical states become more favorable. The existence of 

a threshold field (Eth) above which the bi-stable state appears is given by [79,81]:  

 

K

W
E

D
th
                                            (2.38) 



 

 

 

 

Chapter 2 

66 

where K is the average elastic constant and WP is assumed to be zero. With 

increasing anchoring, the switching amplitude of the electric field has to be 

increased. For WD = 0, the bi-stability threshold (Eth) follows the relation [79,81] 
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                                          (2.39)                          

The polar interaction of the FLC director with a substrate is directly proportional 

to the spontaneous polarization. Combining Equation 2.38 and 2.39 the polarizing 

anchoring strength coefficient WP can be written as [79-84]: 

 

                                                DSP
WPW                                          (2.40)                    

The advantage of the proposed method is that the different characteristic 

parameters (Ps, , , WD and WP) can be determined in a single experiment, from 

the relaxation voltage curves corresponding to the re-polarization current of a 

liquid crystal cell. Moreover, to study the V shaped switching a solid state laser 

beam (λ = 532nm) was allowed to pass through the LC cell, placed between two 

crossed polarizer oriented at 45º to the director. The transmitted light intensity was 

recorded as a function of the applied electric field using a photodiode in 

conjunction with Agilent Digital Storage Oscilloscope, 1052B, suitably interfaced 

with the computer. 

 

2.3 Theoretical background  

 

2.3.1 Maier-Saupe theory for the nematic phase 

A number of theories have been developed in order to explain the 

behaviour of the nematic phase but the most successful theories are those which 

are based on the molecular mean field approximation. Maier and Saupe [1-3] have 

given a molecular statistical theory of the nematic phase (N) and nematic to 

isotropic (N-I) phase transition based on the molecular mean field approximation. 
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In this case, the constituent molecules of the nematic phase have been assumed to 

be rod-like and under the influence of an average field owing to all the other 

molecules of the LC system. This rod-like molecules possesses cylindrical 

symmetry and tends to orient their molecular long axis along a preferred direction 

(n), called the director. Maier and Saupe [1-3] assumed that the nematic ordering 

is caused by the anisotropic part of the dispersion interaction between the 

molecules and also considered the following points: 

i) As far as the long range nematic ordering is concerned the influence of the 

permanent dipoles can be neglected. 

ii) The effect of induced dipole-dipole interaction plays an important role and need 

to be considered.  

iii) The distribution of the centre of mass of the neighbouring molecules is 

considered to be spherically symmetric.  

iv) The molecules possess cylindrical symmetry with respect to the molecular long 

axis. 

In the nematic phase, the molecular long axis makes an angle () with the 

director, hence the distribution of molecular long axis about the director can be 

represented by an orientational distribution function f(cos). Moreover, different 

experimental results reveal that the rod-like nematic molecules possesses up-down 

symmetry i.e. the heads and tails of the molecules are not distinguishable 

separately. This makes the orientational distribution function f(cos) an even 

function of cos. Thus f(cos) can be written as,  

            )(cos)(cos
2

)12(
)(cos 

LL
evenL

PP
L
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        (2.41)         

where PL( cos ) are the Lth even order Legendre polynomials and PL(cos) is 

the statistical average given by 

              )(cos)(cos)(coscos
1

0
 dfPP

LL                      (2.42)         

PL are known as the orientational order parameters and the first term i.e. <P2> is 

generally called order parameter. It is also sometimes denoted by S. In the 
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isotropic phase (high temperature phase) P2  = 0 and in perfectly ordered state 

i.e. crystalline state P2 =1. Humphries et al. [85] has given a more 

comprehensive idea considering the deviations from the spherical symmetry of the 

pair potential correlation function of the molecules. From the mean field theory 

the single molecule potential function V(cos) of the cylindrically symmetric 

molecules can be written as 

               )(coscos  



evenL

LLL PPUV   (L0)                    (2.43)          

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

neighbours only. Putting L = 2 in Equation 2.42 we get 

            )(cos)(cos)(coscos
1

0
22  dfPP           (2.44)                

Keeping the first term (L=2) of the right hand side of Equation 2.43, the 

expression for the potential energy function of a single molecule can be written as 

                             22 )(coscos PvPV                      (2.45)                    

where 2Uv  . Therefore, the orientational distribution function for a single 

molecule is given by 

                          ]/)(cosexp[cos 1 TkVZf


                       (2.46)     

where k is the Boltzmann’s constant and Z is the single molecule partition 

function given by 
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Substituting the value of f(cos) and Z from Equations 2.46 and 2.47 into 

Equation 2.44 one can write 
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Equation 2.48 is a self-consistent equation as it contains P2 on both sides and 

can be solved by iterative method to obtain the temperature dependence of P2. 

For every temperature (or T*) there is P2 value which satisfies the self-

consistent equation. Now, for all temperatures P2 = 0 is a solution which 

corresponds to the isotropic phase while for temperatures T* < 0.22284, two other 

solutions to Equation 2.48 appear. It has been observed that the nematic phase 

(P2 > 0) is the stable one when the temperature T* satisfies the condition 0  T* 

 0.22019 while for T* > 0.22019, a thermodynamically stable isotropic phase 

with P2 = 0 is obtained. With the increase in temperature, the order parameter 

P2 shows a decreasing trend from unity to a minimum value of 0.4289 at 

T*=0.22019. At T*=0.22019 the N-I phase transition takes place with a 

discontinuous change in the order parameter P2 from 0.4289 to 0 indicating a 

first order nature of the phase transition. The entropy change near the phase 

transition is a measure of the order of the transition. For the N-I phase transition 

the change in the entropy is near about 0.830 cal/moleK, which is comparatively 

much smaller than that of the solid to liquid transition in which entropy change is 

approximately 25 cal/mole-K. So these phase transitions are often called weakly 

first order phase transition. Temperature dependent <P2> values can be calculated 

by solving the Equation 2.48 iteratively. In spite of the approximations that are 

entailed in the Maier-Saupe mean field theory, for a number of nematic LC, the 

experimentally determined P2 values agrees quite well with those predicted by 

the theoretical Maier – Saupe values [86-88] . 

 

2.3.2 Elastic continuum theory 

Although the molecular theories of liquid crystals can successfully explain 

a number of physical properties of the mesophases but there exists a class of 

phenomena which involves bulk liquid crystal samples with respect to which the 

molecular theory is not so useful. Therefore, in describing these bulk properties or 

its response to external perturbations, the liquid crystal system has to be 

considered as a continuous media [5] with a set of elastic constants. Oseen [6], 
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Zocher [7] and Frank [8] developed a static continuum theory for uniaxial liquid 

crystals that has proved to be very much effective in describing the field (electric 

or magnetic) induced effects. In the nematic phase, the uniform parallel orientation 

of the directors corresponds to a state of minimum free energy i.e. an equilibrium 

state. By applying some external force such as electric field or magnetic field, the 

orientation of the director can be changed. In this way the nematic liquid crystals 

is deformed, thereby increasing the free energy of the system. The deformed state 

thus formed corresponds to a state with higher free energy than the equilibrium 

state. In general, there are three fundamental types of elastic deformations in case 

of nematics to which all the deformations can be characterized: the splay, bend 

and twist deformations.  

According to the continuum theory of liquid crystals, the free energy per 

unit volume of a deformed liquid crystal relative to its equilibrium state can be 

written in terms of three independent elastic constants which are related to the 

splay, twist and bend deformations: 

      2 2 2
def 11 22 33

1
F [K ( n) K (n n) K (n n) ]

2
               (2.49) 

where, K11, K22, K33 are known as the splay, twist and bend elastic constants 

respectively, collectively known as the Frank elastic constants and n is the 

director. The elastic constants should have the dimension energy/length. It is very 

much possible to produce purely splay, twist or bend deformations; therefore all 

the elastic constants (K11, K22, K33) are positive quantity [89] and also the free 

energy Fdef must be positive in order to give stability for the uniformly aligned 

state. 

 

2.3.3 Freedericksz transition 

Electric field has a strong effect on the liquid crystalline materials. When a 

planar ITO coated cell is filled with liquid crystal, there is a strong influence of 

planar anchoring, i.e. the director is essentially locked in an orientation parallel to 

the sample plane at the bounding surfaces. Because of the elastic properties of the 

nematic phase this surface imposed alignment is propagated through the liquid 
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crystal in order to minimize the deformations in director which would increase the 

energy. When an electric field is applied there is a competition between the 

dielectric contribution to the free energy, promoting a reorientation of the director, 

and the elastic contribution, counteracting any change from the initial planar-

aligned state. At weak fields the elastic contribution wins and the director remains 

unaffected by the field whereas at strong fields it is the other way around and the 

sample is switched. The borderline case is called the Freederiksz threshold. The 

switching process is called the Freederiksz transition [9,10]. 

To solve the steady state directors’ distribution, the total free energy of the 

system needs to be minimized. The total free energy for the nematic phase consists 

of two parts: (1) dielectric free energy which originates from the interaction 

between the applied field and anisotropic LC molecules and (2) elastic free energy 

which originates from the elastic deformation. On the other hand, to derive the 

dynamic response of the LC directors, the elastic torque and the electric field-

induced torque need to balance with the viscous torque.  

In a parallel aligned nematic LC cell, the directors are along the x axis and 

the two bounding surfaces are at Z=0 and Z = d. When the applied voltage V 

(along the z axis) exceeds the Freedericksz threshold Vth, the LC undergoes an 

elastic deformation. The directors then tilt in the xz plane, the amount of tilt (z) 

being a function of the distance from the aligning surface. (z) has a maximum 

value m at Z = d/2 and (z) = 0 at the boundaries. In case of a static deformation 

of LC directors, the Oseen-Frank equation describes the balance between an 

elastic torque and electric torque exerted by the applied field and can be written as 

[46] 
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where, K11, K22, and K33 stand for splay, twist and bend elastic constants 

respectively, and Vth is the Freedericksz threshold voltage given by  
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However, in the dynamic response, the viscous torque which opposes the 

directors’ rotation has to be included. The most general treatment of the dynamic 

of LC directors is described by the Erickson-Leslie equation [90-93]: 
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    (2.52) 

where  is the deformation angle, 2 and 3  are the Leslie viscosity coefficients, v 

is the flow velocity, 1 = (32) is the rotational viscosity, I is the inertia of the 

LC directors, 0 is the free space permittivity,  is the dielectric strength and 

0E
2 is the electric field energy density. The Erickson-Leslie equation can be 

applied to both parallel, perpendicular and twist alignments. Here the simplest 

case i.e. the parallel alignment has been considered. Neglecting the backflow and 

inertial effects in Equation 2.52, the dynamic response of parallel-aligned LC 

directors is described as [93]: 
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Now two approaches [93] may be taken to solve the above equation i) 

superposition method and ii) separation of variable method. 

 

2.3.3.1 Superposition method 

In this method (z,t) is expanded as superposition of spatial mode with 

small time dependent amplitude Cn(t) <<1 
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where m stands for the number of mode. By substituting Equation 2.54 in 

Equation 2.53 the decay time of the m-th mode is found to be  
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The higher order mode decays with a smaller time constant. For m=0, the lowest 

order spatial mode, the decay time 0 is often refereed as a free relaxation time 

                                          
11

2

2

1
0

K

d




                                              (2.56) 

This is the expression for LC samples possessing positive dielectric anisotropy but 

for negative dielectric anisotropy materials, K11 in Equation 2.56 is replaced by 

K33. 

 

2.3.3.2 Separation of variable method 

In this method (z,t) is separated into a spatial part and a time dependent 

part as [93]  

                               )(sin)(),(sin zthtz                                (2.57) 

where h(t) = sinm(t). m being the maximum tilt angle of the director at z =1/2. 

Substituting Equation 2.57 in Equation 2.53 and simplifying the time dependent 

amplitude h(t) is obtained as: 
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where h = h(t) and h0 = h(t=0): the initial small fluctuation. rise represents the 

rise time given by    
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Similarly the decay time decay is derived as  
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where Vb is the bias voltage applied to the LC cell. The absolute value in the 

denominator indicates that this formulae is valid no matter Vb is greater or less 

than the threshold voltage Vth.
 For the free relaxation process it has been assumed 

that Vb = 0, which implies decay = 0. Then the Equation 2.59 reduces to 
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                                          (2.61) 

Equation 2.61 provides the direct correlation between rise time (rise) and the decay 

time (decay). 

Moreover, the Erickson-Leslie equation can be greatly simplified using the 

small angle approximation with the following assumptions  

1. is small i.e. V is not too far above Vth 

2. K11= K22 = K33 = K (one constant approximation) 

3. No backflow so that v =0  

4. Inertia (I) is negligible. 

Under the above assumptions Equation 2.53 reduces to  
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This over simplified equation also shows the same response time as those derived 

from Equation 2.56. 
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3.1 Introduction 
In the last two decades, the uses of organo-fluorine compounds have gained 

considerable importance both in the field of liquid crystal display (LCD) devices 
as well as in other technological applications [1-7]. The substitution of fluorine 
atom(s) in liquid crystals endows them with special properties in comparison to 
their hydrocarbon analogues [8]. It has been well demonstrated that fluorinated 
nematogens often have broad nematic mesomorphic ranges, low rotational 
viscosity, low conductivity and high dielectric anisotropy [9] making them the 
material of choice in the field of LCDs ranging from twisted nematic liquid crystal 
displays (TN-LCDs) [10,11], active matrix addressed liquid crystal displays (AM-
LCDs) [12,13] to surface stabilized ferroelectric and anti-ferroelectric smectic C* 
displays (SSFLCDs and SSAFLCDs) [14-16]. Isothiocyanate (NCS) group 
ensures high birefringence and low viscosity, which makes them attractive 
materials in different photonic devices, especially in the Giga-Hertz (GHz) and 
Tetra-Hertz (THz) region [17]. Most importantly, a systematic and controlled 
approach in fluorine (F) substitution at a particular molecular position allows for 
the tailoring of the dielectric anisotropies of the liquid crystal for commercial 
applications. Up to now, studies to assess and compare the impact of the fluorine 
substitution in liquid crystalline compounds [18] vis-a-vis their physical and 
mesomorphic properties seem to be scanty.  

In this chapter, the physical properties of a few recently synthesized fluoro-
substituted alkyl terphenyl isothiocyanates [19] as well as three analogous fluoro-
substituted terphenyl fluorides [20] have been investigated [21]. The aim of the 
work is to recognize and identify the specific positions of the lateral fluorine 
substitutions in these materials so that such compounds may be suitably used as 
components in mixtures leading to properties more profitable for performance in 
display and photonic devices. Terphenyl isothiocyanates are found to exhibit high 
birefringence and low rotational viscosity and are suitable candidates for infrared 
applications while the fluorinated analogues for visible applications, such as laser 
beam steering, tunable focus lens, reflective display, cholesterol LC laser, infrared 
dynamic projector and telecom variable optical attenuators [22].  
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3.2 Materials 
The transition temperatures and structural formulae of the pure compounds 

1-7 are shown in Table 3.1. All the compounds have been synthesized at the 
Military University of Technology, Warsaw, Poland and used without further 
purification [19,20,23]. As observed from the structural formulae of the 
compounds, several variations of lateral fluorination have been introduced to the 
rigid terphenyl core to achieve a broad nematic range and high dielectric 
anisotropy while maintaining low rotational viscosity and lower values of the 
melting point of the compounds. Isothiocyanate group in the terminal position 
allow maintaining a high clearing point even in the presence of a few lateral 
fluorine atoms, while in the case of fluorine atoms in the same position a strong 
decrease in the clearing point is observed. The possible positions of fluorine atoms 
on the terphenyl core of the liquid crystalline molecule is defined as 

 

3

56

2
41

3'

5'  
 

3.3 Texture studies 
The phase transition temperatures of the seven compounds have been 

studied by observing textures under a polarizing microscope (Motic BA 300) 
equipped with Mettler Toledo FP90 hot stage. The temperature of the hot stage has 
been controlled within ±0.01oC.  For compounds 1-4, typical thread like nematic 
textures throughout their entire mesomorphic range have been observed. For 
compounds 5 and 6, the thread like nematic texture on further cooling give way to 
the fan shaped texture indicating the presence of the smectic A phase. Compound 
5 also shows the presence of monotropic smectic E phase during cooling. The 
insertion of an additional fluorine atom in compound 7 however, completely 
eliminates its mesomorphic properties. 
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Table 3.1 Chemical structure and phase transition temperature of compounds 1-7. 

Compound Structural formulae 
(Transition temperatures) 

1 NCSC3H7

F F

Cr 82oC N 192oC Iso 

2 NCSC3H7

F

F
Cr 111oC N 202oC Iso 

3 NCSC3H7

F

F

F

Cr 69oC N 169oC Iso 

4 NCSC3H7

F

Cr 142oC N 210oC Iso 

 
5 FC3H7

F

Cr 87.1oC{SmE 50oC}a SmA 95.7oC N 128oC Iso 

 
6 FC3H7

F F

Cr 75.4oC SmA78oC N 82.5oC Iso 

7 FC3H7

F F

F
Cr 62.5oC Iso 

                   a{..} indicates monotropic transition. 
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In Figure 3.1(a-c) three microphotographs, characteristic of the textures in the N, 
SmA and SmE phases of compound 5 respectively are presented. 
 

 

                
 

(a)                                                (b) 
 
 

 
 

(c) 

 
Figure 3.1(a-b) Microphotographs of textures of the compound 5 observed under 
the polarizing optical microscope: (a) thread like texture of the nematic (N) phase 
at 100oC; (b) fan shaped texture of the smectic A (SmA) phase at 75oC; (c) 
diffused fan shaped texture of the smectic E (SmE) phase at 45oC. 
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3.4 Phase transition temperatures 
From the transition temperatures (Table 3.1) of the compounds under 

investigation it is found that compound 4 has the highest melting (142oC) and 
clearing (210oC) points.  Compound 5 has a structure similar to compound 4 but 
the terminal NCS group is replaced by fluorine. This terminal fluorine 
significantly lowers the melting temperature (87.1oC), and is also accompanied by 
the appearance of a lower temperature smectic A and a monotropic smectic E 
phase. The same trend is observed in case of compounds 1 and 6. Compound 1 has 
difluoro-substitution in the position adjacent to NCS terminal. This fluorination 
lowers the melting and clearing temperatures. On comparing compounds 5 and 6 it 
is observed that further fluorination in compound 6 not only lowers the melting 
point but also partially suppresses the smectic A phase. The compounds 1-4 
having NCS terminal do not exhibit any smectic phase. The lateral fluorination in 
the central phenyl ring lowers the clearing temperatures. Compound 2 has no 
fluorination in the central phenyl ring and it shows the highest transition 
temperature. However compound 7 shows no mesophase. Addition of an extra 
fluorine in compound 6 leads to complete suppression of the liquid crystalline 
phase. 

 
3.5 Birefringence study 

The values of the principal refractive indices no and ne and the refractive 
index in the isotropic phase (niso) of these compounds have been measured at wave 

length  = 632.8nm, using thin prism method.  Figure 3.2(a-f) depict the refractive 
indices (no, ne, niso) for compounds 1-6 as a function of temperature throughout 

their entire mesomorphic range. Figure 3.3(a-b) illustrates the birefringence, n, of 

compounds 1-6, plotted as a function of reduced temperature (T/TC). For 
compounds 1-3 [Figure 3.2(a-c)] a rapid variation in both the ne and no values are 
observed in the vicinity of the nematic-isotropic phase transition, as typically 
observed in the case of other liquid crystalline compounds [24-26]. 
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Figure 3.2(a-b) Experimental values of the refractive indices no, ne and niso as a 
function of temperature for (a) compound 1 and (b) compound 2. Solid arrow 
indicates TNI = nematic – isotropic phase transition temperature.  
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Figure 3.2(c-d) Experimental values of the refractive indices no, ne and niso as a 
function of temperature for (c) compound 3 and (d) compound 4. Solid arrow 
indicates TNI = nematic – isotropic phase transition temperature.  
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Figure 3.2(e-f) Experimental values of the refractive indices no, ne and niso as a 
function of temperature for (e) compound 5 and (f) compound 6. Solid arrow 
indicates TNI = nematic – isotropic, dashed arrow indicates TSmAN = smectic A–
nematic and dotted arrow indicates TSmESmA = smectic E – smectic A phase 
transition temperatures.  



 
 
 

Chapter 3 

93 

 A relatively smaller change, however, for these values is observed for 
compound 4 as shown in Figure 3.2(d).  Since, compound 4 has the highest 
clearing point, near the N-I transition, decomposition of the compound perhaps 
starts, which is marked by broadening of the clearing point range and decrease in 

the n values. Therefore, only at a temperature far from the N-I transition, it is 

possible to measure the characteristic values of the optimal indices for this 
compound. The measured values may be treated only as approximate ones. 
Compounds 5 and 6 behave similarly to compounds 1-3 near the N-I transition, 
but at the N-SmA transition the increase in the ne values is more pronounced than 
the decrease in the no values, while at the SmA-SmE transition (in compound 5) 
the changes in the no and ne values are distinctly rapid. 

A comparison among n, no and ne in the nematic phase at T/TC = 0.95 is 

given by the following relations: 

n 2>1>3>4, 5 
ne 1>2>3>4, 5 
no 1>2>3>4, 5 

A comparison of the difluoro substituted compounds 2 and 1 shows that 
substitution by fluorine atoms in 3, 5 positions ensures higher birefringence than 

substitution in position 3,3. Fluorine atom in the central 3 position involves some 

twist of the benzene rings, which decreases the  electron conjugation [4,18,19]. 

Trifluoro substituted compound 3, which may be treated as derivative of 

compounds 1 or 2, obtained by placing additional fluorine atom has a lower n as 
expected, but also lower values of the refractive index no and ne. But such relation 
is not observed between compounds 5 and 6. In compound 6, although ne drops; 

such a relationship cannot be concluded because of its short nematic range. The n 
values extrapolated to 20oC give the relation:                  

4>12>3>5 
On comparison, it is found that compound 4 has the highest birefringence 

(n~0.4368 at T=20oC) whereas compound 5 possess the lowest value of 

birefringence (n~0.2632 at T=20oC). 
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Figure 3.3(a-b) Birefringence (n = ne-no) of (a) compounds 1, 2, 3, 4 and (b) 
compounds 5, 6 (in inset) as a function of reduced temperature (T/TC). Dashed 
arrow indicates TSmAN = smectic A–nematic and dotted arrow indicates TSmESmA = 
smectic E – smectic A phase transition temperatures.  
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The unsaturated rings of the terphenyl structure elongate the  electron 

conjugation throughout the entire rigid core of the molecules. The di-fluorinated 
compound 2 shows high birefringence due to the presence of the fluorine atom 
adjacent to the polar NCS group. An electron potential is created at one end of the 
molecule and therefore enhances the polarisability at the macroscopic scale. 
Multiple fluorinations lower the birefringence of these compounds as the laterally 

substituted fluorine atom traps the  electrons and pulls them away from the 

conjugation along the main molecular axis. Therefore the birefringence of 
compound 2 is higher than compound 3 since it has extra fluorine in the central 
phenyl ring. Moreover, the birefringence of a liquid crystal is also found to depend 
on higher values of the clearing point temperatures. On the other hand, compounds 
5 and 6 with terminal fluorine exhibit lower birefringence, unlike the highly polar 

isothiocyanates group which contains several  electrons contributing to the 
conjugation of the molecule. However this effect also generates electronic 
transitions at longer wavelengths and leads to photo-instability [26].  

 
3.6 Dielectric parameters study 

The static dielectric parameters (iso) have been measured using 

Agilent E4908 LCR bridge throughout their entire mesomorphic range. 

Temperature variation of the dielectric parameters (iso) for all the six 

compounds (compound 1-6) under investigation are shown in Figures 3.4(a-f). All 

the compounds exhibit a large or moderate positive dielectric anisotropy (> 0) 
due to the presence of terminal polar group either fluorine or NCS.  

For comparison of the dielectric properties of the different compounds (1-

6), the dielectric anisotropy (), dielectric constants () and their ratio 

() have been plotted against reduced temperature and are shown in Figures 

3.5(a-b), 3.6(a-b), 3.7(a-b) and 3.8(a-b) respectively. The values of ,  and  

change in the following way: 

 3>2>1>4>6>5 
            3>2>1>4>6>5 
          6>3>1>2>4>5 
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Figure 3.4(a-b) Temperature variation of the dielectric parameters (iso) of 
(a) compound 1 and (b) compound 2. Solid arrow indicates TNI = nematic – 
isotropic transition temperature.  
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Figure 3.4(c-d) Temperature variation of the dielectric parameters (iso) of 
(c) compound 3 and (d) compound 4. Solid arrow indicates TNI = nematic – 
isotropic transition temperature.  
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Figure 3.4(e-f) Temperature variation of the dielectric parameters (iso) of 
(e) compound 5 and (f) compound 6. Solid arrow indicates TNI = nematic – 
isotropic phase transition temperature and dashed arrow indicates TSmAN = smectic 
A–nematic phase transition temperature.  
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Figure 3.5(a-b) Comparative study of dielectric anisotropy of (a) compounds 1, 2, 
3, 4 and (b) compounds 5, 6 as a function of reduced temperature. Dashed arrow 
indicates TSmAN = smectic A–nematic phase transition temperature.  
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Figure 3.6(a-b) Comparative study of dielectric constant (||)of (a) compounds 1, 
2, 3, 4 and (b) compounds 5, 6  as a function of  reduced temperature. Dashed 
arrow indicates TSmAN = smectic A–nematic phase transition temperature.  
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Figure 3.7(a-b) Comparative study of dielectric constant ()of (a) compounds 1, 
2, 3, 4 and (b) compounds 5, 6 as a function of  reduced temperature. Dashed 
arrow indicates TSmAN = smectic A–nematic phase transition temperature.  
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Figure 3.8(a-b) Ratio of dielectric parameters (/)of (a) compounds 1, 2, 3, 4 
and (b) compounds 5, 6 as a function of reduced temperature. Dashed arrow 
indicates TSmAN = smectic A–nematic phase transition temperature.  
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More the polar atom(s) or group(s) of atom attached to the compound, 
higher is the dielectric anisotropy for that compound. Therefore, from the 
comparative study of the dielectric constants, it may be concluded that compounds 
with a 3,5 difluorination with a terminal NCS group (compounds 2 and 3) is 
favorable in comparison to the  3,3′ difluoro substituted compound 1. Presence of 
strong polar group NCS and F in the LC compound enhances the dipole moment 
[27]. 

 
3.7 Dipole moment measurement 

The experimentally determined dipole moment () as a function of 
concentration (weight % of solute) for the compounds 1-3 and 5-7 are shown in 
Figure 3.10(a-b). The dipole moment of compound 4 could not be determined 
since it could not be dissolved in non-polar solvents like p-xylene, benzene or 

carbon tetrachloride. Table 3.2 compares the experimentally determined  values 

with the theoretically predicted values obtained from the semiempirical molecular 
orbital package MOPAC [28,29]. It is observed that the liquid crystalline 
compounds 1-3 with NCS terminal show a larger dipole moment than compounds 
5-7 with fluorinated terminal. This is expected since the NCS group contains 

several electrons. Increase in the number of laterally substituted fluorine results 
in increased values of the dipole moment (compounds 1-3 and compounds 5-7).  
However, the position of fluorination is significant in case of dipole moment. The 
conformation of the third phenyl ring with two lateral fluorine atoms and a 
strongly electronegative terminal NCS group is such that it leads to an overall 
increase in the net dipole moment with respect to the theoretically predicted 
values. Again in the case of compound 7 with a terminal fluorine atom which is 
less electronegative than the NCS group, the experimentally determined dipole 
moment is slightly lower than that obtained from semi empirical Molecular Orbital 
Package (MOPAC). It may be mentioned here that since the size of the fluorine 
atom is quite small, it can be introduced into parent molecules in the proper 
position to obtain the required properties of liquid crystalline compounds [30]. 
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However, it may be noted that MOPAC systematically underestimates the values 
of the dipole moment for the compounds with NCS terminal. 
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Figure 3.10(a-b) Dipole moment as a function of concentration (wt% of solute) of 
(a) compounds 1, 2, 3 and (b) compounds 5, 6 and 7. 
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Table 3.2 Dipole moment values of compounds 1-3 and 5-7. 

Compound 
Dipole moment ( Debye) 

Experimental Calculated 

1 5.48 5.19 

2 4.21 3.66 

3 5.36 4.89 

5 3.27 3.23 

6 4.86 4.97 

7 4.70 5.49 

 

3.8 Splay elastic constant measurement 
The elastic constants of a liquid crystalline compound are a measure of the 

amount of restoring force required to relax to its equilibrium configuration when 
the distorting field is withdrawn. The splay elastic constant (K11) in the nematic 
phase of the six compounds (1-6), as a function of temperature, are shown in 
Figure 3.11(a-b). Among all the compounds studied, compounds 1 and 3 have 
slightly higher values of K11 in comparison to those of compounds 2 and 4. The 
presence of additional fluorine in the central phenyl ring of compounds 1 and 3 
contributes towards an increased effective dipole moment (Table 3.2) for these 
compounds in comparison to compound 2. The strong influence of the dipole 
moment on the elastic constants may be responsible for higher values of the splay 
elastic constant than that of 2 [26]. On the other hand, the terphenyl derivatives 5 
and 6 have almost similar values of the splay elastic constant. However, the 
nematic range in compound 6, is too small to arrive at a decisive conclusion in this 
regard when compared with compound 5.   
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Figure 3.11(a-b) Splay elastic constant (K11) of (a) compounds 1, 2, 3, 4 and (b) 
compounds 5, 6 as a function of reduced temperature. 
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3.9 Rotational viscosity measurement 
The voltage dependent transmitted light intensity from the relaxation 

method [31] for all the six mesogenic compounds has been recorded. A voltage 
corresponding to the first maximum or minimum in the transmitted intensity has 
been applied to the LC cell to determine the response time. The transmitted light 
as a function of voltage of compound 1 at different temperature is plotted in Figure 
3.12. As the temperature decreases, the number of consecutive maxima and 
mininma present in the volt scan data increases.  
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Figure 3.12 Voltage dependent optical transmission curve of a liquid crystal cell 
filled with compound 1 at different temperatures. 
 

The variation of response time (0) and rotational viscosity (γ1) with 
temperature in the nematic range for the compounds 1-6 is plotted in Figures 
3.13(a-c) and 3.14(a-c) respectively. Among all the six compounds investigated, 
the tri-fluorinated isothiocyanated compound 3 shows the highest viscosity. The 
presence of an additional fluorine atom increases the molecular weight as well as 



 
 
 

Chapter 3 

109 

cross section of the compound. Therefore, a significant rise in the rotational 
viscosity values have been obtained as one goes from compound 1 to compound 3.  
For compound 5, the rotational viscosity values gradually increases with decrease 
in temperature within the nematic phase. The temperature dependence of the γ1 
values shows a reverse trend within the nematic phase for compound 6. Near the 
N-I phase transition these values slightly increase. Such observations have also 
been observed by other workers [32]. The 3,3′-difluoro substituted compound has 
much lower viscosity than the 3,5-difluorosubstituted compound as observed in 
case of compounds 1 and 2. 3,5-substitution leads to a broader molecule and the 
higher steric hindrance disturb the molecular rotation.  
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Figure 3.13(a) Response time () of compounds 1, 2, 3, 4 as a function of 
reduced temperature. 

  
 



 
 
 

Chapter 3 

110 

0.92 0.96 1.00
80

100

120

140

160

180

T/TC

 5

 0 / 
m

s

(b)

 

0.96 0.97 0.98 0.99 1.00
0

50

100

150

200

250

T/TC

 6

 0 / 
m

s

(c)

 
Figure 3.13(b-c) Response time () of (b) compound 5 and (c) compound 6 as a 
function of temperature. 
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Figure 3.14(a-b) Rotational viscosity of (a) compounds 1, 2, 3, 4 and (b) 
compounds 5 and 6 as a function of reduced temperature.  
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3.10 Determination of activation energy 
The activation energy gives information about the intermolecular 

interactions of the system. Strong inter or intra- molecular interactions of the 
liquid crystalline molecules lead to higher values of the activation energy. The 

activation energy has been determined from the experimentally obtained 1 values 

using the following equation [31-33]:  

                                                           (3.1) 

where k is the Boltzmann’s constant and Ea is the associated activation energy. S 

is the orientational order parameter which is determined from the birefringence 
measurement. 

The change in birefringence due to temperature is expressed by the 
following equation [34]: 

                









  *0
1

T
Tnn                                 (3.2) 

where n0, T* and are adjustable parameters. *is about1-3K higher than the 

clearing temperature and the exponent depends on the molecular structure and 

its value is close to 0.2. n0 is the birefringence in the completely ordered state i.e. 
at absolute zero temperature. Using Haller’s extrapolation method [35] the values 

of the n0, T* and exponent ofcompounds 1, 2, 3, 4 and 5 have been 

determined and is shown in Table 3.3. The temperature dependent birefringence is 
related to the order parameter (S) by the following expression [24]  

                                            
0n

nS



                                            (3.3) 

The temperature dependence of the order parameter (S) of compounds 1, 2, 3, 4 
and 5 is shown in Figure 3.15. The experimentally determined order parameter 
values have also been fitted with the theoretical Maier-Saupe [36,37] values.  
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Figure 3.15 Order parameter (S) of compounds 1, 2, 3, 4 and 5 as a function of 
reduced temperature. Solid line represents the fitted values from the Maier-Saupe 
theory.  
 
 
Table 3.3 Extrapolated birefringence at the absolute zero temperature (n0), T* 
and exponent ofcompounds 1-5. 

Compound n0 T* in K  n at  
T/Tc = 0.95

n at 
20oC

     

     

     

  465.5 0.28 0.212 0.437 

  402.7 0.19 0.581 0.263 
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The experimental order parameter values for the isothiocyanated compounds, 
studied here agree well with the theoretical values except near the transition 

temperature. From the slope of the variation curve of ln(1/S) plotted against 1/T 
the activation energy Ea can be evaluated using Equation (3.1) and are listed in 
Table 3.4. Since for compound 6, the nematic range is too short therefore 
extrapolation to absolute temperature has no sense and hence the order parameter 
of that sample have not been determined.  
 
Table 3.4 Activation energy values calculated in the nematic phase of compounds 
1-5. 

Compound Activation energy  
(kJmol-1) 

1 36.25 

2 57.31 

3 23.96 

4 51.01 

5 9.45 

The activation energy in the isothiocyanated compounds 1-4 has the same order of 
magnitude. However, the terphenyl compound with fluorine terminal (compound 
5) has slightly lower values of the activation energy. 
 

3.11 Figure of Merit (FoM) 
The Figure of Merit (FoM) is used to characterize and compare liquid 

crystalline materials for various display applications. FoM [38] takes into account 

the change of both the birefringence and the visco-elastic coefficient (1/K11) of 
the liquid crystal as described in chapter 2 of this thesis. The FoM for all the 
investigated compounds have been plotted against temperature as shown in Figure 
3.16(a-b).  



 
 
 

Chapter 3 

115 

40 80 120 160 200
0

20

40

60

T / oC

 1
 2
 3
 4

Fo
M

(a)

75 90 105 120 135
0

2

4

6

8

T / oC

 5

5

6

Fo
M

 6

 

 
(b)

 
Figure 3.16(a-b) Temperature dependent Figure of merit (FoM) of (a) compounds 
1, 2, 3, 4 and (b) compounds 5, 6. 
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The differences in the FoM values arise mainly due to the differences in the 
values of the birefringence and rotational viscosities of these compounds.  Since, 
the expression for FoM consists of the square of birefringence, compound 2 with 
relatively higher values of the birefringence and lower values of rotational 
viscosity exhibit improved values of FoM.  

On the other hand, for compounds 5 and 6, the FoM values are low because 
of the presence of fluorine atom in terminal position which leads to lowering of 
the birefringence in comparison to the isothiocyanated compounds. This parameter 
provides us flexible option to choose a compound for designing mixture with 
optimal values of FoM as well as the operating temperature (i.e the temperature at 
which the FoM value is maximum). The 3,3'- difluoro substituted isothiocyanated 
compound 2 seem to be a better component for mixture formulation in comparison 
to the 3,5-difluoro substituted compound 1 or the  3',3,5-trifluoro substituted 
compound 3. 

 
3.12 Conclusion   

Fluorine substitutions have been successfully incorporated into liquid 
crystal molecules because of the combination of small size, high polarity and the 
strength of the C-F bond which confers excellent stability. In this chapter the 
dielectric constants, optical indices, rotational viscosity and splay elastic constants 
of a few recently synthesized fluoro-substituted alkyl terphenyl isothiocyanates as 
well as three analogous fluoro-substituted terphenyl fluorides have been 
compared. As observed from the structural formulae of the compounds, lateral 
fluorination at different positions of the rigid terphenyl core is introduced to 
achieve a broad nematic range and high dielectric anisotropy while maintaining 
low rotational viscosity and lower values of the melting point of the compounds. 
Isothiocyanate group in the terminal position allow maintaining a high clearing 
point even in the presence of a few lateral fluorine atoms, while in the case of 
fluorine atom in the same position a strong decrease in the clearing point is 
observed.  
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The comparison of difluoro substituted compounds 2 and 1 shows that 
substitution by fluorine atoms in 3, 5 positions ensures higher birefringence than 

substitution in position 3,3. Fluorine atom in the central 3′ position involves some 

twist of the benzene rings, which decreases the  electron conjugation. Trifluoro 

substituted compound 3, which may be treated as derivative of compounds 1 or 2 

obtained by placing additional fluorine atom has a lower n as expected. 
However, such a relation is not observed between compounds 5 and 6. It has been 
found that multiple fluorination lowers the birefringence of the compounds as the 

laterally substituted fluorine atoms trap the  electrons and pull them away from 
the conjugation along the main molecular axis. 

A large influence of the position of fluorine substitution on the all 
investigated properties is observed. In 3,3′ and 3,5 difluoro substitution, although 
fluorine atoms are pointing in the same direction the 3,5 substitution leads to 

higher value , , , n, no and ne than 3,3′-difluorosubstitution. It is surprising 

that fluoro-substituted 4-isothiocyanato terphenyl are stronger nematic then the 
fluoro substituted 4-fluoroterphenyls. This open the investigated fluorinated 
compounds way to device applications.  

Among all the six compounds investigated, the tri-fluorinated 
isothiocyanated compound 3 shows the highest viscosity. The presence of an 
additional fluorine atom increases the molecular weight as well as cross sectional 
area of the compound. Therefore the rotational viscosity increases from compound 
1 to compound 3 as the bulkiness of the compounds increases.  For compound 5, 
the rotational viscosity values gradually increases with decrease in temperature 
within the nematic phase. The 3,3′-subsituted compound has much lower viscosity 
than the 3,5-difluorosubstituted compound as observed in case of compounds 1 
and 2. 3,5-substitution leads to broader molecule and higher steric interactions 
which in turn hinders the molecular rotation.  

The Figure of Merit (FoM) of these compounds have been determined to 
estimate their suitability as components of multi-component mixtures in LCDs. 
Compound 2 shows the best FoM among the six compounds studied. The 
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differences in the FoM values arise due to the differences in the values of the 
rotational viscosities of these compounds. The 3,5-difluoro substituted 
isothiocyanated compound 2 seem to be a better component for mixture 
formulation in comparison to the 3,3-difluoro substituted compound 1 or the  
3',3,5-trifluoro substituted compound 3. By formulating a mixture of compound 2 
with suitable additives the operating temperature can be shifted to room 
temperature where most of the devices are operated. 
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4.1 Introduction 
Liquid crystals have been specially recognized for their application in 

various disciplines such as chemistry, biology, physics and engineering.  
Continuous advancements in the field of display and non-display applications, 
such as laser beam steering, optical shutter, phase modulator etc. demand ongoing 
development of nematic liquid crystal (LC) materials with both high birefringence 
(Δn) and low viscosity [1-8]. Phase modulation applications require a 2π optical 

phase change (δ=2πd.n/λ, where d denotes the cell gap of the planar LC cell and 

λ is wavelength of the incident light), which in turn requires to increase the optical 
path length (d.Δn). Another key performance parameter of infrared applications is 
the response time, which is proportional to d2 and the visco-elastic coefficient 
(γ1/K11). To meet the response time requirements, the two preferred approaches 
are:  (i) low rotational viscosity (γ1) LC mixtures and (ii) reduced cell gap. 
However, high birefringence and low rotational viscosity are usually opposing LC 
characteristics. A highly conjugated LC compound with high birefringence usually 
exhibits a high viscosity because of its increased moment of inertia. Additionally, 
high birefringence LC compounds usually possess high melting temperatures. To 
lower the melting temperature, many LC structures need to be developed and 
eutectic mixtures to be formulated. The other LC properties that are highly 
desirable are: large dielectric anisotropy, wide nematic range, small absorption and 
good thermal and photo-stability. Large dielectric anisotropy contributes towards 
lowering the operating voltage and subsequently reduces the cost of the associated 
driving electronics. Wide nematic range is essential if the LC device is to be 
operated or stored in a wide temperature range. Finally, good thermal and photo-
stability assures a long device lifetime. Therefore, display and photonic 
applications require liquid crystals with a great assortment of physical and electro-
optical properties. No single mesogen has all the properties required to obtain a 
good display material. This is usually achieved by mixing several components, 
each of which contributes towards optimization of the properties of the final 
mixture for application in a particular display. 
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4.2 Formulation of multi component mixtures 
Right choice of liquid crystalline materials is the starting point of 

formulation of multicomponent mixtures, suitable for becoming a display 
material. Most of the structural-property relationship studies deals with how to 
obtain the desired temperature range and mesomorphic properties. The effect of 
molecular structure on their mesomorphic and physical properties have been 
rigorously discussed in many books [8,9]. As discussed in chapter 3, the 
isothiocyanates (NCS) have larger birefringence than the other classes of liquid 
crystals (LC’s) [10-12]. The polar NCS group along the molecular axis 
contributes towards a larger positive dielectric anisotropy value and increases the 
elastic constant ratio. Biphenyl and terphenyl are found to be good mesogens. In 
this type of liquid crystals, replacing the benzene ring with a cyclohexane ring 
with the same terminal NCS group increases both the melting and clearing 
temperatures. This replacement also results in the formation of the nematic phase 
due to the incompatibility of the cyclohexane with the phenyl ring, which is 
favorable, as for display applications the formation of the nematic phases is 
desirable [13]. Lateral substituents also tend to increase the viscosity although a 
lateral fluorine atom has only a small effect. However, the isothiocyanated 
biphenyl and terphenyl compounds which are composed of only aromatic rings 
joined directly are strongly smectogenic mesogens. Lateral fluorine substitution 
in the liquid crystalline compounds is an effective way to suppress the existence 
of the smectic phase in the phase transition sequence. Due to its small size and 
tendency to produce wide nematic range with lower melting temperature and 
stability, the fluorine atom are widely used in the synthesis of new liquid 
crystalline materials [14] for display applications.  The flexible connecting 
group(s), which causes the benzene rings to be slightly out of plane with each 
other, produces desirable mesomorphic properties. Hence a bridge group and a 
lateral substitution are necessary to increase the range of the nematic phase 
[11,12,15] for these compounds. 
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Recently several isothiocyanates with an ethane bridge inside the aromatic 
core have been prepared and expressed by the formula: 

CH2CH2 NCS

X1 X2

H2n+1Cn

 
 
where: X1=F and X2=H or X1=H and X2=F [10,12,15].  

The chemical structures, phase transition temperatures and weight 
percentage of the individual components of the mixtures are listed in Table 4.1. It 
is to be noted that similar molecules are more likely to form ideal mixtures and 
exhibit additive behaviour of the physical properties of the components. But, 
formulating a eutectic mixture that consists of both high and low melting 
mesogens is essential to produce broad mesophase range for technological 
applications. This chapter highlights the systematic development of 
multicomponent mixtures (mixtures A-D) from pure liquid crystalline compounds 
comprising of polar-isothiocyanated materials [16]. The molar ratio of the multi-
component mixtures was calculated by solving the Schröder van Laar equation 
[17,18]: 

             











 k

m
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m

k TTR
H

x 11ln
                            (4.1)         

under the condition,  

                                   1
1




n

k
kx                                              (4.2)     

where, xk is the molar ratio of k-component; 
k
mH  and 

k
mT  are the melting 

enthalpy (J.mol-1) and the temperature values (in K) respectively and R is the 
universal gas constant (8.31 J.mol-1.K-1). 
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Table 4.1 Chemical structure, phase transition temperature and weight percentage 
of the individual components of the liquid crystal mixtures A-D. 

Sl. 
no. Component 

Weight percentage of the 
component in the mixture 

A B C D 

1 C6H13 NCS
 

Cr 12.5oC N 43.0oC Iso [20] 
53.0 36 30  

2 C3H7 NCS
 

Cr 38.5oC N 41.5oC Iso [20] 
   18 

3 C5H11 NCS
 

Cr 67.5oC N 44.5oC Iso [20] 
   5 

4 C4H9 NCS
 

Cra SmE 82.2oC Iso [21] 
 9 7.5 

 
 
 
 
 
 
 

5 C5H11 NCS
 

Cr 53.1oC SmE 73.6oC Iso [21] 
   10 

6 C7H15 NCS
 

Cr 57.7oC SmE 72.4oC Iso [21] 
   10 

7 C2H4C4H9

F

NCS
 

Cr 57.7oC N 111.8oC Iso [15] 

17.6 12 10 6 
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Sl. 
no. Component 

Weight percentage of the 
component in the mixture 

A B C D 

8 C2H4C4H9 NCS

F

 
Cr 43.7oC N 89oC Iso [22] 

29.4 20 16.7  

9 
C2H4 NCSC3H7

 
Cr 112.7oC N 144.9oC Iso [22] 

   7 

10 C2H4 NCSC4H9

 
Cr 87oC (SmB 83oC) N 131oC Iso [19] 

 9.4 7.8  

11 
C2H4 NCSC5H11

 
Cr 86.5oC N 141oC Iso [22] 

 9  9 

12 CH3 NCS

F

 
Cr 74.9oC Iso [22] 

 4.6 3.8  

13 C2H4C5H11 NCS
 

Cr 95.5oC N 190oC Iso [19] 
  7.5 7 

14 C3H7 C2H5

F

 
Cr 78oC N 133oC Iso [22] 

  8.4 7 

15 

C5H11 C2H4 NCS
 

Cr 105oC N 257oC Iso [23] 
 
 

   8 
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Sl. 
no. Component 

Weight percentage of the 
component in the mixture 

A B C D 

16 C3H7

F

OCH3

 
Cr 69.1oC Iso [22] 

   7 

17 C2H4 C3H7C3H7

F

 
Cr 55.3oC N 79.9oC Iso [21] 

  8.4 3 

18 
C3H7 OC4H9

F F

 
 

Cr 69.7oC SmA 108oC N 156.3oC Iso [22] 

   2.9 

19 

C5H11

F F

O C*H CH3

C6H13

 
 

Cr 56.8oC (N* 40.5oC) Iso [22] 

   0.1 

a The compound did not crystallize. 
 

 4.2.1 Tri-component mixture (Mixture A)  
Mixture A consists of one cyclohexylphenyl isothiocyanate (compound 1) 

and two laterally fluorinated terphenyl isothiocyanate (compounds 7 and 8). The 
experimental eutectic compositions of the tri- component systems were found to 
be within reasonable agreement with the theoretically calculated eutectic points. 
The values of the melting temperature and the clearing temperature were found to 
be -15oC and 65.5oC respectively at the eutectic point. 
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4.2.2 Seven component mixture (Mixture B) 
Mixture B, a seven component mixture, consisting of one 

cyclohexylphenyl isothiocyanate (compound 1), two biphenyl isothiocyanate 
(compounds 4, 12) along with four laterally fluorinated terphenyl isothiocyanates 
(compounds 7, 8, 10, 11) has been prepared as the base mixture, with the aim to 
achieve improved material parameters. Similar to tri-component mixture A, the 
molar ratios of the individual compounds were calculated by computing the CSL 
equations [17,18]. The values of the melting temperature and the clearing 
temperature were found to be -15oC and 79.5oC respectively at the eutectic point.   

 
4.2.3. Nine component mixture (Mixture C) 

The base mixture B was further modified using fluoro terphenyl dopants 
(compounds 13, 14 and 17), resulting in mixture C. The molar ratios of the nine 
component mixture C, was obtained by computing the CSL (le Chatelier, 
Schröder, and van Laar) equations [17,18] and the values of the melting 
temperature and the clearing temperature at the eutectic point were found to be -
15oC and 84.5oC respectively.  

 
4.2.4. Fourteen component mixture (Mixture D) 

The goal of the work is to formulate a multicomponent mixture appropriate 
for liquid crystal display devices. In the pursuit of further improving the rotational 
viscosity and dielectric anisotropy of the display material [19], a fourteen 
component mixture (mixture D), have been prepared whose melting temperature 
and the clearing temperature were found to be around -5oC and 99.5oC 
respectively at the eutectic point. Mixture D consists of bi-phenyl, ter-phenyl and 
cyclohexyl-phenyl laterally fluorinated derivatives (compounds 2, 3, 5-7, 9, 11, 
13-19). Among the components used in the formulation of mixture D, compound 
19 possess chirality. Mixtures C and D contains less polar biphenyl and terphenyl 

derivatives to maintain the dielectric anisotropy () below 10. 
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4.3 Texture studies 
The phase transition temperatures and textures of all the four mixtures have 

been observed using polarizing optical microscope (Motic BA300) equipped with 
a Mettler Toledo FP90 hot stage. In all the cases, typical thread-like schlieren 
texture, characteristic of the nematic (N) phase have been observed throughout the 
entire temperature range. Figure 4.1 shows the texture of mixture A in the nematic 
phase as observed on cooling from the isotropic phase. All the mixtures show a 
broad nematic range (~ 100oC) and exhibit mesomorphism at room temperatures. 

 

 
 
Figure 4.1 Microphotograph of the thread-like schlieren texture in the nematic 
phase of mixture A at T=47oC.  
 
4.4 Birefringence study 

The temperature dependence of the principal refractive indices no, ne and 
the refractive index in the isotropic phase (niso) at a wavelength of λ = 632.8 nm 
for the mixtures A, B, C and D, measured by thin prism technique are shown in 
Figure 4.2. The values of the refractive indices are plotted against reduced 
temperature (T/TC) in order to account for the different clearing temperatures. It 
may be noted that the birefringence of the tri-component system (mixture A) and 
the seven-component system (mixture B) are almost similar and show normal 
temperature dependence. Both the no and ne values for mixture C are larger in 
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comparison to mixtures A and B whereas, for mixture D these values are smaller, 
because it contains lesser amount of isothiocyanates. Mixtures A, B and C are 
composed mainly of isothiocyanates, resulting in high values of no. The 
introduction of laterally fluoro substituted alkyl, alkoxyl biphenyls and terphenyls 
effectively decreases no and it may be easily matched (fixed) within 1.52 and 1.50 
value, desired for a PDLC (Polymer Dispersed Liquid Crystal) applications. 
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Figure 4.2 Experimental values of refractive indices ne and no as a function of 
reduced temperature (T/TC) for mixtures A, B, C and D.  
 

The individual refractive indices of the mixtures were also measured (no 

and ne) by Abbe Refractometer at the Institute of Chemistry, Military University of 

Technology, Warsaw, Poland, at wavelength =589 nm. Figure 4.3 represents the 

results of the temperature dependence of birefringence (n) of the four mixtures, 

determined from both thin prism method (at  = 632.8nm) and Abbe refractometer 

(at  = 589nm). All the mixtures exhibit moderately high birefringence, i.e. the 

value of n is in the range to  at T = 20oC.  
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Among the four investigated mixtures, mixtures C and D show higher 

values of the birefringence (n~ at T = 20oC). A plausible explanation might 

be due to the presence of biphenyl and terphenyl derivatives as well as the highly 

polar isothiocyanato group, where the elongated  electron conjugation system in 

the entire rigid core of these molecules results in significant enhancement of the 
birefringence values together with higher clearing points. From Figure 4.3 it is 
evident that introduction of high birefringence compounds as components into the 

multi-component mixtures enhances the value of the birefringence (n).  
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Figure 4.3 Comparative study of birefringence of mixtures A, B, C and D as a 
function of temperature measured from thin prism method and Abbe 
refractometer. Open symbols and solid line with closed symbols are experimental 
results from thin prism method and Abbe refractometer respectively. 
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4.5 Determination of orientational order parameter (S) 
To describe the temperature dependence of the birefringence of the liquid 

crystalline material, Haller like approximation [24] has been employed with the 
following form: 

                                                   









  *0 1

T
Tnn                                  (4.3) 

where n0 is the birefringence of the liquid crystal in the crystalline state or at 
absolute zero temperature. T* is about 1-3K higher than the clearing temperature. 

The exponent  is a material constant which depends on molecular structure and 

its value is close to 0.2. This procedure has been used to extrapolate n to its value 

at absolute zero (n0)   [24]. 

The orientational order parameter (S) can be obtained directly from the 
experimental values of the temperature dependent birefringence using the relation 
[25]:    

                                                                
0

~ nS
n

                                            (4.4) 

where n0 has been obtained from Haller’s extrapolation method [24] using 

Equation 4.3. 
The order parameter gives information about the extent of ordering of the 

molecules in the mesophase as a function of temperature. The positional order 
characterizes the various liquid crystalline phases (nematic, smectic A, smectic C 
etc.), while the conformational order measures how the rings and functional 
group(s) within a molecule are oriented. However, from an application point of 
view, the orientational order parameter is more important than positional or 
conformational ordering.  The experimental orientational order parameter values 
of all the four mixtures determined from Equation 4.4 is shown in Figure 4.4. The 

extrapolated birefringence at absolute zero temperature (n0), T*, exponent 

(and birefringence at T = 20oC from thin prism and Abbe refractometer of 
mixtures A, B, C and D are listed in Table 4.2.  
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The experimentally determined order parameter values have also been 
fitted with the theoretical Maier-Saupe [26] values. The experimental order 
parameter values for mixtures A, B, C and D are somewhat higher than the 
theoretical values except very near the clearing temperature. The expected 

values are around 0.2 as reported by several authors [27]. From the results listed 

in Table 4.2 the  values are found to be in the range 0.15 – 0.19. 
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Figure 4.4 Orientational order parameter (S) of mixture A, B, C and D as a 
function of reduced temperature. Solid line represents the fitted values from 
Maier-Saupe theory.  
 

At T=20oC the n values of mixture B and D from thin prism method is 

somewhat lower (n = 0.23 and 0.25 respectively) than the values obtained from 

Abbe refractometer (n = 0.26 and 0.27 respectively). It is expected because they 
have been measured at 632.8nm and 589nm respectively. The values of 
birefringence of mixtures A and C from both the thin prism method (extrapolated 

to 20oC) and Abbe refractometer are almost the same (n = 0.23 and 0.26 
respectively). 
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Table 4.2 Extrapolated birefringence at the absolute zero temperature (n0), T*, 
exponent and birefringence at T = 20oC from thin prism method and Abbe 
refractometerofmixtures A-D.  

Mixtures n0 T* in K 

n at 20oC
 

Thin prism 
method 

Abbe 
refractometer 

 0.33 341.0 0.19  

     

C     

D  367.2 0.18  

 
4.6 Dielectric study 

In Figure 4.5(a-d), the dielectric parameters (iso) are plotted against 

temperature for all the four nematic mixtures. It has been found that the 
permittivity values of all the mixtures are nearly the same throughout their 

mesomorphic range. Figure 4.6 presents the dielectric anisotropy () of the 
mixtures as a function of reduced temperature (T/TC). All the mixtures exhibit a 
large positive dielectric anisotropy of around 8-10 in the order:  

       
        mixture B > mixture A > mixture D > mixture C 
 

 
at reduced temperature (T/TC)= 0.88 or at T=20oC. Due to the presence of the less 
polar laterally fluorinated alkyl terphenyls, compounds 14 and 17, in mixture C its 
dielectric anisotropy is effectively reduced in comparison to mixture B.  On the 
other hand, further addition of laterally fluorinated biphenyl (compound 16) and 
difluorinated terphenyls (compounds 18 and 19), does not lead to the lower values 
of dielectric anisotropy in mixture D in comparison to mixture C. 
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Figure 4.5(a-b) Temperature dependence of the dielectric parameters (iso) 
of (a) mixture A and (b) mixture B. Solid arrow indicates TNI = nematic to 
isotropic transition temperature. 
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Figure 4.5(c-d) Temperature dependence of the dielectric parameters (iso) 
of (c) mixture C and (d) mixture D. Solid arrow indicates TNI = nematic to 
isotropic transition temperature. 
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Figure 4.6 Dielectric anisotropy of mixture A, B, C and D as a function of 
reduced temperature.  
 

To study the dynamic behaviour of the dielectric parameter, the dielectric 
dispersion spectra for two different alignments (parallel and perpendicular to the 
applied field) of the four investigated mixtures were recorded with the help of HP 
4192A impedance analyser in the 1kHz to 30MHz frequency range at the Institute 
of Physics, Jagiellonian University in Krakow.  In the nematic phase, the mixtures 
were oriented by a magnetic field of strength ~ 0.7 Tesla at a particular 
temperature within  ±0.2oC.  

Figure 4.7(a-d) shows the dispersion spectra of all the mixtures A, B, C and 
D, indicating the parallel and perpendicular permittivity components as a function 
of frequency. In the low frequency (static) region all the mixtures show a positive 
dielectric anisotropy, almost independent of frequency up to 100 kHz, and then 
falls rapidly to zero or slightly below.  
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Figure 4.7(a-b) Parallel and perpendicular component of dielectric permittivity as 
a function of frequency of (a) mixture A (b) mixture B at T= 20oC. 
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Figure 4.7(c-d) Parallel and perpendicular component of dielectric permittivity as 
a function of frequency of (c) mixture C at T= 20oC and (d) mixture D at T= 25oC. 
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Interestingly at 2.77MHz mixture A switch from positive dielectric 
anisotropy to negative dielectric anisotropy as shown in Figure 4.7(a) and this 
property may be utilized in dual-frequency mode display applications [28] where, 
the frequency revertible dielectric anisotropy makes it possible to align the dual 
frequency liquid crystal (DFLC) molecules along or perpendicular to the electric 
field direction by varying the frequency of the driving signals.  

 
4.7 Threshold voltage measurement 

Using the principle of electric field induced Freedericksz transition [29], 
the threshold voltage at which the capacitance value of the LC cell rapidly 
changes, i.e.,  at which the director starts to reorient on application of an external 
field has been determined. The temperature dependence of the capacitive and 
optical threshold voltages (obtained by recording the transmitted intensity as a 
function of external electric field), Vth, of all the four investigated mixtures are 
presented in Figure 4.8(a-b).   
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Figure 4.8(a) Temperature dependence of capacitive and optical threshold voltage 
(Vth) of mixtures A, B and C. Open symbols and closed symbols represent 
capacitive and optical threshold voltage respectively. 
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Figure 4.8(b) Temperature dependence of capacitive and optical threshold voltage 
(Vth) of mixture D. Open symbols and closed symbols represent capacitive and 
optical threshold voltage respectively. 
 

It is also observed that the capacitive threshold is lower than the optical 
ones but both follow similar temperature dependence. This is perhaps due to the 
fact that the capacitive threshold occurs when the director starts to tilt to the 
applied field whereas the optical threshold occurs when the twist becomes 
sufficiently non-uniform so that the optical vector do not follow the twist. Among 
the four mixtures studied, mixture A shows a low threshold voltage than the 
others. Mixture A with low threshold voltage is interesting for industrial use due to 
low consumption of driving voltage. 

 
4.8 Elastic constant measurement 

Precise measurement of the Frank elastic constants is important for better 
understanding of the physical properties of liquid crystals. The elastic constants 
affect the performance of a liquid crystal via threshold voltage and response time. 
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A smaller elastic constant reduces the values of the threshold voltage although it 
increases the value of the response time. Therefore an optimization between 
threshold voltage and response time should be taken into consideration.  The splay 
elastic constant (K11) for mixtures A, B, C and D as a function of reduced 
temperature are presented in Figure 4.9. It is observed that the elastic constant K11 
shows normal temperature dependence throughout the nematic range.  
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Figure 4.9 Reduced temperature dependence of elastic constant (K11) for mixtures 
A, B, C and D. 
 

 The K11 values are in fact very high, in the range 9pN to 19pN, which is 
characteristic of both isothiocyanates and ethane derivatives [30]. The splay elastic 
constant is related to the nematic order parameter (S) [31] by the relationship: 

 

                                                          
2

11 SAK o                                             (4.5) 

where Ao  is  a material constant. Figure 4.10 shows the relationship between K11 

and S2 for the mixtures and confirms that the experimental results are well fitted to 
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Equation 4.5.  Similar behavior has also been reported elsewhere [32]. The values 
of the material parameter Ao for mixture A, B, C and D is found to be 25.9pN, 
29.5pN, 33.7pN and 35.8pN respectively. 
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Figure 4.10 Validation of elastic constant K11 = A0S2 for mixtures A, B, C and D. 
                
4.9 Viscosity measurements 

Viscosity plays a crucial role in the dynamics of liquid crystals. It depends 
on the molecular constituents, geometry and intermolecular association. A bulky 
and heavy liquid crystal tends to enhance the values of the viscosity. In Figure 
4.11 the temperature dependence of the bulk viscosity and rotational viscosity of 

the four mixtures have been plotted.  The bulk viscosity () of the mixtures were 

measured up to 50oC using the standard Ostwald’s capillary viscometer.  The bulk 
viscosity systematically increases as the content of the low viscosity 
alkylcyclohexyl benzene isothiocyanates decreases and the clearing points of the 
mixture increases. Similar behaviour is also observed in the rotational viscosity 
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values, measured using relaxation method, for all the four mixtures. They are 
found in the order: 

 
mixture A ≈ mixture B < mixture D < mixture C 

 
throughout the nematic range. However, with decrease in temperature, the 
rotational viscosity values shows a steeper temperature dependence in comparison 

to the bulk viscosity values, leading to increased values of 1 at lower 

temperatures. At T=30oC, the ratio  for mixtures A, B, C and D are found to be 

2.24, 2.18, 4.65 and 3.10 respectively.  Such higher values of 1 with respect to , 
has also been observed by others [33,34]. From Figure 4.11 it is observed that the 
14 component mixture D shows low rotational viscosity with respect to the nine-
component mixture C. The presence of fluoro biphenyl derivative (compound 16) 
and propylcyclohexylbenzene isothiocyanate (compound 2) perhaps significantly 
reduces the rotational viscosity of mixture D.  
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Figure 4.11 Temperature dependence of rotational viscosity, 1, (open symbols) 
and bulk viscosity , (closed symbols) of the mixtures A, B, C and D.  
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   The temperature dependence of the rotational viscosity (1) is fitted with 

the following expression:  

                                              

)exp(01 Tk
ES a



                                        (4.6) 

where, S is the orientational order parameter determined from birefringence 

measurement, k is the Boltzman constant and Ea is the activation energy. From 

the slope of the Arrhenius plot of the rotational viscosity, the activation energy Ea 
can be evaluated. The activation energy (Ea) values in the nematic phase of all the 
multi-component mixtures are listed in Table 4.3. From Table 4.3 it is observed 
that the activation energy obtained from the rotational viscosity measurement 
exhibits slightly higher values than that obtained from bulk viscosity 
measurement. This is expected since the temperature dependent rotational 
viscosity curves are too steep at lower temperature in comparison to bulk viscosity 
curves as shown in Figure 4.11. 
 
Table 4.3 Activation energies for viscosity in the nematic phase for mixtures A-D.  

Mixture 
Activation energy (kJmol-1)  

Rotational Bulk 

A 34.01 26.35 

B 38.01 29.02 

C 40.93 33.99 

D 39.28 32.78 

 
The well-known commercial mixture E7, composed of three 

cyanobiphenyls i.e. 5CB(4-Cyano-4'-pentylbiphenyl), 7CB(4-Cyano-4'-
heptylbiphenyl), 8OCB(4-cyano-4′-octyloxybiphenyl) and one cyanoterphenyl 
5CT(4-Cyano-4'-pentylterphenyl), is widely used in liquid crystal display 
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applications [35]. Chemical structure, phase transition temperature and weight 
percent of the individual components of the mixture E7 are listed in Table 4.4. The 
comparative study of the physical properties of the four mixtures A, B, C and D 
with those of E7 has been listed in Table 4.5. 

 
Table 4.4 Chemical structure, phase transition temperature and weight percent of 
the individual components of the commercial liquid crystal mixture E7. 

Sl. 
no. Component 

Weight 
percentage of 

the components 
in the mixture 

1 CNC5H11
 

Cr 24oC N 35oC Iso 

45.5 

2 CNC7H15
 

Cr 30oC N 43oC Iso 

28.7 

3 CNOC8H17
 

Cr 54oC SmA 67.5 oC N 80oC Iso 

16.3 

4 CNC5H11

Cr 131oC N 240oC Iso 

9.5 

 
As shown in Table 4.5, the four investigated mixtures A, B, C and D has 

higher values of the clearing temperatures as well as wider nematic range in 

comparison to E7.  Due to the longer -electron conjugation, the NCS-based LC 

compounds exhibit a larger birefringence than the corresponding CN compounds; 
hence E7 shows smaller values of birefringence than the four prepared mixtures. 
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Table 4.5 Comparison of physical properties of the prepared mixtures A-D with 
commercial mixture E7. 
 

Physical 
parameters A B C D E7 

TNI (oC) 64.6 79.5 84.5 99.5 60.0 

Tm -15 -20 -25 <-5 -10 

Δn 0.23 0.26 0.26 0.27 0.22 

ne 1.76 1.79 1.79 1.80 - 

no 1.53 1.53 1.53 1.53 - 

ε|| 12.4 13.8 13.8 12.72 18.3 

ε 4.0 4.0 4.0 4.15 5.7 

Δε 8.4 9.8 9.8 8.57 12.6 

(mPas) 23.3 22.70 28.3 31.26 40 

 
The values of dielectric anisotropy of the four multi-component mixtures 

A, B, C and D are less than that of commercial mixture E7. It may be due to the 
fact that the dipole moment of the NCS group is about 30% lower than that of CN 
[36]. A major concern of the CN based LC materials is their relatively high bulk 
and rotational viscosity because of the formation of dimers due to the strong 
intermolecular interactions between the nitrile groups [37]. On the other hand, the 
isothiocyanato group does not form dimer due to smaller Huckel charges of 
nitrogen, carbon, and sulphur [38]. This phenomenon significantly affects the 
properties of the four investigated mixtures and lowers the values of the rotational 
viscosity of the mixture A, B, C and D in comparison to E7. 
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4.10 Conclusion  
Alkylphenylethyl biphenyl isothiocyanates (compounds 7, 8) and 

alkylbiphenyl ethyl phenyl isothiocyanates (compounds 9-11) when mixed with 
other isothiocyanates such as alkylcyclohexylphenylisothiocyanates (compounds 
1-3, 15) and biphenyl isothiocyanates (compounds 4-6), enable the formulation of 
mixtures with large nematic range and higher birefringence in comparison to 
mixtures prepared from alkyl- and alkoxycyanobiphenyl and cyanoterphenyls (e.g. 
mixture E7), as shown in Table 4.5. All these mixtures exhibit broad nematic 

range (~ 100oC), moderate birefringence (n ~ 0.23-0.26), positive dielectric 

anisotropy () and low rotational viscosity. Presence of ethane bridging 

group in the rigid core of the liquid crystalline molecule also leads to higher values 
of splay elastic constant. Of special significance is the emergence of lower 
viscosity values, although some of the components in these mixtures are strongly 
smectogenic (compounds 4-6, 10).  These mixtures are also favorable for room 
temperature operation. They posses slightly lower dielectric anisotropy than E7 
which is sometimes desired. The dielectric anisotropy however, may be easily 
modified by doping with alkyl, alkoxy biphenyl and terphenyl derivatives having a 
fluorine atom in lateral position, which also effectively enable to suppress smectic 
phases.   

Additionally it is observed that the presence of the alkyl fluorinated 
biphenyl and terphenyl derivatives (compounds 2 and 16) in mixture D, decrease 
the rotational viscosity of this mixture in comparison to the mixtures A, B and C. 
With respect to display performance, mixture D was found to be the most suitable 
among the mixtures studied. A comprehensive study of the usefulness of the 
biphenyl and terphenyl derivatives as dopants in mixtures to improve their 
physical parameters resulting in  faster electro-optic response time of the liquid 
crystal display (LCD) devices have also been reported. Potential applications of 
these mixtures for high speed photonics and liquid crystal display devices are 
foreseeable. 



 
 
 
 

Chapter 4 

151 

References 
[1] J.W. Goodby, The nanoscale engineering of nematic liquid crystals for 

displays, Liq. Cryst., 38, 1363 (2011). 
[2] C.H. Gooch, H.A. Tarry, The optical properties of twisted nematic liquid 

crystal structures with twist angles < 90o, J. Phys. D: Appl. Phys., 8, 1575 
(1975). 

[3] E. Lueder, Liquid crystal displays, John Wiley & Sons, Chichester (2001). 
[4] M. Schadt, W. Helfrich, Voltage-dependent optical activity of a twisted 

nematic liquid crystal, Appl. Phys. Lett., 18, 127 (1971). 
[5] H.C. Huang, B.L. Zhang, H.S. Kwok, P.W. Cheng, Y.C. Chen, Color filter 

liquid-crystal-on-silicon microdisplays,  Soc .Info. Disp. Symp. Digest, 880 
(2005). 

[6] U. Efron, S.T. Wu, J. Grinberg, L.D. Hess, Liquid-crystal-based visible-to-
infrared dynamic image converter, Opt. Eng., 24, 111 (1985). 

[7] S.T. Wu, Infrared properties of nematic liquid crystals: an overview, Opt. 
Eng., 26, 120 (1987).  

[8] B. Bahadur, Liquid crystals: applications and uses, World Scientific, 
Singapore (1991).  

[9] S. Sing, Liquid Crystal fundamentals, World Scientific, Singapore (2002). 
[10] J. Czub, R. Dabrowski, J. Dziaduszek, S.Urban, Dielectric properties of ten 

three-ring LC fluorosubstituted isothiocyanates with different mesogenic 
cores,  Phase Transit., 82, 485 (2009). 

[11] S. Gauza, A. Parish, S.T. Wu, A. Spadło, R. Dabrowski, Physical 
properties of laterally fluorinated isothiocyanato phenyl-tolane liquid 
crystals, Liq. Cryst., 35, 483 (2008). 

[12] J. Dziaduszek, P. Kula, R. Dabrowski, W. Drzewiński, K. Garbat, S. 
Urban, S. Gauza, General synthesis method of alkyl–alkoxy multi-
fluorotolanes for negative high birefringence nematic mixtures, Liq. Cryst., 
39, 239 (2012). 

[13] S. Kumar, Liquid crystals, Cambridge university press, New York (2001). 



 
 
 
 

Chapter 4 

152 

[14] S. Inoi, Organoflourine chemistry: principles and commercial applications, 
Plenum press, New York (1994). 

[15] R. Dabrowski, J. Dziaduszek, K. Garbat, M. Filipowicz, S. Urban, S. 
Gauza, G. Sasnouski, Synthesis and mesogenic properties of three- and 
four-ring compounds with a fluoroisothiocyanatobiphenyl moiety, Liq. 
Cryst., 37, 1529 (2010).  

[16] A. Pramanik, B. Das, M.K. Das, K. Garbat, S. Urban, R. Dabrowski, 
Mesomorphic, optical, dielectric, elastic and viscous properties of multi-
component isothiocyanato mixtures, Liq.  Cryst., 40, 149 (2013). 

[17] I. Schröder, Über die Abhängigkeit der Löslichkeit eines festen Körpers 
von seiner Schmelztemperatur [About the dependence of the solubility of a 
solid body of the melting temperature],  Z. Phys. Chem., 11, 449 (1893). 

[18] E.C. Hsu, J.F. Johnson, Phase diagrams of binary nematic mesophase 
systems, Mol. Cryst.  Liq. Cryst., 20, 177 (1973).  

[19] R. Dabrowski, J. Dziaduszek, T. Szczuciński, Z. Stolarz, K. Czupryński, 
New liquid-crystalline isothiocyanates with high clearing points, low 
viscosities and strong nematic character,  Liq. Cryst., 5, 209 (1989). 

[20] R. Dabrowski, J. Dziaduszek, T. Szczuciński, Mesomorphic characteristics 
of some new homologous series with the isothiocyanato terminal group, 
Mol. Cryst. Liq. Cryst., 124, 241 (1985). 

[21] S. Urban, K. Czupryński, R. Dabrowski, B. Gestblom, J. Janik, H. Kresse, 
H.Schmalfuss, Dielectric studies of the 4-n-alkyl-4'-thiocyanatobiphenyl 
(nBT) homologous series (n=2-10) in the isotropic and E phases, Liq. 
Cryst., 28, 691 (2001). 

[22] R. Dabrowski,  (unpublished data). 
[23] R. Dabrowski, Isothiocyanates and their mixtures with a broad range of 

nematic phase, Mol. Cryst.  Liq. Cryst., 191, 17 (1990). 
[24] I. Haller, Thermodynamic and static properties of liquid crystals, Prog. 

Solid State Chem., 10, 103 (1975). 



 
 
 
 

Chapter 4 

153 

[25] A. Prasad, M.K. Das,  Refractive index and orientational order parameter 
of a polar–polar binary system showing induced smectic Ad and re-entrant 
nematic phases, Phase Transit., 83, 1072 (2010).  

[26] W. Maier, A. Saupe, A simple molecular theory of nematic liquid 
crystalline states phase 1, Z. Naturforch. Teil. A, 14, 882 (1959); (b) W. 
Maier, A. Saupe, A simple molecular theory of nematic liquid crystalline 
states phase 2, Z. Naturforch. Teil. A, 15, 287 (1960). 

[27] S.T. Wu, C.S. Wu, Experimental confirmation of the Osipov-Terentjev 
theory on the viscosity of nematic liquid crystals, Phys. Rev. A., 42, 2219 
(1990). 

[28] H. Xianyu, S-T. Wu, C-H Lin, Dual frequency liquid crystals;a review, Liq. 
Cryst., 36, 717 (2009). 

[29] V. Fréedericksz, V. Zolina, Forces causing the orientation of an anisotropic 
liquid, Trans. Faraday Soc., 29, 919 (1933). 

[30] L. Pohl, U. Finkenzeller, Liquid crystals-applications and uses, World 
Scientific, Singapore (1990).  

[31] W.H. de Jue, Physical properties of liquid crystalline materials, Gordon and 
Breach Science Publishers, London (1980). 

[32] M.J. Bradshaw, D.G. McDonell, E.P. Rayens, Physical properties of 
nematic materials containing different ring systems, Mol. Cryst. Liq. Cryst., 
70, 289 (1981). 

[33] P.R. Greber, Measurement of the rotational viscosity of nematic liquid 
crystals, Appl. Phys. A., 26, 139 (1981). 

[34] D. Dunmur, A. Fukuda, G. Luckhurst, Physical properties of liquid 
crystals: nematics, Inspec /IEE, London (2000). 

[35] J-H. Lee, D. N. Liu, S-T. Wu, Introduction to flat panel displays, John 
Wiley & Sons, U.K (2008). 

[36] S. Gauza, J. Li, S.T. Wu, A. Spaldo, R. Dabrowski, Y.N. Tzeng, K.U. 
Cheng, High birefringence and high resistivity isothiocyanate-based 
nematic liquid crystal mixtures, Liq. Cryst.,  32, 1077 (2005). 



 
 
 
 

Chapter 4 

154 

[37] J. Jadzyn, L. Hellemans, G. Czechowski, C. Legrand, R. Douali, Dielectric 
and viscous properties of 6CHBT in the isotropic and nematic phases, Liq. 
Cryst., 27, 613 (2000). 

[38] I.K. Huh, Y.B. Kim, Fluoro-isothiocyanated liquid crystal materials with 
high dielectric anisotropy and voltage holding ratio, Jpn. J. Appl. Phys., 41, 
6466 (2002). 



 

 

  

 

 

 

 

CHAPTER 5 
 

Mesomorphic and structural 
properties of a liquid crystalline 
compound possessing chiral lactate 
unit 
 

 

 

 

 

 

 



 

 

Chapter 5 

156 

5.1 Introduction 
Liquid crystalline (LC) materials exhibiting a great variety of structures are 

strongly susceptible to external fields as well as surface interactions and provide 
multiple functionality. Thermodynamically, liquid crystalline materials are located 
in between the three-dimensionally ordered solid state (crystal) and the isotropic 
liquid. For particular molecules assembled in specific architectures, permanent 
dipole moment can appear thus forming structures with a polar order, namely 
paraelectric, ferroelectric or antiferroelectric phases [1]. Such materials can be 
utilized as a self-assembling media combining necessary order and fluidity on a 
molecular (nano-scale) level [2,3]. 

While designing chiral liquid crystalline materials, the type of chiral 
fragment used in the molecule play a very important role in determining its 
mesomorphic behaviour. In 1988 Taniguchi et al. [4] synthesized and studied a 

series of compounds with phenyl-4-alkoxybiphenyl-4-carboxylate as a molecular 

core with one lactate group as a chiral centre. These compounds possess a broad 
range of the paraelectric smectic A* (SmA*) and ferroelectric smectic C* (SmC*) 
phases. During the last years, lactic acid derivatives differing in number of the 
lactate groups as chiral centres have been attracting attention as they show a rich 
variety of polar liquid crystalline mesophases [5-12]. Use of the lactic unit as a 
precursor of chiral centre have two advantages with respect to other types of the 
chiral centres: (i) they minimize the cost, as the price ratio to the most commonly 
used chiral precursor material (S)-2-octanol is at least 1:100; (ii) lactic acid-based 
LCs usually show no aging and are highly stable, thermally as well as chemically. 
Moreover, utilization of lactate based chiral moiety has provided many materials 
with a very rich variety of liquid crystalline mesophases [13-19]. Recently, several 
new liquid crystalline materials containing one, two or three chiral centres and 
having one or two lactate groups attached to the molecular core by the ether 
linkage group have been synthesized and studied [20-21]. 

However, several basic questions are still open, especially, those concerning 
the interactions between the molecular core and aliphatic chains, relation between 
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the chemical structure, mesophase behaviour and the physical properties of the 
polar mesophases. Therefore, the investigation of the structure-property 
relationship [22] for lactic acid derivatives possessing liquid crystalline behaviour 
is still of great significance for further progress, both for the understanding of the 
basic properties as well as for their potential applications [23-25]. The 
understanding of the mesophase nano-scale organization will enable generalization 
of the relationship (if any) between molecular structure and macroscopic 
properties of liquid crystalline materials.  

In order to contribute to better understanding of structure–property 
relationship, the mesomorphic and structural properties of the chiral lactic acid 
derivative, namely 4´-(1-(octyloxy)-1-oxopropan-2-yloxy)biphenyl-4-yl4-(decyl 
oxy)benzoate, possessing the liquid crystalline behaviour have been studied by 
polarizing optical microscopy, differential scanning calorimetry (DSC), optical 
transmission (OT), x-ray diffraction and dielectric spectroscopy [26] techniques. 
 
5.2 Material 

Synthesis of the 4´-(1-(octyloxy)-1-oxopropan-2-yloxy) biphenyl-4-yl 4-
(decyloxy) benzoate (material under study) has been described in details by 
Bubnov et al.[20]. Structures of the intermediates and the final liquid crystalline 
material have been checked by the Nuclear Magnetic Resonance (NMR) 
spectroscopy. A 300 MHz Varian spectrometer with tetramethylsilane as internal 
standard have been used for 1H and 13C NMR studies. 

1H-NMR of 4-(4´-hydroxybiphenyl)4-n-decyloxybenzoate (300MHz, 
CDCl3): 8.16 (d, 2H, ortho to –COO); 7.55 and 7.43 (dd, 4H, ortho to –Ar); 7.23 
(d, 2H, ortho to -OCO-); 6.99 (d, 2H, ortho to –OCH2); 6.87 (d, 2H, ortho to –
OH); 5.00 (brs, 1H, OH); 4.05 (t, 2H, CH2O); 1.20-1.80 (m, 16H, CH2); 0.90 (t, 
3H, CH3). 

1H-NMR of final product (300MHz, CDCl3): 8.15 (d, 2H, ortho to –COO); 
7.56 and 7.50 (dd, 4H, ortho to –Ar); 7.24 (d, 2H, ortho to -OCO-); 6.96 (dd, 4H, 
ortho to –O); 4.80 (q, 1H, CH*); 4.17 (m, 2H, COOCH2); 4.03 (t, 2H, CH2OAr); 
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1.80 (m, 4H, CH2CH2O); 1.62 (d, 3H, CH3C*); 1.20-1.60 (m, 24H, CH2); 0.87 (m, 
6H, CH3). 

Chemical formulae of the investigated compound with indicated carbon 

atom numbers and the chemical shift () obtained from 13C NMR spectroscopy 

(300 MHz, CDCl3) are presented in Table 5.1. 

 
Table 5.1 Chemical shift  [ppm] for 4´-(1-(octyloxy)-1-oxopropan-2-
yloxy)biphenyl-4-yl 4-(decyloxy)benzoate from 13C NMR. 
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Carbon No.  (ppm) Carbon No.  (ppm) 

1 14.27 19 138.51 

10 68.57 20 134.12 

11 157.46 21 127.95 

12 114.54 22 115.60 

13 132.50 23 163.80 

14 121.81 24 18.83 

15 165.21 25 72.97 

16 150.40 26 172.47 

17 122.22 27 65.65 

18 128.42 34 14.31 
 

5.3 Texture and DSC studies 
The sequence of phase and phase transition temperatures have been 

identified by observing the textures and their changes under the polarising optical 
microscope. The LINKAM LTS E350 heating stage with TMS-93 temperature 
programmer has been used for temperature control, which enabled temperature 
stabilisation within ±0.1 K. In addition, free–standing films have also been 
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prepared, in which the liquid crystalline material has been mechanically spread 
over a circular hole (diameter 3 mm) in a metallic plate. The phase transition 
temperatures have also been checked by Differential Scanning Calorimetry (Pyris 
Diamond Perkin-Elmer 7) on cooling/heating runs at a rate of 5oCmin-1 in nitrogen 
atmosphere. The sample (5 mg) has been hermetically sealed in an aluminium pan 
and placed in a nitrogen atmosphere. The temperature has been calibrated on 
extrapolated onsets of the melting points of water, indium and zinc. The enthalpy 

change [H] has been calibrated on enthalpies of melting of water, indium and 

zinc. The respective thermogram on heating and cooling runs is presented in 
Figure 5.1.  
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Figure 5.1 DSC thermograms on heating and cooling cycles taken at a rate 
5oCmin-1. Vertical arrows indicate the Iso-BPII, BPII-N*, N*-TGBA and TGBA-
SmA* phase transitions subsequently on cooling () and heating (). 
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The phase transition temperatures are also shown in Table 5.2. On cooling from 
the isotropic (Iso) phase the studied LC material exhibit: 

  
the blue phase (BPII), the cholesteric phase, the twist grain boundary smectic A 
phase (TGBA) and the paraelectric SmA* phase.  
 
Table 5.2 Sequence of phases, phase transition temperatures (oC), transition 
enthalpies [ΔH (J/g)] (measured on cooling) with DSC (5oCmin-1) and melting 
point (m.p.) measured on heating for the studied compound. “” the phase exists. 

m.p. Cr  SmA*  TGBA  N*  BPII  Iso 

41.7 
[+24.06]  37.8 

[-23.87]  58.5 
[0.33]  79.8 

[0.01]  85.3 
[0.96]  86.1 

[-0.01]  

 
In Figure 5.2, several characteristic microphotographs of the mesophase 

textures of the sample in planar alignment 5.2(a-e) and free standing film 5.2(f) 
are presented. In particular a very characteristic platelet texture of the blue phase 
(Figure 5.2(a)), oily streaks texture of the cholesteric phase (Figure 5.2(c)) and 
filament texture of the TGBA-SmA* phase transition (Figure 5.2(f)) helps to 
unambiguously detect the type of mesophases.  

 

                   
(a)                                                         (b) 

Figure 5.2(a-b) Microphotographs of textures observed under the polarizing 
optical microscope. (a) platelet texture of the blue phase (BPII) at 85.5oC; (b) the 
BPII-N* phase transition at 85oC. The width of all the photos is about 350µm. 
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(c)                                                    (d) 

 
 

                    
      

(e)                                                   (f) 
 
Figure 5.2(c-f) Microphotographs of textures observed under the polarizing 
optical microscope (c) the oily streaks texture of the cholesteric phase (N*) at 
83oC; (d) the texture of the TGBA phase at 75oC; (e) the TGBA-SmA* phase 
transition at 58oC; (f) the filament texture of the TGBA-SmA* phase transition at 
58oC (free standing film).The width of all the photos is about 350µm. 
 

Due to quite low enthalpies of the Iso-BPII, N*-TGBA and TGBA-SmA* 
phase transitions, the respective transitions are hardly detectable by DSC but are 
well defined by polarizing optical microscopy. Moreover, optical transmission 
studies can be helpful for the identification of some of the phase transitions. 
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5.4 Optical transmission (OT) study 
Temperature dependence of the transmitted intensity measured from optical 

transmission method [22] has been done on planar as well as on homeotropic cells 
(8.9μm thickness) placed between two crossed linear polarizers. Interestingly, the 
N*-TGBA and TGBA-SmA* phase transition temperatures, which are not clearly 
detectable from DSC measurements, could be identified clearly as shown in Figure 
5.3.  
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Figure 5.3 Temperature dependence of the transmitted intensity obtained on 
samples in planar alignment (open circles) and homeotropic alignment (open 
squares). 

 
However, the Iso-BPII, BPII-N* phase transitions, which are visible in DSC 

measurement (Figure 5.1) are not clearly identifiable in the optical transmission 
method. Hence, the conclusion regarding the existence of the different mesophases 
is based on the observations from all the three methods used namely the study of 
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textures and their changes under polarizing optical microscope, DSC runs and 
optical transmission studies.  

 
5.5 X-ray diffraction study 
          X-ray diffraction measurements have been done on the samples filled into 
Merck capillary tubes of 0.7 mm diameter, in the presence of a magnetic field (1T) 
at the Institute of Physics, Academy of Sciences of the Czech Republic, Prague, 
Czech Republic. The temperature of the sample has been regulated by a 
temperature controlled heating stage. The x-ray patterns have been recorded on a 

2D area detector (HI – Star, Siemens AG) using Ni-filtered Cu K radiation 

(wavelength    = 1.5418 Å). From the x-ray diffraction studies the smectic layer 

spacing (d) in the TGBA and SmA* phases (or apparent molecular length (l) in the 
case of blue phase and the cholesteric phase) and the average intermolecular 
distance between the long axes of neighbouring parallel molecules (D) have been 

calculated from the position of the small angle ( = 0.2–4.5o) and wide angle 

diffraction peaks, respectively for all the phases. 
Figure 5.4(a-c) shows the x-ray diffraction photographs of the unaligned 

sample obtained in the BPII, TGBA and SmA* phases at 86oC, 70oC and 50oC 
respectively. From the x-ray diffraction patterns it is clear that it was not possible 
to align the compound with a magnetic field of about 1 Tesla. The pattern obtained 
immediately below the clearing temperature (Figure 5.4(a)) i.e. in the BPII phase 
shows the presence of diffuse rings in both the small and wide angle regions 
typical for the non-oriented samples. The absence of sharp inner ring indicates that 
this mesophase is rather fluid like. As expected, a similar pattern in the N* phase 
has also been observed.  Below 78oC, sharp inner rings and diffuse outer rings in 
the x-ray diffraction pattern is observed (Figure 5.4(b)). The intensity of the inner 
ring increases with decreasing temperature. This indicates the appearance of a 
higher order phase with the possibility of a layered structure. The pattern 
represents the un-oriented TGBA phase as detected from polarizing optical 
microscopy. On further cooling (Figure 5.4(c)) the outer diffraction pattern 
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remains the same but the inner ring becomes distinctly sharper and hence this 
pattern suggests the appearance of the non-oriented SmA* phase. 

 

                

                   (a)                                                                      (b) 
 
 

 

(c) 
 

Figure 5.4(a-c) X-ray diffraction photographs obtained on the unaligned sample 
in (a) BPII phase (85.5oC); (b) TGBA phase (70oC) and (c) SmA* phase (50oC). 

 
Figure 5.5 shows the x-ray diffraction intensity profiles obtained from a 

linear scan of the diffraction patterns of the non-oriented sample in different 
mesophases. The intensity profile reveals the presence of relatively sharp 
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reflections at small angles (2 ≈ 3o4o) in the TGBA and SmA* phase, clearly 

indicating the layered structure, in comparison to the diffuse ring obtained in the 

case of the BPII and N* phases. The diffuse outer scattering at wide angles (2 ≈ 
18o-24o) corresponds to the average intermolecular distance D between the long 
axes of neighbouring parallel molecules. The values of the effective molecular 
length (l) in case of the BPII and N* phases and the smectic layer thickness (d) in 
the TGBA and SmA* phases as well as the intermolecular distance between the 
long axes of the neighbouring molecules (D), at different temperatures have been 
determined.  
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Figure 5.5 X-ray diffraction profiles at indicated temperatures with nearly equal 
exposure time. 
 

The temperature dependences of the l or d values and intermolecular distance 
D are presented in Figures 5.6 and 5.7 respectively. Interestingly, the layer spacing 
of the SmA* phase is found to have a slight temperature dependence with the d 
values changing from 37.5 Å at the TGBA- SmA* phase transition to 39 Å within 
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the phase. The increase in layer spacing values of the SmA* phase on cooling is 
due to stretching of the aliphatic chains of the molecule. Moreover, the d values 
suggest that there is no bi-layer association present in the mesophase. Within the 
temperature range of the TGBA phase (type of the mesophase has been determined 
by typical textures obtained on free standing films), the d values initially increase 
slowly (31.7 Å) with decrease in temperature. As the TGBA–SmA* phase 
transition is approached, a rapid increase in d (37.7 Å) value is noticed. In fact, its 
value coincides with the SmA* layer spacing.  
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Figure 5.6 Temperature dependence of the layer thickness d. 
 

Within the TGBA phase, the ratio d/l ~ 0.74–0.88 which is typical of 
monolayers and also is a signature of the SmA nature of the blocks of the TGBA 
phase. The effective molecular length (l) in case of the BPII and N* phases 
increase with decrease in temperature. The increase in l values in going from the 
N* to TGBA phase has also been reported by Shankar Rao et al. [25]. The 
intermolecular distance, i.e. the average lateral distance between the long axes of 
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molecules, D, decreases with decrease in temperature, as expected. The 
temperature dependence of the intensity of the inner ring (with nearly same 
exposure time) is presented in Figure 5.8. 
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Figure 5.7 Temperature dependence of the average intermolecular distance D. 
 

It is observed that the x-ray intensity is nearly constant in the N* phase. 
However, the intensity values appear to show a discontinuous increase at the 
transition from N* to TGBA phase. Within the TGBA phase the x-ray intensity 
increases with decrease in temperature and this increase is quite rapid as the 
TGBA–SmA* phase transition is approached. It may be mentioned here, that, the 
reason for the appearance of the TGBA phase is that a direct cholesteric–smectic 
phase transition cannot occur in a continuous way since the cholesteric twist of the 
director is not compatible with the smectic layering. Thus a definite increase in the 
scattered x-ray intensities are observed at the onset of the TGBA phase at the N*–
TGBA phase boundary signifying the appearance of long range order in layering 
within this phase. Again, as observed from Figure 5.8, there is a significant 
increase in the intensity values near the TGBA–SmA* phase transition. SmA* 
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fluctuations dominate in this region as the twist of the smectic blocks within the 
TGBA phase gradually unwinds and smectic A like ordering appears. This 
behaviour again verifies the existence of the TGBA phase. Similar behaviour is 
also observed in the d values as mentioned in the previous paragraph. 

 

40 50 60 70 80 90
0

2000

4000

6000

8000

10000

BPII

X
-r

ay
 in

te
ns

ity
 / 

a.
u.

T / oC

SmA* TGB
A N*

 
Figure 5.8 Temperature dependence of the x-ray intensity of the inner ring (with 
nearly same exposure time). 
 

The MOPAC/AM1 model has also been used to ascertain the length of the 
LC molecule corresponding to the state with minimum energy. In Figure 5.9 the 
model of the molecule with the axis corresponding to the smallest principal 
moment of inertia has been presented. Taking into account the most extended 
conformer (length of the molecule in the direction of the long molecule axis), the 
length of molecule is calculated as 43Å. The experimental d values (39Å) are 
somewhat lower than theoretical one (43Å). 
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Figure 5.9 Conformation of the molecule after energy minimization using 
MOPAC/AM1 method. 
 

The longitudinal (ξ║) as well as the transverse in-plane (ξ┴) correlation 
lengths in the different mesophases have been determined from a linear scan of the 
inner and outer diffraction peaks. The intensity profile I(q) has been fitted to a 
Lorentzian form with a quadratic background viz., 
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qqa
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                  (5.1) 

where, q is the magnitude of the scattering vector. Here a1, a2, qo, a3, a4 and a5 are 
the fitting parameters, which have been adjusted to obtain the best fit. The 

transverse correlation length is defined as ξ = 2(a2)-1/2. Figure 5.10 shows the 

results for ξ┴ and ξ║ over the relevant temperature region. As expected, the 
correlation lengths for the higher ordered phase are found to be much higher than 
those for the lower ordered phases. The values of the transverse correlation lengths 
is about 50Å in SmA* phase. In the vicinity of the SmA*-TGBA phase transition, 
there is a rapid decrease of correlation length on heating from the SmA* phase to 
the TGBA phase. Near the TGBA-N* phase transition there appears to be a 
divergence of the ξ┴ values, typical of a second order phase transition. These 
observations have also been supported by enthalpy and optical transmission 
measurements. The longitudinal correlation length, ξ║, increases rapidly at the N*-
TGBA phase transition from about 125Å. This rise continues even in the SmA* 

phase and reaches a value of about 350Å at saturation. 
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Figure 5.10 Temperature dependence of the longitudinal, , ( open circles) and 
the transverse, ┴, (close squares) correlation lengths within the mesophases. 
 
 It is necessary to mention that for all the phases studied, the correlation 
lengths are expected to be much longer. Possible explanation for this discrepancy 

is may be due to the use of Ni filtered Cu-K radiation, which contains a white 

background radiation in addition to the Cu-K peak. No correction for this white 

radiation, which broadens the diffraction peaks considerably, is made here. Hence 
the experimental values of the correlation lengths as obtained above are somewhat 
smaller than the theoretically expected values. 

 
5.6 Dielectric spectroscopy 
 Temperature dependence of the real part of complex permittivity measured 
using a Schlumberger 1260 impedance analyzer on cooling at a frequency of 160 
Hz within the entire mesomorphic range is shown in Figure 5.11. Planar sample, 
12μm thick have been used for dielectric spectroscopy measurements. As no polar 
phase has been detected for this chiral LC material, the only contribution of the 
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soft mode in the paraelectric SmA* phase could be detected. It results in a 
pronounced increase of the real part of complex permittivity on cooling below the 
TGBA-SmA* phase transition. A peak at the low temperature border of the SmA* 
phase is related to pre-crystallisation phenomena. 
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Figure 5.11 Temperature dependence of the real part of complex permittivity 
measured on cooling at a frequency of 160 Hz. 
 

In order to study the effect of molecular structure on mesomorphic 
properties, the compound studied in this work has been compared with compounds 
having slightly different molecular structure. In particular, the effect of (i) chains 
length (ii) lateral substitutions by various groups in different positions as well as 
(iii) type of the group which connect the chiral molecular chain, have been 
investigated. If the length of the non-chiral chain is increased, the tilted 
ferroelectric SmC* phase of about 20 K broad down to room temperature has been 
found [21]. The lateral substitution by two methyl groups [27] on the phenyl ring 
far from the chiral centre completely suppresses the mesomorphic properties. The 
same effect is reached by NO2 group laterally substituted on phenyl ring close to 
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the chiral centre [28]. In case of double lateral substitution, namely when the 
methyl group is placed far from the chiral centre and the NO2 group is placed close 
to the chiral centre, no liquid crystalline behaviour can be detected [28]. However, 
the lateral substitution by the single methyl group on phenyl ring far from the 
chiral centre retains the cholesteric phase; the clearing point for that compound is 
about 40 K lower than that obtained for the compound studied in the present work. 
Liquid crystalline material containing the chiral 2-alkoxypropionate unit 
(connected to the molecular core by ester group) instead of chiral lactate unit 
(connected to the molecular core by ether group) possess a broad range of the 
cholesteric phase and the ferroelectric SmC* phase [29]. However, the clearing 
point is evidently higher than that for the material studied in the present work; the 
difference is more than 40K [29]. 
 
5.7 Conclusion 

The mesomorphic and structural properties of the liquid crystalline material 
with chiral lactate group possessing blue phase, cholesteric, TGBA and SmA* 
phase has been studied by polarizing optical microscopy, DSC, optical 
transmission, x-ray diffraction and dielectric spectroscopy measurements.  
 From the x-ray diffraction patterns obtained on un-oriented sample 
structural information like the effective molecular length, smectic layer spacing 
and the average intermolecular distance have been determined and discussed. The 
layer spacing in the SmA* phase is slightly temperature dependent.  Within the 
TGBA phase, the d/l ratio indicates the existence of monolayer SmA blocks and 
identifies the TGB phase of this compound to be composed of blocks of SmA 
layers. Definite discontinuities in the x-ray scattering are observed at the N*–
TGBA phase boundary. The increased intensities at this phase transition mark the 
onset of the long range smectic ordering of the TGBA phase. A rapid increase in 
the x-ray scattering intensities is again observed at the TGBA–SmA* phase 
transition, perhaps due to the presence of strong Smectic A* fluctuations. Since, 
the transition from the N* phase to the Sm A* phase in this compound is 
facilitated via the formation of the TGBA phase, both the appearance of the smectic 
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blocks at the N*–TGBA phase transition as well as the disappearance of the helical 
twist of the cholesteric director at the TGBA–SmA* phase boundary is clearly 
reflected from the temperature dependence of the scattered x-ray intensities. 
Similar behaviour is also observed in the d values obtained for this compound. 
Taking into account the most extended conformer (using semi empirical molecular 
orbital package MOPAC), the length of molecule is estimated to be about 38.5Å. 
The layer spacing determined from x-ray diffraction technique in the SmA* phase 
is found within 37.5-39.0 Å. Thus, the calculated length of the molecules agrees 
quite well with the layer spacing obtained experimentally. 
 The in-plane transverse correlation length (ξ┴) as well as the longitudinal 
correlation length (ξ║) has also been estimated from the x-ray diffraction patterns. 
The correlation length for higher ordered phase is much higher than those for the 
lower order phase. The ξ┴ values diverge near the TGBA-N* phase transition 
indicating the second order nature of this phase transition. The values of the 
correlation lengths are however smaller than the expected value. This discrepancy 
is probably due to the use of Ni filtered Cu-Kα radiation which broadens the 
diffraction peaks considerably. 

Liquid crystals are extremely sensitive materials for any change of the 
molecular structure and even a minor change could strongly affect their 
mesomorphic properties or even their existence. Hence, further studies of the 
structure-property relationship are necessary for successful application of chiral 
liquid crystalline materials in the field of definite practical demands. 
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6.1 Introduction 
Self-assembling materials with desired functionality and physical 

properties currently represent a fascinating area of intense research and provides a 
highlighted approach for the design and study of new material structures. One of 
the most exciting but special classes of such smart organic materials that are able 
to self-assemble at nano- and meso-scopic length scales are those possessing the 
polar layered structure of nanometre dimensions, the so-called chiral smectic 
liquid crystals (LCs). The intermolecular interactions, responsible for the self-
organization, can be precisely adjusted by appropriate molecular design, i.e. by 
building the molecule from various units [1-6]. The main objective of the present 
work is to contribute systematic data on molecular architecture – nano 
organization relationship for a specific type of nano-organized system, namely 
chiral ferroelectric liquid crystalline (FLC) materials [2,7]. This type of materials 
derived from lactic acid [6,8-14], can be considered to be of reasonably of high 
fundamental interest due to their marked advantages [10,15,16] and also as a 
starting point for mixture design [3,15-20] or for the preparation of functional 
macromolecular self-assembling materials [1,21-26] for future utilization in 
photonics and optoelectronics [1,3,27,28]. 

In chapter 5 the structural properties of a lactic-acid-based chiral liquid 
crystalline material, namely 4'-(1-(octyloxy)-1-oxopropan-2-yloxy) biphenyl-4-yl 
4-(decyloxy) benzoate containing two ester linkages in the core have been 
discussed [29]. Incorporation of an ester linkage group between the aromatic core 
units [3,30-31] not only increases the molecular length and flexibility but also 
affects the longitudinal polarizability, planarity [32] and thereby enhances the 
spontaneous polarization in such ferroelectric liquid crystalline materials [26]. 
Hence, considerable interest in the design of new liquid crystalline molecules has 
emerged, which may self-assemble into mesophases with ferroelectric and 
antiferroelectric ordering [2,7,27]. However, the specific demands for certain 
applications might require a combination of definite material parameters like large 
spontaneous polarization, large tilt angle of molecules with respect to the smectic 
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layer normal, low viscosity and fast switching [3,8,16,26,33]. Since the shape of 
the molecules has a significant effect on self-assembling behaviour of ferroelectric 
liquid crystalline (FLC) materials, both the fundamental physics as well as the 
technology of FLCs have induced much interest. This work [34] yields a 
comprehensive study of self-assembling and structural properties of a certain lactic 
acid derivative, namely decyl-4-(4-(4-(2-(hexyloxy)propanoyloxy)benzoyloxy) 
benzoyloxy)benzoate (denoted as E 10/6) with four ester linkages in the molecular 
core (Figure 6.1). 

 
 

Figure 6.1 The chemical formula of decyl4-(4-(4-(2-(hexyloxy)propanoyloxy) 
benzoyloxy)benzoyloxy) benzoate. 
 
6.2 Material 

FLC compounds belonging to a series of the (s)-lactic acid derivatives 
possessing a flexible core with ester bridges connecting the benzene rings [35] 
exhibit quite stable chiral tilted smectic phase over a relatively broad temperature 
range. For these materials the presence of carboxyl group conjugated to the semi- 
rigid core leads to the appearance of the orthogonal smectic A* (SmA*) phase 
instead of the cholesteric phase [29].  

The synthetic route of FLC E 10/6 compound selected for the present study 
has been described in details by Pakhomov et al. [35]. The chemical formula of 
decyl 4-(4-(4-(2-(hexyloxy)propanoyloxy)benzoyloxy)benzoyloxy)benzoate is 
presented in Figure 6.1. The compound has been obtained from the Institute of 
Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic and 
used without further purification. 
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6.3 Phase identification 
The sequences of mesophases and phase transition temperatures 

determined from polarizing optical microscopy (POM), optical transmission (OT) 
measurement and differential scanning calorimetry (DSC) have been summarized 
in Table 6.1. The phase transitions temperatures obtained by these techniques (and 
also as presented in Ref. 35) slightly differ due to different calibrations and the 
values obtained from DSC have been taken as a standard. Figure 6.2 shows the 
DSC curves for E 10/6 compound on heating and cooling runs. On heating, three 
endothermic peaks are detected at about 88oC, 93oC and 115oC which correspond 
to the Cr-SmC*, SmC*-SmA* and SmA*-Iso phase transitions respectively. On 
cooling, the Iso-SmA* and the SmA*-SmC* phase transitions are observed at 
about 113oC and 92.8oC respectively. A strong peak corresponding to the SmC*-
Cr phase transition has been observed at 72.8oC. The characteristic textures for 
chiral smectic A (SmA*) and Smectic C (SmC*) phases have been observed using 
POM and the corresponding microphotographs of the textures are also presented 
in Figure 6.2. In Figure 6.2, the texture in right exhibit the fan-shaped texture of 
SmA* phase at T = 101°C and the other texture shows the broken fan-shaped 
texture of the SmC* phase at T = 90°C during cooling. 

    
Table 6.1 Sequence of phases, phase transition temperatures (oC) and values of 
enthalpy [H (J/g)] of the investigated compound obtained on cooling (5 oCmin-1) 
from the isotropic phase; melting point (m.p.) obtained on heating (5 oCmin-1) 
from polarizing optical microscopy (POM) and differential scanning calorimetry 
(DSC).  “  ” the phase exists. 

Expt. m.p. Cr  SmC*  SmA*  Iso 

POM 89  76  93  113.2  

DSC 88 
[+45.0]  72.8 

[-38.8]  92.8 
[-0.3]  113 

[-6.0]  
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Figure 6.2 DSC thermogram for heating and cooling runs (5oC/ min) in nitrogen 
atmosphere. Vertical arrows indicate the peaks corresponding to phase transitions. 
Microphotographs of textures of SmA* and SmC* phase at 101oC and 90oC 
respectively during cooling, observed under the polarising optical microscope. 
 

6.4 Optical transmission study 
Figure 6.3 shows the temperature dependence of the transmitted light 

intensity measured on planar (HG) and homeotropically (HT) aligned cells of 
different thickness as indicated. Optical transmission (OT) method is not only an 
excellent system for the identification of phase transition temperatures, but it can 
also be used as a tool to identify the presence of tilted liquid crystalline phases 
[36-40]. The transition from the orthogonal SmA* phase to a tilted phase can be 
detected from Figure 6.3 (HT 8.9µm) indicating the appearance of the tilted 
smectic C* phase at about 93oC.  
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Figure 6.3 Transmitted intensity as a function of temperature measured on 
cooling. Dashed arrow represents the SmA*-Iso phase transition; solid arrow 
represents the SmC*-SmA* phase transition; dashed dot arrow represents the Cr-
SmC* phase transition. 
 

Figure 6.4 shows the optical birefringence (n) of the investigated 

compound obtained from the transmitted intensity data for 3μm and 5μm thick 
cells. The experimental details have been discussed in details in the chapter 2. The 

experimental values of n in both the SmA* and SmC* phases increase with 

decrease in temperature. This behaviour is expected in the SmA* phase. However, 
in the SmC* phase this may be due to the fact that the molecular long axes in the 
SmC* phase of the surface aligned bulk sample are oriented parallel to the 
aligning surface and the layers are tilted with respect to the surface. The 
compound exhibits a moderate birefringence of around 0.10. The two data-sets 
show good overall agreement, though a relatively small mismatch is observed near 
the SmA*-Iso phase transition.   
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Figure 6.4 Birefringence (n) as a function of temperature obtained on 3m and 
5m thick samples. Dashed arrow represents SmA*-Iso phase transition and solid 
arrow represents SmC*-SmA* phase transition. 
 
The possible discrepancy may be due to the differences in the surface anchoring 

energy, surface effect and alignment of the liquid crystal layer in thick (5m) and 

thin (3m) cells.  The surface anchoring in 3μm cell retain the monodomain 

alignment right up to the SmA*-Iso phase transition in comparison to that of the 
5μm cell as observed in Figure 6.4. The transmitted intensities corresponding to 
four different orientations of analyser and polarizer in the temperature scanning 
technique [40] (as illustrated in chapter 2 of this thesis) have been presented in 
Figure 6.5.  

The transmitted intensity data so obtained have been analyzed to determine 
the values of optical tilt angle following a procedure described by Saipa et al. [40]. 
The result is shown in Figure 6.6. 
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Figure 6.5 Transmitted light intensity obtained in repeated temperature scans at 
four different orientations of polarizer and analyzer (I1-I4) of the present LC 
sample of thickness 3m. Dashed arrow represents the SmA*-Iso phase transition 
and solid arrow represents the SmC*-SmA* phase transition 
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Figure 6.6 Optical tilt angle at wavelength = 632.8nm in the SmC* phase. 
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The optical tilt value increases continuously from zero and attains a 
saturation value 29.4o in the SmC* phase. The fact clearly indicates that the nature 
of SmA*-SmC* transition is of second order. A similar phenomenon is observed 
in case of spontaneous polarization. 
 
6.5 Spontaneous polarization measurement 

Figure 6.7 displays the temperature dependence of spontaneous 
polarization (Ps) measured within the SmC* phase. Spontaneous polarisation has 

been measured on 25m thick cell to avoid the influence of surface anchoring 
effect [41-43]. The saturated value of Ps attained in the SmC* phase is slightly 
below 97nCcm-2 at 70oC. The increasing trend of spontaneous polarization values 
with decreasing temperature may be explained in terms of the reorientation of the 
dipolar and electrostatic interactions between the neighbouring molecules. The 
molecular structure of this compound is expected to have a pronounced effect on 
the Ps values. The hexyl terminal chain attached to the chiral centre and the 
additional methylene group also restricts the motion of the chiral lactate unit. The 
investigated compound is composed of four ester linkage in the core. The resulting 
zigzag structure and transverse dipole moment of the ester linkage hinders the 
motion and is perhaps responsible for the relatively large values of the 
spontaneous polarization. 
The Ps data shown in Figure 6.7 have been fitted using the Equation 6.1 [44]. 
 
 0 (T )s CP P T       for T< TC                                 (6.1) 

Where, TC is the SmC*-SmA* transition temperature,  and P0 are the fitting 

parameters. The agreement between the experimental data and the theoretically 

fitted curve (Equation 6.1) is quite good. The corresponding fitting parameters 

determined are P0= 33.1 nC cm-2, TC = 364 K (or 91oC) and  The critical 

exponent  is close to the value 0.3125(= 5/16) predicted by the three-dimensional 
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(3D) Ising model [45], and is in good agreement with those reported by others 

[46]. 

330 340 350 360
0

20

40

60

80

100

SmC*
0.35

T / K

P s
 / 

nC
cm

-2

 
Figure 6.7 Temperature dependence of spontaneous polarization in the SmC* 
phase. Solid line corresponds to the fit according to Equation 6.1. 

 

6.6 Static dielectric permittivity measurements 
The temperature dependence of the parallel and perpendicular dielectric 

parameters ( and ) is shown in Figure 6.8. The investigated LC compound 

exhibits negative dielectric anisotropy (   - ). In the vicinity of the SmC*-

SmA* phase transition, the increment of  is more pronounced than that of  

which is consistent with the observations of others [47].  

The dielectric anisotropy () exhibits an abrupt increase in the SmC* 

phase as shown in Figure 6.8. This is a typical behaviour of ferroelectric liquid 
crystalline materials as the dielectric constant for such materials is inversely   
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proportional to the absolute temperature, obeying the Curie-Weiss’ law: 

 
)( TT

C
C 

                                            (6.2) 

 
where C is the Curie constant and TC is a Curie temperature respectively. 
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Figure 6.8 Temperature dependence of parallel (), perpendicular () 
components of dielectric permittivity and the resulting dielectric anisotropy (). 
Dashed arrow indicates the SmA*-Iso phase transition and solid arrow indicates 
the SmC*-SmA* phase transition. 
 

A small hump has been observed in the temperature variation of both the 

parallel () and perpendicular () permittivity near 83oC which may be due to the 
appearance of a SmC* sub-phase in the mesomorphic phase sequence. The 
existence of sub-phases can be attributed by many factors such as the content of 
chemical impurities, interactions with surfaces and the sample history. 
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6.7 Structural properties 
The temperature dependence of the smectic layer thickness measured by 

small angle x-ray diffraction is shown in Figure 6.9. The layer spacing (d), 
determined from x-ray diffraction measurement is almost temperature independent 
in the orthogonal SmA* phase. The d values decreases from 41.5 Å at the SmC*-
SmA* transition to 37.5 Å near the transition to crystal (Cr) phase occurs.  This is 
a consequence of the molecular tilt angle in the SmC* phase. The slight increase 
in the layer spacing in SmA* phase is related to the stretching of the aliphatic 
molecular chains and increased orientational order of the molecular long axes 
[21,31].  
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Figure 6.9 Temperature dependence of the layer spacing (d). Solid arrow 
represents the SmC*-SmA* phase transition and dashed dot arrow represents the 
Cr-SmC* phase transition. 
 

The length of the most extended conformers of the molecules, L, has been 
estimated using the semi-empirical molecular orbital package MOPAC model. In 
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Figure 6.10, a model of this molecule with the axis corresponding to the smallest 
principal moment of inertia has been presented. After the optimization of the 
structure, an approximate value for L has been found to be around 42.0 Å. The 
layer spacing determined by small angle x-ray diffraction is about 41.5 Å. It is 
noteworthy to mention that the SmA* layer spacing data are remarkably close to 
the values of the molecular length obtained from the molecular modelling [31].  

 

 
 
Figure 6.10 Model of the molecular structure after energy minimization using 
MOPAC. Length of the most extended conformer (L) is calculated to be around 
42.0 Å (red line). 
 

In chiral smectic liquid crystal, the tilt angle of the director induces 
polarization in the medium, therefore the tilt angle is considered to be the primary 
order-parameter. The tilt angles have been determined using the values of the layer 

thickness in the SmA* and SmC* phases. The calculated tilt angles () values [48] 

are shown in Figure 6.11. The  values increase continuously from zero and attain 

a maximum value of 25o in the SmC* phase. This clearly suggests that the nature 
of the SmA*-SmC* transition is of second order. Similar trend has also been 
observed in case of temperature dependence of spontaneous polarization.  

The tilt angle values in the SmC* phase measured from x-ray diffraction 
method is somewhat lower than those obtained from temperature scanning 
technique except close to the clearing temperature, as shown in Figure 6.12. The 
ratio of the tilt angle determined from x-ray measurement to optical tilt angle is 
around 0.85 [49,50]. This discrepancy is due to the fact that the two methods 
probe different parts of the molecular structure [39]. The optical method 
determines the averaged orientation of the molecular core, which mainly defines 
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the optical axis, whereas the x-ray measurement probes the whole molecule by 
comparing the layer spacing of the SmA* phase with the d values of the SmC* 
phase. This observation also indicates that the molecular cores are always 
considerably more tilted than the terminal alkyl chains.  
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Figure 6.11 Temperature dependence of the tilt angle  determined from the x-ray 
diffraction measurement in the SmC* phase. 

 
In the SmC* phase, the tilt angle obeys the power law Equation 6.3 [40]: 

 
 )( TTc                                              (6.3) 

with T< TC, where the TC is the SmC*-SmA* phase transition temperature and  is 
the critical exponent corresponding to the SmC*-SmA* phase transition. From the 
Arrhenius plot (Figure 6.13(a-b)) of the experimentally obtained tilt angle 
determined from x-ray measurement and optical transmission, as a function of  
ln(TC -T), β has been determined to be around 0.28 and 0.30 respectively. This 
result is in a good agreement with those obtained previously by other workers 
[51]. 
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Figure 6.12 Temperature dependent tilt angle from x-ray measurement (closed 
symbol) and optical transmission study (open symbol) respectively in the SmC* 
phase. 
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Figure 6.13(a) Arrhenius plot of the tilt angle from x-ray measurement as a 
function of ln(TC -T) in the SmC* phase. Solid line represents the fit to Equation 
6.3. 
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Figure 6.13(b) Arrhenius plot of the optical tilt angle as a function of ln(TC -T) in 
the SmC* phase. Solid line represents the fit to Equation 6.3. 
 
6.8 Conclusion 

A comprehensive study of a lactic acid derivative with four ester linkage 
groups in the molecular core has been reported. The compound exhibits thermally 
stable paraelectric SmA* and ferroelectric SmC* phases over a relatively broad 
temperature range. The temperature variation of both the order parameters i.e. the 
tilt angle and spontaneous polarization confirms the second-order nature of the 

SmC*-SmA* phase transition. The values of the critical exponent 0.32 and 
0.28 determined independently from spontaneous polarization and tilt angle 
measurements respectively, are quite close to the value of 0.31 as predicted by the 
3D Ising model [45]. The values of the spontaneous polarization is relatively high 
reaching about 100 nCcm-2 (at 70oC) due to the zigzag molecular structure arising 
out of the presence of several ester linkage groups in the molecular core and an 
additional methylene group, which hinders the motion of the chiral centre. The 
layer spacing in the orthogonal SmA* phase is more or less constant but due to the 
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molecular tilt in the SmC* phase it decreases with decrease in temperature. The 
calculated length (42.0Å) of the most extended conformer is in good agreement 
with the experimental value of layer spacing (41.5Å) in the orthogonal SmA* 
phase [31]. 

Generally, lactic acid derivatives with four ester groups in the molecular 
core possessing the self-assembling properties are quite fascinating materials. The 
existence of four ester groups usually results in formation of the nano-size 
structure i.e. the smectic phases which are quite stable and cover a reasonably 
broad temperature range [3,4,30,31,35]. These compounds with fairly high 
spontaneous polarization may be utilized in mixture design for photonic and 
optoelectronic devices, operated at low voltages. However, the hindrance of the 
chiral centre of the molecule increases the viscosity and therefore may negatively 
affects its utilization in devices. This effect strongly depends on the exact 
molecular structure, namely the length of the alkyl chains [5,21,35], type of the 
molecular core [5,6,10,21] and presence of lateral substituent [3,21,31]. Thus, 
further structural modifications into such compounds and study of their physical 
properties are required to tune their properties for utilization in industrial 
applications [27-28]. 
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7.1 Introduction 
 The structure, intermolecular interactions and physical properties of 
antiferroelectric liquid crystals with a tilt angle of 45o, known as orthoconic 
antiferroelectric liquid crystals (OAFLCs) [1-7] are a subject of intensive interest 
because of their promising applications. The rich variety of structures that are 
observed in these orthoconic smectic materials has initiated the process of 
understanding the behaviour of several mesomorphic properties that are interesting 
from a fundamental point of view. In the surface stabilized structure these 
materials behave like an optically negative uniaxial medium [1,2] with the optic 
axis perpendicular to the smectic layer surface. As a result, the surface-stabilized 
OAFLCs is optically isotropic in the surface plane i.e. behave as a 
homeotropically aligned medium for normal incidence. For this reason the 
orthoconic antiferroelectric liquid crystals have an excellent dark state [8] between 
crossed polarizers and the contrast is remarkably increased, regardless of the 
surface stabilized structural defects. Therefore, OAFLCs almost remove certain 
difficulties that arise to obtain a good planar alignment contrary to the other 
antiferroelectric liquid crystals (AFLCs). The other characteristic features of 
surface stabilized orthoconic antiferroelectric liquid crystals (SSOAFLCs) [9,10] 
i.e. tristable switching, inherent grey scale capability, video-rate performance 
speed, wide viewing angle, remarkable mechanical durability, faster response (a 

few s), and high resolution have made them promising candidates for high speed 

applications in liquid crystal display (LCD) technology [11], usually for passive 
multiplexed driving displays with symmetric driving schemes and easy grey scale 
generation. The OAFLCs can also be used to achieve lossless phase modulation in 
three-level phase only modulator [12,13], fibre telecommunication and beam- 
steering applications [14] etc.   
 In general, surface stabilized orthoconic antiferroelectric liquid crystal 
materials with high spontaneous polarization are potentially attractive as the 
electric field couples directly to the spontaneous polarization. Apart from that, 
materials with high spontaneous polarization possess low switching time which is 
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necessary to establish a fast response time on the application of low field. The V-
shaped electro-optic switching [15-19], is one of the promising display mode of 
applications in everyday life. Extensive study of the V-shaped switching, known 
as threshold less or hysteresis free switching may be a useful directive to 
understand the molecular dynamics of ferroelectric mesophase on the application 
of external electric field. 
 In this chapter, the mesomorphic properties of some analogues of (S)-

MHPOBC (4‑(1‑methylheptyloxy)carbonylphenyl4'-octyloxy-4-biphenyl carboxy 

late) have been described, where the molecular structure has been varied 
systematically. The molecules are modified with respect to the aliphatic spacer 
length and lateral fluorination. Temperature dependence of the spontaneous 
polarization, relaxation time, viscosity and anchoring energy coefficient has been 
extensively studied for nine OAFLC compounds. The electro-optic behaviors have 
also been investigated for all the materials at various frequencies of the applied 
electric field in order to study their V or W shaped response. The data obtained 
from electro-optic measurement may guide to design and synthesize 
antiferroelectric liquid crystals with tilt angle around 45o degree, possessing 
optimized performance in high-speed technological applications. 
 
7.2 Materials 

The antiferroelectric phase was first discovered in the well known sample 

MHPOBC (S‑4‑(1‑methylheptyloxy)carbonylphenyl4'-octyloxy-4-biphenylcar 

boxylate) [20,21] by Chandani et al. [22]. A homologous series of analogues of 
(S)-MHPOBC with perfluoroalkanoyloxyalkoxy terminal chain were synthesized 
earlier [23]. One or few fluorine atoms are laterally substituted to the three ring 
rigid core of these compounds. The variation of the terminal and lateral 
fluorination significantly affects the mesophase formation and physical properties 
of liquid crystals. All these compounds with orthoconic tilt and long helical pitch 
[11] have a great potential for high-end display technology. 
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Different families of fluorinated orthoconic anti-ferroelectrics synthesized 
by Dąbrowski et al. were reported earlier [24]. Recently, the most stable family of 
compounds has been synthesized [23] and nine of them have been studied in this 
work [25]. Full details of the synthetic procedures were reported by Żurowska et 
al. [23]. The structure, phase sequence and transition temperatures of all the 
compounds 1-9 are shown in Table 7.1. 

 
Table 7.1 Molecular structure, phase sequence and transition temperatures (ºC) of 
nine pure orthoconic compounds. “” the phase exists. 

COO

X1 X2

COOCH(CH3)C6H13C3F7
* (S)CH2OCrH2rO

 
Comp. r X1 X2 Cr  SmCA*  SmC*  SmA  Iso 

I.3(HF) 3 H F  39.1                89    

I.5(HF) 5 H F  28.1  99  100  101.4  
I.7(HF) 7 H F  25.1  94.7  99  100.9  
I.6(FH) 6 F H  57.3  80.1  108.5  112.7  
I.7(FH) 7 F H  37.4  103.1  104  109.1  
I.6(FF) 6 F F  62.6  84.8  110.5  112.8  
I.7(FF) 7 F F  50.2  104.6  107  109  
I.6(HH) 6 H H  60.5  94.7  125  126.3  
I.7(HH) 7 H H  57.8  116.3  121  123  

 
7.3 Phase transition temperatures 

Mesophases have been identified by observing the microscopic texture of 
the compounds using polarizing optical microscope (Motic BA300) equipped with 
a Mettler Toledo FP90 hot stage. It is observed that the compound I.3(HF) exhibit 
only antiferroelectric (SmCA*) phase in the entire mesomorphic range. However, 
during cooling in all the other compounds, the mesophases appear with the 
following sequence:    Iso-SmA-SmC*-SmCA*-Cr 
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In SmA phase, bâtonnets-shaped texture develops which on further cooling 
coalesce to form a focal conic texture in the SmC* phase. On the other hand, the 
SmCA* phases have been identified by its characteristic broken fan-shaped texture. 
The experimental values of the transition temperatures of all the nine OAFLC 
compounds are close to those reported by Żurowska et al. [23]. For all the 
investigated compounds, the antiferroelectric phase SmCA* is found to dominate 
the phase sequence over a broad temperature range. However the SmA and SmC* 
phases also appear for short temperature range. From the transition temperatures 
of the compounds under investigation it is observed that clearing point and the 
SmC*-SmA phase transition temperature of compounds with even oligomethylene 
spacer are higher than those with odd oligomethylene spacer. However, for the 
SmCA*-SmC* transition in these compounds an opposite trend is observed. 
Compounds I.6(HH) and I.7(HH) have no fluorination in the central phenyl ring 
and show the highest transition temperatures than mono (FH)/(HF) and 
diflourinated (FF) compounds. Lateral fluorination in X1 position (Table 7.1) not 
only lowers the transition temperatures of the compounds but also suppresses the 
SmA phase in comparison to the fluorination in X2 position [26]. Table 7.1 
indicates an increase in the stability of the antiferroelectric phase with increase in 
the spacer length. This suggests that the interface and the packing arrangement of 
liquid crystalline molecules have a significant effect on the mesomorphism. 

 
7.4 Spontaneous polarization measurement 

The spontaneous polarizations, Ps, [27-37] for all the compounds as a 
function of reduced temperature (T/TC) from the Curie point TC (SmC*-SmA 
transition) are shown in Figure 7.1. All the nine compounds possess a high value 
of the saturated spontaneous polarization (~250 nC/cm2) due to the bulky nature of 
the chiral unit, large dipole moment of the ester linkage and fluorinated terminal 
chain [38,39].  
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Figure 7.1 Experimental values of spontaneous polarization as a function of 
reduced temperature for nine OAFLC compounds. 

 
The values of spontaneous polarization changes in the following order:   
        

I.6 (HH) > I.7(HH) 
I.6(FH) > I.7(FH) 

I.3(HF) > I.5(HF) > I.7(HF) 
I.6(FF) > I.7(FF) 

 
Interestingly, compounds with longer aliphatic spacer length (r) in the terminal 
position, show lower values of the spontaneous polarization. This fact may be 
attributed to the volume effect i.e. a heptyl spacer occupies greater volume than a 
hexyl spacer [40] and by definition; spontaneous polarization is proportional to the 
volume of that compound. The behaviour of the reduced temperature dependent 
spontaneous polarization curve (Figure 7.1) indicates the second order nature of 

the SmC*SmA phase transition. It may be mentioned that the values of the 
spontaneous polarization for compounds without lateral fluorines are found to be 



 

 

Chapter 7 

207 

slightly higher than the laterally fluorinated liquid crystalline compounds. 
Addition of one or two fluorine atoms to the molecular core of similar structure 
leads to a decrease in the value of the spontaneous polarization. This is perhaps 
due to the fact that in laterally mono and difluorinated liquid crystalline 
compounds, the orientation of the dipole moment of highly polar lateral fluorine 
atoms point in an opposite direction with respect to the orientation of the core and 

the chiral carbon atom. Moreover, the fluorine atom traps the  electrons and pulls 

them away from the conjugation along the main molecular axis. Less the polar 
fluorine atom attached to the compound, higher is the spontaneous polarization for 
that compound. A comparison of mono fluorinated materials (FH)/(HF) reveals 
that fluorination in position X1 ensures higher values of spontaneous polarization 
than substitution in position X2. The result obtained from spontaneous polarization 
measurement confirms that fluoro substitutions have a significant impact on the 
molecular dipoles associated with the generation of the polarization in the 
ferroelectric and antiferroelectric mesophases. The temperature dependence of the 
spontaneous polarization curves (Figure 7.1) have been fitted using the following 
expression [22]:  

 0 (T )s CP P T       for T< TC (7.1) 

where, TC is the SmC*-SmA phase transition temperature,  and P0 are the 

adjustable parameters. The corresponding fitting parameters so determined are 
listed in Table 7.2. 

The critical exponent  is in the range 0.19-0.34, which is close to the value 

0.3125 (= 5/16), predicted by the three-dimensional Ising model [41], suggesting a 
second order nature of the SmC*-SmA phase transition. However, for the 

compounds with lateral fluorine substitution in position X2, the values are close 

to 0.25, indicating a tricritical mean field behaviour of the SmC*-SmA  phase 
transition [41].  
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Table 7.2 Fitted parameters P0, TC and exponent  obtained from the fitting of the 
experimental values of the spontaneous polarization for nine pure compounds. 

Compound P0 in nCcm-2 TC in K 

I.3(HF) 105.3±0.5 374.2±0.5 0.28±0.02 

I.5(HF) 90.2±0.3 374.8±0.2 0.25±0.01 

I.7(HF) 76.6±0.2 374.7±0.1 0.26±0.01 

I.6(FH) 71.9±3.2 384.3±0.3 0.34±0.01 

I.7(FH) 71.2±1.5 376.4±0.2 0.31±0.01 

I.6(FF) 98.5±1.9 385.1±0.1 0.19±0.01 

I.7(FF) 80.1±1.2 380.0±0.1 0.25±0.01 

I.6(HH) 76.8±2.3 400.2±0.3 0.31±0.01 

I.7(HH) 76.0±3.9 396.3±0.6 0.29±0.01 

 
7.5 Relaxation time measurement 

Figure 7.2 portrays the Arrhenius behaviour of the reduced temperature 
dependent relaxation time. No discontinuous change is observed on passing 
through the SmC*-SmCA* phase transition. Among all the nine investigated 
compounds, I.6(FF) and I.7(FF) exhibit the highest relaxation time. The presence 
of an extra lateral fluorine atom increases the molecular cross section and also the 
molecular weight. However rest of the compounds possess moderately low 

relaxation time (~150s). Unsubstituted or mono fluorinated OAFLC compounds 

with longer aliphatic spacer demonstrate high-speed electro optic response which 
can be utilised to develop high definition moving pictures in LCDs. High 
spontaneous polarization value of these compounds probably accounts for their 
low relaxation time. 
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Figure 7.2 Relaxation  time () as a function of reduced temperature for the nine 
OAFLC compounds. 
 
7.6 Effective torsional bulk viscosity measurement  

The effective torsional bulk viscosity, which is related to the rotation of the 
molecule about the SmC* cone, is one of the most important parameters to study 
the dynamical behaviour of FLC and AFLC systems. As it is directly proportional 
to the relaxation time, the reduced temperature dependence of the effective 
torsional bulk viscosity as depicted in Figure 7.3 also shows almost a similar trend 
to that of the relaxation time.  

The increase in the tilt angle leads to an increase in the rotational hindrance 
barrier, which contributes towards enhancement of the spontaneous polarization 
and viscosity [42]. Moreover the bulky nature of the chiral unit and polar fluorine 
atom is also responsible for hindering the molecular rotation. The Arrhenius plot 
of viscosity is presented in Figure 7.4. 
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Figure 7.3 Effective torsional bulk viscosity () as a function of reduced 
temperature for the nine OAFLC compounds. 
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Figure 7.4 Logarithmic plot of effective torsional bulk viscosity versus (1000/T) 
of nine OAFLC compounds. 
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7.7 Anchoring energy strength co-efficient measurement 
Reduced temperature dependence of both the dispersion anchoring strength 

coefficient (WD) and polarization anchoring strength coefficient (WP) are shown in 
Figures 7.5 and 7.6 respectively. The anchoring strength coefficient yields a 
quantitative characterization of the aligning liquid crystal molecules and usually 
two different coefficients are introduced: the dispersion anchoring strength 
coefficient WD and polarization anchoring strength coefficient WP. The knowledge 
of two anchoring energy coefficients helps in grasping the behaviour of the surface 
effect on the molecular structures. 
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Figure 7.5 Dispersion anchoring strength co-efficient (WD) as a function of 
reduced temperature for nine OAFLC compounds. 

 
Dispersion anchoring energy arises from the non electrostatic interaction 

between the surface and liquid crystal molecules whereas the polarizing anchoring 
energy originates from the electrostatic force between the dipole moment of the 
surface and liquid crystal molecules [32-36]. A typical decreasing behaviour with 
increasing temperature on approaching the SmC* to SmA phase transition is 
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observed in both the cases. This pattern suggests that the enthalpy of the molecule 
continuously increased with temperature and thus broke their interaction barrier 
[43]. The value of WP is higher than that of WD, as expected. From the 
comparative study of the polarization anchoring strength coefficient WP, it may be 
concluded that the compounds with large spontaneous polarization perhaps 
contribute more to polarization anchoring and possess large value of WP.  
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Figure 7.6 Polarization anchoring strength co-efficient (WP) as a function of 
reduced temperature for nine OAFLC compounds. 
 

7.8 Thresholdless switching 
Figure 7.7 represents the electro-optic response of the transmittance versus 

electric field, measured in both SmC* and SmCA* phases for compound I.7(HH). 
The planar aligned sample has been viewed in the transmission geometry between 
two crossed polarizers in such a way that the optic axis of the cell in the absence 
of electric field is in the direction of one of the polarizers. It has been found that 
the transmission curves critically depend on the temperature and frequency as 
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shown in Figure 7.7. In both the ferroelectric and anti-ferroelectric phases, the 
characteristic V shaped switching appears for driving frequency of 5Hz. The V 
shaped response [44] indicates that switching between the third zero voltage state 
and the uniform ferroelectric switching state has no threshold. On the contrary, at 
higher frequency (at 50Hz) characteristic tristable switching i.e. W shaped 
switching is observed. On lowering the temperature, the responses display slight 
hysteresis as a result of which the tip of the V-shape becomes distorted. This 
distorted response curve which apparently indicate a threshold less response may 
appear due to the averaging of many bistable micro domains switching at slightly 
different voltages and times. Probably, these domains consist of different bistable 
structures with spontaneous polarization essentially perpendicular to the cell plane 
or at an angle with respect to the cell plane [17].  
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Figure 7.7 Optical transmittance as a function of applied electric field for the 
compound I.7(HH) in 5m planar cell at various temperatures by applying a 
triangular waveform of different frequencies. 
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As the temperature decreases, the maximum transmitted intensity values 
increase due to the increase in tilt angle. The temperature dependence of the 
transmission curve can also be explained in terms of spontaneous polarization at 
low temperature. Such a high value of spontaneous polarization at low temperature 
is enough to transform a twisted structure at zero fields to a uniform polarization 
stabilized state. The curve is slightly asymmetric around E=0. This fact may be 
attributed due to the slight asymmetric nature of the molecular tilt in the positive 
and negative uniform polarization stabilized state.  

The V-shaped switching results from the frustration between 
antiferroelectricity and ferro-electricity. The V- or W- shaped switching is 
assumed to occur due to the interaction between the liquid crystal molecules and 
the surface of the substrate of a planar cell [45]. For the investigated compounds 
having polar terminal group and aliphatic spacer units, they overlap at the 
interfaces between layers. As a result the terminal fluorine atoms weaken the 
interactions between the molecules at the interfaces of the smectic layers and the 
V-shaped switching is easily achieved. The phenomena of V- or W-shaped 
switching have been explained by several workers and many models have been 
suggested viz by Fukuda et al. (Langevin model) [46,47], Rudquist et al. (‘block 
model’) [48,49], Čopič et al. (influence of ions) [50,51] and Panarina et al. [52] 
respectively. The experimental results in this work indicate that the thresholdless 
V-shaped switching should occur in all SmC* and SmCA* materials with 
sufficiently large spontaneous polarization in combination with strong polar 
interaction with cell surfaces which is in close agreement with the “block model” 
of Rudquist et al. [48,49]. 

 
7.9 Conclusion 

The electro-optical properties of a new series of fluorinated orthoconic 
antiferroelectric liquid crystalline esters that form SmA, SmC* and SmCA* 
mesophases has been described in this chapter. The investigated compounds 
possessing longer aliphatic chains resulted in the stabilization of the SmC* and 
SmCA* phases. The materials reported in this chapter are of interest in the 
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development of liquid crystals for high end display technology. Generally, mixing 
of various compounds to get the optimum properties for antiferroelectric liquid 
crystal display applications, leads to reduction of spontaneous polarization. 
Therefore, a compound with a large spontaneous polarization is necessary for 
practical applications. All the nine compounds investigated here possess a high 
value of the saturated spontaneous polarization (~250nC/cm2) in the 
antiferroelectric phase. The most likely cause of the high spontaneous polarization 
is the bulky nature of the chiral unit, large dipole moment of ester linkage and 
fluorinated terminal chain of the mesogens. As the orientation of the dipole 
moment of polar substituted fluorine atoms is in the reverse direction with respect 
to the orientation of core and the chiral carbon, greater the number of fluoro 
substituent lower is the value of the spontaneous polarization. The incorporation of 
more aliphatic spacer length (r) to the molecular core reduces the magnitude of the 
spontaneous polarization. The temperature dependence of the spontaneous 
polarization shows normal behaviour. Experimental observation demonstrate that 
the nature of SmC*-SmA phase transition in these compounds is of second order. 

The values of the critical exponent lie in the range 0.19 to 0.34 within the 

experimental error limit. All the compounds enter the SmC* phase through a 
second order transition from the SmA phase, where the layers already exist and the 
tilt develops as the temperature decreases. As a result, spontaneous polarization 
and viscosity are both enhanced. It is also observed that compounds with large 
spontaneous polarization leads to higher value of polarizing anchoring energy 
coefficient. Most importantly, relaxation time measurements show that 
unsubstituted or monofluoro substituted compounds are the fastest switching 

(~150s) liquid crystals than others due to their relatively low viscosities and 
transverse dipole moments. The polarization stabilized V-shaped switching of 
these materials in planar cells has also been investigated. V-shaped switching in 
FLCs is not an intrinsic property of the liquid crystal material alone but is a result 
of the judicious combination of liquid crystal material and the architecture of the 
cell. This phenomenon is observed in case of liquid crystalline compounds with 
sufficiently large spontaneous polarization in combination with strong polar 
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interactions with the cell surfaces. The V-shaped electro optical response is a 
property of the material placed in the surface stabilized geometry, wherein layer Ps 
exists at smectic layer boundaries, with random orientations and variable 
magnitudes from boundary to boundary. Hence, there is no net spontaneous 
polarization and the electro-optic effect is considered as threshold less switching. 
From the experimental results obtained in this work, it is observed that the 
thresholdless switching behaviour of the investigated compounds significantly 
depends on the temperature and applied field. The compounds I.6(HH) and 
I.7(FH) with large spontaneous polarization and low relaxation time seem to be 
interesting for mixture formulation in surface stabilized orthoconic 
antiferroelectric liquid crystal (SSOAFLC)  display applications.  
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8.1 Introduction 
 Recently liquid crystals with ferro and anti-ferroelectric ordering have 
emerged as very promising ‘smart materials’ due to their sensitivity to external 
stimuli such as electric and magnetic field. In the ferroelectric smectic C* (SmC*) 
and anti-ferroelectric smectic C* (SmCA*) liquid crystal phases, the molecules are 
closely packed within the smectic layers and additionally, the director tilt with 
respect to the layer normal makes all these phases locally polar, as a result of 
which every smectic layer carries a nonzero spontaneous polarization in the layer 
plane [1]. In a surface stabililized configuration, between the rubbed polyimide-

coated glass slides, due to coupling of the spontaneous polarization (Ps) with the 

electric field (~ volts per micron), ferro (SmC*) and anti-ferroelectric (SmCA*) 
liquid crystals acts as a fast switching electro optical light valve [2,3]. These light 
shutters are expected to revolutionize the field of commercial high-resolution 
reflective micro displays [4], nonlinear optics, three level phases only modulators 
[5] and other high speed technological applications [6]. Especially, the orthoconic 
anti-ferroelectric liquid crystals [7-9] have been attracting a great deal of attention 
due to their unique properties such as ideal dark state, fast response time, wide 
viewing angle, easy gray scale switching and absence of surface treatment. 
However, the high viscosity of the SmC* and SmCA* phase have resulted in 
response times that are too long for commercially acceptable surface stabilized 
ferroelectric liquid crystals display (SSFLCDs). To overcome this drawback 
normally an achiral smectic C compound with a low viscosity, high smectic C 
phase transition temperature and low melting point has been doped into a chiral 
liquid crystalline (LC) compound with a very high value of Ps to improve the 
electro-optic and optical properties of the LC mixture. The pyrimidine based 
achiral liquid crystals are relatively less viscous [10] and exhibit a wide stable 
SmC phase. Moreover, the electron withdrawing character and its ability to be 
easily functionalized make the pyrimidine derivatives promising candidates for 
such type of mixture formulation [11-14]. The mixing of two mesogens that are 
quite different from each other can strongly alter the properties and the phase 
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behaviour of the mixtures, compared to the pure compounds. Therefore, liquid 
crystal mixtures with desired properties have been optimized to improve the 
performance of the SSFLCDs than the single-component liquid crystals.  
 In this work characterization using microscopic observations and electro-
optical methods has been applied to deduce the phase behaviour and physical 
properties (viz. spontaneous polarization, relaxation time, effective torsional 
viscosity, anchoring energy coefficients etc.) of some binary mixtures comprising 
of non-ferroelectric phenyl pyrimidine and orthoconic antiferroelectric liquid 
crystals for high speed applications. Additionally, this study also reveals the 
fundamental aspect of chiral perturbations in the environment of an achiral liquid 
crystalline system and their intermolecular interactions in the binary mixtures. 
 
8.2 Materials 

The mesomorphic properties of some analogues of (S)-MHPOBC have 
been studied extensively by the electro-optical method and described in details in 
the previous chapter [15]. Some of the investigated compounds with large 
spontaneous polarization [16-23] and low relaxation time seem to be interesting 
for mixture formulation for application in surface stabilized orthoconic 
antiferroelectric liquid crystal (SSOAFLC) displays. In this chapter a systematic 
study of the binary mixtures of chiral (compounds HH, FH, FF) and an achiral 
phenyl pyrimidine mesogen (compound PhP) have been reported [24]. The 
chemical structures and the phase transition temperatures of the individual 
components of the mixtures are listed in Table 8.1. Eleven mixtures has been 
prepared having mole fraction of HH equal to 0.207, 0.402, 0.603, 0.805; FH 
equal to 0.202, 0.409, 0.598, 0.836 and FF equal to 0.202, 0.409, 0.597 
respectively. The chiral compounds have partially fluorinated terminal chain and 
six oligomethylene spacer length but the position of the fluorine substituent in the 
rigid core are different. As shown in Table 8.1, these orthoconic antiferroelectric 
pure liquid crystals show the phase sequence: Cr-SmCA*-SmC*-SmA-Iso. The 
achiral component with short molecular length exhibits the typical liquid-
crystalline phase sequence: Cr-SmC-SmA-N-Iso. This broad ranged SmC 
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mesogen has been chosen for better phase stabilization.  
Table 8.1 Chemical structure and phase transition temperature of the pure 
components of the binary liquid crystalline mixtures.  

Sl. 

No. 

Comp. Chemical Structure 
(Transition Temperatures) 

1 HH 
COOC*H(CH3)C6H13C3F7CH2OC6H12O

 
Cr 60.5oC SmCA* 94.7oC SmC* 125oC SmA 126.3oC Iso 

2 FH 
COOC*H(CH3)C6H13C3F7CH2OC6H12O

F
 Cr 57.3oC SmCA* 80.1oC SmC* 108.5oC SmA 112.7oC Iso  

3 FF 
COOC*H(CH3)C6H13C3F7CH2OC6H12O

F F
 Cr 62.6oC SmCA* 84.8oC SmC* 110.5oC SmA 112.8oC Iso  

4 PhP 
O

N

N
O C6H13C8H17

 
Cr 43oC SmC 88oC SmA 95.7oC N 98oC Iso  

 

8.3 Phase transition temperatures 
Mesophases has been identified by observing the microscopic texture of the 

compounds under polarizing optical microscope (Motic BA300) equipped with a 
Mettler Toledo FP90 hot stage and with the aid of polarization reversal current 
response. The phase sequence and corresponding transition temperatures for the 
three distinct chiral-achiral binary liquid crystal mixtures are illustrated in Figure 
8.1(a-c). The characteristic polarising optical microscopy (POM) textures of 
different mesophases of binary mixture with mole fraction xHH=0.805 are shown in 
Figure 8.2(a-c).  
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Figure 8.1(a-b) Phase transition temperatures of binary systems                        
(a) HH+PhP and (b) FH+PhP. 
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Figure 8.1(c) Phase transition temperatures of binary system FF+PhP. 
 

Generally, the pyrimidine mesogens favors smectic C (SmC) phase 
formation than nematic (N) ones, with lower transition temperatures and melting 
points. For the wide range of mesophase, these compounds are used in 
ferroelectric mixture formulation for technological applications [10, 25, 26]. It is 
observed that the N and SmC temperature ranges of the chiral-achiral mixtures are 
progressively reduced with increasing proportions of chiral compounds. The N 
and SmC phase disappears at x(HH/FH/FF) ≥ 0.2. In the concentration region 0.2 ≤ 
x(HH/FH/FF) ≤ 0.4 these mixtures exhibit only SmA phase in the entire mesomorphic 
range except for xFH = 0.4 (where an additional SmC* phase exists). In SmA 
phase, fan shaped focal conic texture appears as shown in Figure 8.2(a). The chiral 
compounds with longer terminal chain induces ferro and anti ferroelectric ordering 
in the shorter achiral phenyl pyrimidine compound by stereo- polar coupling. In 
the binary mixture with concentration 0.6 ≤ x(HH/FH/FF) ≤ 0.8 mesophases appear 
with the sequence Iso-SmA-SmC*-SmCA*-Cr during cooling. In SmC* phase, a 
broken focal conic texture develops which on further cooling coalesce to form 
striped focal conic characteristic texture in the SmCA* phase (Figure 8.2(b-c)).  
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(a)                                                      (b) 
 
 

 
 

(c) 
 

Figure 8.2(a-c) Microphotograhs (magnification 400x) of the microscopic pattern 
for binary mixture (xHH=0.8) during cooling: in (a) SmA phase transition at 120oC, 
(b) SmC* phase at 90oC and (c) SmCA* phase at 56oC. 
 

From the transition temperatures of the mixture under investigation it is 
observed that clearing points of these mixtures show a linear relationship with the 
concentration of chiral compounds. For the bi-component system (HH+PhP), 
antiferroelectric phase SmCA* is found to exist over a broad temperature range in 
comparison to the two other systems. This observation indicates that the lateral 
fluorination significantly affects the packing arrangement of the liquid crystalline 
molecules and types of mesophases formation [27]. However both the SmA and 
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SmC* phase stability is enhanced in these mixtures in comparison to the pure 
chiral components.  
  
8.4 Spontaneous polarization measurement 

The spontaneous polarization (Ps) values have been plotted as a function of 

reduced temperature (T/TC) from the Curie point TC (SmA-SmC* transition) in 
Figure 8.3. The behaviour of spontaneous polarization with temperature is typical 
for this kind of liquid crystal mixtures, rising continuously from zero at the SmA 
to SmC* transition, and tending towards a saturated value at lower temperature.  
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Figure 8.3 Experimental values of spontaneous polarization as a function of 
reduced temperature for six binary mixtures: 0.6(FF), 0.4(FH), 0.6(FH), 0.8(FH), 
0.6(HH) and 0.8(HH). 
 

For all the investigated binary mixtures, the values of the spontaneous 
polarization drop quite abruptly at the SmC*-SmA phase transition than that of 

pure orthoconic compounds HH, FF and FH. The Ps values reduce as the achiral 

concentration increases. This behaviour may be due to the dilatation effect on the 
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spontaneous polarization by addition of achiral PhP compound. Moreover, it may 
also be due to a reduction in the core-core correlation due to weak anchoring of 
the shorter terminal chains of achiral PhP in the smectic layers [28-31]. A greater 
mismatch of the alkyl/alkoxyl chain lengths between the PhP and chiral 

compounds also leads to a decrease in the Ps values [32,33]. Binary mixtures with 

mole fraction xHH= 0.603 and xFH= 0.598 show higher values of spontaneous 
polarization in comparison to binary mixtures with mole fraction xFF= 0.597 which 
is consistent with the result discussed in the previous chapter. It is to be noted that 

in the case of high Ps values an optical hysteresis occurs, which leads to the so-

called "ghost images". Therefore the problem of the optical hysteresis may be 

eliminated by the use of these FLC mixtures having low Ps values. These mixtures 

may exhibit higher pitch as the value of pitch is almost inversely proportional to 
spontaneous polarization [34]. Increasing the pitch might lead to improved 
response times and cancellation of asymmetric response. It also enables easier 
depression of twisted structure in the cell.  The temperature dependence of the 
spontaneous polarization (Figure 8.3) have been fitted using the following 
expression [35]:  

                                                 0 (T )s CP P T       for T< TC                            (8.1) 

where, TC is the SmC*-SmA phase transition temperature,  and P0 are adjustable 
parameters. The corresponding fitting parameters so determined have been listed 
in Table 8.2.  

The critical exponent  is in the range 0.24-0.31, which is close to the value 
0.3125(= 5/16), predicted by the three dimensional Ising model [36]. Therefore, it 
indicates that the SmC*-SmA phase transition is of second order. However for the 

mixture (xFF=0.597) with laterally di-fluorinated compound FF, the value is 
close to 0.25, indicating a tricritical mean field behaviour of the SmC*-SmA phase 
transition [36].  
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Table 8.2 Fitted parameters P0, TC and exponent of experimentally determined 
spontaneous polarization for six binary mixtures. 

Mole fraction of 
mixture P0 in nCcm-2 TC in K  

xFF= 0.597 1.9±0.1 359.9±0.5 0.24±0.01 

xFH= 0.409 4.5±0.2 309.4±0.4 0.31±0.01 

xFH= 0.598 2.0±0.1 369.8±0.2 0.30±0.01 

xFH= 0.836 4.2±0.2 375.8±0.4 0.26±0.01 

xHH= 0.603 2.0±0.1 377.8±0.2 0.30±0.01 

xHH= 0.805 3.4±0.1 390.1±0.1 0.30±0.01 

 
8.5 Relaxation time measurement 

Figure 8.4 portrays the Arrhenius behaviour of the reduced temperature 
dependent relaxation time. The relaxation time of the binary mixtures are 
significantly faster than those of the pure chiral compounds, which is mainly due 
to the lower rotational viscosities of the phenyl pyrimidine compound PhP [37]. 
The heterocyclic nitro substituent plays a dominant role in promoting chirality 
transfer in the SmC* and SmC*A phase and leads to a decrease in the values of the 

relaxation time [38].  
The values of the relaxation time have been found to be in the range 50-

125s, which makes them attractive for photonics and telecommunication 

applications. The binary mixture xHH=0.603 and xFH=0.598 show higher values of 
the relaxation time than that of xFF=0.597. This result suggests that the relaxation 
time is relatively sensitive to the lateral fluorination in the rigid core of the pure 
compounds. Introduction of achiral component leads to a stepwise reduction in the 

values from 145s for the pure compound (HH) to 74s for xHH=0.805, 
measured at room temperature. Similar observation has been found for the other 
binary mixtures as well (Figure 8.4). 
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Figure 8.4 Relaxation time () as a function of reduced temperature for six binary 
mixtures: 0.6(FF), 0.4(FH), 0.6(FH), 0.8(FH), 0.6(HH) and 0.8(HH). 

 
8.6 Effective torsional bulk viscosity measurement 

The effective torsional bulk viscosity as a function of the reduced 
temperature is shown in Figure 8.5. The decrease in effective torsional viscosity 
with concentration of chiral compounds again shows trend almost similar trend to 
that of the spontaneous polarization and relaxation time. For all the three systems 
here, the value of the effective torsional bulk viscosity changes non-linearly with 
the concentrations of chiral compounds. Intermolecular interaction between the 
molecules of long chiral ester liquid crystalline compounds and short polar phenyl 
pyrimidine compound are responsible for the non-additive behaviour of the 
investigated binary mixture. Such type of interactions can be qualitatively 
explained using the Boulder model [39,40]. According to this model, the chiral 
compound behaves as a guest surrounded by the achiral host molecules and 
perturbs the orientational distribution of the transverse dipole moment of the 
achiral environment with respect to the polar C2 axis. Such interactions via core-
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core correlations may favour or oppose orientations of the transverse dipole 
moment along the polar C2 axis depending on the structural complementarities of 
the chiral and achiral component of the mixtures [28]. The decrease in the 
viscosity values with increasing proportion of the achiral component PhP gives 
evidence that the twist states gradually unwind and make the system less viscous. 
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Figure 8.5 Effective torsional bulk viscosity () as a function of reduced 
temperature for for six binary mixtures: 0.6(FF), 0.4(FH), 0.6(FH), 0.8(FH), 
0.6(HH) and 0.8(HH). 
 

The width of the pyrimidine ring is wider than the width of the phenyl ring, 
therefore the molecule is inflated at the centre position which increase the distance 
between the molecules. As a result the effective torsional viscosity becomes less 
[41]. Pyrimidine-based calamatic liquid crystals enhance the longitudinal dipole 
moment of the core without increasing viscosity while a polar substituent at the 
same position in the rigid core increase the sterical hindrance and induce a higher 
viscosity. Therefore, pyrimidine-based liquid crystals are more suitable for 
mixture formulation in high speed display applications. The Arrhenius plot of 
viscosity has been presented in Figure 8.6. 
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Figure 8.6 Logarithmic plot of the effective torsional bulk viscosity versus 
(1000/T) for five binary mixtures: 0.6(FF), 0.6(FH), 0.8(FH), 0.6(HH) and 
0.8(HH). 
 
 The temperature dependence of  is fitted with the following expression [42]  

0
exp( )aE

k T
                                                   (8.2) 

where k is the Boltzmann constant and Ea is the activation energy of the 
molecular rotation on the cone when the applied electric field is reversed. The 
Arrhenius plot of effective torsional viscosity for five binary mixtures is plotted in 
Figure 8.6. Far from the SmC* to SmA phase transition, a linear behavior is 
observed and from the slopes of the straight line the activation energy values in the 
SmC* phase (Figure 8.6) have been calculated and are listed in Table 8.3. For 
mixture with mole fraction xFH=0.409, the SmC* range is too short to determine 
the activation energy. The values of the activation energy are within 0.18-0.28eV, 
as expected [42]. 
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Table 8.3 Activation energy for five binary mixtures. 

Mole fraction of 
mixture 

Activation energy (eV) 

xFF= 0.597 0.28 

xFH= 0.598 0.23 

xFH= 0.836 0.18 

xHH= 0.603 0.21 

xHH= 0.805 0.20 
 
8.7 Anchoring energy strength co-efficient measurement 

The dispersion anchoring strength coefficient (WD) and polarization 
anchoring strength coefficient (WP) as a function of reduced temperature have 
been presented in Figures 8.7 and 8.8 respectively. The anchoring induces 
ferroelectric ordering close to the cell surfaces due to the polar and non-polar 
interactions of the molecules with aligning layer of the cell surfaces. The 
anchoring energy coefficient yields a quantitative characterization of the aligning 
liquid crystal molecules and corresponds to two different anchoring energy (i) the 
dispersion anchoring energy and (ii) polarization anchoring energy [20-23]. 

Dispersion anchoring energy arises from the non electrostatic interaction 
between the surface and liquid crystal molecules whereas the polarizing anchoring 
energy originates from the electrostatic force between the dipole moment of the 
superfacial layers of the surface and liquids crystal molecules [20-23]. The 
temperature dependence of the dispersion anchoring strength coefficient (WD) and 
polarization anchoring strength coefficient (WP) is due to the increase in enthalpy 
of the molecule with temperature which ultimately break their interaction barrier 
[43]. The value of WP and WD is low for these binary mixtures which possess low 
Ps  and low viscosity. 
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Figure 8.7 Dispersion anchoring strength coefficient (WD) as a function of 
reduced temperature for six binary mixtures: 0.6(FF), 0.4(FH), 0.6(FH), 0.8(FH), 
0.6(HH) and 0.8(HH). 
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Figure 8.8 Polarization anchoring strength coefficient (WP) as a function of 
reduced temperature for six binary mixtures: 0.6(FF), 0.4(FH), 0.6(FH), 0.8(FH), 
0.6(HH) and 0.8(HH). 
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s shown in Figure 8.7, near the SmA-SmC* phase transition for all the 

six FLC mixtures reported here, it is observed that the values of WD are linearly 
proportional to (T/TC). This observation has also been reported by others [20]. The 
values of WP are higher than that of WD, due to presence of polar fluorinated chiral 
esters and heterocyclic nitrogen atom in achiral PhP. 
 
8.8 Conclusion 

In this chapter the results based on the electro-optic studies of three binary 
systems, consisting of an achiral low viscous compound PhP with three different 
orthoconic antiferroelectric liquid crystals have been presented. For a more 
quantitative consideration of the differences in spontaneous polarization, 
relaxation time, effective torsional viscosity and effective anchoring energy 
coefficients, these values at a particular reduced temperature (T/TC=0.97) for all 
the binary mixtures studied here, have been listed in Table 8.4.  

 
Table 8.4 A comparative study of the physical parameters of the investigated six 
mixtures and their pure chiral compounds at T/TC=0.97. 

Mole 
fraction of 
mixtures 

Ps(nCcm-2) s mPas
WD 

(x10-4 Jm-2) 
WP 

(x10-4Jm-2) 

xHH= 1.0 173 37 257 85 126 

xHH= 0.805 6.5 29 8 2 9 

xHH= 0.603 3.8 19 3 1 6 

xFH= 1.0 155 28 171 76 77 

xFH= 0.836 7.6 30 9 2 10 

xFH= 0.598 3.9 16 2 1 6 

xFH= 0.409 7.1 37 13 2 10 

xFF= 1.0 153 205 171 49 103 

xFF= 0.597 3.0 13 2 0.8 5 
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It is of interest to note that the values of Ps reduce with increasing 

proportion of achiral PhP due to less chiral perturbation exerted by the chiral 
molecule via core-core interactions. This may be improved by introducing chiral 
components with multi-chiral centre in place of a single chiral centre. Reducing 

the Ps may elongate the helix i.e. the helical structure is distorted and the system 

become ‘softer’. 
The chiral orthoconic compounds induce a nonzero polarization in a non-

chiral smectic C host. The polarity derived from the electron-withdrawing effect of 
nitrogen atoms in the rigid core of phenyl pyrimidine compound has a strong 
influence on the mesophase sequences. Such polar ordering interacts with the 
polar fluorinated ester compounds via transverse dipole-dipole coupling and/or 
chiral conformational interactions [28]. These interactions could, in turn, result in 
a significant asymmetric distortion of the smectic C lattice that further perturbs the 
orientational ordering of the atropisomeric core, i.e., a synergistic effect.  As a 
result these mixtures has emerged as very fast switching LC mixtures operating at 
room temperature and are convenient for passive addressing scheme at high 
multiplexing level and video rate with excellent contrast. Additionally, the 
structure property correlation presented for these binary systems indicate that 
fluorination of the aromatic ring has significant effect on the phase behaviour and 
physical properties of these materials. Potential applications of these mixtures for 
light shutter, photonics, telecommunication and high speed micro-display are 
foreseeable where a broad temperature range, low polarization and long pitch are 
desired [44,45].  
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9.1 Conclusions 
The dissertation entitled “Investigations on the physical properties of some 

liquid crystalline compounds and multi-component mixtures” submitted for the 
degree of Doctor of Philosophy (Physics) of the University of North Bengal 
embodies the results of experimental investigations on the physical properties of 
several pure mesogens exhibiting a rich variety of polymorphism using different 
experimental techniques. The study of the physical properties of fluoro-substituted 
alkyl terphenyl isothiocyanates as well as fluoro-substituted terphenyl fluorides 
and chiral orthoconic esters has helped in the identification of suitable materials, 
where position specific substitutions is found to play a vital role in the 
optimization of the physical properties with the ultimate objective of promoting 
themselves as components of multi component mixtures for application in high 
end devices. Furthermore, as newer and smarter materials have emerged in the 
field of liquid crystals, study and characterization of such phases with amazing 
structural morphology as well as inherent anisotropy like the TGBA, N* and Blue 
phases have also been undertaken in this work to understand and explore both the 
fundamental aspects as well as the structure property relationships that leads to the 
occurrence of such phases. Moreover, several binary mixtures comprising of a 
chiral ester exhibiting exotic orthoconic antiferroelectric phases in conjugation 
with an achiral phenyl pyrimidine component has evoked interesting observations 
as to the nature of chiral perturbations in an achiral environment.    
           This thesis comprises of eight chapters. In chapter 1, a brief review of 
liquid crystal materials, the molecular arrangement within the different 
mesophases, classification (mainly achiral and chiral nematic and smectic phases) 
and their commercial applications have been discussed. A description about liquid 
crystal mixture formulation and their potential applications has also been 
discussed.  

In chapter 2, the relevant experimental techniques and the basic theoretical 
approaches - Maier-Saupe mean field theory for nematic phase and the Frank 
elastic continuum theory, concerning liquid crystals have been discussed briefly.  
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Chapter 3 summarizes the physical characterization of four isothiocyanated 
and two analogous fluoro substituted terphenyl fluorides from birefringence, 
dielectric parameters, splay elastic constant, relaxation time and rotational 
viscosity measurements. The aim of this work was to identify suitable liquid 
crystalline compounds with low melting point, broad nematic range, large positive 
dielectric anisotropy and low rotational viscosity, as components of multi-
component mixtures for display applications. The replacement of hydrogen atom 
by fluorine confers the resulting material with unusual and unique properties 
which allow their use as good precursors in many applications. Several variations 
of lateral fluorination have been incorporated to the rigid terphenyl core. 
Compounds with terminal isothiocyanate group exhibit high clearing point even in 
the presence of a few lateral fluorine atoms, while in the case of fluorine atom in 
the terminal position, a strong decrease in the clearing point have been observed. 
Substitution by fluorine atoms in 3,5 positions enhance the values of the 

birefringence, dielectric parameters, dielectric anisotropy than substitution in 3,3 
positions.  Fluorine atom in the central 3′ position twists the benzene rings, which 

decreases the  electron conjugation. Compounds with trifluoro lateral substitution 

have lower birefringence and higher dielectric anisotropy values which is 
expected. Multiple fluorinations lower the birefringence of the compounds as the 

laterally substituted fluorine atom pulls the  electrons from the conjugation length 

along the main molecular axis. Among all the compounds investigated, the bulkier 
or heavier tri-fluorinated isothiocyanated compounds show the highest viscosity 
due to higher steric hindrance. To estimate the suitability of a compound in a 
mixture, Figure of Merit (FoM) has been taken into account. Significantly, higher 
Figure of Merit has been observed for the laterally fluoro substituted 
isothiocyanated compounds due to (i) higher values of birefringence and (ii) lower 
values of rotational viscosity in comparison to the fluoride compounds. Compound 
with 3,5 fluorine substitution shows marked improvement in its physical 
parameters as far as its applicability in multi-component mixtures is concerned. 
However, the operating temperature (at which the FoM is maximum) for this 
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compound is much higher than room temperature. For room temperature 
applications, suitable additives should be used during mixture formulation. 

Chapter 4 highlights the systematic development of multicomponent 
nematic mixtures (mixtures A-D) from pure liquid crystalline compounds 
comprising of polar-isothiocyanated biphenyl and terphenyl derivatives which 
combine the necessary polarity with chemical stability and adequate polarizability. 
The molar ratios and the eutectic points of all the mixtures (mixture A-D) were 
calculated using the Schröder van Laar equation and the theoretical values of the 
melting and clearing temperatures were estimated at the eutectic point. This 
chapter is concerned with the characterization of liquid crystal mixtures containing 
fluorinated biphenyl/terphenyl ethane derivatives so that the overall display 
performance may be improved. Mixture A consists of one cyclohexylphenyl 
isothiocyanates and two laterally fluorinated terphenyl isothiocyanates. Mixture B 
is a seven component one, which contains one cyclohexylphenyl isothiocyanates, 
two biphenyl isothiocyanates along with four laterally fluorinated terphenyl 
isothiocyanates. Using B as a base mixture, it was further modified using dopants 
of fluoro terphenyl derivatives, resulting in Mixture C.  Mixture D is a fourteen 
component mixture consisting of bi-phenyl, tri-phenyl, cyclohexyl laterally 
fluorinated derivatives. Operating at room temperatures, all these mixtures show 
superior performance with respect to birefringence and viscosity values in 
comparison to the widely used commercial mixture E7 (prepared from alkyl, 
alkoxycyanobiphenyl and cyanoterphenyls). However they exhibit slightly lower 
values of the dielectric anisotropy than E7, which may easily be modified by 
doping with alkyl, alkoxy biphenyl and terphenyl derivatives having a lateral 
fluorine atom. Such additives also effectively eliminate the smectic phases. The 
values of the birefringence, dielectric anisotropy and splay elastic constant, as well 
as the rotational viscosity of mixture D are of the order of 0.27, 8.57 20pN and 60 
mPa.s respectively, which are excellent material parameters and this mixture, may 
be potentially used in display devices. Additionally, the order parameter and 
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activation energies (Ea) have also been calculated for all the multicomponent 
mixtures.                                                       

Chapter 5 deals with the detailed comprehensive study on the mesomorphic 
and structural properties of a chiral lactic acid derivative 4-(1-(octyloxy)-1-
oxopropan-2-yloxy)biphenyl-4-yl 4-(decyloxy)benzoate, obtained using polarising 
optical microscopy, differential scanning calorimetry, optical transmission, x-ray 
diffraction and dielectric spectroscopy studies. The compound possesses the polar 
frustrated blue phase II, cholesteric phase, twist grain boundary smectic A (TGBA) 
phase and the SmA* phase. Due to the incompatibility of the cholesteric twist with 
the smectic layering, the cholesteric–smectic A phase transition is mediated via the 
TGBA phase. The diffracted x-ray intensity profile reveals the presence of 

relatively sharp reflection at small angles (2 ≈ 3o-4o) in the TGBA and SmA* 
phase, clearly signifying the layered structure, in comparison to the diffuse ring 
obtained in the case of the BPII and N* phases. In the SmA* phase, the layer 
spacing (d) values are slightly temperature dependent due to stretching of the 
aliphatic chains of the molecules. The theoretically calculated length of the most 
extended conformer in the minimum energy configuration by semi-empirical 
molecular orbital package MOPAC agrees quite well with the layer spacing values 
obtained from x-ray diffraction study. The correlation length in the SmA* phase is 
much higher than those in the TGBA and N* phase, and the transverse correlation 
lengths diverge near the N*–TGBA phase boundary indicating second order phase 
transition. A small hump related to pre-crystallisation phenomena is observed in 
the temperature dependent dielectric constant curve near the crystallization point.  

Liquid crystals are extremely sensitive materials with respect to any 
modification of the molecular structure and even a minor change could strongly 
affect their mesomorphic properties or even their existence. Chapter 6 covers in 
details the effect of several polar ester linkage groups incorporated in the 
molecular core of a chiral lactic acid derivative, namely decyl 4-(4-(4-(2-
(hexyloxy)propanoyloxy) benzoyloxy)benzoyloxy)benzoate on its structural 
properties. The existence of four ester groups in this molecule, results in the stable 
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paraelectric SmA* phase and ferroelectric SmC* phase over a reasonably broad 
temperature range. A slight discrepancy has been observed in the birefringence 

values measured on thin (3m) and thick (5m) planar cell because of differences 

in surface anchoring energy, surface effect and alignment of the liquid crystal 
layer of different thicknesses. The values of the spontaneous polarization is 
relatively high (~ 97 nCcm-2 at 70oC) due to the zigzag molecular structure of 
several (four) ester linkage groups in the molecular core and an additional 
methylene group near the chiral centre. This molecular geometry also contributes 
to the large steric hindrance of the chiral centre and increases the viscosity and 
negatively affects its utilization in devices. The temperature variation of the order 
parameters i.e. the tilt angle and spontaneous polarization, confirms second order 
nature of the SmC*-SmA* phase transition in this compound. The values of the 
critical exponent 0.32 and 0.28 determined independently from spontaneous 
polarization and tilt angle measurements respectively, are found to be quite close 
to the value of 0.31 as predicted by the three dimensional Ising model. The layer 
spacing in the orthogonal SmA* phase is more or less constant and it decreases in 
the SmC* phase with decreasing temperature due to appearance of the tilting. The 
agreement between the experimental layer spacing (d) values from the x-ray 
diffraction measurements (41.5Å) in the orthogonal SmA* phase with those 
calculated from semi empirical molecular orbital package MOPAC has been found 
to be quite good. Moreover, a typical ferroelectric abrupt jump in dielectric 
anisotropy near the SmA*-SmC* phase transitions has also been observed. 
 Chapter 7 presents a comparative study of the electro-optical properties of 
orthoconic antiferroelectric liquid crystals (OAFLC) of some analogues of (S)-
MHPOBC using polarization field reversal technique. Compounds with several 
variations, namely (i) in the position of lateral fluorination in the rigid core and (ii) 
number of oligo-mythelene spacer linkages in the terminal chain, have been 
studied for the development of liquid crystal materials for application in high end 
display technology. The high value of spontaneous polarization (Ps) for the 
investigated compounds is attributed to the presence of the bulky chiral unit, 
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zigzag ester linkage and polar fluorinated terminal. However elongation of the 
oligomethylene spacer in the terminal chain and lateral fluorine atoms in the 
molecular core structure leads to reduction in the value of the spontaneous 
polarization. All the compounds enter the SmC* phase through a second order 
transition from the SmA phase. Unsubstituted or monofluoro substituted liquid 
crystals with relatively low viscosities and transverse dipole moments exhibit the 

fastest response time (~150s) and low viscosity (~ 1Pa.s) in comparison to the 

difluorinated compounds. Multiple fluorination increases the viscosity of these 
compound, similar to the results obtained in previous chapters. The “V-shaped” 
mode or thresholdless switching has been realized for these compounds with high 
polarization through the strong polar molecular interactions between the liquid 
crystal and aligning layers of the cell surfaces. The structure property correlation 
presented for these compounds indicate that fluorination of the aromatic ring has 
significant effect on the phase behaviour and physical properties of the materials. 
 The interaction between achiral and chiral liquid crystals has been explored 
by thermo-microscopic and electro-optical study in chapter 8. Three different 
binary systems, by mixing  an achiral low viscous phenyl pyrimidine liquid 
crystalline SmC compound with three different orthoconic anti-ferroelectric 
analogues of (S)MHPOBC exhibiting SmA-SmC*-SmC*A phase sequence, has 
been prepared. The purpose of preparing and characterizing these mixtures was to 
obtain best ferroelectric mixtures with excellent electro‐optical performance to be 
used in fast switching surface stabilized ferroelectric displays. The electro-optical 
properties of all of the binary liquid crystalline mixtures have been studied by 
determining crucial physical parameters such as spontaneous polarization, 
relaxation time, torsional viscosity and surface anchoring energy strength. In these 
binary mixtures, ferroelectric and antiferroelectric phases were induced. All the 
physical parameters exhibit a non-additive behavior with respect to the 
concentration of chiral mesogens due to strong dipole-dipole and/or intermolecular 
interactions between the polar fluorinated chiral esters and the heterocyclic phenyl 
pyrimidine compound, along with the polarity derived from the electron-



 
 
 
 

Chapter 9 

252 

withdrawing effect of nitrogen atoms in the rigid core. The interactions between 
such two intrinsically different molecules have been qualitatively explained using 
Boulder model. According to this model, a chiral compound plays the role of a 
“passive” guest which adopts a particular conformation that best fits the achiral 
binding site of the SmC achiral environment. It also may be viewed as a 
manifestation of molecular recognition via core-core interactions with surrounding 
achiral molecules. Interestingly, the achiral mesogen reduces the relaxation time of 
these binary mixtures at the cost of lower Ps. The less inflated viscous heterocyclic 
pyrimidine achiral compound lowers the viscosity of the binary mixtures. 
Moreover, the reduction of the spontaneous polarization elongates the pitch length 
and the system becomes ‘softer’. Additionally, it eliminates the ghost effect which 
arises due to high spontaneous polarization. Therefore these mixtures have 
emerged as very fast switching LC mixtures operating at room temperature and are 
convenient for passive addressing scheme at high multiplexing level and video rate 
with excellent contrast.  
 Characterization of the mesomorphic properties of the liquid crystalline 
compounds is necessary to further improve and update the current understanding 
of the structure-property relationship in liquid crystalline materials. Such a study is 
an important prerequisite for the formulation of multi-component mixtures with 
optimised properties, satisfying the practical demands of the latest technological 
applications.  
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a b s t r a c t

The mesomorphic and structural properties of the chiral lactic acid derivative 40-(1-(octyloxy)-1-oxopro-
pan-2-yloxy) biphenyl-4-yl 4-(decyloxy)benzoate have been studied. The compound shows the blue
phase (BPII), the cholesteric (N�), the TGBA and the paraelectric SmA� phases over a broad temperature
range. Polarising optical microscopy, differential scanning calorimetry, optical transmission, X-ray dif-
fraction and dielectric spectroscopy studies have been performed. In the SmA� phase the layer spacing
(d) values are found to be slightly temperature dependent and suggest that there is no bi-layer associa-
tion present in the mesophase. In the TGBA phase, the d values show strong temperature dependence near
SmA�–TGBA phase transition, indicating pre-transitional effect. The temperature dependence of scattered
X-ray intensities indicate the appearance of long range smectic ordering at the N�–TGBA phase transition.
Near the TGBA–SmA� phase boundary strong SmA� fluctuations predominate. This behaviour is also
observed from the temperature dependence of the d values. The transverse correlation lengths, n\,
diverge near the N�–TGBA phase transition indicating second order phase transition.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Liquid crystalline (LC) materials exhibiting a great variety of
structures are strongly susceptible to external fields as well as
surface interactions, and provide multiple functionality. Thermo-
dynamically liquid crystalline materials are located between the
three-dimensionally ordered solid state (crystal) and the isotropic
liquid. For particular molecules assembled in specific architectures,
permanent dipole moment can appear thus forming structures
with a polar order, namely paraelectric, ferroelectric or antiferro-
electric phases [1]. Such materials can be utilised as a self-assem-
bling media combining the necessary order and fluidity on a
molecular (nano-scale) level [2,3].

While designing chiral liquid crystalline materials, the type of
chiral fragment used in the molecule plays a very important role
in determining its mesomorphic behaviour. In 1988 Taniguchi
et al. [4] synthesized and studied series of compounds with phe-
nyl-40-alkoxybiphenyl-4-carboxylate as a molecular core and one
lactate group as a chiral centre. These compounds possess a broad
range of the paraelectric smectic A� (SmA�) and ferroelectric smec-
tic C� (SmC�) phases. During the last years, lactic acid derivatives

differing in number of the lactate groups as chiral centres have
been attracting attention as they show a rich variety of the polar
liquid crystalline mesophases [5–12]. Use of the lactic unit as a
precursor of chiral centre have two advantages with respect to
other types of chiral centres: (i) they minimise the cost, as the price
ratio to the most commonly used chiral precursor material (S)-2-
octanol is at least 1:100 and (ii) lactic acid-based LCs usually show
no aging and are highly stable, thermally as well as chemically.
Lactate based chiral moiety has provided many materials with a
very rich variety of the liquid crystalline mesophases [13–19].
Several new liquid crystalline materials containing one, two or
three chiral centres and having one or two lactate groups attached
to the molecular core by the ether linkage group have been synthe-
sized and studied [20,21].

However, several basic questions are still open, especially those
concerning the interactions between the molecular core and ali-
phatic chains, relation between the chemical structure, mesophase
behaviour and the physical properties of the polar mesophases.
Therefore, the investigation of the structure–property relationship
for lactic acid derivatives possessing liquid crystalline behaviour is
still of great significance for further progress, both for the under-
standing of the basic properties as well as for their practical use
in potential applications. The understanding of the mesophase
nano-scale organisation will enable generalisation of relation
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between molecular structure and macroscopic properties of liquid
crystalline materials. Molecules with pronounced features related
to the macroscopic properties could then be synthesised.

In order to contribute towards better understanding of struc-
ture – property relationship, the mesomorphic and structural
properties of the chiral lactic acid derivative, namely 40-(1-(octyl-
oxy)-1-oxopropan-2-yloxy) biphenyl-4-yl 4-(decyloxy)benzoate,
possessing liquid crystalline behaviour have been studied by polar-
ising optical microscopy, differential scanning calorimetry, optical
transmission, X-ray diffraction and dielectric spectroscopy.

2. Experimental

2.1. Material under the study

General synthetic procedure for chiral lactic acid derivative is
presented in Fig. 1. The synthesis started from 4-n-decyloxybenzoic
acid. The compound on reaction with an excess of thionylchloride
and 4,40-biphenol yielded 4-(40-hydroxybiphenyl)4-n-dec-
yloxybenzoate. Optically active octyl lactate was prepared from
commercial (S)-(+)-lactic acid by azeotropical esterification with
octylalcohol. DEAD (diethyl azodicarboxylate) supported coupling
in the presence of triphenylphosphine in tetrahydrofurane followed
by column chromatography gave the final compound. However, the
detailed synthetic procedure for the 40-(1-(octyloxy)-1-oxopropan-
2-yloxy) biphenyl-4-yl 4-(decyloxy)benzoate (material under the
study) has been described in details in our earlier publication [20].

The raw product was purified by column chromatography on
silicagel (Kieselgel 60) using a mixture of dichloromethane and
ethanol (99:1) as an eluent. Recrystallization was made twice from
ethanol producing white powder. The chemical purity of the mate-
rial was checked by high pressure liquid chromatography (HPLC),
which was carried out using a silica gel column (Bioshere Si 100-
5 lm, 4 � 250, Watrex) with a mixture of 99.9% of toluene and
0.1% of methanol as an eluent, and the eluting products were de-
tected by a UV–VIS detector (k = 290 nm). The chemical purity of
the synthesised compound was found to be 99.6% under these
conditions.

Structures of the intermediates and the final liquid crystalline
material were checked by the Nuclear Magnetic Resonance (NMR)
spectroscopy. A 300 MHz Varian spectrometer with tetramethylsil-
ane as internal standard was used for 1H and 13C NMR studies.

1H NMR of 4-(40-hydroxybiphenyl)4-n-decyloxybenzoate
(300 MHz, CDCl3): 8.16 (d, 2H, ortho to –COO); 7.55 and 7.43

(dd, 4H, ortho to –Ar); 7.23 (d, 2H, ortho to –OCO–); 6.99 (d, 2H,
ortho to –OCH2); 6.87 (d, 2H, ortho to –OH); 5.00 (brs, 1H, OH);
4.05 (t, 2H, CH2O); 1.20–1.80 (m, 16H, CH2); 0.90 (t, 3H, CH3).

1H NMR of final product (300 MHz, CDCl3): 8.15 (d, 2H, ortho to
–COO); 7.56 and 7.50 (dd, 4H, ortho to –Ar); 7.24 (d, 2H, ortho to –
OCO–); 6.96 (dd, 4H, ortho to –O); 4.80 (q, 1H, CH�); 4.17 (m, 2H,
COOCH2); 4.03 (t, 2H, CH2OAr); 1.80 (m, 4H, CH2CH2O); 1.62 (d,
3H, CH3C�); 1.20–1.60 (m, 24H, CH2); 0.87 (m, 6H, CH3).

Chemical formula of the final product indicating the carbon
atom numbers and the chemical shift (d) obtained from 13C NMR
spectroscopy (300 MHz, CDCl3) are presented in Table 1.

2.2. Mesomorphic properties

The sequence of phases and phase transition temperatures were
identified by observing the textures and their changes under the
polarising optical microscope. The LINKAM LTS E350 heating stage
with TMS-93 temperature programmer was used for temperature
control, which enabled temperature stabilisation within ±0.1 K. In
addition, free – standing films were also prepared, in which the
liquid crystalline material was mechanically spread over a circular
hole (diameter 3 mm) in a metallic plate. The phase transition tem-
peratures were checked by Differential Scanning Calorimetry (Pyris
Diamond Perkin-Elmer 7) on cooling/heating runs at a rate of
5 K min�1 in a nitrogen atmosphere. The sample (5 mg) was her-
metically sealed in an aluminium pan and placed in a nitrogen
atmosphere. The temperature was calibrated on extrapolated
onsets of the melting points of water, indium and zinc. The enthal-
py change [DH] was calibrated on enthalpies of melting of water,
indium and zinc.

2.3. Optical transmission

Optical transmission method [22] on samples with planar and
homeotropic alignment was also used for identification of the
liquid crystalline phases. A linearly polarised He–Ne laser beam
(k = 632.8 nm) was used as a light source and directed onto a
homogeneously (or homeotropically) aligned Indium Tin Oxide
(ITO) coated liquid crystalline cell (purchased from AWAT Co.
Ltd., Warsaw, Poland) placed between two crossed linear polariz-
ers. The temperature of the cell in a brass thermostat was con-
trolled by Eurotherm PID 2216e temperature controller, which
enabled temperature stabilisation within ±0.2 K. The light trans-
mittance was measured by a photodiode detector and recorded

O
O

O O
O

O

O
O

OH

HO OH

O
O

O OH

HO
O

O
*

*

SOCl2

DEAD
Ph3P
THF

Fig. 1. Schematic illustration of synthetic procedure for 40-(1-(octyloxy)-1-oxopropan-2-yloxy) biphenyl-4-yl 4-(decyloxy)benzoate.
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digitally by a Keithley 2000 multimeter. The transmitted light
intensity was measured as a function of temperature. From the
temperature dependence of the transmitted light intensity, we
could identify the phase transition temperatures, especially those
transitions, which could not be detected by DSC. Such method
has been successfully used in our investigations of other liquid
crystalline molecules like hockey-stick shaped mesogens [23,24].

2.4. Dielectric spectroscopy

The temperature dependence of the real part of complex per-
mittivity (e�=e0–ie00) was measured on cooling using a Schlumber-
ger 1260 impedance analyzer at a frequency of 160 Hz. Planar
sample of thickness 12 lm was used for dielectric spectroscopy
measurement.

2.5. X-ray diffraction

X-ray diffraction measurements were done on the samples
filled into Mark capillary tubes of 0.7 mm diameter, in the presence
of a magnetic field (1 T). The temperature of the sample was regu-
lated by a temperature controlled heating stage. The X-ray patterns
were recorded on a 2D area detector (HI – Star, Siemens AG) using
Ni-filtered Cu Ka radiation (wavelength k = 1.5418 Å). From the
X-ray diffraction studies the smectic layer spacing (d) in the TGBA

and SmA� phases (or apparent molecular length (l) in the case of
blue phase and the cholesteric (N�) phase) and the average inter-
molecular distance between the long axes of neighbouring parallel
molecules (D) were calculated from the position of the small angle
(h = 0.2–4.5�) and wide angle diffraction peaks, respectively for all
the phases.

The MOPAC/AM1 model was used to ascertain the length of LC
molecules corresponding to the state with minimum energy. In
Fig. 2, picture of molecule with the axis corresponding to the small-
est principal moment of inertia is presented. Taking into account
the most extended conformer (length of the molecule in the direc-
tion of the long molecular axis), the length of molecule is calcu-
lated to be 43 Å.

3. Results and discussion

3.1. Texture and DSC studies

The phase sequences of the materials were determined from
characteristic textures and their changes observed under a polaris-
ing optical microscope. Phase transition temperatures have been

checked and the related enthalpies have been measured using
DSC. The respective thermogram on heating and cooling runs is
presented in Fig. 3. Phase transition temperatures are shown in
Table 2. On cooling from the isotropic (Iso) phase the studied LC
material exhibited the blue phase (BPII), the cholesteric phase,
the twist grain boundary smectic A (TGBA) phase and the paraelec-
tric SmA� phase.

In Fig. 4, several characteristic microphotographs of the meso-
phase textures of the sample in planar alignment (a–e) and free
standing film (f) are presented. In particular, a very characteristic
platelet texture of the blue phase (Fig. 4a), oily streaks texture of
the cholesteric phase (Fig. 4c) and filament texture of the TGBA–
SmA� phase transition (Fig. 4f) helped to unambiguously detect
the type of mesophases. Due to quite low enthalpies of the Iso–
BPII, N�–TGBA and TGBA–SmA� phase transitions, the respective
transitions were hardly detectable by DSC but were well defined
by polarising optical microscopy. Again, the optical transmission
studies were quite helpful for the identification of some of the
phase transitions which were not clearly detected from DSC
measurements.

3.2. Optical transmission study

Fig. 5 shows the temperature dependence of the transmitted
intensity from planar as well as on homeotropic cells (8.9 lm
thickness) placed between two crossed linear polarizers. Interest-
ingly, the N�–TGBA and TGBA–SmA� phase transition temperatures,
which were not clearly detectable from DSC measurements, could
be identified clearly. However, the Iso–BPII, BPII–N� phase transi-
tions, which were visible in DSC measurement (Fig. 3) were not
clearly identifiable in the optical transmission method. Hence,
the conclusion regarding the existence of the different mesophases
is based on observations from all the three used methods, namely
the study of textures and their changes under polarising optical
microscope, DSC runs and optical transmission studies.

3.3. X-ray diffraction

Fig. 6(a–c) shows the X-ray diffraction photographs of the una-
ligned sample obtained in the BPII, TGBA and SmA� phases at 86 �C,
70 �C and 50 �C respectively. From the X-ray diffraction patterns it
is clear that it was not possible to align the compound with a mag-
netic field of about 1 T. The pattern obtained immediately below
the clearing temperature (Fig. 6a) i.e. in the BPII show the presence
of diffuse rings both in the small and wide angle regions typical for
the non-oriented samples. The absence of sharp inner ring

Table 1
Chemical shift d (ppm) for 40-(1-(octyloxy)-1-oxopropan-2-yloxy)biphenyl-4-yl 4-(decyloxy)benzoate from 13C NMR.

Carbon no. d (ppm) Carbon no. d (ppm)

1 14.27 19 138.51
10 68.57 20 134.12
11 157.46 21 127.95
12 114.54 22 115.60
13 132.50 23 163.80
14 121.81 24 18.83
15 165.21 25 72.97
16 150.40 26 172.47
17 122.22 27 65.65
18 128.42 34 14.31
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indicates that this mesophase is rather fluid like. We have also ob-
tained a similar pattern in the N� phase which is expected. Below
78 �C we observe relatively sharp inner ring and a diffuse outer
ring in the X-ray diffraction pattern (Fig. 6b) and the intensity of
the inner ring increases with decreasing temperature. The pattern
represents the unoriented TGBA phase as observed from polarising
optical microscopy. The intense peak in the small angle region cor-
responds to the smectic layer thickness in the TGBA phase. On fur-
ther cooling (Fig. 6c) the outer diffraction pattern remains the
same but the inner ring becomes distinctly sharper and hence this
pattern suggests the appearance of the non-oriented SmA� phase.

Fig. 7 shows the X-ray diffraction intensity profiles obtained
from a linear scan of the diffraction patterns of the non-oriented
sample in different mesophases. The intensity profile reveals the
presence of relatively sharp reflections at small angles (2h � 3–
4�) in the TGBA and SmA� phase, clearly indicating the layered
structure, in comparison to the diffuse ring obtained in the case
of the BPII and N� phases. The diffuse outer scattering at wide an-
gles (2h � 18–24�) corresponds to the average intermolecular dis-
tance D between the long axes of neighbouring parallel molecules.

The values of the effective molecular length (l) in case of the
BPII and N� phases and the smectic layer thickness (d) in the TGBA

and SmA� phases as well as the intermolecular distance between
the long axes of the neighbouring molecules D, at different temper-
atures were determined. The temperature dependence of the l or d
values and intermolecular distance D are presented in Figs. 8 and 9
respectively. Interestingly, the layer spacing of the SmA� phase is
found to have a slight temperature dependence with the d values
changing from 37.5 Å at the TGBA–SmA� phase transition to 39 Å
within the phase. The increase in layer spacing values of the SmA�

phase on cooling is perhaps due to stretching of the aliphatic
chains of the molecule. Within the temperature range of the TGBA

phase (the type of the mesophase has been determined from typ-
ical textures obtained on free standing films), the d values initially
increase slowly (31.7 Å) with decrease in temperature. However,
we observe a rapid increase in d (37.7 Å) as the TGBA–SmA� phase
transition is approached. In fact, its value coincides with the SmA�

layer spacing. Thus within the TGBA phase, the ratio d/l � 0.74–0.88
which is typical of monolayers and also is a signature of the SmA
nature of the blocks of the TGBA phase. The effective molecular
length (l) in case of the BPII and N� phases increases with decrease
in temperature. The increase in l values in going from the N� to
TGBA phase has also been reported by Shankar Rao et al. [25].
The intermolecular distance, i.e. the average lateral distance be-
tween the long axes of molecules, D, decreases with decrease in
temperature, as expected.

The temperature dependence of the intensity of the inner ring
(with nearly same exposure time) is presented in Fig. 10. It is ob-
served that the X-ray intensity is nearly constant in the N� phase.
However, the intensity values appear to show a discontinuous in-
crease at the transition from N� to TGBA phase. Within the TGBA

phase the X-ray intensity increases with decrease in temperature
and this increase is quite rapid as the TGBA–SmA� phase transition
is approached. It may be mentioned here, that, the reason for the
appearance of the TGBA phase is that a direct cholesteric–smectic
phase transition cannot occur in a continuous way since the chole-
steric twist of the director is not compatible with the smectic lay-
ering. Thus we observe a definite increase in the scattered X-ray
intensities at the onset of the TGBA phase at the N�–TGBA phase
boundary signifying the appearance of long range order in layering
within this phase. Again, as observed from Fig. 10, there is a signif-
icant increase in the intensity values near the TGBA–SmA� phase
transition. SmA� fluctuations dominate in this region as the twist
of the smectic blocks within the TGBA phase gradually unwinds
and smectic A like ordering appears. This behaviour again verifies
the existence of the TGBA phase. Similar behaviour is also observed
in the d values as mentioned in the previous paragraph.

The longitudinal (n||) as well as the transverse in-plane (n\)
correlation length in different mesophases have been determined
from a linear scan of the inner and outer diffraction peaks. The
intensity profile I(q) was then fitted to a Lorentzian form with a
quadratic background viz.,

IðqÞ ¼ a1

a2 þ ðq� q0Þ
2 þ a3q2 þ a4qþ a5 ð1Þ

where q is the magnitude of the scattering vector. Here a1, a2, qo, a3,
a4 and a5 are the fitting parameters, which were adjusted to obtain
the best fit. The transverse correlation length is defined as
n = 2p(a2)�1/2. Fig. 11 shows the results for n\ and n|| over the rele-
vant temperature region. As expected, the correlation lengths for

Fig. 2. Conformation of the molecule after energy minimisation using MOPAC/AM1 method.
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Fig. 3. DSC thermograms on heating and cooling cycles taken at a rate 5 K min�1.
Vertical arrows indicate the Iso–BPII, BPII–N�, N�–TGBA and TGBA–SmA� phase
transitions subsequently on heating (?) and cooling ( ).

Table 2
Sequence of phases, phase transition temperatures (�C), transition enthalpies [DH (J/g)] (measured on cooling with DSC (5 K min�1)) and melting point m.p. (�C) (measured on
heating) for the studied compound. (‘‘d’’ the phase exists).

m.p. Cr SmA� TGBA N� BPII Iso

41.7 d 37.8 d 58.5 d 79.8 d 85.3 d 86.1 d

[+24.06] [�23.87] [�0.33] [�0.01] [�0.96] [�0.01]
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the higher ordered phase are found to be much higher than those
for the lower ordered phases.

The values of the transverse correlation lengths is about 50 Å in
SmA� phase. In the vicinity of the SmA�–TGBA phase transition,
there is a rapid decrease of correlation length on heating from
the SmA� phase to the TGBA phase. At the TGBA–N� phase transition
there appears to be a divergence of n\ near the TGBA–N� phase

transition point, as expected for a second order phase transition.
These observations have also been supported by enthalpy and opti-
cal transmission measurements. The longitudinal correlation
length, n||, increases rapidly at the N�–TGBA phase transition from
about 125 Å to nearly 325 Å near the TGBA–SmA� phase transition.
This rise continues even in the SmA� phase and reaches a value of
about 350 Å at saturation. It is necessary to mention that for all
studied phases, the correlation lengths are expected to be much
longer. Possible explanation for this discrepancy may be due to
the use of Ni filtered Cu Ka radiation, which contains a white back-
ground radiation in addition to the Cu Ka peak. No correction for
this white radiation, which broadens the diffraction peaks consid-
erably, is made here. Hence the experimental values of correlation
lengths as obtained above are somewhat smaller than the theoret-
ically expected values.

3.4. Dielectric spectroscopy

Temperature dependence of the real part of complex permittiv-
ity measured on cooling at a frequency of 160 Hz within the range
of all detected mesophases is shown in Fig. 12. As no polar phase
was detected for this chiral LC material, the only contribution of
the soft mode in the paraelectric SmA� phase could be detected.
It results in a pronounced increase of the real part of complex
permittivity on cooling below the TGBA–SmA� phase transition. A
peak at the low temperature border of the SmA� phase is related
to pre-crystallisation phenomena.

In order to study the effect of the molecular structure on meso-
morphic properties, the compound studied in this work has been

Fig. 4. Microphotographs of textures observed under the polarising optical microscope: (a) platelet texture of the blue phase (BPII) at 85.5 �C; (b) the BPII–N� phase transition
at 85 �C;(c) the oily streaks texture of the cholesteric phase (N�) at 83 �C ;(d) the texture of the TGBA phase at 75 �C; (e) the TGBA–SmA� phase transition at 58 �C; (f) the
filament texture of the TGBA–SmA� phase transition at 58 �C (free standing film).The width of all the photos is about 350 lm.
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compared with compounds having slightly different molecular
structure. In particular the effect of: (i) the influence of the chains
length, (ii) lateral substitutions by various groups in different posi-
tions as well as (iii) the effect of the type of the group, which
connect the chiral molecular chain, have been investigated. If the
length of the non-chiral chain is increased, the tilted ferroelectric
SmC� phase of about 20 K broad down to room temperature has
been found [21]. The lateral substitution by two methyl groups
[26] on the phenyl ring far from the chiral centre completely sup-
presses the mesomorphic properties. The same effect is reached

by NO2 group laterally substituted on phenyl ring close to the chiral
centre [27]. In case of double lateral substitution, namely when the
methyl group is placed far from the chiral centre and the NO2 group
is placed close to the chiral centre, no liquid crystalline behaviour
can be detected [27]. However, the lateral substitution by the single
methyl group on phenyl ring far from the chiral centre retains the
cholesteric phase; the clearing point for that compound is about
40 K lower than that obtained for compound studied in the present
work. Liquid crystalline material containing the chiral 2-alkoxypro-
pionate unit (connected to the molecular core by ester group)
instead of the chiral lactate unit (connected to the molecular core
by ether group) possess a broad range of the cholesteric phase
and the ferroelectric SmC� phase [28]. However, the clearing point

Fig. 6. X-ray diffraction photographs obtained on the unaligned sample in (a) BPII phase (85.5 �C); (b) TGBA phase (70 �C) and (c) SmA� phase (50 �C).
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is evidently higher than that for the material studied in the present
work; the difference is more than 40 K [28].

4. Summary of the results and conclusions

The mesomorphic and structural properties of a liquid crystal-
line material with chiral lactate group possessing a blue phase,
cholesteric, TGBA and SmA� phases has been studied by different
experimental techniques.

The layer spacing (d) in the SmA� phase, determined from X-ray
diffraction measurements, is slightly temperature dependent.
Within the TGBA phase, the d/l ratio indicates the existence of
monolayer SmA blocks and identifies the TGB phase of this com-
pound to be composed of blocks of SmA layers.

Definite discontinuities in the X-ray scattering are observed at
the N�–TGBA phase boundary. The increased intensities at this
phase transition mark the onset of the long range smectic ordering
of the TGBA phase. A rapid increase in the X-ray scattering intensi-
ties is again observed at the TGBA–SmA� phase transition, perhaps
due to the presence of strong Smectic A� fluctuations. Since, the
transition from the N� phase to the Sm A� phase in this compound
is facilitated via the formation of the TGBA phase, both the appear-
ance of the smectic blocks at the N�–TGBA phase transition as well
as the disappearance of the helical twist of the cholesteric director
at the TGBA–SmA� phase boundary is clearly reflected from the

temperature dependence of the scattered X-ray intensities. Similar
behaviour is also observed in the d values obtained for this
compound.

The in-plane transverse correlation length n\ as well as the lon-
gitudinal correlation length n|| are found to be much higher for
higher ordered phase than those for the lower order phase. The
n\ values diverge near the TGBA–N� phase transition indicating
second order phase transition.
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