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LIQUID CRYSTALS 

Liquid crystal refers to the intermediate phases between crystalline solid and 

isotropic liquid. A liquid crystal can flow like a liquid, and can even form a drop as 

liquid and at the same time exhibit anisotropic properties of crystalline solid. Liquid 

crystalline phase was first observed by an Austrian Botanist Friedrich Reinitzer 

[1,2] in 1888 with a substance related to cholesterol. Otto Lehmann [3,4] in 1890 

gave the name Liquid Crystal to these compounds. Georges Friedel [5,6] in 1922, 

described these phases as mesomorphic phase or mesophase since these phases are 

observed in between the isotropic liquid and crystalline solid. Many organic, 

organometallic, inorganic and biological compounds show these thermodynamically 

stable states in which the substance retain the anisotropic properties such as 

dielectric, optical, magnetic and others, inherent in a crystal besides simultaneously 

having the liquid properties. In Liquid Crystal Database, 262869 properties of 

85526 liquid crystal compounds have been enumerated [7]. Moreover, in the four 

volumes of Handbook of Liquid Crystal by D. Demus et al. [8] physical properties 

of many different types of liquid crystalline compounds have been described. 

To understand liquid crystals in terms of order of molecules, we recall that 

in a crystalline solid the molecules have fixed orientation and the centres of mass of 

the molecules are distributed on a 3-dimensional periodic lattice. The crystal, 

therefore, possess long range ordering in both position and orientation of the 

molecules. On the other hand, in isotropic liquid the molecules do not have 

positional or orientational order. Their positions and the directions they point are 

randomly distributed. In liquid crystals the molecules exhibit a certain degree of 

orientational order and they may have some degree of positional order in addition 

giving rise to many different types of liquid crystalline phases. 

The molecules of liquid crystals are mostly rigid non-spherical and rod like 

or disc like in shape. Figures 1.1 and. 1.2 illustrate the shape of the molecules. 

However, the constituent molecules may be even banana, Y-, H-, T- etc shaped, an 

interesting review has recently been given by D. Demus [9] on this aspect. Several 



Figure 1.1. Rod-shaped liquid crystal molecule. 
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Figure 1.2. Disc-shaped liquid crystal molecule (R=CnH2n+IO or 
CnH2n+ICO.O) 
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books, monographs and review articles [ 1 0-22] discuss at length the molecular 

structure and physical properties of liquid crystals. 

Liquid crystals are widely used in vanous scientific and technical 

applications due to their distinctive physical properties. For example, optical 

birefringence, dielectric anisotropy and elastic constants and viscosity coefficients 

are sensitive to weak external stimuli. External perturbations such as electric and 

magnetic fields, heat energy and acoustical energy can all be used to induce optical 

effects. Presently most of the display related research is centered on the application 

of electro-optic effects because of relative ease and efficiency of excitation with an 

external electric or magnetic field as compared to other means of excitation. Liquid 

crystal electro-optic effects are important because they do not require emission of 

light, but they modify the passage of light through the liquid crystal by either light 

scattering, modulation of optical density or colour changes. Based on the principle 

of dynamic light scattering or twisted nematic (TN) mode, liquid crystals are used 

for making display devices (LCDs) such as watches, pocket calculators, note books, 

personal digital assistants, cellular phones, desktop monitors, laptops and TV s [23-

25]. The advantage of LCDs is the relative low input power consumption per unit 

area, wide-angle viewing, fast switching time, large area display by small volume, 

design flexibility, high resolution, wide temperature range and high contrast ratio. 

Recently ferroelectric liquid crystals are used for new generation of fast versatile 

liquid crystal devices [26]. The other material that are used for display devices are 

the polymer dispersed liquid crystals (PDLC) [27-28]. 

Certain cholesterol liquid crystals show color changes from red to violet 

when its helical pitch changes due to change in temperature and are therefore used 

in medicine for the diagnosis of diseases. For example cholesteric liquid crystals are 

used in thermal mapping of human skin for diagnosis of circulatory system diseases 

or for the detection of tumors etc [29]. 

The liquid crystalline solutions with non-mesogenic guest molecules are 

easily oriented in electric or magnetic field and the bulk sample of highly oriented 

solute molecules can be prepared. Liquid crystals are therefore used as solvent for 

organic molecules in nuclear magnetic resonance (NMR) measurements and 
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Figure 1.3. The molecular structure and model of two lyotropic liquid 
crystals (a) soap and (b) phospholipid. 
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infrared (IR) spectroscopy to perform polarization studies. Liquid crystals are also 

used as solvents in gas-liquid chromatography (GLC) for the separation of two 

geometric isomers such as m- and p-xylene. There are many books and articles 

where different types of applications of liquid crystals and various aspects of those 

applications have been discussed in details [30-50]. 

TYPES OF LIQUID CRYSTAL 

There are two basic groups of liquid crystal viz. thermotropic and lyotropic 

liquid crystals. A thermotropic liquid crystal exhibits thermally stable mesomorphic 

phases in a certain temperature range and shows phase transitions by changing 

temperature. A lyotropic liquid crystal, in contrary, shows mesomorphic behavior in 

a certain range of concentration of the solute in a suitable solvent. 

Lyotropic liquid crystals 

Lyotropic liquid crystals are anisotropic solutions of two or more 

components being composed of large organic molecules dissolved in a polar 

solvent, usually water [ 51-61]. The temperature range in which liquid crystalline 

phases exist is mainly determined by the solute concentration. The constituent unit 

forming mesophases are anisotropic molecules or associated groups of many 

molecules. These molecules combine with a hydrophobic group at one end and 

hydrophilic group at the other end. Lyotropic liquid crystals molecules form ordered 

structure in both polar and non-polar solvent. Solutions of soap and water and 

various phospholipids are typical example of lyotropic liquid crystals (Figure 1.3). 

In soap and water solution the hydrophobic tails assemble together and hydrophilic 

heads attracts water. The resulting soap molecule is called a miscelle and vesicle in 

case of phospholipids. The principle interaction resulting in long range order in 

lyotropic liquid crystals is the interaction of the organic molecules with aqueous 

solvent. The intermolecular interaction between the organic molecules is of 

secondary importance. There are three different types of mesophases a lyotropic 
• liquid crystals can have viz. lamellar, hexagonal and cubic phases [59-61] as shown 
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Figure 1.4. The structure oflyotropic liquid crystal phases (a) lamellar (b) 
hexagonal and (c) cubic phases. 



-)-

5 

in Figure 1.4. Lyotropic mesophases are found in various biological systems. Many 

synthetic polypeptides, cell membranes of living organisms, tobacco mosaic virus 

(TMV), deoxyribonucleic acid (DNA) molecules shows lyotropic behavior when 

dissolved in suitable solvents, often water, in appropriate concentration. The 

biological aspects of liquid crystals have recently been reviewed by J. W. Goodby 

[62]. Lyotropic liquid crystals will not be discussed any more since this dissertation 

concerns only with the thermotropic liquid crystals. 

Thermotropic liquid crystals 

Thermotropic liquid crystals exhibit mesophases and phase transitions with 

change in temperature. These are usually organic substances with molecular 

structures typified by those of cholesteryl nanonoate and p-pentyl-p'-cyanobiphenyl 

(SCB) as shown in Figure 1.5. Depending on the molecular structure these liquid 

crystals are grouped into calamatic, discotic and polymeric types. 

Mesophases shown by thermotropic liquid crystals with rod like molecular 

structures are called calamatic liquid crystals. From detail optical and x-ray studies, 

Friedel [5] classified thermotropic liquid crystals broadly into three types: nematic, 

cholesteric and smectic. 

Nematic liquid crystals 

The nematic phase is a one dimensional ordered elastic fluid. This phase has 

no long range translational ordering of the molecules, thus showing the fluid 

character of the phase. However, the molecules in this phase have long range 

orientational order. The molecules tend to align parallel to each other with their long 

axes all pointing roughly in the same direction [64], Figure 1.6. The average 

direction along which the molecules point is called the director and is usually 

denoted by a unit vector n. The direction of n is arbitrary in space. The director n 

and -n are indistinguishable i.e. in a bulk nematic phase, there are as many 

molecules pointing in one direction with respect to the director, as they are pointing 

in the opposite direction. Nematic phase occurs when the constituent molecules are 

achiral i.e. they must be identical to its mirror image or the molecules must be 
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Figure 1.5. Molecular structures of compounds giving rise to 
thermotropic mesophases. 
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Figure 1.6. The molecular arrangement in the nematic phase. 
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present in racemic (1: 1) mixture of the right and left handed species. The rod like 

molecules in nematic phase is rotationally and orientationally disordered relative to 

their short axes and the phase is uniaxial and therefore it has strong positive 

birefringence also with respect to all other physical properties. When the molecules 

have board shape the degree of rotational freedom about their long axes is restricted. 

As such there could be an ordering of such molecules giving rise to a biaxial 

nematic phase. The biaxial modification of the nematics has also been discovered 

[64-73]. Nematic phase are very sensitive to external fields, electric or magnetic and 

mechanical stress, which it translate into visible optical effects, for which they find 

wide application in display devices. 

X-ray studies [74-77] indicate that in certain nematic liquid crystals, there 

are molecules arranged in groups. In each group the molecules are parallel to each 

other and the center of the molecules lie in a plane, Figure 1.7. These groups or 

clusters of molecules therefore possess short range order and are called cybotactic 

groups. The molecules in the cybotactic groups may either be arranged normal or 

tilted to the plane. The resulting phases are respectively called normal or skewed 

cybotactic nematic. 

Cholesteric liquid crystals 

A nematic liquid crystal when mixed with chiral (optically active) molecules, 

the structure undergoes a helical distortion about an axis normal to the preferred 

molecular direction n, Figure 1.8. The twist may be right or left handed depending 

on the molecular conformation. Locally a colesteric phase is similar to a nematic 

phase and the molecular centre of mass have no long range order. Racemic mixture 

of optically active cholesterics results in nematic phase. Therefore the nematic phase 

is a cholesteric of infmite pitch of the helix. The energy of twist form a small part 

(1 o-5
) of the total energy associated with the parallel alignment of the molecules [78] 

so that even when small amount of cholesteric substance or a non-mesogemc 

optically active substance is added to nematic the mixture adopts helical 

conformation. The pitch of the spiral is temperature dependent and comparable to an 

optical wavelength. The cholesteric-nematic transition is found to be absent [79] 
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Figure 1.7. (a) Model showing the molecular arrangement in cybotactic nematic phase 

(b) schematic representation of sweked cybotactic group ( full lines indicates 

the molecules, the broken lines shows the boundary planes. ~~ is the tilt angle. 
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Figure 1.8. The molecular arrangement in the cholesteric phase. The imaginary planes 

have been drawn for convenience, and do not imply the layered structure. 
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when the temperature of the cholesteric is changed and also by a strong magnetic 

field applied normal to the helical axis [80,81]. 

Cholesterics with pitch less than 5000A, exhibit what are known as blue 

phases. The blue phases exist over a small temperature range ( ~ 1 °C) between the 

mesophase and isotropic liquid transition [82, 83]. Three distinct blue phases (I, II 

and III) have been identified and occur in that order with increasing temperature. 

Smectic liquid crystals 

Smectic liquid crystals have layered structures, are characterized by both 

orientational order of the long molecular axes and by a reduced positional order than 

the crystals. Smectics are therefore ordered phases than nematics. Normal to the 

layers the molecule are arranged in a one dimensional density wave and within the 

layers the molecules are either randomly distributed or have some ordering. The 

inter layer interactions are weak as compared with the intermolecular lateral forces, 

as such the layers can slide over one another, thereby promoting fluidity, though it is 

much viscous than the nematic phase. The in plane positional ordering of the 

constituent molecules and the orientational order relative to the layer planes give 

rise to four sub-groups of smectic mesophases. The first two groups can be defmed 

where the molecules have their long axes on an average normal to the layers. The 

two groups are distinguished by the degree of positional ordering of the constituent 

molecules. For example smectic A and hexatic B have short range positional 

ordering [84]. Where as the crystal B and crystal E phases are smectic like soft 

crystal modification [85,86] with the constituent molecules having long range 

positional ordering in 3-dimension [87]. The other two sub groups have their 

constituent molecules tilted relative to the layer planes. In smectic C, smectic I and 

smectic F phases the molecule have short range positional ordering [88,89] while in 

crystal G, crystal H, crystal J and crystal K phases the molecules have long range 3-

dimensional ordering [85,89]. Smectic A, C, Calt> Bhex, I and F are smectic liquid 

crystals while B, E, G, H, J and K are crystal phases. The latter phases however 

have properties different from normal crystals. The structures of smectic 

modifications have been investigated by x-ray diffraction techniques [90-95]. 
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Figure 1.9. Molecular arrangement of the orthogonal smectic A phase. 
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SmecticA 

In smectic A (SmA) phase the molecular long axes have long range 

orientational order within the smectic layers while the molecular center of mass 

inside each layer have no long range order, Figure 1.9. The director is normal to the 

layer planes. The layers can slide over one another thus forming a two dimensional 
) 

liquid system. The molecules are free to rotate about their long axes [96,97]. SmA 

has infmite fold rotational symmetry about the axis parallel to the director, for 

which this phase is uniaxial [95]. The SmA layer spacing 'd' is close to full length 

'L' of the constituent molecules. If the molecules have strong longitudinal dipole 

moment the anti parallel nearest neighbour correlations will result in the 

modification of the structure of SmA [98,99]. Thus SmA can further be divided into 

subphases viz., SmA1 which is a conventional smectic A phase, where the molecules 

have random head to tail orientations, SmA2 is a bilayer phase with antiferroelectric 

ordering of the constituent molecules [100], SmAct is a semi bilayer phase with 

partial molecular overlapping due to associations [98,99] and SmA is called ribbon 

or antiphase phase [101-103], Figure 1.10. The last phase is a modulated 

antiferroelectric ordering of the molecules within the layer giving a ribbon like 

structure. Polymorphism of SmA phase have been discussed in detail by several 

authors [103-118]. Biaxial SmA (Sm Ab) phase has also been reported [119,120]. 

Smectic C 

In smectic C (SmC) phase the constituent molecules are arranged in layers 

with the molecules tilted relative to the layer plane (Figure 1.11) at a temperature 

dependent angle. The layer spacing 'd' of the SmC phase is less than the molecular 

length. The layer thickness d=L cos~ where L is the molecular length and ~ is the 

tilt angle. The SmC phase is optically biaxial [121,122]. There is no long range 

positional ordering of the molecules, however orientational ordering appears to be 

long range. A sub phase of SmC phase also exist called alternating smectic C 

(SmCaJt) or Sm0[123-125]. The other sub phases of smectic Care SmC1 which is a 

conventional smectic C phase, where the molecules have random head to tail 
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orientations, SmC2 is a bilayer phase with antiferroelectric ordering of the 

constituent molecules, SmCct is a semi bilayer phase with partial molecular 

overlapping due to associations and SmC is called ribbon or antiphase phase. Thus, 

the smectic c~. C2, Cct aod C phases are the analogues of A~. A2, Act and A phases 

respectively [92,126]. 

Smectic B 

Smectic B (SmB) or Hexatic B phase is more ordered than the SmA phase. 

The constituent molecules having their long axis normal to the layer plane and the 

center of mass of the molecules are arranged in a hexagonal symmetry 

[19,84,87,127,128] as sltown in Figure 1.12(a). It is optically uniaxial or biaxial. 

The molecules are free to rotate about their long axis however the rotational 

freedom about their short axes are restricted, due to the close packing of the 

molecules. Under a microscope the SmB phase usually shows a mosaic texture. This 

phase has long range bo!ld orientational order. Thus the SmB is most ordered of the 

three major smectic phase A, B and C. The sequence of phase transition in a 

material possessing all the above three phases is always SmB ~ SmC ~ SmA. 

Smectic I 

The hexagonal nature of the SmB phase generates two tilted analogues called 

the smectic I (Smi) and smectic F (SmF) phases where the molecules are tilted. In 

Smi phase molecules are arranged in a similar fashion as in SmC phase, Figure 

1.13(a). The positional ordering of molecules is short range in nature [88,93,130-

133]. Out of plane correlation of the molecular position are weak [87]. The phase 

however, has long range bond orientational order. The tilt in the molecular long axis 

in Smi phase is directed towards an apex of the hexagonal packing net. 

Smectic F 

Smectic F phase is almost identical to Smi phase [ 131]. The only difference 

between the two phases is the tilt direction, which in the Smi phase is directed 
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towards the apex of the hexagonal net whereas in the SmF phase it is directed 

towards an edge ofthe net [132], Figure 1.13(b). Sml and SmF phases differ in the 

extent of in plane ordering, the SmF have slightly longer correlation length than Smi 

[134,135]. 

Crystal B 

The molecules in this state [87,136-138] are arranged in layers with their 

long axes normal to the layer planes as in smectic A phase as shown in Figure 

1.12(b). The molecules have long range translational order in 3-dimension as well 

as long range bond orientational order as in smectic B phase. X-ray studies indicate 

that molecules are not laterally separated to allow free rotation about their long axes 

to occur. The molecules undergo reorientational motion about their long axes on a 

time scale of 1 011 times per second. The inter layer packing of molecules in crystal 

B shows some variations in the inter-layer stacking, as such mono-, bi- and tri-layer 

unit cell are obtained. The layers are hexagonally close packed and the layer 

stacking could be (i) AAA ..... type of layer packing (ii) there is a shift in the 

adjacent layers to give an ABAB .... type of packing (iii) the adjacent layers are 

shifted in opposite directions to give ABCABC .... type of layer stacking [139]. The 

layers of B and C are not necessarily in the trigonal positions relative to A. The 

transition between different packing structures can occur by changing temperature, 

though no enthalpy change could be detected. 

Crystal E 

In crystal E phase the molecules are also arranged with long axes normal to 

the layer planes. The molecules are arranged locally in orthorhombic array [140] as 

shown in Figure 1.14 and so this phase is biaxial [141]. The rotation of the 

molecules about their long axes is not free [90] and therefore the molecules are 

arranged in a herringbone array. The molecules undergo oscillatory motion in the 

time scale of 1011 times per second. The molecules have long range periodic order 
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Figure 1.14. Molecular arrangement in crystal E phase. 
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both inside the layers and out of planes. Bilayer structure of crystal E as in crystal B 

is also found [97]. 

Crystal J and G phases 

The crystal J and G phases [140,142,] are the crystalline analogues to smectic 

I and F phases [87,136]. The molecules in the J phase are arranged in layer with 

their molecular long axes tilted relative to the layer planes. There is long range 

positional ordering within the layers and also between the layers [143]. The 

molecules are packed in a pseudo-hexagonal structure when viewed down the tilt 

direction. The packing of molecules in the layers is of AAA ... type [90,132]. The 

crystal G phase has similar structure as the J phase except that the tilt of the 

molecules is directed towards the edge of the hexagonal packing array whereas in J 

phase the tilt is towards the apex of the hexagonal net. The molecules undergo rapid 

reorientational motion about their long axes [87,136, 139]. 

Crystal Hand K phases 

The molecules of these phases are arranged in layers and possess long range 

positional ordering inside and between the layers. The molecular packing is 

monoclinic with the tilt being towards the short edge of the packing net in H phase 

and to the longer edge of the packing array in the K phase [87,132,136,139]. These 

phases are analogous with the crystal E except that the molecules are tilted with 

respect to the layer planes [96,97]. 

Variants of H and K phases are possible with the tilt making an angle with 

edges of the monoclinic unit cell [144]. The motion of molecules about their long 

axes is assumed to be oscillatory in nature just as in E phase [96,97]. 

Essentially the phases B(cryst), J, G, E, K, and H are crystalline. However, 

the molecular dynamics are quite different from those observed in crystals. For 

example, the molecules are undergoing rapid reorientational motion about their long 

axes [139]. Also many internal molecular rotations like trans-gauche conformational 



•••• •••••• •• • ••••• • • • • ••••• 
Nematic Phase 

Orthogonal Phases 

Crystal E 

Structures of Calamitic Nematic and Smectic 
Liquid Crystal Phases 

(Plan and Side Views) 

Tilted Phases 

Crystal K Crystal H 

Figure 1.15. Plan and side view of the structures and molecular order in liquid 
crystalline phases. The rod -like molecules, represented as ellipses 
show the layer ordering and circles, dots, triangles or ellipses, show 
the plan view of the layers. 

Figures 1.3,1.4,1.8,1.16 from [198] 

Figures 1.6,1.7,1.9-1.15 from [8]. 



12 

changes, takes place at the same time. The rapid reorientational motion of the 

molecules about their long axes, has led to describe these phases as soft crystals. 

The molecular structure with ordering in various phases of calamitic liquid 

crystals and isotropic liquid is summarized in Table 1.1 and the comparative plan 

and side view of the mesophases are shown in Figure 1.15. 

In smectic mesophases the alphabets were assigned to different phases 

simply in chronological order in which these phases were discovered. From the 

current knowledge the sequence of liquid crystalline phases in decreasing ordering 

or with increasing temperature may be written as follows [8]: 

Crystal---+H ---+K ---+E ---+G ---+J ---+ SmF ---+ B(cryst)---+[B(hex), Smi] ---+SmC 

---+SmA---+N(or Ch)---+ Isotropic Liquid. 

Table 1.1 Molecular arrangements and ordering in liquid crystalline phases. 

Positional 
ordering 

Phase type Molecular Molecular Molecular Bond Normal Within 
orientation packing orientational orientational to the the 

ordering ordering layer layer 

Isotropic random random SRO SRO SRO SRO 

Parallelism of 
N long molecular random LRO SRO SRO SRO 

axis 

SmA orthogonal random LRO SRO QLRO SRO 

SmC tilted random LRO SRO QLRO SRO 

SmB 
orthogonal hexagonal LRO LRO QLRO SRO 

hex 

Sml 
Tilt to apex of pseudo 

LRO LRO QLRO SRO 
hexagon hexagonal 

SmF 
tilt to side of pseudo 

LRO LRO QLRO SRO 
hexagon hexagonal 

B orthogonal hexagonal LRO LRO LRO LRO 

J 
Tilt to apex of pseudo 

LRO LRO LRO LRO 
hexagon hexagonal 

G 
tilt to side of pseudo 

LRO LRO LRO LRO 
hexagon hexagonal 

E orthogonal orthorhombic LRO LRO LRO LRO 

K 
tilted to longer 

monoclinic LRO LRO LRO LRO 
side of cell 

H 
tilted to shorter 

monoclinic LRO LRO LRO LRO 
side of cell 

SR0-7 short range order, LR0-7 long range order, QLR0-7 quasi-long range order 
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Ferroelectric liquid crystals 

There are different types of smectic liquid crystal phases SmC*, Smi* and 

SmF* and crystal smectic phases J*, G*, K * and H* in which the constituent 

molecules are chiral (optically active) and their long axes are tilted with respect to 

the layer planes. Chiral compounds with tilted structures exhibit ferroelectric 

properties. Ferroelectric liquid crystals (FLCs) have been the subject of intense 

investigation over the last two decades, not only with respect to their intriguing 

properties for fundamental condensed matter research, being the only known 

intrinsic polar fluid materials, but also for applications in fast switching flat panel 

displays or optical light modulators. Excellent review articles, books and 

monographs on FLCs are available such as in [ 46, 145-150]. 

The chiral smectic mesophases takes the form of a helical structure, which is 

different from the helix in chiral nematic phase. The most commonly exhibited 

tilted chiral smectic phase is the SmC*. Due to its reduced symmetry (lack of mirror 

symmetry in Smc* than in SmC) the phase can be spontaneously polarized. 

There are other chiral smectic phases viz., antiferroelectric chiral smectic C 

(SmC* anti) phase, the ferrielectric chiral smectic C (SmC* ferri) phase. The structures 

of SmC*, SmC* anti. and SmC* ferri. are shown in Figure 1.16. In SmC* anti. phase the 

constituent molecules have tilted lamellar structure of the ferroelectric SmC* phase 

but the tilt direction of the molecular long axes alternates from layer to layer. As 

such the spontaneous polarization of SmC* anti is zero. The SmC*rerri phase also has 

alternating tilted structure, however the alteration is not symmetrical and more 

layers are tilted in one direction than the other. This phase generates spontaneous 

polarization, the magnitude of which depends on the degree of alternation of tilt 

direction. 

Three subphases- SmC*a, SmC*p and Smc*Y- have also been found in many 

antiferroelectric liquid crystal materials [151]. In 1996 Nirori et al. [152] observed 

ferroelectric switching even in achiral banana-shaped molecules as predicted by 

Watanabe et al. [153] and many such systems are found to have ferroelectric 

properties. 
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Various applications of FLCs have been discussed in references [26,46, 154-

15 8] including the commercial 15 inch FLC panel with 1280x 1024 pixels, each 

pixels being capable of displaying 16 colours. 

Discotic liquid crystals 

Disc like molecules, with one molecular axis much shorter than the other 

two, as shown in Figure 1.2, also exhibit liquid crystal phases. [159-163]. There are 

two basic types of discotic mesophases that have been recognized viz., columnar 

and nematic. The disc are stacked one on top of the other to form columns, different 

columns forming a two dimensional lattice. In some cases the columns are liquid 

like where the molecular centers are arranged aperiodically within each columns, 

while in others the molecules are regularly stacked. Columnar and nematic discotic 

phases are shown in Figure 1.17. A number of variants of this structure have been 

identified viz., hexagonal, rectangular, oblique, etc. The polymorphism in columnar 

phases is analogous in many ways to the polymorphism in smectic mesophases 

exhibited by calamatic materials. The nematic phase N0 exhibited by discotic 

materials shows similar optical textures as that of calamatic nematic phase N and 

has orientationally ordered arrangement of the disc without any long range 

positional order. This phase is optically negative. Recently, few disc shaped 

materials have been discovered that exhibit columnar nematic Nc phase [164,165]. 

Present state of research in discotic mesophases have been reviewed by A. N. 

Cammidge and R J Bushby [166] and very recently by S. Kumar [167]. In the later 

reference some commercial applications of triphenylene based discotic liquid 

crystals have also been mentioned. 

Polymer liquid crystals 

Polymers are substances whose molecules are built up of a large number of 

chemically bonded repeating structural units. With a suitable mesogenic building 

units (monomers) the substance exhibits liquid crystalline properties. These 

mesogenic units, (usually calamatic but many discotic types exist) should be 



mesogemc um meso emc um 
t 

linking unit main chain polymer 

polymer backbone 

A"'<AAAA/\,/'AA ~/\/'A/\,/'V'AA yvvvv 

< 
< > ~eruni(,' 

side chain polymer 

Combined polymer 

Figure 1.18. The main types ofliquid crystal polymers. 
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attached with appropriate functional end groups in order to obtain a polymer. There 

are two types of polymer liquid crystals viz., main chain and side chain. In the main 

chain polymer liquid crystals the mesogenic group repeats via the linking unit. The 

nature of the mesophase depends rather sensitively on the backbone, the meso genic 

unit and the linking unit [168]. When the mesogenic repeating unit are rod-like, the 

mesophases similar to the nematic, cholesteric, smectic types of calamatic liquid 

crystals are observed [169-172] and with discotic mesogenic unit other new kinds of 

mesophases are generated [173-177] viz., sanidic (or board like) nematic and 

columnar nematic phases. The flexible linking unit between the functional groups 

and the rigid mesogenic groups provides the flexibility of the polymer main chain. 

Side chain polymer liquid crystals consist of mesogenic groups fixed as side chain 

to the polymer backbone. The large number of possible mesogenic units together 

with the different structural alternatives gives rise to enormous number of side chain 

polymer liquid crystals compounds. The third class of polymer liquid crystals is 

called combined polymer liquid crystals which has the combined features of main 

chain and side chain polymer liquid crystals. The structural features of the three 

types are shown in Figure 1.18. Polymer liquid crystals exhibit the same liquid 

crystalline phases as exhibited by low molar mass mesogens. However the 

identification of the mesophases exhibited by the polymers are usually far more 

difficult than for low molar mass liquid crystals. Low molar mass liquid crystals 

show first order phase transitions from the crystalline phase at lower and from 

isotropic liquid phase at higher temperatures. However the latter transition is found 

in polymers, but former transition is not exhibited. On cooling the polymer liquid 

crystals is transformed to polymer glass since the orientation order is frozen in 

without any changes. 

Induced Smectic and Re-entrant Nematic phases 

An interesting feature of binary or multi-component liquid crystals mixtures 

is the formation of relatively more ordered phase, the so called induced smectic 

phase from components which show only nematic phase in their pure state [178-
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189]. It is now established that the induced phases occur in binary mixtures with one 

component having a strong terminal polar group and another component with weak 

or non-polar terminal groups. Mixtures of two cyano compounds have been found to 

induce smectic C phase [188]. The dipole-induced dipole interactions is thought to 

play major part in the induce phase stabilization. Charge transfer complex is formed 

with polar molecules acting as acceptors [179,183,187]. Re-entrant phenomena of 

less ordered nematic phase (NR) below the more ordered smectic phase are also 

observed by Cladis [190] in binary mixtures of certain mesogenic compounds 

containing a terminal cyano group. Later Cladis and co-workers [191,192 ] also 

observed this phenomenon in pure single component systems at higher pressures. 

Since then, this interesting phase transition has been observed at atmospheric 

pressure in a few pure compounds containing a terminal cyano group[193-196]. 

Even the spectacular re-entrant polymorphism viz. Isotropic - N - SmAd- NR 

- SmAd - NR - SmA1 - C - SmA2- SmC2 - Crystal, has also been 

observed [197]. The occurrence of this phenomenon is evidently of considerable 

importance from the theoretical point of view. 

List of the compounds investigated 

The names and structural formulae of the compounds studied in the present 

thesis are given below. Abbreviated names are given within parentheses. 

1. 4-Cyanobiphenyl-4'- hexylbiphenyl carboxylate. (6CBB) 

2. Binary mixtures of compounds 4, 5 and 6 with 3 along with some 
properties of 
these pure compounds 

3. 4,4'- Pentyloxy cyanobiphenyl (50CB) 
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4. 4,4'-bis(Pentyloxy) azoxybenzenes (50AB) 

~ y-N -1(5\ o -Cs H11 
CsHJJ-O~N ~ 

~0 

5. 4,4'-bis(Hexyloxy) azoxybenzenes (60AB) 

~ -;:::?N -6-0 - C6 H 13 
C6H13-0~N ~ 

~0 

6. 4,4'-bis(Heptyloxy) azoxybenzenes (70AB) 

~ -;:::?N-6 0-C?HJS 
C7HJs-O~N ~ 

~0 

7. Ferroelectric compound [MHP0(13C)BC] 

Aim and Scope 

During the last few decades interest in liquid crystals has increased due to its 

immense possibilities for practical applications as well as its role in biological 

systems. These materiais have unusual structural, physicochemical and 

thermophysical properties: the fine balance of the structure and its dependence on 

l2 MAR 200'(; 
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the temperature, pressure and external fields; the existence of unusual phase 

transitions and so on. Thus the study of liquid crystals is of great significance for the 

further development of the theory and for increasing the depth of understanding the 

nature, structure and properties of possible aggregate states and of corresponding 

phase transitions. Studies on different macroscopic and microscopic properties viz. 

optical birefringence, static and frequency dependent dielectric constants, elastic 

constants, order parameters etc.; crystal and molecular structure analysis for fmding 

structure-property relationship are, therefore, very important. Since, in commercial 

liquid crystal display devices multi-component mixtures are always used to optimize 

the relevant physical parameters, studies on mixtures, in addition to the pure 

components, are also important. 

Keeping this in view in the present dissertation SOCB and nOAB (n=S-7) 

and their binary mixtures have been studied by employing different experimental 

techniques like - Optical microscopy for texture studies, Differential scanning 

calorimetry for phase transitions, Dilatometry for density measurement, Thin prism 

technique for optical birefringence measurement, X-ray diffraction for identification 

of phases and fmding different molecular parameters, Freedericksz transition for 

elastic constant measurement, Capacitance measurement technique for dielectric 

constant measurements. 

The ferroelectric liquid crystal compound MHP0(13C)BC was studied by 

optical microscopy and DSC. The spontaneous polarization measurement and 

frequency domain dielectric spectroscopy study have also been done on this 

compound. 

The 3-D crystal structure of 6CBB has been determined by direct methods 

from single crystal X-ray intensity data and attempts have been made to explain 

mesophase formation and stability in the light of the packing of the molecules in the 

crystalline state. 

In addition, the observed results have been interpreted and tried to explain in 

the light of existing ideas and theories. Results obtained on the present systems have 

also been compared with those of structurally similar compounds to get better idea 

about the structure property relationship. 



.• :j,v 

19 

References 

I. F. Renitzer, Monstsehefte. Chern., 9, 421 (1888). 

2. F. Renitzer, Ann. Physik., 27, 213 (1908). 

3. 0. Lehmann, Z. Physik. Chern., 4, 462 (1889). 

4. 0. Lehmann, Z. Physik. Chern., 5, 427 (1890). 

5. G. Friedel, Ann. Physique (Paris), 18, 273 (1922). 

6. G. Friedel and E. Friedel, Z. Krist.,79,1, (1931). 

8. D. Demus, J. Goodby, G.W. Gray, H.-W. Spiess and V. Viii, Handbook of Liquid Crystals, 
Vols. 1, 2A, 2B, 3, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998). 

9. D. Demus, Mol. Cryst. Liq. Cryst., 364,25 (2001). 

10. H. Kelker and R. Hatz, Hand Book of Liquid Crystals, Verlag- Chemie, Weinheim (1980). 

11. H. Zocher, Liquid crystals (2), Part-I, Ed. G. H. Brown, G. & B. Science Publishers, Inc., 
N.Y., (1969). 

12. G. W. Gray, Molecular Structure and the Properties of Liquid Crystals, Academic Press, 
London (1962). 

13. P. G. de Gennes, The Physics of Liquid Crystals, Clarendon Press, Oxford (1974). 

14. E. B. Priestley, P. ). Wojtowicz and P. Sheng, Eds., Introduction to Liquid Crystals, 
Plenum Press, NY, (1974). 

15. S. Chandrasekhar, Liquid Crystals, 2"d edition, Cambridge University Press, Cambridge 
(1992). 

16. G. W. Gray and P. A. Winsor, Ed., Liquid Crystals, Voi.I and II, Ellis Horwood Limited 
(1974). 

17. G. Vertogen and W. H. de Jeu, Thermotropic liquid crystals: Fundamentals, Springer­
Verlag, Berlin ( 1988). 

18. P. S. Pershan, Structure of Liquid Crystals Phases, World Scientific, Singapore (1988). 

19. G. W. Gray and J. W. Goodby, Eds., Smectic Liquid Crystals, Leonard - Hill, London 
(1984) . 

20. G. R. Luckhurst and G. W. Gray, Eds., The Molecular Physics of Liquid Crystals, 
Academic Prerss (1979). 

21. G. H. Brown, Ed., Advances in Liquid Crystals, Vols. I -VI, Academic Press (1975 
-1983). 



20 

22. B. Bahadur,Ed.,LiquidCrystals:Applications and Uses, World Scientific, Singapore (1990). 
A. A. Sonin, The Surface Physics of Liquid Crystals, G. & B. Publishers (1995). 
H. Kelkar and P. M. Knoll, Liquid Cryst., 5( 1 ), 19 ( 1989). 
G. W. Gray, Liq. Cryst., 63,3 (1981). 

23. IL-Kook Huh and Y-Bae Kim, Liquid Crystals, 29, No. 10, 1265 (2002). 

24. K. Tarumi, U. Frinkenzeller and B. Schuler, Jpn. J Appl. Phys., 31,2829 (1992). 

25. K. Tarumi, H. Namuta, H. Preubcher and B. Schuler in Proceedings of the 12'h 
International Display Research Conference, Japan Display '92, p. 587. (1992). 

26. N. A. Clark and S. T. Lagerwall in Ferroelectric Liquid Crystals: Principles, Properties 
and applications, (Eds.) J. W. Goodby et.al., Gordon & Breach, Philadelphia, Ch. VI 
(1991). 

27. P. J. Collings and M. Hird, Introduction to Liquid Crystals Chemistry and Physics, Taylor 
& Francis, Ch. 13 ( 1998). 

28. C.L. Khetrapal in Liquid Crystals in the Nineties and Beyond, Ed. S. Kumar, World 
Scientific (1995), p. 435. 

29. P.L. Corrol, Cholesteric Liquid Crystals, Their Technology and Applications, Ovum Ltd., 
England (1979). 

30. L.A. Goodman in Introduction to Liquid Crystals, Eds. E. B. Priestley, P. J. Wojtowicz and 
P. Sheng, Plenum Press, NY, (197 4 ), ch. 12 and 14 

31. D.J. Channin in Introduction to Liquid Crystals, Eds. E. B. Priestley, P. J. Wojtowicz and P. 
Sheng, Plenum Press, NY, (1974), ch. 15. 

32. B. Bahadur in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. Gray, H.-W. 
Spiess and V. Viii, Vol. 2A, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998), p. 257. 

33. H. Coles in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. Gray, H.-W. 
Spiess and V. Viii, Vol. 2A, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998), p. 335. 

34. H. Hirschmann and V. Reiffemath in Handbook of Liquid Crystals,Eds. D. Demus, J. 
Goodby, G.W. Gray, H. -W. Spiess and V. Viii, Vol. 2A, Wiley-VCH, Verlag GmbH, 
Weinheim, FRG (1998), p.199; 

35. B. Bahadur in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. Gray, H.-W. 
Spiess and V. Viii, Vol. 2A, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998), p. 243. 

36. S. Kobayashi, H. Furue and T. Takahashi in Liquid Crystals and Other Soft Materials, Ed. 
N.V. Madhusudana, Indian Academy ofSciences, Bangalore (1999), p. 145; 

37. T.N. Ruckmongathan in Liquid Crystals and Other Soft Materials, Ed. N.V. Madhusudana, 
Indian Academy of Sciences, Bangalore· (1999), p. 199. 

38. C.L. Khetrapal in Liquid Crystals in the Nineties and Beyond, Ed. S. Kumar, World 
Scientific (1995), p. 43 5. 

39. J.A. Castellano, in Liquid Crystals: The Fourth State of Matter, Eds. F.D. Saeva, M. Dekker, 
Inc., NY, Ch.l2 (1979). 



21 

40. G.J. Sprokel, Ed., The Physics and Chemistry of Liquid Crystal Devices, Plenum Press 
(1980). 

41. G.H. Brown, and J.J. Wolken, Liquid Crystals and Biological Structures, Academic Press 
(1979), Ch. 12. 

42. G.W. Gray and P.A. Winsor, Eds., Liquid Crystals and Plastic Crystals, Ellis Horwood 
Ltd., vol. 1 (1974), Ch. 7. 

43. G.H. Heilmeier, L.A. Barton and L.A. Zanoni, Proc. of IEEE, 56,1162(1968). 

44. T. Geelhaar , Liquid Crystals, 24, 91 (1998). 

45. B. Bahadur, Ed., Liquid Crystals: Applications and Uses, Vol I-III, World Scientific, 
Singapore (1990). 

46. S.T. Lagerwall in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. Gray, H.­
W. Spiess and V. Vill, Vol. 2B, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998), 
pp.515. 

47. T. Kallard, Liquid Crystals and Their Applications, Optoson. Press, NY (1970); 

48. T. Kallard, State of the Art Review, Vol. 7: Liquid Crystal Devices, Optoson. Press, NY 
(1973). 

49. E. Kaneko in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. Gray, H.-W. 
Spiess and V. Vill, Vol. 2A, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998), p. 230. 

50. G.J. Sprokel, Ed., The Physics and Chemistry of Liquid Crystal Devices, Plenum Press 
(1980). 

51. D. Chapman, Faraday Soc. Symp., No.5, 163 (1971). 

52. G. H. Brown and J. J. Wolken, Eds., Liquid Crystals and Biological Structures, AP(l979). 

53. A. S.C. Lawrence, Mol. Cryst. Liq. Cryst, 7, 1 (1960). 

54. P. A. Winsor, Chern. Rev., 68, 1 (1968). 

55. P. Ekwall, L. Mandell and K. Fontell, Mol. Cryst. Liq. Cryst., 8, 157 (1969). 

56. V. Luzzati and F. Reiss-Husson, Nature, 210, 1351 (1966). 

57. V. Luzzati and A.Tardieu, Annual Review of Physical Chemistry, 25, 79 (1974). 

58. D. M. Small in Liquid Crystals 2- Part-/, Ed. G. H. Brown, G. & B. Science Publishers, p. 
209 (1969). 

59. G. W. Brown, J. W. Doane and V. D. Neff, A Review of the Structure and Physical 
Properties of liquid crystals. CRC Press, Cleveland, Ohio ( 197 I) 

60. V. Luzzati, A.Tardieu, t. Gulik- Krzywickyi, E. Rivas, and F. Reiss- Husson, Nature, 
220, 485 (1968). 



\ 

22 

61. J. M. Seddon, Biochim. et Biophys. Acta., 1031, pp. 1 - 69 ( 1990). 

62. J. W. Goodby Liq. Cryst. 24, 25 (1998). 

63. P. G. de Gennes, The Physics of Liquid Crystals, Clarendon Press, Oxford (1975), p 7. 

64. K. Praefcke, B. Kohne, B. Gundogan, D. Singer, D. Demus, S. Diele, G. Pelzl and U. 
Bakowsky, Mol. Cryst. Liq. Cryst., 198, 393 (1991). 

65. L. J. Yu and A. Saupe, Phys. Rev. Lett., 45, 1000 (1980). 

66. S. Chandrasekhar, B. K. Sadashiva, S. Ramesha and B.S. Srikanta, Pramana, J Phys., 27, 
L713 (1986). 

67. S. Chandrasekhar, B. K. Sadashiva, B. R. Ratna and V. N Raja, Pramana, J Phys., 30, 
L49 (1988). 

68. K. Praefcke, B. Kohne, D. Singer, D. Demus, , G. Pelzl and S. Diele, Liquid Crystals, 7, 
589 (1990). 

69. S. Chandrasekhar, B. R. Ratna, B. K. Sadashiva and V. N Raja, Mol. Cryst. Liq. Clyst., 
165, 123 (1988). 

70. S. Chandrasekhar, V. N Raja and B. K. Sadashiva, Mol. Cryst. Liq. Cryst. Lett., 7, 65 
(1990). 

71. F. Hessel and H. Finkelmann, Polymer Bull., 15,349 (1986). 

72. A.H. Windle, C. Viney, R. Golombok, A.M. Donald and G.R. Mitchell, Faraday Disc. 
Chern. Soc., 79, 55 (1985). 

73. B. K. Sadashiva in Handbook of Liquid Crystals. Vol. 2B "Low Molecular Weight Liquid 
Crystals II", Ed. D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess and V. Vill, WILEY­
VCH, Verlag GmbH, Weinheim, FRG 1998. 

74. A.deVries,Mol. Cryst.Liq. Cryst.,10,31(1970); Mol. Cryst.Liq. Cryst.,l0,219(1970). 

75. A. de Vries, Pramana Suppl. No. I, pp. 93-113 (1975). 

76. B. Jha, S. Paul, R. Paul and P. Mandai, Phase Transitions,15, 39 (1989). 

77. P. Mandai, M. Mitra, S. Paul and R. Paul, Liq. Cryst.,2, 183 (1987). 

78. A. Saupe, Angew. Chern. Intnl. Edn. 7, 97 (1968). 

79. A. Hochbaum, Fluorescent Guest-Host in Scattering Liquid crystals and New Physical 
Phenomena in Thin Liquid Crystal Films (Ph.D. Thesis), Temple University, p.5 (1980). 

80. H. Baessler and M.M. Labes, Phys. Rev: Lett., 21, 1791(1968). 

81. J.J. Wysocki, J. Adams and W. Hasse, Phys. Rev. Lett., 20, 1024 (1968). 

82. H. Stegemeyer, Liq. Cryst., 1, 3(1986). 

83. P. Crooker, Liq. Cryst., 5, 571(1989). 



23 

84. R. Pindak, D. E. Moncton, S. C. Davey and J. W. Goodby, Phys. Rev. Lett., 46, 
1135(1981). 

85. P. S. Pershan, G. Aepp1i, J. D. Litster and R. J. Birgeneau, Mol. Cryst. Liq. Cryst., 67, 
205(1981). 

86. D. E. Moncton, and R. Pindak, Phys. Rev. Lett., 43, 701(1979). 

87. A. J. Leadbetter in Thermotropic Liquid Crystals, Critical Reports on Applied Chemistry, 
Vol. 22, G. W. Gray(Ed.),Wiley, Chichester(l987),pl. 

88. J. Budai, R. Pindak, S.C. Davey, J. W. Goodby, J Phys. (Paris) Lett., 41, 1371(1980). 

89. J. J. Benattar, F. Moussa, M. Lambert, J Chem. Phys., 80, 99(1983). 

90. J. Doucet in The Molecular Physics of Liquid Crystals, Eds. G. R. Luckhurst and G. W. 
Gray, Academic Press, London (1979), ch. 14. p317-341. 

91. A.J. Leadbetter in The Molecular Physics of Liquid Crystals, Eds. G. R. Luckhurst and G. 
W. Gray, Academic Press, London (1979), ch.13. 

92. F. Hardouin, N.H. Tinh, M.F. Achard and A.M. Leve1ut, J Phys. Lett. (Paris), 43, L.327 
(1982). 

93. J. J. Benattar, F. Moussa, M. Lambert, J Phys. (Paris) Lett., 45, 1053 (1984). 

94. J. J. Benattar, F. Moussa, M. Lambert, A.M. Levelut, Phys. Rev., 20A, 2505 (1979). 

95. J. W. Goodby in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. Gray, H.­
W. Spiess and V. Vill, Vol. 2A, Wiley-VCH, Verlag GmbH, Weinheim, FRG (1998), p.7 

96. R.M. Richardson, A.J. Leadbetter and J.C. Frost, Mol. Phys., 45,1163 (1982). 

97. A.J. Leadbetter, J.C. Frost, J.P. Gaughan, and M. A. Mazid, J Phys. (Paris), 40, C3-185 
(1979). 

98. A. J. Leadbetter, J. L. Durrant and M. Rugman, Mol. Cryst. Liq. Cryst. Lett., 34, 231 
(1977). 

99. A.J. Leadbetter, J.C. Frost, J.P. Gaughan, G.W. Gray and A. Mosley, J Phys. (Paris), 40, 
375 (1979). 

100. F. Hardouin, A.M. Levelut, J. Bennattar and G. Sigaud, Solid State Comm., 33, 
337 (1980). 

101. F. Hardouin, G. Sigaud, N.H. Tinh, A.F. Achard, J Phys. (Paris) Lett., 42,63 (1981). 

102. J. Frost, Advances in Physics, 33, 1(1984). 

103. J. Frost and P. Barois, J Chim. Phys., 80, 65(1983). 

104. G. Sigaud, N.H. Tinh, ·F. Hardouin and H. Gasparoux, Mol. Cryst. Liq. Cryst., 
69, 81 (1981). 



105. F. Hardouin and A.M. Levelut, J. Phys. (Paris), 41,41 (1980). 

106. F. Hardouin, A.M. Levelut, J. Bennattar and G. Sigaud, Solid State Comm., 33, 
337 (1980). 

107. K.A. Suresh, R. Shashidhar, G. Heppke and R. Hopf, Mol. Cryst. Liq. Cryst., 99, 249 
(1983). 

108. G. J. Brownsey and A.J. Leadbetter, Phys. Rev. Lett., 44, 1608 (1980). 

109. G.C. Fryberg, E. Gelerinter and D.L. Fishel, Mol. Cryst. Liq. Cryst., 16, 39(1972). 

110. G. R. Luckhurst and A. Sanson, Mol. Cryst. Liq. Cryst., 16, 179 (1972). 

24 

Ill. A.-M. Levelut, R.J. Tarento, F. Hardouin, M.F. Achard and G. Sigaud, Phys.Rev., A24, 
2180 (1981). 

112. G. Sigaud, F. Hardouin, M.F. Achard and A.M. Levelut, J. Phys. (Paris), 42, 107 
(1981). 

113. C. Druon and J.M. Wacrenier, Mol. Cryst. Liq. Cryst., 98, 201 (1983). 

114. I. Hatta, Y. Nagai, T. Nakayama and S. Imaizumi, J. Phys. Soc. Jpn., 52, Suppl. 
47(1983). 

115. F. Hardouin, A.M. Levelut, M.F. Achard and G Sigaud, J. de Chemie Physique, 
80, 53 (1983). 

116. N.H. Tinh, P.Foucher, C. Destrade, A.M. Levelut and J. Malthete, Mol. Cryst. Liq. 
Cryst., 111,277 (1984). 

117. S. Diele, G. Pelzl, I. Latif and D. Demus, Mol. Cryst. Liq. Cryst., 92,27 (1983). 

118. N.A.P. Vaz, Z. Yaniv and J.W. Doane, Mol. Cryst. Liq. Cryst., 92, 75 (1983). 

119. A. M. Figueiredo Neto, A. M. Levelut, L. Liebert andY. Galeme, Mol. Cryst. Liq. Cryst., 
129, 191 (1985). 

120. R. Pratibha, N. V. Madhusudana and B. K. Sadashiva, Mol. Cryst. Liq. Cryst., 365, 755 
(2001). 

121. T.R. Taylor, J.L. Fergason and S.L. Arora, Phys. Rev. Lett., 24, 359(1970). 

122. T.R. Taylor, S.L. Arora and J.L. Fergason, Phys. Rev. Lett., 25, 722(1970). 

123. I. Nishiyama, J. W. Goodby, J. Mater. Chern., 2, 1015 (1992). 

124. A.M. Levelut, C. Germain, P. Keller, L. Liebert, J. Billard, J. Phys. (Paris), 44, 623 (1983). 

125. Y. Galeme and L.Liebert, Phys. Rev. Lett., 64, 906 (1990). 

126. N.H. Tinh, F. Hardouin, C. Destrade, J. Phys. (Paris), 43,1127 (1982). 

127. D. E. Moncton and R. Pindak in Ordering in Two Dimensions (Ed. S. K. Sinha), North 
Hoiland, New York (1980), p83. 



128. A. J. Leadbetter, J. C. Frost, M. A. Mazid, J Phys. (Paris) Lett., 40, 325 (1979). 

129. B. J. Halperin and D. R. Nelson, Phys. Rev. Lett., 41, 121(1978). 

130. J. W. Goodby and G. W. Gray, J Phys. (Paris), 40, 27(1979). 

131. A. J. Leadbetter, J.P. Gaughan, B. Kelley, G.W. Gray and J.W. Goodby, J Phys. 
(Paris), 40, 178 (1979). 

132. P.A.C Gane, A.J. Leadbetter and P.O. Wrighton, Mol. Cryst. Liq. Cryst., 66,247 (1981). 

133. S. Diele, D. Demus and H. Sackmann, Mol. Cryst. Liq. Cryst. Lett., 56,217 (1980). 

134. J. J. Benattar, F. Moussa, M. Lambert, J Phys. (Paris) Lett., 41,371 (1980). 

135. J. J. Benattar, F. Moussa, M. Lambert, J Phys. (Paris) Lett., 42,67 (1981). 

136. G. W. Gray and J. W. Goodby, Eds., Smectic Liquid Crystals, Textures and 
Structures, Leonard- Hill, Philadelphia(1984). 

25 

137. A.J. Leadbetter, M.A. Mazid, B. A. Kelly, J. W. Goodby, Phys. Rev. Lett.,43,630 (1979). 

13 8. D. E. Moncton and R. Pindak, Phys. Rev. Lett., 43,70 I (1979). 

139. A. J. Leadbetter, M. A. Mazid, R. M. Richardson, in Liquid Crystals (Ed.: S. 
Chandrasekhar), Heyden, London, p65, (1980). 

140. A.-M. Levelut, J. Doucet and M. Lambert, J Phys., (Paris), 35,773 (1974). 

141. J. Doucet, A.-M. Levelut, M. Lambert, L. Lievert and L. Strzelecki, J Phys. 
(Paris), Colloq. 36:CI-13 (1975). 

142. J. Doucet, A.-M. Levelut, J Phys.(Paris), 38:1163 (1977). 

143. J. Doucet, P. Keller, A.M. Levelut and P. Parquet, J Phys. (Paris), 39, 548 (1978). 

144. J. W. Goodby in Handbook of Liquid Crystals,Eds. D. Demus, J. Goodby, G.W. 
Gray, H.-W. Spiess and V. Viii, Vol. 2A, Wiley-VCH, Verlag GmbH,Weinheim, 
FRO (1998), p.l8. 

145. L. A. Beresnev, L. M. Blinov, M. A. Osipov and S. A. Pikin, Mol. Cryst. Liq. Cryst., 
158A, 3(1988). 

146. K. Skarp and M.A. Handschy, Mol. Cryst. Liq. Cryst., 165, 439 (1988). 

147. J. W. Goodby, R. Blinc, N. A. Clark, S. T. Lagerwall, M. A. Osipov, S. A. Pikin, 
T. Sakurai, K. Yoshino and B. Zeks, "Ferroelectric Liquid Crystals: Principles, Properties 
and Applications", Gordon and Breach, Philadelphia (1991). 

148. S. T. Lagerwall in Ferroelectric and antiferroelectric Liquid Crystals, Weinheim, 
Wiley-VCH, (1999). 

149. P. J. Collings and M. Hird, Introduction to Liquid Crystals Chemistry and Physics, Taylor 
& Francis(l998).Ch. 6. 



26 

150. I. Musevic, R. Blinc and B. Zeks, The Physics of Ferroelectric and Antiferroelectric 
Liquid Crystals, Singapore, World Scientific (2000). 

151. J.P. F. Lagerwall, P. Rudquist, S. T. Lagerwall and F Gie~elmann, Liq. Cryst., 30, 399 
(2003). 

152. T. Nirori, T. Sekine, J. Watanabe, T. Furukawa and H. Takezoe, J. mater. Chern., 6, 1231 
(1996). 

153. J. Watanabe, Y. Nakata, and K. Shimizu, J. Phys. (France), 4, 581 (1994). 

154. A. Fukuda in Proceedings of the 15th International Display ResearchConference, pS6-1 
(1995). 

155. K. Miyachi and A. Fukuda, in Handbook of Liquid Crystals, Eds. D. Demus, J. Goodby, 
G.W. Gray, H.-W. Spiess and V. Vill, Vol. 2B, Wiley-VCH, Verlag GmbH, Weinheim, 
FRO (1998), Ch. 3. 

156. J. Dijon in Liquid Crystal Application and Uses (Ed. B. Bahadur), Vol. I, 
World Scientific, Singapore ( 1990), p 305. 

157. N. A. Clark and S. T. Lagerwall, Appl. Phys. Lett., 36, 899(1980). 

158. D. Armitage, J. I. Thakara and W. D. Eades, Ferroelectrics, 85, 291(1988). 

159. D. Demus, J. Goodby, G.W. Gray, H.-W. Spiess and V. Viii, Eds., Handbook of 
Liquid Crystals, Vol.2B, Wiley-VCH, Verlag GmbH, Weinheim, FRO Ch.VIII (1998), 

160. S. Chandrasekhar, B.K. Sadashiva and K.A. Suresh, Pramana, 9, 471 (1977). 

161. S. Chandrasekhar, Liquid Crystals, 2nd edn, Cambridge University Press, 
Cambridge (1992), Ch 6. 

162. A.M. Levelut, J. Chim. Phys., 80, 149 (1983). 

163. F. C. Frank and S. Chandrasekhar, J. de Physique, 41, 1285 (1980). 

164. K. Praefcke, D. Singer, M. Langer, B. Kohne, M. Ebert, A. Liebmann and J. H. 
Wendorff, Mol. Cryst. Liq. C1yst., 215, 121 (1992). 

165. K. Praefcke, D. Singer, B. Kohne, M. Ebert, A. Liebmann and J. H. Wendorff, Liq. 
Cryst., 10, 147 (1991). 

166. A. N. Cammidge and R. J. Bush by in Handbook of Liquid Crystals,Eds. D. Demus, J. 
Goodby, G.W.Gray, H.-W. Spiess and V. Viii, Vol. 2B, Wiley-VCH, Verlag GmbH, 
Weinheim, FRO (1998), Ch.VII 

167. S. Kumar, Liquid Crystals, 31, 1037 (2004). 

168. S. Chandrasekhar, Liquid Crystals, 2"d edition, Cambridge University Press, 
Cambridge (1992) plO. 

169. A. Blumstein, Ed., Liquid Oystalline Order in Polymers, Academic Press, NY 
(1978). 



~ 

~ 

~ 

":i 

27 

170. H. Finkelman, J. Koldehoff, H. Ringsdorf, Angew. Chern. Int. Ed. Engl., 17, 935 (1978). 

I71. S.G. Kostromin, V.V. Sinitzyn, R.V. Talroze, V.P. Shibaev and N.A. Plate, 
Macromol. Chern., Rapid Comm., 3, 809 (I982). 

172. H. Ringsdorf and A. Schneller, Macro mol. Chern., Rapid Comm., 3, 557 (I 982). 

I73. 0. Herrmann-SchOnherr, J. H. Wendorff and H. Ringsdorff, Macromol. Chem.Rapid 
Comm., 7, 97 (I986). 

I74. 0. Herrmann-Schonherr, J. H. Wendorff, H. Ringsdorffand P. Tschirner, 
Macromol. Chern., Rapid Comm., 7, 79 I (1986). 

I 75. H. Ringsdorf, R. Wiisterfeld, E. Zerta, M. Ebert and J. H. Wendorff, Angew. 
Chern. Int. Ed. Engl., 28, 9 I 4 (I 989). 

I76. H. Ringsdorf and R. Wiisterfeld, in Molecular Chemistry for Electronics, Eds. 
P. Day, D.C. Bradley and D. Bloor, The Royal Soc., London, p. 23 ( I990 ); 
ibid, Phil. Trans. Roy. Soc., A330, 95 (1990). 

I77. M. Ebert, 0. Herrmann-Schonherr, J. H. Wendorff, H. Ringsdorffand P. 
Tschirner, Macromol. Chern., Rapid Comm., 9, 445 (I988). 

178. C.S. Oh, Mol. Cryst. Liq. Cryst., 42, 1 (I977). 

179. J. W. Park, C.S. Bak and M.M. Labes, JAm. Chern. Soc., 97,4398 (1975). 

I80. B. Engelen, G. Heppke, R. Hopfand F. Schneider, Pnn. Phys. 3, 403 (1978). 

I81. M. Doman and J. Billard, J Phys. (Paris), 40, C3, 4I3 (1979). 

I82. F. Schneider and N.K. Sharma, Z. Naturforsch, 36a, 62 (198I). 

183. K. Araya andY. Matsunaga, Mol. Cryst. Liq. Cryst., 67, 153 (I981). 

184. G. Derfel, Mol. Cryst. Liq. Cryst., 82,277 (1982). 

185. A. Boiz and P. Adomenas, Mol. Cryst. Liq. Cryst., 95, 59 (1983). 

186. E. Chino andY. Matsunaga, Bull. Chern. Soc. Jpn., 56, 3230 (I 983). 

I87. N.K. Sharma, G. Pelzl, D. Demus and W. Weissflog, Z. Phys. Chern. (Leipzig), 261, 
579 (1980). 

I88. N.Y. Madhusudana, V.A. Raghunathan and M. Subramanya Raj Urs, Mol. Cryst. Liq. 
Cryst., 106,161 (1984). 

189. J. W. Goodby, T. M. Leslie, P. E. Cladis and P. L. Finn., Proc. ACS Symposium on 
Liquid Crystals and Ordered Fluids, Las Vegas, (Eds.: A.C. Griffin and J. F. Johnson), 
Plenum, New York, p89 (1984). 

I90. P.E. Cladis, Phys. Rev. Lett., 35,48 (1975). 

191. P.E. Cladis, R.K. Bogardus, W.B. Daniels and G.N. Taylor, ibid., 39,720 (1977). 



192. P.E. Cladis, R.K. Bogardus, and D. Aadsen, Phys. Rev., 41,2292 (1978). 

193. N.V. Madhusudana, B. K. Sadashiva and K. P. L. Moodithaya, Curr. Sci., 48,613 
(1979). 

194. F. Hardouin, G. Sigaud, A.F. Achard and H. Gasparoux, Phys. Lett., 71A, 347 (1979). 

195. J. C. Dubois, N.H. Tinh, A. Zann and J. Billard, Nouv. J. Chimie, 2, 647 (1978). 
196. A.-M. Levelut, F. Hardouin and G. Sigaud, in Liquid Crystals (Ed.: S. 

Chandrasekhar), Heyden, London, p143, (1980). 

28 

197. S. Chandrasekhar, Liquid Crystals, 2nd edition, Cambridge University Press, Cambridge, 
p357 (1992). 

198. P. J. Collings and M. Hird, Introduction to Liquid Crystals Chemistry and 
Physics, Taylor & Francis( 1998). 




